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Summary

This report contains information about a research project lead by researchers from
Environmental Technology and Management at Linképing University in Sweden. It has been
conducted in cooperation with staff from the global cement company CENIEXstudy has

been focused on three cement plants in the western parts of Germany, referre@EMBX
Cluster West They form a kind of work alliance, together producing several intermediate
products and final products. One of the plants is a cement plant with a kile,thé other two

can be described as grinding and mixing stations.

The overall aim has been to contribute to a better understanding of the climate performance of
different ways ofproducingcement, and different cement products. An important objective was

to systematically assess different cement sites, and production approaches, from a climate
perspective, thereby making it easier for the company to analyze different options for
improvemens. Theoretical and methodological aspects related to the fields of Industrial Ecology
(IE) and Industrial Symbiosis (IS) have played an important role.

A common way of making cement is to burn limestone in a cement kiln. This leads to the
formation of cemst clinker, which is then grinded and composes the main component of
Ordinary Portland Cemen®nevery important phase of the production of clinker is the process

of calcination, which takes place in the kiln. In this chemical reaction calcium carbonate
decomposes at high temperature and calcium oxide and carbon dioxide are produced. The
calcination is of high importance since it implies that carbon bound in minerals is transformed to
CQ.. A large portion of the CO2 emissions related to clinker produdgsotoming from the
calcination process.

Both clinker and Ordinary Portland Ceme@EM | 425) were studied. However, there are other

ways of making cement, where the clinker can be substituted by other materials. Within Cluster
West, granulated blast fusice slag from th&on andsteel industry isisedto a large extent as

such a clinker substitute. This slag needs to be grinded, but an important difference compared to
clinker is that ithas already been treated thermdtlyring iron productionand theefore does

not have to be burned in a kiW/ith the purpose to includeroducts with clearly different share

of clinker substitutesthe project also comprised CEM 111/A25 (blended cemenabout 50%

clinker) and CEM 111/B425 N-. (blended cementabaut 27% clinkey. To sum up, this means

that the study involved dAtraditional o, rat her
synergistic alternatives, where a byproduct is utilized to a large extent instead of clinker.

The methodology is mostlyased on Life Lycle Assessment (LCA), fraradleto-gate using

the SimaPro software. This means that the cement products have been studied from the
extraction of raw materials until they were r
functiond unit was 1 tonne of product. A lot of data was collected regarding flows of material

and energy for the year of 2009. In addition, some information concerning 1997 was also



acquired. Most of the used data has been provided by CEMEX, but to be ablerntagstveam
parts of the life cycle data from the Ecoinvent database has also been utilized.

The extensive data concerning 2009 formed the base for the project and made it possible to study
the selected products thoroughly for this year. However, thatiotewas also to assess other
versions of the product systenCluster West in 1997 and also a possible, improved future case.
For this purpose, aonceptual LCA methodvas developd that madeit possible to consider
different products as well as diffetecorditions for the product systeniaving conducted the
baseline LCA, important results could be generated based on knowledge about six key
performance indicators (KPIs) regarding overall information about materials, the fuel mix and
the electricity mix.The conceptual LCA metharbuld beused for other products and versions of
Cluster West, without collecting large amounts of additional specific Life Cycle Inventory (LCI)
data.The developed conceptual LCA method really simplified the rather compleieCWest
production systeminstead of having to consider hundreds of parameters, the information about
the six KPIs was sufficient to estimate the emissions from different products produced in
different versions of the production system (Cluster West).

The results showed that the clinker produced at Cluster West is competitive from a climate
perspective, causing G@q missions that are a couple of percent lower than the world average.
During the twelve year period from 1997 to 2009 these emissions beadaoné 12 percent
lower, which was mainly achieved by production efficiency measures but also via changing
fuels. However, the most interesting results concern the blended cement products. It was
manifested that it is very advantageous from a climate eelisp to substitute clinker with
granulated blast furnace slagiainly since it reduces the emissioascountedrelated to
calcination For example, the C&eq emissions related to CEM I11I/B product were estimated to

be 65 percent lower than those for CEM

A framework for identifying and evaluating options for improvement has been developed and
applied. Based on that framework the present production system was analyzed and illustrated,
and different measures for reducing the climate impact were showavahtted. Two possible
scenarios were defined and the conceptual LCA model used to estimate their climate
performance.

The authorsd recommendation is for CEMEX to
share of good clinker substitutes), and takm efforts to shift the focus on the market from
clinker and cement plants to different types of cement (or concrete) or even better to focus on the
lifecycle of the final products such as buildings and constructions.

Information and measures at the pldevel are not sufficient to compare products or to
significantly reduce the climate impact related to cement. To achieve important reductions of the
emissions, measures and knowledge at a higher industrial symbiosis level are needed.
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1 Introduction

1.1 Background

Cement is in many ways an essential material that is used worldwide, mainly as a component of
concrete. In 200%he estimated yearly production @dment was exceeding 3 billidonnesand

this figure continued to grow during 2000SGS, 2011)corresponding to about 4kograms

of cement produced per person on the planet each year. Cement is also very interesting from an
environmental perspective, for example, due to the massive material and energy flows that are
related to the production and u8an Oss and Padovani, 2003)

Having this in mind, the authors really find it interesting and challenging to learn more about
cement and the related erommental impacts. In the spring 2010, representatives for the global
cement company CEMEX wanted to discuss opportunities for reseaimbecation, especially
concerning the field of industrial ecology. Together, we decided-twpecate during one year

and try to increase the knowledge about the climate impact of different ways of producing
cement, including different types of cement. The study has been focused on three cement plants

in the western parts of Germany, referred t&€B8EX Cluster Wesfors hor t 'y A Cl ust el
from now on).

This report includes information about the projentthis chapter 1, the aim is specified more in
detail, the scope idefinedand limitations are discussed. There is also a very short, overall
description of the relevance of cement production from an environmental perspective.

Chapter 2 provides information about the methodology, concerning literature reviews, data
collection anl how Life Cycle Assessment (LCA) has been used, which is further specified in
some of the other chapters as well.

The third chapter contains a short introduction of the theoretical framework, providing
information about some areas of relevance that hage bf importance for initiating this project
and for how it has been carried out.

From chapter 4 and onwards the results can be found. This chapter includes information about
the baseline LCA concerning 2009, for which most data has been collected. ddateat a
conceptual LCA model has been developed which is presented in chapter 5, and then applied for
the historic case of 1997 in chapter 6.

In chapter 7 and 8 a framework for identifying and evahgatiptions to improve the climate
performance of theement industry and Cluster West is presented and applied, among other
things, providing input that forms the foundation for setting up a future, improved scenario. In
chapter 9, this improved scenario is assessed quantitatively using the conceptuabd€lA m

10



Finally, in chapter 10, the results are discussed and some conclusions are drawn.

1.2 Aim

As mentioned, the overall aim has been to contribute to a better understanding of the climate
performance of different ways gbroducing cement, and different cemie products. The
knowledge sbuld make it possible for CEMEX to more systematically and rationally assess
different cement sites, and production approaches, from a climate perspective, thereby, making it
easier for the company to analyze different optionsmprovements.

The overall aim has been divided into several more specific aims, partly adjusted during the
project:

A To assesshe potential climate impact for clinker and three selecehent products
that were produced within the Cluster West. Thaswo be done in detail for the year
of 2009, using life cycle assessment (LCA) and applyingiceadleto-gate
perspectiveo.

A To compare theotential climate impact in terms GfO,-ecs of the selected products,
to analyzeand illustrate differences betweé&aditional cement production and more
synergistic alternatives.

A Based on thassessmemoncerning 2002 estimate thg@otential climate impacof
the year of 1997 and an improved, future situation.

A To clarify which parts in the life cycle of cemeatn d what fA@emgsobnent s
important from a climate perspective.

A To develop a framework for assessing @provement measures in cement industry
and evaluate their feasibility for a specific cement production site.

A To gply the above mentioned framework for tRduster Westas a basis for
analyzing and suggesting measures for improvement.

A To relate the findings of the project to some of the key ideas within the fields of
Industrial Ecology and Industrial Symbiosis, amsbado contributeto the question of
howto assess the environmental impact of different industrial symbiosis measures.

1.3 Scope

In this section the scope of the study is presemntanly regarding the case study @luster
Westand the selected cement puats. It should be observed that some parts of the report are
more generally applicable.

1.3.1 Spatial scope and included products

The main focus is on the cement produced withinGhester West f rcradheto-fate . Thi s
means that for the LCAtudy concermg 2009, the production chain is covered from the
extraction of raw materials, including suppliers and transportation, to the production of CEMEX.

To a | arge extent we have excluded what hapj
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transported fromCluster West how it is used, etc. However, the whole life cycle is partly
considered when it comes to discussions and conclusions.

The ement product@including clinker)that have been studiegere selecteth cooperatiorwith
CEMEX. Ourintentionwas to cleose products with clearly different share of clinker substitutes,
that means ranging from a high clinker conteset pureclinker and Portland cement) to blended
cement products mere a substantial part of the clinker is substituted with granulatetl blas
furnace slag (see more information about cement production and different products in section
1.5). In addition, the selection was also made to be able to study old and future prodintion.
selected products are:

1 Clinker

1 CEM 1425 (Portland cemenabaut 92% clinker)

1 CEMIII/A 425 (blended cemenabout50% clinker)

1 CEMIII/B 425 N-. (blended cemenabout 27% clinker

Concerning measures to redube climate impact, the scopesiaeenwider. That part of the
project not only consided the common production chain, since it incldgessible synergies
with other organizations.

1.3.2 Environmental scope

Today, we are facing several significant environmental probi@oskstrom et al., 2009)n

this study,we have focused on climate change and environmental impacts caused by emissions
of greenhouse gases (mainBOy). It is important to remember that there are many other
environmental impact categories. For some of them the information abeowgmi€sions might

be very useful to understand the development of the level of ifPaehsson et al., 20Q6¥or
example, if the C@ emissions are reduced as a consequence of less fossil fuels being
incinerated, it often means that other emissions are also lower such,andOQ. This in turn

can lead to immvements concerning acidification and eutrophication. For other impact
categories, the correlation might be weaker or even negative.

1.3.3 Temporal scope

Most of the data gathered about tBieister Westoncernthe year of 2009, whicls referred to

as thecurrent situationIn addition tothis information from CEMEX, data from the LCA
databasé&coinventhas been usewvhichis based on average data gathered from different areas
of industry This data commonly concethe late 1998esto mid-2000. The consient aim has
been to use as recent data as possible.

In addition,CEMEX has provided some informati@about the sites concerning the year of 1997

that has been used to estimate emissions from previous production. The method presented in
chapter2, can al® be used to estimatmissions for future products/production under similar
conditions.

12



Partly this report is based on literature from different academic, governmental or industrial
sources. Mainlythis literature was published in the period from 2 1.

1.4 Environmental impacts related to cement production

As mentioned earlier, it should be emphasized that cement is an energy and material intensive
material causing a lot of environmental imp@&¢an Oss and Padovani, 2002; Regrgl 2007;

Boesch et al., 2009)or example, the extraction of raw materials requires resoantespace,

and has an impact on the landscape (the latter goes for the plants as well). Cement production
demands a lot of thermal energy, provided by ie@tion of fuels that are mainly fossil based.
Extensive transportation is also needed.

Many parts of the life cycle are very relevant from a resource perspective causing many different
types of emissions. One of the main emissions due to cement prodisctarbon dioxide,

which according to the Intergovernmental Panel on Climate Change is very essential to reduce
because of the link to climate impact proble@8CC, 2007a and many otherdhdustrial
activities such as electricity generation and cement production are among the greatest sources of
humaninduced greenhouse gas emissi@Metz et al., 2005)For instance, depending on the

case, production of fonneof typical cement may require about Xdhnesof raw materials,
33004300 MJ of fuel energy, and 1060120 kWh of electrical energy; and cause emissions
exceeding 0.8onnesof CO;, (Nicolas and Jochen, 2008; EIPPCB, 2010; Price et al., 2010)

1.5 Cement production

This section contains information about the cement industry and cemeshiction that is
importantto be able to understand some of the followiegtisns and chapters. It is mainly
written for readers that are not cement experts.

1.5.1 Global cement industry

Cementlike materials have been used for thousands of years, and cement products similar to
those of today about 200 years. Cement is used glolmathany applications, commonly in the

form of mortar and concrete. The main customer iseadymix and precast business

In 2009 about 3.0illion tonnes of cement were produced in the world, the corresponding figure

was 3.3Gtin 2010. Chinaisthelaggst pr oducer with a share of at
production, followed by EL27 (7.7%), India (6.7%), US (1.9%) and Japan (1.7%) (these shares

are valid for 2010, based on US@®11)andCembureai2010). Figures for the production in

some selected countries are presentdabie 1.
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Tablel. Productionof cement in some selected countries (that are large producers) 2009 aftUSXE®, 2011)

Country | 2009 | 2010 |

Amount (Mt) Share Amount (Mt) Share (%
China 1,629 53.2% 1,800 54.5%
India 205 6.7% 220 6.7%
United States 65 2.1% 64 1.9%
Japan 55 1.8% 56 1.7%
Turkey 54 1.8% 60 1.8%
Brazil 52 1.7% 59 1.8%
Republic of Korea 50 1.6% 46 1.4%
Iran 50 1.6% 55 1.7%
Spain 50 1.6% 50 1.5%
Egypt 47  1.5% 48 1.5%
Russia 44  1.4% 49 1.5%
Indonesia 40 1.3% 42 1.3%
Italy 36 1.2% 35 1.1%
Mexico 35 1.2% 34 1.0%
Thailand 31 1.0% 31 0.9%
Germany 30 1.0% 31 0.9%
World total (rounded) 3,060 100% 3,300 100%

1.5.2 Cement and clinker
ACement IS a f imetallic,y inorganio pawder, and ommen mixed with
water forms a pas {Lecher, B086G; EIRPEB, 8013 nd har denso

When cement iproduced, different raw materials are mixed. The most common form of cement
is called OrdinaryPortland cemen{OPC) or simply Portland cemenitypically about95% of

the content of Portland cement consists of a material called clibkeher, 2006) which is
produced inside a cement Kkiln, i.e. a special, very large, furnace. Clinker is formed when
limestone is burned at a high termgt@ire and it is to a large extent composed of hydraulically
active calcium silicate mineral®an Oss and Padovani, 200®)ther ninerals like oxides of
calcium, silicone, aluminum, iron and magnesium are also involved in formation of clinker, but
to a smaller extentiid.).

One important phasef the production of Portlandlinker is the process of calcination, which
takes place in the kiln. In this chemical reaction calcium carbonate decomposes at temperature of
about 908 and calcium oxide and carbon dioxide are prodi@¢éarrell et al., 2001)

CaCO3 - CaO0 + CO,

1k — 0.56% + 0.44*s
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From a climate perspective, the calcination is of high importance since it implies that carbon
bound in minerals is transformed @O,. But it should also benentioned that concrete can
absorb C@'. Calcium oxide (CaO) is the main compound of cement clinker and inside the kiln it
is sintered with other oxides such as silicone oxide (silica), aluminum oxide (alumnama),
oxide and magnesium oxide (magnesiad i@mperature between 140Qo0 1503 . The portion

of each substance is shownTiable2.

Table2. Typical chemical composition of cementrdder andcorrespondinghort notationshat are commonly used
(Van Oss and Padovani, 2002; EIPPCB, 2010)

Chemical formula Share (%) Short notation

CaO 65.0

SiQ 22.0 S
ALO,; 6.0 A
Fe,0, 3.0 F

MgO 1.0 M

KO + NgO 0.8 K+N
H,O H
Other (including S9 2.2

Cement clinker is a mixture of molecules in the general form of (nCaO.mOxide) such as
3Ca0.SiQ, 2Ca0.SiQ, 3Ca0.AbO3, and so on. In order to simplify long chemical formulas,
short notations and abbreviations are used in cement industry. The most common short notations
for important ingredients of clinker are also presentethinie2.

Clinker (and therefore Portlare@ment has hydraulic properties, which enable it to solidify after

mixing with water. Hardening of clinker is not immediate and takes some time. This duration is
knowna fAsetting timeodo. By adding a sulfate dehy
setting time of cement can be adjustedcher, 206). Other properties of cement such as

strength and durability depend on various constituents in the mixture forming the cement

product. A summary of mineralogical compositions, their functions, and their share in ordinary
Portland cement is presentedlable 3.

