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Summary
This report contains information about a research project lead by researchers from
Environmental Technology and Management at Linköping University in Sweden. It has been
conducted in cooperation with staff from the global cement company CEMEX. The study has
been focused on three cement plants in the western parts of Germany, referred to as CEMEX
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 kiln, while the 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 of producing cement, 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
improvements. 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 cement clinker, which is then grinded and composes the main component of
Ordinary Portland Cement. One very 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
CO2. A large portion of the CO2 emissions related to clinker production is coming from the
calcination process.
Both clinker and Ordinary Portland Cement (CEM I 42.5) were studied. However, there are other
ways of making cement, where the clinker can be substituted by other materials. Within Cluster
West, granulated blast furnace slag from the iron and steel industry is used to a large extent as
such a clinker substitute. This slag needs to be grinded, but an important difference compared to
clinker is that it has already been treated thermally (during iron production) and therefore does
not have to be burned in a kiln. With the purpose to include products with clearly different share
of clinker substitutes, the project also comprised CEM III/A 42.5 (blended cement, about 50%
clinker) and CEM III/B 42.5 N-. (blended cement, about 27% clinker). To sum up, this means
that the study involved “traditional”, rather linear, ways of making cement, but also two more
synergistic alternatives, where a byproduct is utilized to a large extent instead of clinker.
The methodology is mostly based on Life Lycle Assessment (LCA), from cradle-to-gate, using
the SimaPro software. This means that the cement products have been studied from the
extraction of raw materials until they were ready for delivery at the “gate” of Cluster West. The
functional 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
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acquired. Most of the used data has been provided by CEMEX, but to be able to cover upstream
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, the intention was also to assess other
versions of the product system – Cluster West in 1997 and also a possible, improved future case.
For this purpose, a conceptual LCA method was developed that made it possible to consider
different products as well as different conditions for the product system. Having 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 method could be used 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 complex Cluster West
production system. Instead 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 CO2-eq missions that are a couple of percent lower than the world average.
During the twelve year period from 1997 to 2009 these emissions became about 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 perspective to substitute clinker with
granulated blast furnace slag, mainly since it reduces the emissions accounted related to
calcination. For example, the CO2-eq emissions related to CEM III/B product were estimated to
be 65 percent lower than those for CEM I.
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 shown and evaluated. Two possible
scenarios were defined and the conceptual LCA model used to estimate their climate
performance.
The authors’ recommendation is for CEMEX to continue to increase the share of CEM III (the
share of good clinker substitutes), and to make 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 plant level 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 2009, the estimated yearly production of cement was exceeding 3 billion tonnes and
this figure continued to grow during 2010 (USGS, 2011), corresponding to about 470 kilograms
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 use (Van Oss and Padovani, 2003).
Having this in mind, the authors really find it interesting and challenging to learn more about
cement and the related environmental impacts. In the spring 2010, representatives for the global
cement company CEMEX wanted to discuss opportunities for research co-operation, especially
concerning the field of industrial ecology. Together, we decided to co-operate 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 to as CEMEX Cluster West (or shortly “Cluster West”
from now on).
This report includes information about the project. In this chapter 1, the aim is specified more in
detail, the scope is defined and 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 and 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 have been of 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. Based on that 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 evaluating options to improve the climate
performance of