! This is a slow process occurring during the life time of concrete products. The amount and speed of carbonation
depends on different factors, but the decisive factor is the surface area exposed TheC€arbonation of concrete

during the use phase obmcrete (its primary life) is almost negligible when compared to emissions due to
manufacture of cement and other raw materials. The ca@pture of recycled concrete (due to the larger exposed
surface area relative to the volume of crushed concrete) cenutde higher and should be accountedatriadleto-
graveLCA studies (if concrete is recyclefollins, 2010)
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Table3. Typical mineralogical composition of Portland cem@fan Oss and Padovani, 2002)

Description Chemical formula  Abreviated formula Share (%)Function

Tricalcium silicate (‘alite) 3Ca0.Si9 GS 50-55 Imparts early strength and set
Dicalcium silicate (‘belite") 2Ca0.Si© GS 19-24 Imparts long-term strength
Tricalcium aluminate 3Ca0.Al0; GA 6-10 Contributes to early strength and se
Tetracalcium aluminoferrite  2CaO.(AlD;,Fe0,) G(AF) 7-11 Acts as a flux, imparts gray color
Calcium sulfate dehydrate ~ CaSQ2H,0 C$i, 3-7  Controls early set

1.5.3 Cement production process
If we continue to focus oRortland cementhere are three main steps in the production as shown
in Figurel:

A preparing raw material obtained from quarries,
A pyroprocessing and clinker production (within cement kilns), and
A grinding and blending clinker with other products to create cement.
Preparing Pgr?grgﬁﬁizlrng Grinding and
Raw Material Blending

@ Production @

Figure 1. Three main steps in the productionRafrtland cement

From an environmental and resource standpoint, it is important to notice that for the production
of Portland cement, generally about 99% of the energy content of theluglgbout 20% of the
electricity input is used in pyroprocessing (stegikd)urana et al., 2002)

Depending on the charactercsti of raw materials to be used, there are different options
concerning cement process€&here are four main typesd processesbut the major distinction is
between dry and wet processes. In the wet presets® raw material is mixed with water and is
fed into the kiln in the form of slurry with moisture content between 30 to 40 percent. In the dry
processs the raw material is fed into tHeln asa semigrinded material with relatively low
moisture content. In general, dry proassseless thermal mergy than wet process since the

latter require extra energy for dryinGonsequently, dry processes are preferred and the wet
alternative is only more suitable if theput materials have high moistuoentent(US EPA,

1994; EIPPCB, 20100thertypes of kiln systemsexist which arecalled semidry or semiwet

kiln systems. In semrdry, the input meal is pelletized with water and is fed into the kiln (with
preheater or a long kiln). In semwet, the slurry is first dewatered in filter presses arfitter

cake is formed which is extruded into pellets. These pellets are then fed into a grate preheater (or
dryer) for producing raw mealVet processs arancreasingly becoming outdated and plants are
converting to dry or serdry processsinstead In general(at least in Europejgll wet or semi

dry plants are expected to be converted to dry process kiln sy&E&PRCB, 2010)
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For dryprocesses, three main types of kiln systems are ims&gldry kilns (LD), preheater kilns
(PH), and preheater/precalciner kilns (PH/PC). Thegstems are different concerning
desigriequipment operation method and fuel consumptiéimr example, preheatdilns and
preheater/precalciner kilrgave better fuel efficiency and higher production capaciliable 4
showsaverage energy (hediguresfor the different optons mentionedbased on information
for the United States

Table4. Average heainput when producin@ortland cemenfor differentkiln systemsn the United States(US

EPA, 1994)
Energy (heat) input
Cement kiln type MJ/tonne of cement
Wet process 6400
Dry process, long dry (LD) 4770
Dry process, preheater (PH) 4070
Dry process, preheater/precalciner (PH/PC) 3600

All of the mentionegrocesseblavethe following common suprocesseéEIPPCB, 201Q)

A Preparation of raw materials (such as crushing, drgtw,

A Preparation of fuels (such as drying, pelletieig.)

A The kiln system further drying (evapoation anddehydratiof of raw materials
calcination, sintering)

A Preparation and storage of products (grinding, blending or and mixing)

A Packaging and dispatch

Figure2 shows a simplified picture illustrating common phases of cement production, including
information abouenergy aneémissions
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1 - Particulate emission
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@ - E- Energy
H- Heat
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@ @ @ < gypsum

hiopi Kagi product finish
shipping packaging storage grinding
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Figure2. Simplified picture illustraing common phases tie production oPortland cementHuntzinger and
Eatmon, 2009)

More information about different k iln system s

The kin can be described dke heart ofa clinker producing plantNormally the kn has the

shapeofa | ong tube (between 5t6ditamet0edr nreateircsd bne
and 38:1, which rotates around its axis with the speed of aboub 8.%etvolutions per minute

(EIPPCB, 201Q)

Figure 3 showsinformation aboutfour of the most commonly used kilns for wet and dry
processes and their functional zones. PrehgagedIciner rotary kilns (PH/PC) have the highest
capacity, typically between 1300 to 50@dnesper day(up tomore tharll0000tonnes per day)

while the dher three main kiln types rarely exceed capacafasore than 200@onnesper day.

Less common kiln types such as vertical shaft kiln (VSK) are not shown in this figure because of
their low capacity (betweerD2o 200tonnesper day) andgince they are uncommo@hina and

India are exceptions vertical shaft kilnsare commoly used in these countrig¥an Oss and
Padovani, 2002)

18



Preheater/Precalcinetower

Rotarykiln
— Drykiln
| (with preheater-precalcine)

Preheaterower ~ _._-==="T = ~50m

|- H H DryKkiln,
i i i 1 (with preheaten
- 11 ~90m

‘ Longdry Kiln
~130m

Y wetKiln
~200m

.- Drying

/ 1
/ , . \
Zone /PreheatZone /  CalciningZone Sinteringor BurningZone '\ CoolingZone_
; / , \ Ny
! \

I
— Fuel
20°G200°C ;| 200G750°C :  750°G1000C 1200-1450°C 11450:G1300°C N

Driveoffwater;  Healing | cacq ca0+Cp | CaO+SIDrAKO,4 GS+GS+GA+GAF | <— Bumer
— - : : : - - :I Clinker
Uppez ¢ @@ad2 f ¢ Lowez ¢ Er@ U Cooler

Figure3. Rotary kiln technologies and functional zorf¢an Os and Padovani, 2002)

RawMaterials

Thefive functional zone#side the kiln systernan shortly be described as:

A Drying (evaporation): to make some of theater inthe raw materials evaporaté
getsuitablemoisture content before input tioe kiln.

Preheating (dehydration): raw materials are preheatdaEfore the calcinating
process. Heated gé®m thisphase anbe usedn drying process.

Calcining: This phase has been mentioned.ib.2 producing Ca@ndCQO..
Sintering: calcium oxide enters in a sintering phase with othaterialsmentioned
in Table 3.

Cooling: to reduce the temperature of the outputs

o oo o

For wet and long dry kilnghe phases of drying and preheating accurring in the kilVan
Oss and Padovani, 2003 owever, in dry kilns witha preheaterthey take placén a separate
preheagr tower(ibid.). Raw materialgmainly limestone) are feeth the upperend ofthe kiln,
having a lower temperature sAheypassthrough the kiln, they become warmer. The fuels are
injected into a burner at the lower part of the kvlith the highestemperatureThe main atput

is clinker.

Some cement plantre not produing clinker, and consequently have no kiln. Instead they are
mainly constructed for grindingnd blending purposgs$o produce different types of cement
products. They can be usedgond and blend clinker produced at other plants, but also other
types of materials that will be mentioned in the coming sectibaisle 5 showsthe number of
cementplants pothwith andwithout kilns) in a few European countries.
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Table5. The rumber of cement plantsith andwithout kilnsin a few European countri¢glPPCB, 201Q)

Number of cement plants

Country with kilns without kilns
Germany 38 20
Italy 59 35
Spain 37 13
France 33 6
United Kingdom 14 1
Poland 11 1
Greece 8 -
Austria 9 3
Romania 8 1

1.5.4 Different t ypes of cement
Sofar, sectionl.5to a largeextenthas focusedn the productiorof clinker and Portlandement
But there are many other types of cement, which is explained in this section.

The hydraulic properties of cenmtemake it suitable @ the binding elemerinh concrete and
mortar. Cements can be divided into two types: inherently hydraulic cesmenpozzolanic
cement The first type needs water to become active and the second type shows hydraulic
cementitious propeads when reaatg with hydrated limgUSGS, 2005)

There are several formal categorization systems for defining standard cepenTiye ASTM
standard in the USAandthe European cement standard EN -19@re widely usedTable 6
depictsinformation based on the latter standard
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Table6. Cement types according to DIN EN 1@%tandard2000)

Cement type Main constituents
l |F’ortland Granulated Pozzolana Fly ash Limestone Minor
Main ) . cement blastfurnace Silica Natural, Burnt additional
Name Designation . - i
category Clinker slag fume Natural tempered Siliceous Calcareous shale TOC* < 50% TOC < 50%Constituents
K S D P Q \ W T L LL

CEM| Portland cement CEMI 95-100 - - - - - - - - - 0-5
CEMII Portland slag cement CEMII/A-S  80-94 6-20 0-5
CEMII/B-S  65-79 21-35 0-5
Portland silica fume cement CEMII/A-D  90-94 - 6-10 - 0-5
Portland pozzolanacement CEMII/A-P  80-94 - 6-20 0-5
CEMII/B-P  65-79 21-35 0-5
CEMII/A-Q 80-94 6-20 0-5
CEMII/B-Q 65-79 21-35 0-5
Portland fly ash cement CEMII/A-V  80-94 6-20 0-5
CEMII/B-V  95-79 21-35 0-5
CEMII/A-W 80-94 6-20 0-5
CEMII/B-W  65-79 21-35 0-5
Portland burnt shale cement CEMII/A-T  80-94 6-20 0-5
CEMII/B-T  65-79 21-35 0-5
Portland limestone cement  CEMII/A-L  80-94 6-20 0-5
CEMII/B-L  65-79 21-35 0-5
CEMII/A-LL 80-94 6-20 0-5
CEMII/B-LL 65-79 - 21-35 0-5
Portland composite cement CEMII/A-M  80-94 6-20 0-5
CEMII/B-M  65-79 21-35 0-5
CEM Il Blastfurnace cement CEMIII/A 35-64 36-65 - 0-5
CEM IlI/B 20-34 66-80 0-5
CEM IlI/C 5-19 81-95 - 0-5
CEMIV Pozzolanic cement CEMIV/A 65-89 - 11-35 0-5
CEMIV/B 45-64 - 36-55 0-5
CEMV Composite cement CEMV/A 40-64 18-30 18-30 0-5
CEMV/B 20-38 31-50 31-50 0-5

* TOC: Total content of carbon (organic content)

As shownin the tablethe DIN EN 1971 standardiefinesfive major types of cement (CEMd

V). Each of these types fafew subtypes,ending up with27 different cement types in total

The main distiguishing factor between theges iswhat they consist af what materiad are

used All of the major cement types are produced in Europe, however CEM | and Il are much
more commorthan the othefs Table 7 shows the share of each cement type in European (EU
25) countriegEIPPCB, 2010Q)

Table7. The share of different typed cement produced in European (8) countrieg EIPP(B, 2010)

Cement type Share (%)
CEM Il Portland-composite 58.6
CEM | Portland 27.4
CEM Il Blast furnace cement 6.4
CEM IV Pozzolanic 6.0
CEM YV Composite cement and other cements 1.6

2 Each of these erent types can be produced at three different strength levels (after 28 days setting period): 32.5,
42.5 and 52.5 N/mf
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1.5.5 Raw materials

CEM | has the highest amount of clinker acmiresponds tahe earlier mentioneéortland

cement Other types have lower clinker content and instead alternative materials are used,
referred to as icl iteriglehave slinkeh&e propentieseaadothus cai e s e
partially replace clinker. They are grinded and blended (mixed) in the required proportions in
order to produce different types of cements. Examples of such materials used as clinker
substitutes are grantdal blast furnace slag (GBFS) from the steel industry and ash from coal
incineration.In the United Stateshe use otoal fly ashis increasing. It is normally mixed with
Portland cementeplacing Bout 50% ofthecement in concrete.

In sectionl.5.2(seeTable?2) it was mentionedhat clinker consists of differentpgs of oxides.
Similarly, many ofthe materials used in cement production have different combisatid®aO,
SiO,, and ALO;3 as depicted ifrigure4.

Sio,
/ Q-SIIica fume

Natural
pozzolans

Class F
fly ash
Clays \

Blast Furnqga Slag Mctd(aollﬁ N

gl

ca0 e A AL,

Figure4. Chemical composition and mineral components of several materials used in cement pr¢@&dtion
2005)

Table 8 providessomeexamples of materials that can be used as raw matéoiaklinker
production or as clinker substitutescement productionof blended cemenys
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Table8. Groups of aw materiad and some common eralesfor each grougvDZ, 2008; EIPPCB, 2010)

Raw Raw
material Examples of materials material Examples of materials
group group
Ca Lime stone/marl/chalk Si-Al-Ca Granulated blastfurnace slag
Lime sludges from drinkng water and sewage treatment Fly ash
Hydrated lime Oil shale
Foam concrete granulates Trass
Calcium floride Paper residuals
Carbide sludge Ashes from incineration processes
Si Sand Mineral residuals such as oil contaminated by sc
Used foundry sand Crusher fines
Si-Al Clay S Natural gypsum
Bentonite/kaolinite Natural anhydrite
Residues from coal pre-treatment Gypsum from flue gas desulphurisation
Fe Iron ore Gypsum from the chemical or ceramic industries
Roasted pyrate Al Residues from reprocessing salt slag
Contaminated ore Aluminium hydroxide
Iron oxide/fly ash blend
Dusts from steel plants
Mill scale
Blast furnace and converted slag
Synthetic hematite
Red mud
1.5.6 Fuels

As previously stated, the kiln is the mestergy intensivg@art of the whole life cycle d?ortland
cement i.e. for the productionf clinker (Locher, 2006) In order to create enough heat fbe

kiln and other parts of the procelrge amourgof thermal energy is reqd which is typically
generated by incineration of fuels. Fossil fuels such as coal and petroleum ccokenarenly
used, butlsonatural gasandoil. Incineration of dferent types of wastéactionsis increasing
within the cement industryCSl, 2005) These types offuels are generallyeferred toas

i s e c 0 n d aandyexamples Angsattires spent solvents, waste oils arldgtics.The shares
of different fuels in thé&&uropean cement industaye shown inrable9, for the year of 2006

Table9. Fuel usage in European cement industry in 2B08PCB, 2010Q)

Fuel Type Usage share (%
Petcoke (fossil) 39
Coal (fossil) 19
Petcoke and coal (fossil) 16
Fuel oil 3
Lignite and other solid fuels (fossil) 5
Natural gas (fossil) 1
Waste fuels 18

Tablel0includes examples of common categories of waste.fuels
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Table10. Some common categories of waste f el*’PCB, 2010)

Group Type Waste fuels
1 Non-hazardeous Wood, paper, cardboard
2 Textiles
3 Plastics
4 Processed fractions
5 Rubber/tires
6 Industrial sludge
7 Municipal sewage sludge
8 Animal meals, fats
9 Coal/carbon waste
10 Agricultural waste
11 Hazardeous Solid waste (impregnated sawdus!
12 Solvents and related waste
13 Oil and oily waste
14 - Others

1.6 CEMEX and the studied plants at Cluster West

The companyCEMEX was founded in 1906 in Mexico and has grown into a global
manufacturer of building materials operating in more than 50 countries in the Mailuly,
CEMEX is selling cement, readyix concrete and some typessufcalledaggregates, such as
crushed stone, gravel, sand and recycled concketut 48 percent of the global sale is related
to cement products. The compams more tAn 46,000 employs worldwide. Figures about the
global operationare presented ihablel1, for 2010

Tablell Figures abou€CEMEX global operations for 20 @EMEX, 2010)

Cement production capacity Cement Aggregates Sales

Region/Country (million tonnesl/year) plants quarries (million USD)
Mexico 29,3 15 16 3435
USA 17,2 13 83 2491
Europe 25,7 19 247 4793
South/Central America and Caribbean 12,8 11 17 1444
Africa & Middle East 54 1 9 1035
Asia 5,7 3 4 515
Other 357
Total 96,1 62 376 14 069

CEMEX is represented in Germany by CEMEX Germany AG (CEMEX Deutschland AG),
which is one of the largest producers of cement, r@aiclgd concrete andthersimilar types of
building materials in theauntry. CEMEX became a large producer in Germany in 2005, taking
over formerWestZement GmbH and OstZement Gmbkinong the plants in Germanyhe
Kollenbach andRidersdorplantsareequipped with rotary kilnsThere clinker is produced, but
alsoseveral other intermeatie and final products. In addition to seeplantsthere are several
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other high capacity milling and blending plants that do not produce climkekilhs). The
location of CEMEX sement plants in Germany are depicte&igureb.

CEMEX .. Q
G e rm an . Baltic Sea
&
\
® Rost (‘:k
North Sea =
N Doelitz
H{t’;mburg @Schwerin
Bremen
) o
R
R ke ! Be ‘lin
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NETHERLANDS 5 2 1 L4
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1 ]
! | 4 T ! Harz Mountains ’\/VKS'L’
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CZECH REPUBLIC
FRANCE
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Cluster WesPlants
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Cluster EagPlants °
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Figure5. Location of CEMEX6 plants in Germanynumbered ast: Rudersdorf, 2Kollenbach 3: Mersmann, 4:
Dortmund, 5:Schwelgern, 6: Eisenhittenstg@EMEX-DE, 2010a)

Table12 summarizesnformation aboutthe production capacitidsr the plants The Mersmann
plant was not used for production when this study was condudtésiseen a reserve option
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Table12. CEMEX plants in Germany and their production capac{BEMEX-DE, 2010a)

Production Capacity
(million tonnesl/year)
I

Cluster Plant Clinker Cement
Cluster West Kollenbacht With kiln 0.9 1.1
Cluster West Mersmann? With kiln 0.4 0.5
Cluster West Dortmund Milling and blending plant (no kiln) 0.0 1.0
Cluster West Schwelgern Milling and blending plant (no kiln) 0.0 1.0
Cluster East Rudersdorf With kiln 24 2.8
Cluster East Eisenhittenstadt (Ehs) Milling and blending plant (no kiln) 0.0 0.5
Total Cluster West 0.9 3.1
Total Germany’ 3.3 6.4

! Clinker production capacity is based on the assumption of 300 days production in each year. The legal insts
capacity for Kollenbach plant is 3000 tonnes/day or about 1.1 million tonnes/year.

2 Mersmann kiln has been closed in 2005 and dismantled in 2009.
% Total sum does not include production capacity of Mersmann plant.

As shown inFigure 5 and Figure 6 the CEMEX Cluster WestQluster West consists of four
plants, of which the three actively used are Kollenbach, Dortmund and Schwelgern. They form a
kind of work alliance together producingeveral intermediate producsd final products.
Figure6 givesan overviewof important material and energy flows foluster Westincluding:

1 Inboundflows - mainly raw materias, fuelsandelectricity

1 Intemalflows - clinker, GBFS, and various intermediate prads

9 Outbound flovs - final cement productoncerningCluster Westthe focus has been on
the different cement products (CEMI), and not on other products suchraadymix®.

® GBFS was introduced isection1.5.5 which is an abbreviation of Granulated Blast Furnace Slag.
* However, other products than the selected have been considered to some extent. For example, this has been
necessary to be able to allocate different flows to different prodwsete Methodology.

26



I CEMEX Germany Cluster West

|
! Cement products
! (CEM I, CEM I18)
|
|
Primary and secondary GBFS
materials I
>
|
1

>

Clinkerand

-
1
1
1
1
1
1
[
1
1
Intermediate I Cement products
Fossil fuels, alternative Products I (CEM lI/A, CEM 1II/A)
t >
1
1
1
1
[
1
1
1
|
[
1

fuels I Clinker an
1 Intermediat GBES
I Products
|
Electricity !
GBFS
>
| Cement products
I (CEM IIl/A, CEM 11I/B)
I >
|
|
e e e e e e e = == —

GBFS: Granulated blastfurnace slag
Intermediate products are half products which are used for production of final products.
CEM I, II, 1ll are types of cement products accordirigihd ENL97-1 Europearstandard.

Figure6. Overview ofCluster Westn 2009(CEMEX-DE, 2010a)

In the following sectionghe plants inCluster Wesare described a bit further.

1.6.1 Kollenbach

The Kollenbach plantvas established in 1911 and it is located near Beckum in western Germany
(in North-Rhine Westphalia). As previously stated, it is the only pla@luster Wesproducing
clinker. In 1953 the Kollenbach plant was the first plant in the world that inethlh cyclone
preheate(CEMEX-DE, 2010b)

In 2009, theclinker production wasabout 0.8million tonnesand more than half of it vga
shipped to the Dortmund and Schwelgern plants for production of vdriended cements.e.
other types of cement thaPortlandcement. Figure 7 gives an overviewof the production
processn theKollenbach plant

®ConcerningCluster West we mainly refer to CEM Il and CEM |11l wher
case, it means that clinker has been mixed (blended) with other materials (clinker substitutes), mainly with GBFS.
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Figure7. The poduction proceskr theKollenbach planfCEMEX-DE, 2010b)

Kollenbach has dry process with a rotary kilm four-stage cyclone preheater and drum cooler.

In order to reduce the amount of chlorine in thedoced clinker, a chlorine bypass system is

placed downstream the preheater. This byggstem collect§i b y pas s disirecyceed whi c h
and usedor theproduction of blended cemen#sn overviewof the mainequipmentis shownin

Tabe 13.

Table13. Overview of mairequipment inthe Kollenbach plan{CEMEX-DE, 2010b)

Equipment Type Capacity Installed power
Raw material crusher Single shaft hammer crusher 650 t/h 750 kW

Main raw mill Vertical roller mill (3 rolls) 200t/h 1000 kW

Kiln linet 2-strings 4-stage preheater kiln without precalciner 2795 t/d

Clinker cooler Drum cooler, clinker discharge temperature about 270 °C

Other features Chlorine bypass system

Injection of lime hydrate for SO2-reduction

Injection of pure urea solution and photographic waste
water for NQ-reduction

Use of alternative fuels

Cement mill | Ball mill (2 chambers) 23t/h 1800 kW

Cement mill Il Ball mill (2 chambers) 135t/h 2 x 2200 kW

! The approved capacity is 3000 t/d. The maximum daily output in recent years has been between 2700 to 2795
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The Kollenbach plantvas modified in the beginning of the 2d¢entury and was theequipped
with a feeding system for secondary fueluch as animamed® (MBM), various fluffy
materials, and shreddeides Table 14 showswhatfuels wereused2009 and the share of each

type

Table14. Fuels usedt theKollenbach plant in 200%nd theshare of each type of fueCEMEX-DE, 2010c)

Share from total

Fuel type input fuel energy
Fluffy Materials 36.8%
Animal Meal 28.0%
Coal 24.7%
Lignite 8.1%
Tires 1.9%
Light Fuel Oil 0.5%

At Kollenbach severaldifferent types otementwith high portions of clinker (sucas CEM | or
CEM II) and several other intermediates prodyatsinly composed of clinker) aggroduced.
The intermediate products produced at Kollenbaclslaifged tahe Schwelgern and Dortmund
plants

1.6.2 Schwelgern

Schwelgern is a grinding and mixing ptgno kiln- no clinker productionat Duisburg that has

been a part oCluster Westsince 1998. lis colocated withthe Thyssen Krupp Steel plant,
producing steel and getting blast furnace slag as a byproduct. In accordance spéhiz

agreementthis company see to that slag is quenched by waterder to convert it to GBFS,
which is then delivered to CEMEX/SchwelgerAs stated before, due to itsementitious

propertiesGBFS cansubstitute clinker. For example, products such as CEM Il (depgradin
their subtypes) can have between 36 to 95 percent GBFS in their composi®raple6).

The produced GBFS is sent to the Schwelgern plant by an electrical conveyer Sygstesof it
is sent to the Dortmund plant by rdil. order to reduce the moisture contehthe GBFS usd at
SchwelgernCEMEX uses coke gas and lignite fuel to dar{CEMEX-DE, 2010a)

The annual cement production capacitytieé Schwelgern plant is about rillion tonnes
Various so-called blastfurnace cements (CEM lliare produceduch as CEM llI/Aand CEM
[1l/B havingdifferentproperties an€sBFScontens.

1.6.3 Dortmund
Similar to Schwelgern, the Dortmund plant is a grinding amiking station. Here the
intermediate products from Kollenbach along with GBFS from Schwelgern are milled and mixed

® Animal meal is also called n i ma | imeat and bone meal 06 ( MBM).

29



in special silos in order to produce various cement products, mainly CEM Mié&t of the
GBFS atSchwelgern(or more correctlydirectly from the steel plant clost the Schwelgern
plant) is shipped to theDortmund plant by rail and theremaining part issent by road
transportation

30



2 Methodology

2.1 Literature reviews

Several literature reviews have been conducted during this project, briefly described in this
section. In thédeginning,the authors wanted to learn more about cement production. The papers
and reports mentioned as referenaessection1.5 provided important information for that
purpose. It was also essential to gain knowledge about howsdt@ies concerning cement
should be conducted from a methtmipcal perspective and to get information about common
results for this industry, to be used for comparisdrerefore,a literature study of previous life
cycle assessments of cement products was accomplished, described in the following section.

2.1.1 Overview of some LCA studies related to cement

This study served as a complement to site visits in dealing with many of the initial issues about
cement production, methodological choices for the LCA modeling and what data to collect. The
aim was mainly to get a bad overview of important issues and common choices (standard
procedures)

Several academic papers and reports (published during the last ten years) abatdi€Aof

cement production were collected and analyzed. It provided information regardieg) ss&in as

choice of system boundaries, choice of functional unit, allocation, impact characterization
models and common results. It was also considered how the data had been collected, including
sources of information, and what software was used.

Ten ofthe papers/reports were chosen for a more in depth analys&ésed al(2004) Lee and
Park (2005) Navia et al.(2006) Flower and Sanjaya(2007a) Pade and Guimara€2007)
Huntzinger and Eatmo(2009) Boesch et al(2010) Boesch andHellweg (2010) Chen et al.
(2010a) and Strazza et §R010)

This literature review covered many important issues and facilitated the LCA studiesth&thin
project.

2.1.2 Overview of measures for improving the climate performance

Since one important aim of the project was to find and analyze measures to reduce the climate
impact of the Cluster West, a literature review was carried out with the purpose to identify such
measures. Existing and emerging measures of relevance were systematically collected, classified,
evaluated and analyzed using a special framework that eduded in section 2.&eeFigure

15, for examplepndapplied in chapter 7 and 8

This literature review waperformed considering the concepts of Industrial ecoltgy which
emphasizes on:
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1. Flows of material and energytudying theflows of material and energielated to
industrial activities can provide a basis for developing approacheloge cyclesn a
way that environmental performancef these activities are improve(Boons and
HowardGrenville, 2009)

2. Integration:Industrial systems should be viewed imtegration with their surrounding
systems, not as isolated entit{€&aedel and Allenby, 2003)

3. No waste in industrial ecosystenthe enegy and material efficiency of industrial
systems can be improved by using the effluents of one industrial process as the raw
material of another proce¢Brosch and Gallopoulos, 1989)o mimic the rather closed
loops of nature is a key idea of industrial ecology.

Based on these three points and considecggent production, the following issuesemed
importantfor theliterature reiew:

1. To sudy all major streams of material and energy related to cement production.
2. The relationship and integration between the cement productiors pladther relevant
streams osurroundingndustrial and societalystems.

3. All wastemateriak andenergy streams should be viewed as potentially usgrally,
or for other industrial processes.

In order to visualize these essentmints it was helpful to consider a conceptual cement
production system witthe maincategories oénergy and matel streamgFigure8).

Feedstocks )
Fuels >
Heat
Electricity
Other

by-products

< Closinglows >
< Integration >

Figure8. Conceptual model afcement production system.

Products

CcQ

o

Cement Plant

The following major streams are recognizable in any typical cement production plant: feedstocks
(materals), fuels (energy and materspl electricity (energy), products (mateggal CO, from
incineration of fuels and the calcination procé@ssteriab or emissiony, excess heat (energy),
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and other streams in terms of emissions, wastes, or byprothatisan be categorizessi ot h e r
by-pr oduct s 0,therke are sevérdl iadtual orrpotential means to use the excess streams in
other industrial processes, either by closing the flows (reuse, recycling) or by integrating cement
production with other induisal processes.

The elements identified in this concept model of cement production weused as the main
fAiguideline® for the literature survey. Ideas whiareredirectly or indirectly (but meaningfully)

related to any of these elements were colleeted compiled. For instance, publications that
address topics such asgsemcemeoh pemla ttnsand a o ( an
combinationshave beemronsidered.

2.2 Data collection

To be able to carry out this project a lot of information has been collected and processed. In the
following sections the main approaches for gathering and working with the information is
presented, mainly concerning data relate@ltsster West case spafic information.

2.2.1 Site visits

Before the project started, in September 2010, two of the project participants from Linkdping
University met with some managers from CEMEX in Germany and discussed the project.
CEMEX then presented the company, the Clustest\and showed the Kollenbach plant. This
visit, initial meetings and other communication between the parties formed the basis for the
project plan.

After about four months work (in February 2011), two other project participants from Linképing
University vsited all the three sites withi@luster West The intention was to get a deeper
understanding about the production, the important flows and the products. It was advantageous
to have this visit after working with the project for a while, since it gaveofiportunity to
address specific questions of relevance and observe interesting parts of the cluster in reality.
Experts, including plant managers, participated from CEMEX.

2.2.2 Material and energy flows related to the Cluster West

Based on general knowledgeoalb cement production and the specific knowledge about the
case, questionnaires and formularies were established and sent to CEMEX to collect information
about important flows of material and energy.

For each plant data was collected to be used for the kAy. It was divided into five
categories; input of energy and fuels; input of materials; input of consumables; output of
products and waste. CEMEX also provided information about the composition of different
cement products and the composition of fuilat were used. This means that staff from
CEMEX has accurately allocated the relevant flows to the cement products. CEMEX were able
to provide all the data that the researchers from Linkdping University requested, concerning the
year of 2009.
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To facilitate the management of the data, an extensive input/output toocneatedusing
Microsoft Excel It provided structure and the necessary utility of converting and linking the
inputs/outputs of theCluster Westthat were originally expressed in annual figes for each
plant to the functional unit of the LCA study, expressed as agohcement product.

As previously described, a lot dcfitespecific data has been collected. In addition to the
mentioned categories of data, CEMEX also provided data aboedt hvalues of fuels,
transportation and CQemission factors for incineration of the fuels at Kollenbach. Jitee
specificdata was valid for the production in 2009, which was the most current data available for
Cluster Westvhen the project started.

CEMEX has mainly provided data about the flows within the cluster as well as inbound and
outbound flows. However, the scope of the LCA studgréileto-gate meaning that it covers

all phases from the extraction of raw materials to finished cement proalucts it he gat e
Cluster West. Consequently, the Ecoinvent LCA database has been used to be able to include the
upstream parts of the life cycle for which CEMEX could not provide the needed information.

In this study the environmental impacts associatetl infrastructures such anstructionof
the cement plant or other supporting infrastructures sudomrstruction ofroads, rail roads,
electricity networks antheir wear and tear and similar processesnot considered. However in
order to roughly evaluate the impacts associated tvékeinfrastructural processes, a test was
performed using generic information tife Ecoinvent databasdt showedthat the impact of
including infrastructural process@s the LCA modelconcerning clinker production increased
the overall CQemissiondess than one percer@onsequentlytheexclusionwasreasonable and

it also lead to &etter consistency.

Quiality of data

To monitor the quality of the data usedtire LCA modeling a methodbased on the work by
Weidema and Wesnags996)was applied. This method considersesaV indicators: reliability;
completeness; temporal correlation; geographical correlation; technological correlation; and
allocation of the data with regard to the system of study. The summary of this data evaluation
system i s known aatRAPegdiagi ¢ matdi icalabeilss 6 whi c
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Tablel5. Pedigree matrix for evaluating qualityddta used in the LCA inventofyWWeidema and Wesnaes, 1996)

Indicator

score
Reliability

1

Verified ? data

2

Verified data

3

Non-verified

4

Qualified

5

Non-qualified

based on partly basd on  data partly estimate (e.g. by estimate
measurements  assumptions; or based on industrial

nonverified assumptions expert)

data based on

measurements

Completeness Representative Representative Representative Representative Representativenes

data from a data from a data from an data but froma unknown; or
sufficient smaller number adequate smaller number incomplete data

sample of sites
over an
adequate period
to even out
normal
fluctuations

of sites but for
adequate
periods

number of sites
but from shorter
periods

of sitesand
shorter periods;
or incomplete
data from an
adequate
number of sites
and periods

from a smaller
number of sites
and/or from
shorter periods

Temporal
correlation

Less than three
years of
difference to

Less than six
years difference

Less than 10
years difference

Less than 15
years difference

Age of data
unknown or more
than 15 years of

yea of study difference
(2009)
Geographical Data from area Average data Data from area Data from area Data from

correlation under study from larger area with similar with slightly unknown area or
in whichthe production similar area with very
area under study conditions production different
is included conditions production
conditions
Technological Data from Data from Data from Data on related Data on related
correlation enerprises, processes and processes and processes or processes or
processes and materials under materials under materials but materials but
materials under study but from  study but from same different
study different different technoloy technology
enterprises technology
Allocation ¢ Allocation is not Allocation is Allocation is Allocation is Allocation is
required(system required and the required and the required but the required but is not
expansion) methodfor methodfor methodfor performed
allocation is allocation is allocation is not
clearly roughly described
described described

& Verification by sitespecific checking, recalculation, energy or mass balance, or-ahesking with other
sources.

® This includes calculated data such as emissions from input to a process, when the basis of calculation is
measurement. If the calculation is based partly on assumptions, the score should be two or three.

€ This indicator was not included in the originabdel developed by Weidema and Wesné&896)and is addec
for better evaluation of data quality

The data quality evaluation has been done for data related to all the major processes in the life
cycle inventory. This was to make certain that no data having a large impact had bad quality. The
evaluation was performed on the data from both sourcesdate. received from CEMEX
regarding the Cluster West, and data from the generic LCA databases such as Ecoinvent.
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The generic data, not provided by CEMB#ascollected from generic sources such as available
LCA databases (mainly frorine Ecoinvent datab&3. This data can be seen as supplementing,
since it mainly has been used in order to fill the information gaps regarding the upstream
processes of cement production. The contributions of specific processes to the total climate
impact of the studied systewere calculated to see if the choice of generic data had a significant
impact on the results. If a generic data set was significant, it was discussedifesifec data
should be requested instead.

Whenever data about materials or fuels was unavaifatae the supplier it was modeled or
replaced with a similar material or fuel from the Ecoinvent database. This was notable for the
modeling of upstream processes of materials and fuels, i.e., the stages of raw material extraction
and production of mateti that is taking place further up in the CEMEX supply chain.
Furthermore, information regarding the upgrading of some of the fuels used in the baseline LCA
was collected from literature. This applies especially for animal meal, fluffy materials and tires
(more information in chaptet.3.5. A description of the most contributing data processes used

in the clinker product are provided in the Appendix.

Data from Ecoinvent database is based on German, European or global aesdigens. A

major strength of the database is the extensive documentation on how it is structured as well as
the methods for collection of data derived from a variety of industries. Data used from the
database has been chosen carefully.

Several previousCA studies of cement are based on generic data from LCA databases, as the
primary data source. To calculate the elementary flows regarding the upstream processes almost
all identified LCA studies hae utilized LCA databases, especially regarding the eiois

related to upstream procesgBisbet and Van Geem, 1997; Pade and Guimaraes, 2007; Boesch
et al., 2009; Huntzinger and Eatmon, 2009; Boesch and Hellweg, 2010; Chen, Habert, Bouzidi,
Jullien, and Ventura, 2010a)

2.2.3 Workshop

In June, after about seven month of wdHe project participants from Linkdping University and
CEMEX met at a workshop. Some representatives for CEMEX Research Group AG Switzerland
also participated.

The purpose was to present and discuss some preliminary results and to address issues of
importance for the remaining period of the project. One important part was to get information
about the ideas and view of managers and experts within CEMEX concerning different options
to reduce the climate impact.
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2.3 Life cycle assessmetCA)

2.3.1 LCA, compliance with ISO 14040 -series

Life cycle assessmenalso referred to a&CA, is usedto identify and assessa producd s
environmental aspectsnd the potential associatedenvironmental impactsAs the name
indicates, themethod isbased on dife cycle perspective, meaning that environmental aspects
and potentiaimpacts are studietbr all phases of @roduct'slifetime i from cradleto-grave
(ISO 14044, 2006)The followingfive overallphase®xist (see als&igure9):

1. Extractionof raw materialgd extraction ofraw materigs in nature, i.e. raw materials that are
relevant for the studied product

2. Material productioni including all phases between the extraction and product manufacturing,
for example, processing of raw materials and manufacturing of components oathpgdotuct.

3. Product manufacturirigthe manufacturing of the final product, i.e. the studied product.
4.Usei the phase where the product is used.

5. Endof-life treatment the handling of worrout products
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Extraction of
raw materials

Production of
materialsand
components

Product
manufacturing

End of life
treatment

Figure9. lllustration of the five overall phases described in the text, and how energy and raw materials are used in
the production. This generates emissions and waste streams. The area marked with grey represents the system

studied.

The process of working with a life cycle assessment is often iterative. According to ISO 14040
(2006) the pocess shall be based on four mandatory elements: goal and scope definition,
inventory analysis, environmental impact assessment and interpretation of resufgg(see

10).
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Sructure of Life Oycle Assessment )
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Goal and scope definition |
A Application of LCA:
v N 1 Product development
Inventory analysis | " Interpretation f Srategic planning
" 1 Founding of policies
1 Marketing
y 1 Other
Impact assessment < ~
_/ N _/

Figure10. Basic elements of the process of working veifife cycle assessment

Goal and scope definition

To ensure that the outcome of the study is consistent with its objectives, it is importqresse

the intended purpose of the study at an early stage. For example, it might be wise to consider
why the study is conducted and which the intended target group is. Initially, it is important to
have a clear picture of the studied product system iimgjuithe functional unit. The functional

unit defines what is being studied and quantifies the service delivered by the product system. It
therefore provides a reference to which the inputs and outputs can be ireMdiaxth forms the

basis for calculation®ther important issues concern the

1
il

System boundaries simply, what is included and excluded.

Major assumption§ important choices/assumptions made when, e.g., information is
missing or is not specific enough.

Allocation principlesi arerelevant when exact partition of environmental loads is not
possible (reasonable), e.g., when several products share the same process.

Data qualityi how accurate the data is, especially data that has large impact on the final
results.

Methodology for tle environmental impact assessménthere are several existing
methods for modeling impact on the environment and this can be presented in several
impact categories. Thus, the choice of environmental impact method is determined by
which environmental impacategoriegre chosen to peesent the result of the study.

There is no set sequence for when these elements should be pewdsrthedvorking process is
iterative, but having the limits of the scope determined eartite processs important for the
subsequent work.
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Inventory analysis

During the inventoryanalysisthe datanecessaryo later quantify the potential environmental
impacts ofthe productsystemis collectedandmanagedThis to a large extent means mapping of
relevant material and enerdipws. The collected data is related to the chosen functional unit.
For example, if the collected data includes figures for several products and one representative
month, it might be recalculated to represent the selected product and one year (deypetiging
chosen functional unit).

Environmental impact assessment

Theenvironmental impact assessmphtsas conducted to estimate the different environmental
impacts that are related to the product (the functional unit). First, it has to be decided what
environmental impact categories to include. This project is focused on potential climate impact
only, while others might include several other impact categories as well. Secondly, the so called
classification is carried out, to link the data about materidlearergy flows from the inventory

to the selectecenvironmental impactategories. This means that the flows of water, raw
materials, energy, emissions, etc., are allocated between the impact categories. For example,
some emissions might cause severaleddt types of impacts (like NI while others mainly

are of relevance concerning one category (k).

Eachinventorydata'spotentialshare tahe environmentalmpactcategoryis calculatedby using
characterization factorsThe result of such characterizationprovides the basis foboth
interpretingandconcludingthework (1ISO 14040, 2006)

Interpretation

Togetherwith the goal and scopeof the study, resultsfrom the inventory and environmental
impactassessmerfibrm a foundatiorfor theinterpretatiorprocesslt involves an examination of
the entirework and may lead toan iterativeprocess, adjusting the goal/scope, requesting new
data or more information about the data, etc.

The interpretation process is supposed to highlight significant issues, such as how complete and
robust the study is, via sensitivity and uncertainty chec¢kshduld also lead to conclusions
recommendationSO 14040, 2006)Early in a LCA project that is iterative, the interpretatio

phase might generate recommendations mainly intended to be used by people conducting the
study, to improve the quality of the work. Later, closer to the end of such LCA projects, the
conclusions and recommendations might shift character and be formulatedhe aim to
inform Aexternal partieso about the study and

2.3.2 Systemdefinition and implementation

In accordance with the previous sections, L&Adies are commonly performed having a-life
cycle perspective- i.e. the cradleto-grave For cenent that would typically include the
environmental impact from extraction of raw materials, production and upgrading of materials,
cement manufacturing, use phase and finally theodiife phase. However, in this project the
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final stages of the cementd cycle, the use and erd-life phase, have been excluded since an
important objectives to compare the environmental impact from the production of three cement
products. These cement products could potentially be used in a variety of applications with
different expectancies for life time, strength and performance which would make the quantifying
of environmental impact from the final phases of the cement very confidlexzinger and
Eatmon, 2009)n a similar study havasedthe same assumptipio have a scope frogradle-

to-gate (i.e. to include extraction of raw materials, production/upgrading of materials,
manufacturing of cement) is a common practice in recent LCA studies of c@rharizinger

and Eatmon, 2009; Boesch and Hellweg, 2010; Chen, HabeauzidoJullien, and Ventura,
2010a) The decision regarding system boundaries was taken in consultation with CEMEX.

Figure9 gives an overview of #hstudied product system which will be presented more in detail
in chapter 4. The inventory was conducted with the objective to include all elementary inflows to
the studied product system.

Initially, questionnaires for each cement product were sent MEE The questionnaires were

used to get annual data concerning materials, fuels and consumables necessary for the production
of the selected cement products. Information was also requested regarding transportation, use of
electricity and measured G@missionsrelatedseveral input materials and fuels. During the
process of collection, the researchers from the university had a dialog with representatives from
CEMEX, to clarify what information was needed and ensure that relevant data of high quality
was awailable.

After completing the inventorprocessglassificationand characterization of theventory data
was initiated. Itwas already decided only to study the impact category of climate chEmge.
classificationand characterization were conductedng an Excel tool, for structuring and
normalizing the inventory data to the functional unit of the study, and theso@#areSimaPro
7.3. SimaPro attributes thelatedenvironmental impact to thproduct system'sinflows and
outflows.

Finally, the interpretation phase was conducted, based on the previous parts including the
characterizedesults Sensitivityanduncertaintyanalysiswere conductetb verify the credibility
of resultsandto testthe specifiedconditions of the study

2.3.3 Functional unit

To enable a comparative LCA of several cement products it is important that the products fulfill
the same function. Since the functional unit forms a quantitative measure of the service delivered
by the product system, all calculations should be relat&éqISO 14044, 2006)

Since the use and ewdHlife phases are excluded in this study, the key service delivered by
cement is ot included. Therefore it was most reasonable to havertiguction of 1 tonne of
cement ready for shipments the functional unit. It has been used for each individual cement
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product. The choice of functional unit is in line with several other simtladliess, i.e. LCA
studies of cement with a scope includifigradleto-gated (Josa et al., 2004; Boesch and
Hellweg, 2010)

2.3.4 Spatial and temporal boundaries

Theficradleto-gated LCA data received from CEMEX is based on the annual cement production
of the Cluster Westin 2009, which was the most current data available. Case specific
information was used when possible, but for modeling elementary flows of materials and fuels,
data from theEcoinventdatabasevas needed as previously described. The Ecoinvent LCA data
originates from different time periods and geographic backgrounds. However, the consistent aim
has been to use the most recent and geographietglyantdata as possible.

Climate impact occurs on a global scale regardless of vihermissions aremittedand is thus
considered as a global environmental problem. The chosen environmental impact method
calculates contribution to climate change regardless of the location of the emission source. It also
considers the potential climate change on a time horiegbtosl00 years to reflect the viability

of greenhouse gases in the atmosphere over(Enmszhknecht et al., 2007)

2.3.5 Allocation

Concerning allocation, input materials and fuels originating from upstream product systems
where they are considered as waste, have not been accounted any environmental impact. This
assumption is based on the fact that they would have been produced aegaejless of being

inputs toCluster WestThus, in such cases, it can be seen as reasonable to allocate all the impact
to the upstream products system (earlier in the life cycle).

However, impact due to transportation of these materials and fuels hasnbksled, and in

cases were some kind of treatment or upgrading has been carried out for making the materials or
fuels suitable for CEMEX, the impact caused by the treatment/upgrading has been included.
Examples are:

1 Animal mealand bone meal (MBM), whitis a special fraction of slaughterhouse waste

1 All fluff materials include waste fractions from the municipal waste treatment that has
been grinded and mixed together

1 Shredded tires due to tires being shredded

1 Granulated Blast Furnace Slag (GBFSgs the blast furnace slag has been granulated to
be suitable.

In the reviewed LCA studies of cement, allocation has been performed in several different ways.
Some have choices similar to those of this profBaesch and Hellweg, 2010; Chen, Habert,
Bouzidi, Jullien, and Ventura, 2010hyhile othersuse system expansi¢hee and Park, 2005)

or do not clarify this issué¢Nisbet and Van Geem, 1997; Navia et al., 2006; Flower and
Sanjayan, 2007a; Huntzinger and Eatmon, 2009)
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Of the four mentioned examples, the GBFS for saverasons requires special attention. GBFS

can be considered a byproduct, since it in contradiction to the others has not been handled as a
waste by definition (further discussed in secddb.2 and it is a material that can be bought on a

mar ket. In comparison to other fAwaste materi a
is much higher and it is related to the steel industry contribwtingignificant environmental

impact. This means that for GBFS it can be argued that more impact should be allocated to this
material than only the minor impact caused when granulating the slag (i.e. mainly cooling it with
water).

In the baseline LCA stydof this project, forming the foundation of the study, only the impact
caused by upgrading has bemmsideredBut to complement the picture, additional allocation

has been done for the GBFS. This means that a portion of the potential climate impahefrom
upstream product system, which is the production of pig iron, has been allocated to the GBFS. It
can be seen as a sensitivity analysis showing the importance of choices related to allocation.

Generally, the choice of allocation principis controvesial and can a have large influence on
the final result§Reap et al., 2008Economic allocation has been applied as shoviigare11l
(more information about allocation can be foundeation4.5.2.

. - . . . . ($xmasspy-product
Economid f f 20F UA 2y O2SFTUOASYU

of by-product = (¢ x mass) main product($ x masspy-product

. S . . - . . ($xmassGBFS
Economid f ft 20F UA2y O2STUOASY U

of GBFS ($ x mass) Pig iron($ x massEBFS

$ x mass: Pricger unit of the materials ($) multipligloy themass of
materials produced during the processdss).

Figure1l. Formula used for economic allocation between main product (Pig iron) apibyct (GBFS)YChen et

al. 2010a)
Staff from CEMEX has helped concerning how to allocatesiteespecific data to each product,
clarifying what share of input materials, fuels and energy that should be allocated to the cement
products.

2.3.6 Assumptions
In addition to the earlier mentioned choices, assumptions of importance are mentioned and
clarified in this section:
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A The use of electricity for upgrading fluffy materials (a type of fuel based on various
municipal solid wastes which is usedQtuster Westis assumed to be 30 kWhahne of
fluffy material. This value is based on an average value from pnegpplastic based fluff
and fluff based on cellulose material (cardboard, wood, pépeesch and Hellweg, 2010)

A A generic LCA dé#a set from Ecoinvent was used to describe the impact related to production
of tallow. This process was assumed similar to the one producing aneatnd bone meal
(MBM) from slaughterhouse wasteélThe documentation of this process provided by
Ecoinvent,confirms that this process can be used for modeling MBM.

A The use of generic data from Ecoinvent LCA datab@s® beerassumed to cover the
elementary flows between nature and technosphere. In all cases the choice of generic data
was done in a way tdescribe the real conditions as close as possible.

A Road transportation of materials afugtls between suppliers and the Cluster West has been
assumed to be carried out by trudREMEX are today fulfilling safety requirements
regarding their road transpores.g. 25 ton maximum capacity trucks to transport explosives.
Furthermore, the capacity level of the trucks transporting different materials and fuels
probably differs a lot. Thus, for simplicity a truck with a maximum capacity level of 32
tonnes was ches as an overall alternative for all road transportation modeled in the study.
The difference in climate impact between trucks with slightly lower capacity level than 32
tonne is assumed to negligible in this study. The occupancy level was furthermonedssu
to be 50%.

2.3.7 Environmental impact assessment method

Normally several different environmental impact categories are used to describe a product's
environmental impact. As previously stated, only climate impact has been considered in this
study. The impacis calculated as emissions of carbon dioxide equivalents-€g§), referring

to a model developed by the Intergovernmental Panel on Climate Chage (IPCC) called GWP100,
or Global Warming Potential 100The global warming potential is an index used to astes
relative share of climate impact from climate gases. It reflects how big the potential contribution
of each greenhouse gas is per unit of weight, compared to carbon dioxide. For example, the
climate impact of 1 kg methane is assumed to be equa¢ tdithate impact of 21 kg of carbon
dioxide. The greenhouse gases are presented using the referendey\ct®on dioxideegs(kg
CO.-eg/kg emission) and are calculated based on how much they affect the global absorption of
heat radiation for a period @D0 yeargHischier et al., 2010)

The classification and characterization steps have been handled by the LCA sSBitwaireo,

meaning that this tool was used to calculate the emissions based on the flows of material and
energy that the researchers at the university entered. The characterization process is preceded by
complex models and calculations to describe the environmentatirfmem the studied product
systems.
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2.4 Development of LCA method

The previously presented aims have different dimensions, of which one is to perform a LCA of
selected products for Cluster West concerning the year of 2009. The othestisdydhe
productian system over time; for 1997, 2009 and to make estimations about the future. Hence,
the challenges exist:

1 To compare different products produced within the same production system

1 To compare a reference product, produced within different production
systens/conditions (i.e. Cluster West in 1997, 2009, and various conditions in future).

To address these challenges, a modeling process based on the LCA method was developed in
order to handle both dimensions of the project. The outline of this modeling piopessented
in Figurel2 and each step is described in the following sections.

A
A
1
| Product perspective:
Baseline LCA I Comparison of products
Model I CEMH25
more than50 I CEM IIimM25
input variableg : CEM 1I/B125
A\ 4
[ KPI selection and definition ]
Conceptua
LCA Mode
6 key variable
(KPIs
€-—-—-————— - ————— === >
Temporal development perspective:
Comparison of cement production systemd 897, 2009 and future
>

1997 2009 future

Figure12. Overview of the developed method based on Lgeling

Different production systems are shown on tkexis the production system in 1997, 20@&d
future) and different LCA models (baseline model and conceptual model) are shown en the y
axis. The numbers from 1 to 4 show the order of the step#fiaredit LCA modeling.
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2.4.1 Step 1. Baseline LCA model

The first step of the abovaentioned modeling procesgas the baseline LCA that has been
described n the previous sections, which wasrather typical, compatige LCA study. This
LCA model wa based omarge amount of data collectedrfthe Cluster West, concerning the
year 0f2009. The aim of this step w#& compare LCA results ftie three selected products

1T CEMI1425
1T CEMIII/A 42.5
1 CEMII/B 42.5

In order to model these products, several inteiate products (such as clinker)chto be
modeled as well. All related intermediate products and the inputs and outputs of energy and
materials required for production of these prodwetse modeled in detail using the SimaPro
software, applying écradleto-gated perspective.

Step 1, based on all the main material and energy flows (more than 50 different flows),dprovide
a model with high level of detail. Itagye information about the flows/factors that are most
important concerning climate impact.

Stepl in itself led to many interesting results regarding clinker and the three selected products.
However, it is also formdan important ground for the other steps.

2.4.2 KPI selection and definition

In many situations, it is advantageous if the complexity ofablpm can be reduced without
losing too much accuracy. For example, this is the case if a few parameters can be found that
provide the information needed, instead of keeping track of many parameters.

Thus, concerning the project and the Cluster Westa$ velevant to see if there were any
parameters of special importance, referred to as Key Performance Indicators (KPI). These
indicatorshad tobe selected and defined in such a way, that when combined, they regmesent
the product system and the adheiiemgacts fairly well. Using the baseline LCA model (step 1),

the most influential parameters concerning the, @@issions were identified and defined as
KPIs presented ifiable16.
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Tablel6. List of the identified key performance indicators for conceptual LCA modeling

| Key performance indicator (KPI) 2009 |
Name Unit Value®
KPI#1 Clinker substitution rate % weight 60%
KPI#2 CQ emissions due to calcination Kg CO2/t 541
KPI#3 Specific energy consumption (fuel) 3913
KPI#4 Share of renewable (biogenic) fuels % thermal energy 41%
KPI#5 Specific energy consumption (electricity) kWh/t 69
KPI#6 Share of renewable electricity % electricity 0%
KPI#7 Share of alternative fuels % thermal energy 67%

& KPI#1 and KPI#6 are calculated for the whole Cluster West; while other KPIs ¢

clinker production at Kollenbach.
KPI#7 is not used in the conceptual model.

Thesesix KPIs (KPI#1 to 6)formedthe basis of @onceptual LCA model, see stepkPI#7 ha
not beenused inthe conceptual LCA model, because using alternative fuels does not necessarily

lead to reduction of COemissions due to incineration of fuels. This aspect is instead reflected

by KPI#4. Although the KPI#7 vganot used in the conceptual LCA modeling sitpresented
here due to its importance as an indicator regarding the application of industrial ecology

measures in the Cluster West production system.

2.4.3 Step 2: Conceptual LCAmodel for 2009

To be able to compare different production systems of Cluster West, a representative product
was defined. Because the types and amounts of the cement products produced in Cluster West
are not constant (e.g. there were differences comparing 1997 to 20@@phproduct known as

ACl uster We s t portfolio cemento

was

consi

der

calculated from the weighted average of all the products in Cluster West. For instance, the
clinker-substitutionrate of the portfolio cemens calculated from the weighted average of the

clinker-substitutionrates of all products.

The Cluster West portfolio cement was modeled assuming that it consisted of the following main

components:

M Clinker

91 Clinker substitutes (in Cluster West, thatinlameans GBFS)

1 Others (any other additives being a part of the product)

These three components were selected based on the result of step 1, because the baseline LCA
model showed that the clinker production contributes to the majority of thee@@sions In

addition, the data compilation of step 1 clearly showed that GB&Sused extensively as a
clinker substitute in many of the products of the Cluster West. Together these two components

a7



(clinker + clinker substitutes) represented aboub9% of the dtal mass of the final product.
Al | remaining components were categorized as

Based on the previous stepee production system could be defined in a conceptual way as a
system t hat pr odwnade sii Cd rulsyt efi c IWersk le the ednditions | i o
defined by thesix KPIs. An overview of this conceptual production system is presentedtine

13.

KPI#8:

. . KPI2:
Specific energgonsumption CQ emissions due to calcination
(fuel)
KPI#: S /
Shareof renewablefuels
(biogenic)\
Fuels N\
Clinker A
Kollenbach plant CKZIIDrIfIiers bstitution rate
: : [ ubstituti
KPIS: (Clinker Production
Specific energgonsumption /
(electrical)
Portfolio
" cement
Electricity
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Cluster West (Portfolio

Shareof renewableelectricity] Cement Production)

Figure13. Key performance indicateand the onceptualCluster Wespr oduct i on system for
oportfol.io cemento

To make it possible to compare different production systems, the conceptual LCA model for the
production system of Cluster West in 200@s developed. For this purpose, several other
parameters related to energy input (fuel and electricity) were needed, not directly in the model
but to calculate the selected KPIs. The relations between these parameters are presented in
Figurel4.
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electricity mix

Figurel4. Energy parameters used for the calculation of KPIs

Each production system requires energy to opérgieesented as its energy mix. For instance:
the Kollenbach plant energy mix in 2009, or the Cluster West energy mix in 1997, etc. The
energy mixhas beenlefined as the percentage of the fuel and eletstreointent. The fuel mix is
composed of renewable fuel mix and rremewable fuel mix, and similarly the electricity mix is
composed of renewable and A@mewable electricity mix.

Concerning the composition of each fuel mix, it was assumed that the sitorpof the fuels

used in Cluster West in 2009 was representative. Thus, in the conceptual model, the composition
of 2009 and thecorresponding emissions were used for the calculations regarding other time
periods as well (historic and future). Howevitle share of renewable fuel mix of the total fuel

mix, and the share of electricity mix of total energy mould vary. The same wa true for
electricity and in the conceptual LCA model the electricity mix and the types of renewable or
nonrenewable eledtity used in Cluster West is same and only the changes are applied to the
value of the KPIs.

The conceptual LCA model for clinker and portfolio cement produced at Cluster West in 2009
was created in th8imaProsoftware.

2.4.4 Step 3. Conceptual LCAmodel for 1997

Based on the conceptual LCA model for 2009, the conceptual model for 1997 was created by
updating several of the KPIs according to the production conditions of 1997. For the conceptual
model of 1997, the underlying assumptions and parameters werseakssu be exactly same as

for 2009, except for the KPIs. For instanaed KPI#1 changed due to a lower rate of clinker
substation an&PI#4 was changed to reflect that the shafreenewable (biogenic) fuels was
lower in 1997.
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2.4.5 Step4: Conceptual LCAmodel for future

A possible future production system was modeled both qualitatively and quantitatively. The
gualitative modeling igntroduced in sectior.5 concerninga future, improved production
system. Shortly, a framework was developed to evaluate different measures for reducing the
climate impact and the framework wagpplied for Cluster West resulting a list of relevant
options for improement.

This list of options/measures formed the basis for deciding about an improved production system
that was modeled quantitatively using the previously described KPIs and the conceptual LCA
model. Similar to the analysis of the histatli case (for 197), the KPIs wereipdated to reflect

the (possible future) improved production system.

Sincetherewasno actual data regarding the future scenario, the first step of the modeabhg
evaluate the impact of each individual KPI on the,@@rformance othe Cluster West. This
wasachieved by performing a sensitivity analysis on the conceptual model of 2009 assuming the
inputs of the model are KPIs and the output is the-&Pemissions. The sensitivity analysis
wasperformed by applying 196%, 10%, 20%nd 50%changs (decrease or increase) on each

KPI and calculating the resulting change in the,@@ emissions from the considered product
(clinker or portfolio cement).

Knowing thesensitivity ofthe output (CQ emissionsyelated todifferent KPIs, itwas possible
to definesomescenarios (cases) fa hypothetical future Cluster West and for each case a
conceptual modelascreated.

2.5 Framework for analyzing options for improvements

For the mentioned qualitative evaluation of Cinprovement measures, an assessment
framework developed blyeiz (2011)was used. This framework has beemnaleped to facilitate

a systematic collection, classification and assessment of various improvement measures within
the cement industry. It also makes it possible to evaluate the applicability of different measures
to the Cluster West. The overall stepsho$ framework are presentedkigure15.
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Figurel5. Assessment framework used for collection, classification and éweduwd CO, improvement measures
in the Cluster West.

The used assessment framework consists of two main parts. In the first generic part CO
improvement measures were collected, classified and evaluated for the cement industry in
general. In the second pathe applicability and feasibility of the identified measuvesre
evaluatedcconcerning the Cluster West.

2.6 Impact of chosen methodology and assumptions

During the project the preliminary and final results have been discussed with CEMEX, for
example inrelation to other methods used. It should be emphasized that many methodological
choices influence the results, for example, the system boundaries, what data is included, the data
quality, what software is used and which impact categories that are selemtedllocation is
conducted, etc. Therefore, it is very unlikely that different approaches and assumptions lead to
the same results.

Our ambition has been to carry out the project in accordance with good practice and applicable
standardsand also to ensure transparency that makes it possible for others to follow the process
and assess the results.
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3 Theoretical framework

The relevance of this project and the report is based on the fact that we are facing several
important environmental rpblems or challenges that should be addreq#e@C, 2007b;
Rockstrom et al., 2009; World Watch Institute, 2010; United Nations, 204dk) example,

global problems related to climate change, loss of biodiversity and impact on essential natural
resources can be mentioned (ibid.). Further on, it is clear that the cement industry uses extensive
amounts of materials and energy, causing a lot of environmenpalktmfor example, being a

large contributor to emissions of greenhouse gagas Oss and Padovani, 2003)

3.1 Systematic @idies of fows of energy and materials

To a large extent this project has been based on mapping and analysis of relevant flows of
material and energy, where LCA methodology has played an important part as explained in
chapter 2. Therefore, a theoretical and methaglo&l cornerstone is that overall information
about flows of materials and energy can be used to identify and assess relevant environmental
impactsi climate change in this case. This is not motivated in detail in this report, but the
interested reader nafor example, consider the following areas, points and refefences

1 The human life style has a great impact on the flows of material and gigmgg and
Ayres, 1996; FischelKowalski and Haberl, 1997)

1 Industrial metabolisni a research area for improved understanding abouphisical
processes that convert raw materials and energy into finished products and wastes. An
important objective is to study the flows through society in order to better understand the
sources and environmental impé&yres, 1992; Anderberg, 1998)

1 The meaning and role of environmental systemayais and different tools used within
this field of researcl{Finnveden and Moberg, 20053nd especiallyconcerning LCA
(e.g. Russell et al., 2005)

1 Industrial ecology and industrial symbiosis (see next section).

Shortly summarised, it is @mmon approach within the field of environmental systems analysis
to gather information about important flows of materials and energy related to
production/products, and to use LCA methodology to be able to identify and quantify
environmental impacts apphg a life cycle perspectivelhis approach makes it possible to
understand important issues, without going into detail about all flows and without having to
develop specific information about environmental impacts.

Since industrial ecology and industrgtmbiosis are regarded as key areas, they are described
more in detail.

" Of which some are further explained in section 3.2.
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3.2 Industrial ecology, industrial symbiosis and other

Aconceptso of relevance

Considering the description in chapter 1, A t
regarded as eather linear process, meaning that a majority of the adherent material flows are not
closed. This is in line with the traditional view within the field safpply chain management

where a supply chain often is described or seen as linear flows of plysoxc, information

and funds between companies and custoifiBassal and Mcknight, 2009)eferring to Mentzer

et al., 2001)Barsal and McKnight(2009)describe this as mainly looking forward and pushing
backward, meaning that companies focus on the market and the customers (forward) and on
strategic suppliers (backwards). In addition to tlenynlinear flows within the cement industry,

it is important to notice thatarge portions of the resources arenrenewable for example,
involving a | ot of fossil fuel s. This means
critical challenges froma long term sustainability perspective.

Having this in mind, the field of industrial ecology is very relevant. Since one of the leading
ideas is to mimic nature, i.e. to strive for more closed Iqégenmann, 2002; Baas, 2005)
Optimal application ofnaterial ancenergy streams with the aito reducethe consumptiorcan

provide lower manufacturing costs and better profits. The historical setting of companies can be
seen in the context of a life cycle of an industrial system. In that setting the cement jrakistry
stated abovesan be characterizeas a traditional manufacturing industry. However, its routines

of material use have been challenged in the recent decade. At the cement industry sector level,
the use of alternative fuels and raw materials (ARR)exampls of exchang. The potential
cormsequences for sustainable development of adopting the concept of industrial ecology are more
broadly discussed within the cement industry, including a discussion of the drivers and barriers
to implementation, and technologies and tools available to irecrbaspotential of industrial
ecology(WBCSD, 2002)

At the global level, closing material loops is increasingly stimulated. Readion igr een econ
policies, circular economy, Cradte-Cradle (C2C) approachddicDonough and Braungart,
2002)are instruments famore efficient and renewed material use. When industry stasjsoly

the industrial symbiosigoncept as turning waste into fetock it is business practic&or

example, the EMEX Cluster West has an industrial symbiosis link with the letegIplart.

The concept of industrial ecology was-fnetroducedby Frosch and Gallopould4.989) with
this definition:

~

A...In an industri al ecosystem the tradition:
manufacturing take in raw materials and generate products to be sold plus waste to be disposed

of, is transformed into a more integrdtesystem, in which the consumption of energy and
materials is optinged and the effluents of one process serve as the raw material for another
processeéo
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This description was seen by many industrial ecology authors as the metaphor for natural
ecosystemsthese are very efficient processes in relation to energy usdugntbthe ability to

re-use all of the wastes generatbdcause othe ability of different organisms téunction
togetherin a system Industrial ecology is perceived as the discipline newy from, and
applying, these natural systems concepts to industrial and other human activities; material flows
studies provide a systematic inventory of inputs and outputs of a defined giZstas) 2005)
Several definitions of industrial ecology have been developkd. different authors in the
industrial ecology field have used terms often with a biological analogy such as:

1 symbosis(two heterogeneous organisms living together for mutual advantage),

1 metabolism(all processes in a living organism, by which energy and materials are taken
in and utilized)and

1 synergy(co-operation of different factors or organisms for a joint gwglerformance).

Industrial symbiosis became the term for industrial ecology links between companies in a
regional proximity setting.

As an increasing number of companies have begun to work on the integration of environmental
aspects into company management, the interest in more preventive approaches also increased.
Actually, industrial ecology is incorporated as a new type of purchasinmterials and energy

and providing waste as tproducts for other companies. It also means a change towards a more
openstakeholder approacand a stronger embedding of sustainable industrial production within
society. The cement industry, charactetizss the scavenger of the industReijnders, 2007)

might explore that in further reflection of their role in a broader sogetapective.

The establishment of industrial symbiosis in China, Japan and -Boutla grows rapidly.
SouthKorea has developed a Korean Hodustrial Park Master Plan 20052019 with the aim

to develop all industrial parks into Ed¢adustrial Parks. Jam, since the 1973 oil crisis forced to
material and energy savisigecause of the lack of much own resources, had industrial ecology
asan integrated parbf environmental zoning in several regions. Cement plants are integrated
partners in industrial sétgs in the Japanese and Korean policies. THe Sigear Planning
Guideline Programme in China is based on the Circular Economy Promotion Law including the
establishment of Eethdustrial Parks. Given the size of the cement industry in Chim it is
almost exclusively reliance on coal for energy, their transformation towards industrial ecology in
industrial settings will have significant effects.

3.2.1 Clarification of the relevance

Although companies are respected as single entities with their own iderdityyaamics, they

can integrate external purchasing anebperation with other companies into their organization.

Baas (2005) found that there were a variety of views within organizations that need special
attention. Rather than seeking to impose a dominedel, the healthier response was found to
bebuil d on diversity. That means that compani e
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continuous interaction with their surroundings to make renewal in an open system development
possible.

3.2.2 Can IS beinduced/forced?

Industrial symbiosis is seen as a business concept that improves economic and environmental
performance. For such business concept with new ways of material and energy exchanges, trust,
transparency and confidence must be developed. Orbabis of that perception, industrial
symbiosis cannot be induced and/or forced. The implementation of industrial symbiosis should
be integrated within the regional economy.

3.2.3 Industrial symbiosis and its context

Most of the worldwide findings in empiricatesearch on the barriers to new concepts such as
cleaner production and industrial symbiosis dissemination are illustrated in research by
Gunningham an&inclair (1997)in Australia. They distinguish barriers both inside and outside
companies.

They found the followingnternal barriersin organizations:

lack of information and expertise,

low awareness of new noepts,

competing business priorities, in particular the pressure for-sdrantprofits,
bounded rationality in decisiemaking processes,

financial obstacles,

lack of communication in firms,

middle management inertia,

labour force obstacles,

diffi culty in implementing cleaner technology.

= =4 =48 -8 _-8_9_9_9_-°

They found the followingxternal barriersfor organizations:
the failure of existing regulatory approaches,
difficulty in accessing cleaner technology,
difficulty in accessing external finance,

A i mp r ecgnenmicdncentives,

an absence of markets for recycled goods,
economy cycles.
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When new concepts are emerging, the above mentioned array of barriers generates a big wall to
climb. However in case of industrial symbiosis, after a long incubation &rbegakthrough in
application is seen wordide. Often a mixture of drivers is found, starting from traditional
drivers such as new governmental policies (regulation and facilitation of bubgess
approaches) and financial benefits for the companytarsdipplying and receiving company.
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Under the sustainability and corporate social responsibility regimes, the community outreach for
mut ual understanding and trust 1is basis for
resources are gettirggarce and expensive, and that a prudent use in closed loops becomes more
and more fievery daybés practiceo.

We see often that strong sense of common fate in new concepts is more shared by individuals
than by organizations. Typically, these individuals kvior close geographical proximity and are
meeting each other in different social settings. Such settings provide space for information
sharing. A next step is to start an informal networlkcahpany representatives that contributes

to new perspectives orrganizing industrial activities beyond the level of single companies.
Working in a sustainable region context is also attractive for skilled labour and living conditions.

3.3 Concluding comments about the theoretical framework

As previously described manyfidirent disciplines and theoretical areas are relevant for this
project, including methodological aspects. A lot of them are closely linked and overlamgeg

van Berkel (2006) (editor Marinova)for an overview. The field of Industrial Ecology (IE),
including Industrial Symbiosis (IS), comprises many important aspects and has formed a base for

a)

the approach. Bhi r on ment al systems anal ysi séo perspec

important part. Shortly, this means that it has been important to define the $yi$teracopé

both including the product system and environmental impact categories. For the s3istdsd
essential material and energy flows have been mapped and analyzed. Moreover, it has been
essential to identify the most important flows and related to them evaluate options for improving
the climate performance.

In addition, the theoretical framevkoemphasizes that it is very relevant to analyze the flows and
the improvementmeasures considering the geographical scope and interorganizational
relationships. One of the main points Bansaland McKnight (2009) is that it might be

advantageous to compl ement the fAlooking forw

supply chain view) . Wistmeansitp adept one of the key édeaa pfs 0
industrial symbiosi§ to look outside the traditional supply chain fgptions to improve the
resource efficiency.
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4 Baseline LCA for CEMEX Cluster West in 2009

In this chapterthe results from the baseline LCA concerning 2009 are presented. This includes
the inventory analysis and impact assessment of the studied cement products as well as clinker,
followed by a comparison of the products in terms of climate impact. The GEginseof the

chapter deal witldata uncertainty and ttsensitivityanalysis

4.1 Life cycle inventory analysis of studied products

Extensive amounts afite-specific data has been collected and also generic LCA data from
literature and Ecoinvent. Annual dates been gathered for the studied cement products,
including all intermediate products produced in Cluster West during 2009. This data has been
recalculated in relation to the functional unit oftdhne of clinker/cement. i Table 17, the
required amounts of inputs such as materials, ftiglasportatiorand electricity are presented

for the production of tonneclinker and the cement products.
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Table 17. The required amounts of inputs in the form of materials, fuels, transportation and electricity for the
production of Itonneof different products. This is based on the inventory aisafgs the Cluster West in 2009

Energy requirement or raw material composition for 1 tonne of cement product

Products
Unit Clinker CEM I CEM III/A 42.5 CEM 11I/B 42.5
High Grade Limestone kg 502 - - -
Lime Sludge kg 7 - - -
Crushed marly limestone kg 1002 35 - -
5 Refractory waste kg 0.5 - - -
S = [Animal Meal MJ 1098 - - -
-§ _f;é Fluffy Material MJ 1440 - - -
s & |Tires MJ 72 - - -
8 2 [KILN-Coal MJ 968 - - -
% ~ |Light Fuel Qil MJ 17 - - -
Lignite MJ 316 - - -
Transport (road) tkm 32 3.2 - -
Transport (rail) tkm 26 - - -
Electricity kWh 69 - - -
S |Clinker kg - 896 3 -
(@]
T;J Clinker-RA kg - - - _
S |Clinker meaf kg - - 4 -
S 2 |other intermediate product8 kg - - 612 397
g & Bypass dust kg - 24 0.1 -
8 £ |GBFs kg - - 3 -
= E |GGBFs - firfe kg - - 377 603
2 8 |Gypsum (normal, 90/10, REA) kg - 45 0.4 -
S < Additives kg - 2 9 -
8 |Coke gas MJ - - - -
& [Natural gas MJ - - 0.0006 -
2 [Transport (road) tkm - - 1.1
~ |Electricity kWh - 49 6 1

4 Energy or material required for production of clinker, clinker meal, or other intermediate products

Note: In the tableabove the numbersinclude values which are directly used for each piad
Therefore the numberdo not include the required transport or fuel demand for intermediate
products used in the production of CEM I, CEM III/A or CEM IlI/Bhcse figureswere
calculated in the modebut are not presented here.

The majority of direct inputs of raw materials to the Cluster Wieserelated to the production

of clinker at the Kollenbach plantéble17). Thedirect input of raw materials wasignificantly
smaller for the rest of the cement products since their main inputs were coming from
intermediate products also produced within the ClustezstWthe material and energy
composition for intermediate products are not presentdeétml inthis report). Most of the fuel
within the cluster is burned at the kiln of Kollenba€nly small amounts of fossiuels, i.e.
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natural gas andoke gas, aresed for the production of CEM III/A 42.5 and CEM I1I/B 42.5.

The electricity is used for the production of all products, but for different purposes. Concerning
the production of clinker at Kollenbach, electricity is mainly used for the preparation of raw
materials. For Schwelgern and Dortmund the use of electricity is mainly due to the process of
milling and blending clinker with GBF, gypsum and other additives.

As mentioned before, many different intermediate products (also callegrquects) are
produced within Cluster WestThese intermediate producse used in the production of the
studied cement products and therefore have been taken into consideration. That means that all
intermediate products have been modeled in detail, with complete life dstd inventories, in

the baseline LCA. But due to the complexity of the flows they are not easy to visualize in detail.
However Figure 16shows an overview of the material and energy flows, as well as the products
and intermediate products for theradleto-gated production of clinker and cement.
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Figure16. Overview of the material and energy flows, as well as the products and intermediate products for Cluster
West.

Table 18 shows compiled information about the productkiatermediate products, to some
extent illustrating the complexity. The table contains information about the composition in terms
of clinker, clinker substitutes (assumed to be GBFS in Cluster West) and other matadalag
gypsum and otheaadditives)
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Table18. The composition of the studied cement products and intermediate products.

Product or
intermediate product  Producing site Composition
" Clinker  Clinker substitutes (GBFS) Others
% % %

Clinker Kollenbach 100% 0% 0%
Bypass dust Different sites 0% 0% 100%
GBFS Schwelgern 0% 100% 0%
GGBFS standard Dortmund, Schwelgern 0% 100% 0%
GGBFS fine Dortmund, Schwelgern 0% 100% 0%
Clinker meal Kollenbach 66% 0% 34%
HPS-1 Kollenbach 79% 0% 21%
HPS-2 Kollenbach 91% 0% 9%
CEMI1425R Kollenbach 90% 0% 10%
EPZ-H Dortmund 66% 27% 7%
HP-A4 Dortmund 67% 23% 10%
HP-A5 Dortmund 0% 27% 73%
CEMIII/A 42.5 Dortmund 47% 45% 8%
HP-B4 Schwelgern 62% 24% 14%
CEMIII/B 42.5 N-. Schwelgern 25% 70% 6%

4.1.1 Calcination

The CQ emissions due to calcination can be calculated in two ways: (1) based on the CaCO
and MgCQ content of the raw meal for clinker production; or (2) by considering the CaO
content of the produced clinker.

For the LCA modeling, initially the first method was used and @@issions due to calcination
were calculated based on the CaG®ntent of tle raw meal. The result of this method was
based on the inventory of the input received from CEMEX as presenfabial9. According

to this method, the calcination emission for clinker production was 513 kdo€@achtonneof
clinker produced.

Table19. Calculation ofCO, emissions de tocalcinationbased on CaCO3 content of the raw meal

Type of input Material CaC@content Total amount Total CaCgxontent Total CaO Total Calcination GO Calcination CO
wt. % tonnelyear tonne/year tonne/year tonne/year kg/tonne clinker*
Marl 68% 820031 557539 312222 245317 300
Limestone 95% 410728 390684 218783 171901 210
Lime sludge 93% 5794 5373 3009 2364 3
Total calcination C{per ton clinker 513

Due to uncertainties regarding the CaQ@ MgCQ) variability in the raw meal (which was the
basis for the first method second method as also considered. The CaO content (percent of
weight) was provided by CEMEX and total G@missions due to calcination were calculated
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based on the value suggested by IRE@O0)which is 785 kg C@for eachtonneof CaO in the
clinker. The result of this calculation is presentedaible 20.

Table20. Calculation ofCO, emissions due toalcination basedn CaO content of the clinker

CQ emissions for :

CaCrontent of clinker tonne CaC Calcination CO
% (weight) kg CO2/tCaO kg/tonne clinker'
66.3% 785 520

& According to IPCC (2008)

CEMEX has estimated the emissions due to calcination to be sliggtigr than these figures.
Therefore, in order to consider the wecstse, the value provided by CEMEX that was 525 kg
CQO,/ tonneclinkerwas used.

In order to also account for the emissions due to calcination from the bypass dust, an additional
3% was dded, ending up with41 kg CG, for eachtonneclinker produced. It is important to
mention, that these figures are in line with recommendafrons WBCSD WGC(2001) which

suggest 525 kg COpertonnec | i nker due to calcination and
addition of 2% (or higher) for compensating bypass dust and cement kiln dust (CKD) emissions

4.2 Life cycle impact assessment

4.2.1 Impacts from the clinker life cycle

The total impact for producing tbnneof clinker in the CEMEX Cluster West in 2009 wa
according to the baseline LCA, 850 kg £©q crddi@to-gate®). The majority of CQ@-eq
emissiors for the clinker (ficradleto-gate life cycle) camefrom the production process inside
the Kollenbach plantT@able 21) - this contribution was about 88% of the total climate impact
from the clinker life gcle. The main reason for this svef course the calcination of raw meal
which contribute with about 64%to the total impacfrom the life cycle. The second atturd
most contributing processes can also be found within the Kollenbach-prentncineration of
kiln coal andfluff (silo) that emittedabout 10% and@% respectively. This wanot surprising
since relatively large amounts of these fuels are incinerated to prodoiceebf clinker.

The part of the life cycle where raw materials are extracted, upgraded and transported to the
Kollenbach plant contributeto 12% of CQ-eq emissions for clinker.his wa mainly due to

the electricity used for production of clinker and the animal meal that is used as alternative fuel.
Eachcontributel to about5% of the total emissions from clinker. Since the emissions related to
electricity occur where the electitig is produced, ithas beeraccounted to the initial phase of

the clinker life cycle. Animal meal has been treated as a waste material in this study. However,
an upgrading process that includes the transport of slaughterhouse waste to the rendedasg plant
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well as the use of energy to process slaughterhouse waste into tallow has been included. The
handling of tallow has been assumed to be similar to the processing of animal meal.

All CO,-eq emissions related to road transportation of fuels and mateaissbeeraggregated
in the table below. Iaddition, rail transportation has beesed for one material. Together, the
transportation contributeto less than 0.5% of the total impact, for clinker.

Table21. The contribution to C@eq emissions from thdifferent processes in thiée cycle of clinker.

Life cycle Processes Emissions Share
phase kg CO2-eq/ 1 tonne clinker %
Electricity (German mix) 46 5%
Upgrading of animal meal 39 5%
Kiln coal 12 1%
< ‘g’ Transport (road) 3 0,3%
£ &  Calcareous marl 2 0,3%
*;% % Transport (rail) 1,0 0,1%
% E U.pgradlng of fluff (silo) 1,2 0,1%
S ©  Limestone 0,9 0,1%
© o  Refractory waste 0,6 0,1%
S 9 Lightfuel oi 03 0,03%
s 8 Lignite 0,2 0,03%
Upgrading of fluff (kiln) 0,1 0,01%
Upgrading of tire 0,1 0,01%
Upgrading of fluff (agglomerate) 0,0 0,003%
Total raw material extraction phase 106 12%
Calcination of raw materials 541 64%
Incineration of kiln coal 89 11%
c 9 Incineration of fluff.silo 71 8%
% §> Incineration of lignite 31 4%
§ o Inciniration of tires 4,7 0,6%
& (cD‘E Incineration of fluff.agg 3,2 0,4%
Incineration of fluff.kiln 2,0 0,2%
Incineration of light fuel oil 1,3 0,2%
Total production phase 744 88%
Total clinker cradle to gate life cycle 850 100%

4.2.2 Impacts from the CEM | 42.5 life cycle

The climate impact for producingténne of CEM 1 42.5 wa 779kg COx-e g crddigto-gated ) .
A dominant parbf the emissions wa®latedclinker (almost 96%)since CEM | 42.5 contam
about 90 weigh?s clinker. The remaining emissions (~ 4%g@re mostly related to the use of
electricity for grinding and mixing the cemd{iable 22)
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Table22. The contribution t&CO,-eq emissions from the different processes in the life cycle of CEM | 42.5

Processes Emissions Share
kg CG-eq/1tonne cement %
Clinker 746 96%
Electricity 33 4%
Transport (road) 0.3 0.03%
Calcareous marl 0.1 0.01%
Gypsum mineral 0.0 0.001%
Bypass dust 0.0 0.000%
Total 779 100%

4.2.3 Impacts from the CEM llI/A 42.5 life cycle

For CEM lII/A 42.5, the emissions for producingtdnnewere 452 kg CQ-eq. This product
consists of about 47% clinker, 45% clinkebstitutes and 8% of other materials (Seble18).
According toTable 23 the climate impact veamainly caused by four intermediate products:
HPS2, HP-A4, EPZH and GGBFS fineThese intermediate products neeonly used for
internal purposes in Cluster West amdummary of their composition is presentedrable 18.
Their aggregated contribution waogether about 97% of the total £€y emissions for CEM
llI/A 42.5. These intermediate products, except for the GG&#S contain a lot of clinker
material; in the range @6%-91% of their total weighfTheimpact from GGBFS fine wa4.5%

of the total emissions due to the electricity used to grind the GBFS that is received from the steel
industry.

It should be observed that the presented emissions for CEM III/A 42.5, and the other blended
products irthe sedbn 4.2, include noallocated climate impact from the production of iron to the
GBFS. Tleissue of allocation idiscussed in sectioh5.2

63



Table23. The contribution to C@®eq emissions from thaifferent processes in thiée cycle of CEM III/A 42.5

Processes Emissions Share
kg CQ-eq/1tonne
cement %

HPS-2 (intermediate product) 232 51%
HP-A4 (intermediate product) 156 35%
EPZ-H (intermediate product) 30 7%
GGBFS fine (intermediate product) 21 5%
Electricity (German mix) 4,0 0,9%
Lubricating oil 2,7 0,6%
Clinker 2,5 0,6%
KLMB (intermediate product) 2,4 0,5%
Iron sulphate production 0,7 0,2%
Natural gas production 0,1 0,03%
Transport 0,1 0,02%
Gypsum mineral 0,0007 0,0001%
Bypass dust 0 0%
GBFS 0 0%
Total 452 100%

& Bypass dust emissions are considered in calcination of raw me:

(clinker production) emissions.

4.2.4 Impacts from the CEM III/B 42.5 life cycle

The cement productithh the smallest clinker share sy&EM I1I/B 42.5, with about 25% of its
weight consisting of clinkerT@ble 18). The total emissions we 265 kg CQ@eq, for the

production of 1ltonne ( dradleto-gated ) . CEM 111/ B

substitutes of which a dominant portion is GGBFS fine. Its contdbutd the total climate

42.5

S

ma i

impact wa around 11% Table 24). This wa again due to the electricity use for upgrading
GBFS to GGBFS fine. Thenain contributor to emissions wahe clinker based component

caled HRBA4. Its contribution to the total emissions of 265 kg,@@Q wa almost 87%.

Table24. The contribution to C®eq emissions from thdifferent processes in thiée cycle of CEM I1I/B 42.5

Processes Emissions Share
kg CG-eq/ 1tonne cement %
HP-B4 (intermediate product) 230 87%
GGBFS fine (intermediate product) 30 11%
KLMB (intermediate product) 2 0,9%
HPS-2 (intermediate product) 2 0,9%
Electricity, high voltage, production | 0,7 0,3%
Total 265 100%
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4.3 Comparisonof the products

One main objective concerning the baseline LCA was to compare the climate impact of the
studied cement products to illustrate differences between traditional (rather linear) cement
production and more synergistic alternatives (e.g., involving more recycliffgy. most
important synergy concerning the Cluster West is the use of clinker substitutes, i.e. mainly the
GBFS. A higher share of clinker substitutes means a lower share of clinker in the products. The
result from the impact assessment of the studied ptedas presented ifable21 to Table24)

has in this section been compiliedrelation to the share of clinker and clinker substitutes.

StudyingTable 25 andFigure 17 below, it is apparent that less clinker implies reduced-&p
emissions. The CEM | 42.5 product contain the largest share of clinker of all studied products
(except for clinker considered an intermedigbeoduct) and thus has the highest climate impact.

A decrease of the clinker share means an increased level of synergies, i.e. more clinker
substitutes used, which is the main reason for the linear relationship.

Table25. Comparisorof selected products produced at Cluster West in 2009

Clinker-to- GBFS-to-  Other Clinker
Products Production plant cement ratio cementratio contents  substitution rate Emissions
% % % % kg CQ-eqg/tonne
Clinker Kollenbach 100% 0% 0% 0% 850
CEM142.5 Kollenbach 90% 0% 10% 10% 779
CEMIII/A 42.5 Dortmund 47% 45% 8% 53% 452
CEMIII/B 42.5 Schwelgern 25% 70% 5% 75% 265
Portfolio cement (conceptual LCA) Cluster West 40% 53% 7% 60% 385

In section 2.4 the conceptual LCA model was presented and the conceptual @kiadtof
average cement). It wanteresting to compare the impact of the conceptual cement impact to the
impact of tle existing, selected products. Based on the clinker content and share of clinker
subgitutes, the conceptual cementsyalaced somewhere between the CEM III/A 42.5 and CEM
[11/B 42.5. Not surprising, the sameas truefor the emissions.
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Figure17. Resuls of baseline LCA model for selected products produced in Cluster West in 2009

4.4 Data uncertaintyanalysis

There are many sources of uncertainty in a LCA study. In order to estmeatdluence of data
uncertainty on theesult ofbaseline LCA Figure 17), an uncertaintyanalysis was performed.

The uncertainty analysis was performed on the data from statistical source and not on the data
received directly from CEMEX. The sipecific informationdid not contain any uncertainty
ranges(such as standard deviation and other descriptoh® geneg data from the &invent

LCA database wadescribed with uncertainty ranges and tlas included in the uncertainty
analysis.In short,the statistical data was the only data that was considered in the uncertainty
analysis.The uncertainty analysis wasegdormed usinghe SimaPro softwardor the baseline

and conceptual LCA modelor portfolio cement in 2009 (sdegurel18).
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Figure18. Result of the data uncertaynanalysis for the results of baseline LCA in 2009

The uncertainty analysiwas performed by applyin§5% confidence interval. Thealues of
uncertainty in all the studied products wkss than 5% of their corresponding emissions.

4.5 Sensitivity analysis

45.1 Sensitivity analysis of the LCA concerning clinker

Since the clinkercontenthad a big influence on the climate impact of the studied cement
products a sensitivity analysis was perforntedsee how changesf individual parameters
influencal the total environmental impact from the clinker life cydteall sensitivitycaseghe
parametes have been changelly 1% compared to the actual situation in the CEMEX Cluster
West in 2009. The reliwf each change Bdbeencompared to the impact from clinker 2009
thatwas 850 kg C@-eq.

Studyingthe result of sensitivity analysis (s€able26), it is obvious thathe parameter showing

the emissions due toalcinationinfluencedthe total climate impact the moddecreasing the
calcination byl1% would lead a0.64 % reduction of the total result (emission$he table also
shows the impact oéltering other parameters 1% (including corresponding compensation of
others).
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Table26. Sensitivity analysis for clinkeshowingthe impact ofL percenthanges of main inputs on the life cycle
CO,-eq emissions of clinker.

Clinker
' Emission Change '

Case title Description of change (kg C@-egftonne) (kg CQ-eq) (%)

Baseline Clinker produced in Kollenbach in 2009 850,05 0,00 0,000%
Calcination of raw materialsDecrease calcination emission by 1% 844,64 -5,41 -0,636%
Alternative fuel (fluff.silo) Increase fluff.silo by 1% (replace Kiln coal) 849,37 -0,68 -0,081%
Fuel (kiln coal) Decrease kiln coal by 1% (replaced by MBM) 849,38 -0,67 -0,079%
Electricity Decrease electricity consumption by 1% 849,60 -0,46 -0,054%
Fuel (lignite) Decrease lignite by 1% (replaced by MBM) 849,85 -0,20 -0,024%
Transport Decrease total transport distance by 1% 850,02 -0,04 -0,004%
Alternative fuel (fluff.kiln) Increase fluff.kiln by 1% (replace Kiln coal) 850,02 -0,03 -0,004%
Alternative fuel (tires) Increase tires by 1% (replace Kiln coal) 850,02 -0,03 -0,003%
Alternative fuel (fluff.agg) Increase fluff.agg by 1% (replace Kiln coal) 850,04 -0,02 -0,002%

4.5.2 Economic allocation concerning GBFS

So far no impact caused by the production of iron has been allocated to the GBFS. According to
the standard procedures of relevance for LC3O 14044, 2006)the environmental burden of

waste of other production systemshould not be accounted for by the user of the waste. Only
impact in relation tenergy, materialsstc.,required for upgrading the wisand transportation

of it should be includedTherefore, if BF&is seen as waste, only tlepact due taonverting it

to GBFS and transportation related to the granulation and delivery to CEMEX should be
considered. However, throcess of converting BFS to GBFS is carried out by rapid cooling of
melted BFS by air or water. Therefore the use of energy for this stage has been considered as
negligible.

[ Iron ore, coke, limestone ]

v

Blastfurnace

v
N

GBFS

Figure19. Production of iron implies production of that can be converted to GBFSrhagid cooling.

8 That is the Blast Furnace Slag before it is granulated.
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The case is different if BFS is not considered as waste, insteadbyproduct having an
economic value and therefore fAsoldo to the wus
production plantg not only producing iron, it also produces the byproduct BFS. This means that

the user of the BFS according to the standard procedures also should share the burden of its
production. This reflects the very essence of the allocation issue in the LCA wolethodhat

depends on the definition of BFS: is it a waste or a byprdéfigire19)?

European Union has some criteria for defining industrial ®xceaterial as byproducts.
According tothe European Union directive regardimgsteg European Parliament, 2008)

Aa s ub sdbjach cesulting from a production process, the primary aim of which is
not the production of that item, may be regarded as not being waste but as being a by
product only if the following conditions are met:

(a) Further use of the substance or objeatagain;

(b) The substance or object can be used directly without any further processing other
than normal industrial practice;

(c) The substance or object is produced as an integral part of a production process; and

(d) Further use is lawful, i.e. the sstAnce or objecffulfills all relevant product,
environmental and health protection requirements for the specific use and will not lead to
overall adverse environmental or human hea

According to Chen et a{2010a) the usage of BFS (or GBFS) is certain, because it is considered
a useful material for many industtiprocessesl herefore condition (a) is met. BFS is produced
when converting iron ore to iron and as long as iron is produced from iron ore, the production of
BFS is inevitable. Therefore, BFS production is an integrated part of iron production and
condtion (b) is fulfilled. GBFS production is very simple (origpid cooling of BFS by air or
water) andt can be used directly in other industrial processes without further upgrading, which
means condition (c) is also met. Finally, usage of GBFS (withicegizalities) in industrial
applications (for instance, using it as clinker substitute in production of slag cements) is legal and
allowed(European Standard EN 197 2000) thus condition (d) is fulfilled.

Consequently, it seems reasonable to consider BFS/GBFS as a byproduct of iron production and
allocate some of the impact caused by iron produdboi. An economic allocation ebeen
performed according to the formula presented beféigu(e 11) and based on the price
estimation performed by Chen et @010a)as summarized ifiable 27below.

69



Table27. CO,-eq emissions for the selected blended cememestymow also illustrating the effects of economic
allocation concerning the GBFS.

Product or Economic allocation

by-product Mass producedAverage priceO2 ST UOA Sy (i
(tonne) Oeki2yyHo

Pigiron 1 400 97.7%

GBFS 0.24 40 2.3%

To update the baseline LCA model in accordance with presented allocation principle,,the CO
emissions wereallocated proportionally and applied to the baseline model. The-eGO
emissiondrom pig iron production were taken from Ecoinvent LCA inventory database. These
emissions were split between GBFS and pig iron proportionally to their economic allocation

Table 28. Using economic allocation for GBFS received from iron and steel industry and its effect on the life cycle
CO,-eq emissionselated toselected blended cement types.

Products GBFS content CQ-eq emissions
No allocation for GBFEconomic allocation for GBF®ifference
% wt. kg CQ-eqg/tonne kg CQ-eqg/tonne
Clinker 0% 850 850 0%
GBFS 100% 0 34 N/A
CEMIII/A 42.5 45% 452 467 3%
CEMIII/B 42.5 70% 265 289 9%

The biggest difference between the baseline LCA resaotigtee results including the ezamic
allocation to GBFS regardéZEM 111/B 42.5, being the cement product with the highest share of
GBFS. The abhcation for CEM 11I/B 425 implied thatthe emissionsvereincreasng 9%, clearly
showing that it wa an impotant decision for this study if GBRBasconsidered as a waste or

byproduct Figure20).
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Figure20. Comparison of the C£eq emissionfrom the baseline LCA and tlemissions when economic allocation
is applied concerning the GBFS. The results are shown for clinker, GBFS, CEM III/A 42.5 and CEM III/B 42.5.

To clarify the importance of thehoiceallocation principle, it should be mentiesthat amass
allocation would bring a lot more environmental impact to @BFS The authors found it
unreasonable to allocate based on mass since the iron is clearly the main prochrding to

Chen at al. (2010a mass allocation principleould bean obstacle thainakes usef clinker
substitutessuch asGBFS less attractive fothe cement industryThis might lead taa higher
environmental impaatelated tocement.But it should also be mentioned thhetinconsistency

in metal prices over time & weakness of using economic allocation. When applying economic
allocation this means that the climate impact of GBFS continuously varies due to the fact that the
prices are fluctuating.
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5 Conceptual LCA for CEMEX Cluster West in 2009

The previous chapter contained information based on the comparative life cycle assessment of
the selected cement products produced009. This represented the first step of the developed
LCA model as describeid section2.4. However another aim was tcompare different versions

of the Cluster West production systems, i.e. different conditions. For instance the CO
performance of Cluster West in 1997 and also make calculations for future options. In order to
achieve this aim, the conceptual model desttiim sectior?.4.3was developed and applied.

The benefit of using this conceptual modelsdue to its relative simplicity, based on the Key
Perbrmance Indicators (KPIs). By analyzing the inventory data collected din@ige cycle
inventory analysis (sectiod.l) the value of these KPMwere calculated for the Cluster West
production system in 2009. These values are preseniabla29.

Table29. Values ofthe selected KPlIs for the Cluster West production system in 2009.

| Key performance indicator (KPI) | 2009 |
Name Unit Value?
KPI#1 Clinker substitution rate % weight 60%
KPI#2 CQ emissions due to calcination Kg CO2/t 541
KPI#3 Specific energy consumption (fuel) MJ/t 3913
KPI#4 Share of renewable (biogenic) fuels % thermal energy 41%
KPI#5 Specific energy consumption (electricity) kWh/t 69
KPI#6 Share of renewable electricity % electricity 0%
KPI#7 Share of alternative fuels % thermal energy 67%

& KPI#1 and KPI#6 are calculated for the whole Cluster West; while other KPIs ¢
clinker production at Kollenbach.
KPI#7 is calculated for Cluster West, but is not used in the conceptual model.

The inputs of the conceptual model for Cluster West (modeled using the SimaPro softevare)
these KPIs for the conceptuamodel, many indicators have been aggregatddny of these
KPIs were calculated from the underlyingarameters that werpreviously modeled in the
baseline LCA model. KPI#1 and KPI#®&ere straightforward KPI#1 indicate the clinker
content of the average cement product of Cluster \(pestfolio cenenf). KPI#2 depened on

the type of the raw meal used in the Kollenbach plant for production of clinker. KPI#3 and
KPI#4 wererelated to the types dfielsused in the Kollenbach plant. In this conceptual model,
it wasassumed that the composition of thels and share of each type of fugk similar to the
baseline LCA model. In o#r words, the Kollenbach plant sanodeled as if many different
fuels were not usedbut using asingle conceptual fuel calleduel mix The fuel mixwas
composed of two partghe renewale (mix of biogenic fuels) and the noenewable (mix of
nonrenewable fuels). The sangeuld be said for KPI#5 and KPI#6 for electricit4. dominant
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part of theamount offuelsin the Cluster Westvas used in Kollenbagtiherefore KPI#3 and
KPI#4 were mainly based on the fuels used in Kollenbach plant. However, KPI#4 and KPI#5
could be calculated for both clinker production (Kollenbach) and average cement production
(Cluster West portfolio cement).

The resuk of conceptual modelingfrom COy-eq emissions perspective) fuel and electricity
and their renewable and noenewable partarepresentedn Table30.

Table30. The CO,-eq emissions related to differesmergy sources in the conceptual LCA model

Conceptual energy source Impact assessment Conceptual LCA model
T 1
Value Unit

Energy mix (1 MJ) 0.73 kg CO2-eq/MJ energy (from fuel and electricity mix) Kollenbach 2009
Fuel mix (1MJ) 0.62 kg CO2-eq/MJ energy from fuel Kollenbach 2009
FUel mix (Renewable/biogenic) (1MJ) 0.20 kg CO2-eq/ MJ energy from fuel Kollenbach 2009
Fuel mix (Non-renewable) (1MJ) 1.30 kg CO2-eq/MJ energy from fuel Kollenbach 2009
Energy mix (1 MWh) 202 kg CO2-eq / MWh energy (from fuel and electricity mix) Kollenbach 2009
Electricity mix (IMWh) 665 kg CO2-eq / MWh electricity Kollenbach and Cluster West 20(
Electricity mix (Non-renewable) (1 MWh) 665 kg CO2-eq / MWh electricity (average German mix) Kollenbach and Cluster West 20(
Electricity mix (renewable) (1IMWh) 0.13 kg CO2-eq/ MWh electricity (wind electricity) Kollenbach and Cluster West 20(

Having created theonceptual model of the Cluster ¥{groduction system in 200® SimaPro,

it wasessential to check its validity by comparing its results with the results of the baseline LCA.
If the resultswererelatively similar to each other, then the conceptual model of Cluster West in
2009 could be used for creating conceptual models of CluStast in 1997and of other
hypothetical future systems.

5.1 Verification of the results othe conceptual LCA model

As mentioned, to verify the relative representativeness of the conceptual LCA model concerning
2009, its results for the selected prodweisldbe compared with the results of the baseline LCA
model. In addition to the selected products (clinker, CEM |1 42.5, CEM llI/A 42.5 and CEM III/B
42.5) the virtClalsteprodect @ bflinterst. Howveveresiment 0
this product$ not a real product, thevgereno baseline LCA results for it. But this was solved

by interpolating the results of the baseline LCA. Therefore, instead of the baseline value for
these products (which are representing the production systems) the catmegp@iues on the

bestfit line (interpolation using linear regression) of the results of baseline LCA were selected
(seeFigure?2l).
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Figure21. Linear regression of the results of the baseline LCA and the estimation of Cluster West portfolio cement
CO»-eq emissions in 1997 and 2009.

The figure once again highlights the importance of the clinker content and shows thatitha pr
portfolio of 2009 had significantly better climate performance (lower emissionsjibane of

1997, due tats higher share of clinker substitutes. Based on the information in FiguiieaBlg

31 shows the baseline LCA results for the selected products (and Cluster West portfolio cement)

and the results of the conceptual LCA model. The results are also compared.

Table31. Comparison of the results of the baseline and conceptual LCA models for the selected products and the
virtual Cluster West portfolio cement.

Baseline LCA 2009

Conceptual LCA 2009

Modeled Interpolated  Modeled  Difference
Product values values?® values with baseline
Clinker 850 856 850 0%
CEMI1425 779 775 794 2%
CEMIII/A 42.5 452 446 448 -1%
CEM 1I/B 42.5 265 270 260 -2%
Cluster West portfolio cement 387 385 0%

% Interpolated (linear regression) according to a single KPI (KPI#1 or clinker substitution rate).
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The comparison is also illustratedRigure22.
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Figure22. Result of comparing the baseline and conceptual LCA for the selected products in 2009.

Clearly, the conceptual model confathwell to the baseline model. The small difference
betwesn baseline and conceptual LCA svacceptae, since the conceptual model svaot
intended to be used for exact calculations of the-€@emissions. Its purposess to simplify a
complex model and tbe able to draw overall conclusions based on a few important parameters
(the KPIs), instead of having to carry out a detailed analysis (like the baseline LCA). It should
also be noted that the baseline LCA results for the Cluster West portfolio ceasdoased on
interpolation of the values regarding a single KPI (clinker substitution rate or KPI#1), but the
conceptual LCA model is based on all the seven KPIs defined before.

The comparison shows that it svpossible to fairly well describe the &€qg perbrmance of the
whole production system in Cluster West, including the clinker production at Kollenbach, only
considering the seven KPIs. Thaeams that the conceptual modelkveaaitable for modeling the

CO, performance of the Cluster West production syste
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5.2 Sensitivity analysis for Cluster West production system in
2009

Having developed and validated the conceptual LCA model, it was used as a basis for evaluating

the impact of changing each individual KPI on the,@@rformance of clinker production as

well astheCl ust er West producti on sy ghee€lostesWegter f or |
portfolio cement).

For this prpose, a sensitivity analysis svperformed on the modérhis was done by altering

each input KP(1%, 5% 10%, 20% and 50%candthen calculat¢he resulting C@eq emissions

for clinker and portfolio cement. The summary of the results of this sensitivity analysis by using
the conceptual LCA model is presented able 32 The sensitivity analysiwas performed by
considering the direction ainprovementor each KPI, meaning that the 1% change applied

so that it leado reduction othe CO, emissionsThereforejn order to improve the CO
performance of the Cluster West, KPI#1, KPI#4 Kd#6 had to bancreased, while KPI#2,

KPI#3 andKPI#5 weredecreased.

Table32. Sensitivity analysis of different KPIs on the life cycle £nissions from the Cluster West (based on the
conceptual LCA model)

Key performance indicator (KPI) Clinker (Kollenbach-2009) Portfolio cement (Cluster West-2009| Remark
KPI Name Unit Change Value? Emissions Sensitivity Emissions Sensitivity
" kg CQeqht % kg CQ-eqit %
Baseline 850 385
Increase by 1% 380 -1.35%
Increase by 5% a 359 -6.6% .
KPI#1  Clinker substitution rate % weight  Increase by 10% 60.2% N/A N/A 334 133y APpliedto Cluster West.
Increase by 20% 283 -26.5%
Increase by 50% 129 -66.5%
Decrease by 1% 845 -0.64% 383 -0.56%
Decrease by 5% 823 -3.2% 374 -2.9%
KPI#2 CQ emission due to calcination KgC@t  Decrease by 10% 541 796 -6.4% 364 -5.5% Applied to Kollenbach.
Decrease by 20% 742 -12.7% 342 -11.2%
Decrease by 50% 580 -31.8% 277 -28.1%
Decrease by 1% 847 -0.30% 384 -0.26%
Decrease by 5% 837 -1.54% 380 -1.31%
KPI#3 Specific energy consumption (fuel) M)/t Decrease by 10% 3913 824 -3.06% 375 -2.61% Applied to Kollenbach.
Decrease by 20% 799 -6.01% 365 -5.21%
Decrease by 50% 722 -15.06% 334 -13.26%
Increase by 1% 849 -0.16% 385 -0.14%
Increase by 5% 843 -0.83% 382 -0.79%
KPH#4 Share of renewable (biogenic) fuels % energy Increase by 10% 41.1% 836 -1.65% 380 -1.31% Applied to Kollenbach.
Increase by 20% 823 -3.18% 374 -2.87%
Increase by 50% 781 -8.12% 358 -7.02%
Decrease by 1% 850 -0.05% 384 -0.17%
b e . Decrease by 5% 848 -0.27% 382 -0.84% .
KPI#5 Zﬁgg{:;g’;ergy consumption KWhit Decrease by 10% 69 845 -0.59% 379 -1.57% éfupsll:?xe':"e"bam and
Decrease by 20% 841 -1.07% 372 -3.39%
Decrease by 50% 827 -2.71% 353 -8.32%
Increase by 1% 850 -0.05% 384 -0.17%
Increase by 5% 848 -0.27% 382 -0.84% Applied to Kollenbach and
KPI#6 Share of renewable electricity % energy Increase by 10%  0.0% 845 -0.59% 379 -1.57% Cluster West
Increase by 20% 841 -1.07% 372 -3.39% i
Increase by 50% 827 -2.71% 353 -8.32%

2 Clinker substitution rate (KPI#1) is for the whole Cluster West. Other KPIs are for clinker production in Kollenbach.
® Share of renewable electricitv (KPI#6) is anplied for the whole Cluster West. but is calculated individuallv for Kollenbach and Cluster West.
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The result of this sertsrity analysis can be used for conceptual LCA modeling of any other
Cluster West like production systdor thepast orconsidering théuture. It is enough to know
(or estimate) the value of tiPIs for the target production system and multiply thenthiey
amount of changes presented in the tableve This is of course based on the assumption that
for small changes, the model behaves linednlyprder tosee ifthe relation between KPIs and
the CQ emissions from Clusr West portfolio cemerftepresenting {Dister West production
system) is linear, the results Bhble 32are presented in a graph as showhigure23.

-o-KPI#1: Clinker substitution rate

-=-KPI#2: CO2 emission due to calcination
——KPI#3: Specific energy consumption (fuel)
-+~KPI#4: Share of renewable (biogenic) fuels
-o-KPI#5: Specific energy consumption (electricity)
—<KPI#6: Share of renewable electricity
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Figure23. Linear relation between changes (09%086) of KPIs and the C{emissiongrom Cluster West portfolio
cement.

As it can be seen ifrigure 23, changes of th&PIs inducel linear changes in theutput of
conceptual LCA model. The lines with higher absolute slope (more negative slope) have more
impact on the reduction of G@missions from Cluster West portfolio cement.
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In the next section, the results of conceptuatieh@f Cluster West in 2009 (and the sensitivity
analysis)areusedfor evaluating production systeaf Cluster West in 1997
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6 Conceptual LCA for CEMEX Cluster West in 1997

The fact that there was a linear relation betweencttenges ofselected KPIs anthe CQ
emissions was used for modeling other versions of the Cluster West production system, starting
with a historic case.

In order to assess the g@erformance of Cluster West in 1997, another virtual product referred
to as ACI ust erenWe slt9 9700 twahd KRIsovareealtered toerepresent
theproduction conditions of Cluster West in 1995eeTable33.

Table33. Key paformance indicators of Cluster West in 1997 (compared to 2009)

| Key performance indicator (KPI) | 2009 | 1997 |
Name Unit Value? Value*  Difference with 2009 (%!

KPI#1 Clinker substitution rate % weight 60% 26% -57%

KPI#2 CQ emissions due to calcination Kg CO2/t 541 541 0%

KPI#3 Specific energy consumption (fuel) MJ/t 3913 3537 -10%

KPI#4 Share of renewable (biogenic) fuels % thermal energy 41% 6% -86%

KPI#5 Specific energy consumption (electricity) kwWh/t 69 101 47%

KPI#6 Share of renewable electricity % electricity 0% 0% 0%

KPI#7 Share of alternative fuels % thermal energy 67% 18% -73%

# KPI#1 and KPI4#6 are calculated for the whole Cluster West; while other KPIs concern clinker production at Kollenbe
KPI#7 is not used in the conceptual model.

The following bullet points summarize importatitferences between piaction system of 1997
and 2009 regarding the KPIs:

1 KPI#1: In 1997,cement products withigher clinker content (lowd€PI#1)were produced

1 KPI#2: The CQ emissions due to calcination wexgssumed to be treamel997asin 2009
meaning that the samen-calcined raw materigiwith same CaCe@contenj was used for
clinker production

1 KPI#3: The production system of 1997ad lower specific thermal energy consumption
(KP1#3) compared to 20Q9which wa probablydue to usage afore alternative fuels in
2009 KPI#7). Consequently, thelinker productiorof 2009 could be seen kss efficient in
terms ofthethermal energy eimand

1 KPI#4: The share of renewable energy was increased considerably during the period from
1997 to 2009The fuelsmix for clinker production was almost completely fossil based in
1997.

1 KPI#5: The electrical efficiencywasimproved for theKollenbach planduring the twelve
years

1 KPI#6: Was asumedo besimilar to 2009 (no usage of renewasblectricity).

Comparing the years of 2009 and 1997, the difference for lkBthvas calculated. Combined
with theresults of the sensitivity analygiseeTable 32)the results of the model fatinker and
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portfolio cement production were calculatesste Table 34. For example the value of KPI#1

(the clinker substitution rate) for the Cluster West portfolio cement was about 26% in 1997 and
60% in 20@. This means KP1#1 was about 57% lower in 1997, corresponding to an increase of
298 kg CQ-eg/t emissionsTable 34). After having calculated the eftts ofthe differences for

each KPI, the total effects were calculated and added to thee@@3sionsrelated tothe
portfolio cement for 2009.

Table34. Result of modeling C@emissions from Cluster West in 1997 (based on conaéptodel of 2009)

Clinker Cluster West potfolio
Key performance indicator (KPI) (1997) cement
T T T 1
KPI name Unit Value® Value® KPI Change Change Amount Change Amount
2009 1997 % kg CQeglt kgCQeqgit kgCQegit kgCGeqgi

Baseline (2009) 850 385
KPI#1Clinker substitution rate % weight 60% 26% -57% N/A N/A 298 683
KPI#2CO2 emissions due to calcination Kg C@t 541 541 0% 0 850 0 385
KPI#3Specific energy consumption (fuel) MJ/t 3913 3537 -10% -25 825 -10 375
KPI#4Share of renewable (biogenic) fuels % energy 41% 6%  -86% 118 968 47 432
KPI#5Specific energy consumption (electricity) kWh/t 69 101 47% 22 872 30 415
KPI#6Share of renewable electricity % energy 0% 0% 0% 0 850 0 385
Total: 114 964 365 750

Comparison to baseline (200¢ 13% 95%

2 Clinker substitution rate (KPI#1) is for the whole Cluster West. Other KPIs are for clinker production in Kollenbe

According to these resultshe CO, performance ofthe clinker produed at Kollenbach has
improved13% percentfrom 1997to 2009 Regarding theortfolio cement of the Cluster West,
the CQ performancéiadimproved95% during the same period, mainly duerngprovements of
KPI#1, KPI#4 and KPI#5.
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7 ldentification and evaluation of options to
iImprove the CO. performance of the cement
iIndustry in general

In this chapter different options for improving the L£@erformanceof cement production
systems are identified and evaluated using the framework introduced in s2diomhe
framework consists of two main parts:

1 Part | is general and is included in this chapter. Here the framework is applied to
identify and categorize existing and emerging ,Ci@provement masures of
relevance for the cement industry.

1 Part Il concerns CEMEX Cluster West angbissented ichapter8.

Since the development and application of the framework was carried out in 6 steps, described
more in detail in Feiz (2011), the following heagbirefer to these steps.

7.1 Step 1: Collection

The objective of the first step was to collect a wide range of iBprovement measures of
relevance for the cement industry and compile them into a gross list of ideas. This step was based
on a literature revig described ir2.1.2 There is also additional information to fe&indin Feiz

(2011)

All types of CQ improvement measures were considered, however the emphasis was on the

Ai ndustrial system |l evel o. Ther-ttoeep wkthosyg
they are not i ncluded as i ndi vimpdoueaént nmeasar@sur e s .
were often merged into a group of measures and only the most important ones were added to the
gross list of ideas. Details of these miamprovement ideas are presaht®n many studies

(Martin et al., 1999; Worrell et al., 2000, 2001, 2008; EIPPCB, 2010; Price et al., 2010; US EPA,
2010)

7.2 Step 2: Classification

In the secondtepa categorization scheme for classifying the different improvement measures
was developed. As shown kgure 24 five overall strategies for improvemsrwere identified
showing that different measures can deal Withefficiency of the internal processes (production
efficiency), changing inputs (input substitution), changing products (product development), or
more effective utilization of traditiongllunused (or wasted) streams such as @@xcess heat
through innovative synergistic solutions (external synergies).
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Figure24. Five overall strategies for climate performance improvements within the cement industry.

Each of theseverall strategies can be describasing categories and sutategorieswhich is
shown as &ategorization schenie Table 35
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Table35. Categorization scheme for different measures to reduce thei@iSsions related to cement production.

Short Code CQ emission reduction strategy or measure Related KPIs
E Production efficiency
EE Energy efficiency
EEE - Electrical efficiency KPI#5
EEH - Thermal efficiency KPI#3
ER Resource recovery
ERH - Pre-heating/drying KPI#3
ERE - Co-generation (heat & electricity) KPI#5
ERR - Recycle/reuse
ERP - Pollution prevention and control KPI#7
I Input substitution
IF Feedstock change
IFC - Low temperature clinker production KPI#3
IFM - Alternative materials (for clinker production) KPI#2, KP1#3
IE Input energy change
IEF - Fuel diversification (alternative/secondary fuels) KPI#7
IER - Renewable energy (fuel and electricity) KPI#4, KPI#6
P Product development
PP Improve existing products
PPC - Clinker substitution (alternative materials) KPI#1
PPB - Improve blended cements' properties KPI#1
PN Develop new products
PNC - Clinkerless/no-calcine cement KPI#1, KPI#2, KPI#3, KPI#5
S External synergies
SE CQ and heat solutions
SEC - Carbon sequestration/carbon capture and storage May worsen KPI1#3 and KPI#
SEB - Biological production KPI#4, KPI#7
SEH - Synergistic heating KPI#3, KPI#5
Sl Process integration and industry initiatives
SIP - Integration with power plant KPI#2, KPI#3, KPI#5
SIW - Integration/co-location with waste treatment KPI#4, KPI#7
SIC - Synergies among already co-located firms AllKPIs
M Management
MB Environmental strategy and innovation approaches All KPIs
MM Marketing, education, and public relations All KPlIs
MS Standards and specifications All KPls

Each of these measurkaspotentials to reducthe CO, emissions from cement production by
improvingtherelated KPIg see the KPIs linked to each category in the tdbhlsome cases, the
relation betweera group of measures and the KPIs is not direct; instead, the measure may
indirectly lead to reducedCO, emissions. Br example, measures dealing with carbon
sequestration andarbon capture and storage grouptroduced later in section.2.4 do not

have direct influence omostof the defined KPlsand may everead to an increaseenergy
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demand (KPI#3 and KPI#4howeverthey have the potential to reduce all forms of £O
emissions froma plant.

These categories and saategories are based on the gross list of ideas that were collected in the
first step. In the following sections the different overall strategies and categbnmesasures are
described.

7.2.1 Production efficiency

The category fdAproduction efficiency-evel(iempri se
internally) in order to improve the efficiency. All measures of relevance regard the pieggss

(or subplant-level) or plantlevel. Solutions beyond the scope of the plant and having external

focus (either in input or output side) are not considered in this category.

In the categorization scheme, production efficiency measures are divided into three eategori
(1) energy efficiency, (2) resource recovery, and (3) pollution prevention and control.

Energy efficiency

AEner gy effi ci enclegvé maasurap aimed ¢osredyce the ensrgy use of
individual processes. They are divided into two main gsoupeasures to improve electrical
efficiency and measures to improve thermal efficiency.

Electrical efficiency:.

Considerable amount of electricity is used in a cement plant. Various equipments used in
different stages of the cement production are opelstediectricity. For instance, motors for kiln
rotary systems; various cooling fans; equipments for crushing, grinding and preparation of raw
meal; final milling and blending; and compressors as well as internal transport systems.
Reducing the electricitgonsumption of these devices leads to total reductioth@tnergy
intensity of cement production (i.e. the fuel or electricity consumptiopnoeiucedunit).

Several studies have highlighted options for improving electrical efficiency regarding cement
production. Here onlg few examples of the main improvement measures that can lead to higher
electrical efficiency at the sytlant level are presented:

- Use of adjustable speed drives (ASD)In cement plants, motor drives are major
consumers of electrigi. Most electrical motors are fixespeed alternative current (AC).
However, motors are rarely required to operate at full speed, therefore having a system
for flexible adjustment of the motor speed depending on the load demand can save
el ect r i ccartbg usedXd Kb fans, preheaters and coolers, mills and separators
and other motor drives.

- Use of high efficiency motors There are about 500 to 700 electric motors in a typical
cement plantWorrell et al., 2008)and depending on the status of these motors, this
category of measures can lead te & improvement in electricity consumptigdan
der Vleuten, 1994)
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- More efficient mills: In the final grinding stage, old ball mills can be gradually phased
out (replaced) or improved (by adding fmending). In existing installations, high
pressure roller press mills can be added agypneling to ball mills. In new installations,
vertical roller mills can be installed.

The type and quality of the instruments used is only one of the aspects of relevaredess us
electricity. Process control and the choice of sequence for milling and grinding can also
influence the efficiency. For instance, it is more efficient to grind GBFS and clinker separately
and then mix them together (example: double shaft m{kar)and Li, 2009)

More detailed information about electricity improvement measures at the plant level, is available
in the works by Rce et al.(2010) Worrel et al(2008)and US EPA2010)

Thermal efficiency:

Almost all the fuel consumed by a cement manufacturing plant is used in the kiln system, for the
production of clinker. Therefore improving the thermal efficiency of the kiln system can have
great impact on the overall energy intensity and ti@ €missions. Issues concerning heat
recovery are dealt with in another section, since they exceed the plant level.

The main thermal efficiency point of concern is the kiln system and therefore improving the kiln
insulation and decreasing heat loss frtm kiln shell is considered as a potential thermal
efficiency improvement measure. This can be achieved by improving the refractories or adding
an external thermal insulation layer to the kiln. Improving kiln insulation by adding a secondary
kiln shell can lead to energy savings of about-112% of the total input.

It is also possible toave energy by improving the kiln system itself. For instance, by adding
more preheating stage@rovided that the reduced affis temperature still have enough thermal
energy for dryingpr adding a pre&alciner the clinker production becomes more efficient and it
can make it possible to save about 5% of the {uether, 2006) Improving the burning
efficiency of fuels inside the kiln also improves the thermal efficiency of the kiln. An example is
oxygen enrichment which improves the combustion efficiency by injecting certain amounts of
oxygen inb the kiln(Frank, 2009)

Resource recovery

AResour ce r ec o-widermgasures tha tesd topirhpeovetthe resource (eredy
material) efficiency of the overall plant and therefore create positive impact on the overall CO
emissions.
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Pre-heating/drying :

Considerable amounts of heat are released from clinker coolers and later from the final exhaust
with temperatures as high as 24000 °C. Approximately 40% of total kiln energy input is
released from the #Akil n exhausrnveactive aficradative r e x h
heat transf er (Kabiro2010)Onelway tesutilizef sante efshe thermal energy of

the exhausgases is to usedm for drying or preheating raw materials or fuels, that are fed to

the plantEngin and Ari, 2005; AHinti et al., 2008)

If input materials (feedstock or fuels) have high moisture content, it is often more economic to
use the waste heat to gneat and dry the input materialsgfs compared to converting it to
electricity.

Co-generation (heat & electricity):

Depending on the type of the kiln system, various exhaust streams may exist in a typical cement
plant: kiln exhaust, clinker cooler, kiln preheater and precalciner exhaustkiln surface.
Another approach to utilize them for improving the overall energy efficiency of the plant is to
use part of the excess (waste) heat of these streams to produce electricity.

Electricity production from low temperature heat sources caacbeved via the steam cycle or

by organic rankine cycle (ORC) or variants of it. In either method, the working fluid which is

under pressure is heated and vaporized by the heat source (i.e. hot exhaust gases) inside the heat
recovery boiler or heater and expanded and depressurized through a turbine driving a
generator. The total electricity produced can vary betwe2h KWhtonne cement(ECRA,

2009) By utilizing this form of cegeneration it is possible to meet-250 % of a pl ant 6
electricity demandKhurana et al., 2002; PCA, 2008)

Various technologies exist for producing electricity from low temperature heat sources by using
waste heat recovery steam generators combined cycle (WHRSG), organic rankine cycle
(ORC) (Legmann, 2002)kalina cycle(Kalina and Leibowitz, 1989; Mirolli, 2005; Wang et al.,

2009; Kalina, 2010Q)cryogenic power generation cyg®iang et al., 2004; Weiing, 2007) and
theremoelectric (TE) solid state heat engin@sendricks and Choate, 2006; Bell, 2008he
performance and the degree of technological maturity of these techniques are not equal and some
(such as TE solidtate heat engines) are still far from becoming commercially available for
largescale industricapplications.

- Waste heat recovery steam generators (WHRSGHRccording to Khurana et a2002)
a cogenerigon system utilizing a Waste Heat Recovery Steam Generator (WHRSG), can
produce about 30% of a plantbdés electricity
efficiency of the plant by 10% with a payback time of 2 years. In addition, a study by
Engin andAri (2005) of another cement plant demonstrated that utilization of such a
conventional WHRSG could save abd3s of total input energy with a payback time of
1.5 yearsThe payback period of such project mainly depends on the type of the existing
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installation, the price of electricity and the type of implemented waste heat recovery
system. Considering differeaspects, the payback period of waste heat recovery projects
can be as high as five to ten years or even iflongilsina et al., 2010)

- Organic rankine cycle (ORC): In a study by Legman(R002)the lowheat electricity
generation by utiling an organic rankine cycle was investigated. By converting 18% of
the plant cooler exhaust gas waste heat into electricity, 29%eddction (due to saving
electricity) was achieved.

According to a study biYloya et al.(2011)the cost of addingvaste heat recovetyp an existing

typical cement production plant in EU will not exceed 10 million Euros and itsdawisveen

0.45 t01.38 million Euros peyear.CEMEX ClusterEastin Germany has estimated thhé cost

for installingwaste heat recovery in the clinker production sitRillersdoris between 35 to 45
million Euros.

Recycle/reuse

Aside from gaseous emissions, very little waste is norngaheratect a cement manufacturing
plant. However, reuse and recycling of waste can improve the resource efficiency of the plant.

Most of the solid waste produced in cement plant is in formeafent bypass dust (BPD) or
clinker kiln dust (CKD), refractory wastes (spent refractories), and other materials absorbed by
air cleaning devices. CKD is produced during the production of clinker and is mainly in form of
partially calcined raw feed, clinkelust, ash, alkali sulfates, and other volatile compounds. It is
collected in air cleaning devices such as electrostatic precipitators and cyclones. How CKD can
be utilized varies depending on the composition, which is in turn related to the plant esnditio
and feed types. Normally, a large portion of the CKD can be recycled back to the production
process as kiln raw feed or directly be reused. It is also possible to reuse previously landfilled
CKD as raw material for clinker production, which decreasesitimand for limeston@daska

and Taubert, 2008)

For insulation and protection of cement rotary kilns, mainly magisgsieel (MgO-MgAI204)
refractories are use(Shikano, 1998) In certain cases spent refractories can be used as a
secondary raw material folimker raw meal productio(Fang et al., 1999; EMEX-DE, 2010b)

Pollution control and prevention

This category comprises plant level measures in order to control regeaissiongo air, land

and water. A list of different pollution control mechanisms of relevance for cement production is
availablein INECE (2011)

Since this category only deals with options at the plant level more compleynergistic
solutions such as carbon capture and storage (CCS) are described later.
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7.2.2 Input substitution

There are two main types of inputs to a cement production plant. The first is energy, in the form
of fuel used to generate the heat for the pyroproegsgsithe kiln and electricity for crushing,
grinding, milling, blending and other applications. The second is raw materials (feedstock) such
as limestone and clay required for the production of clinflgBS, 2005) Since ement
production requires large amounts roaterials and energy, and causekt of environmental
impact, substituting some of the inputs with alternatives having less impact can be an effective
measure to reduce the amount of emissions.

I n t he categorizati on scheme, t he strategy
subgitution of inputs for clinker production. Other strategies such as substituting clinker with
alternative mat er i alClskehsabsgtiutiobeen categorized a

Feedstock change

As explained in the first chapter, clinker can be produced from various types of materials, if
those materials have the essential ingredients for clinker form&igure 25 provides a general
overview of the composition of materials and fuel ashes that are used for clinker production
(EIPPCB, 2010)

Figure25.fi Ca O,,an8 ALOs+tFeOsdi agr amo for cement clinker and the ¢
materials and fuels

In order to produce clinker with propeomposition, careful selection of materials and fuel ashes
containing different amounts of CaO, Si0r Al,Os+Fe 03 is required (ibid.).

Low temperature clinker production:
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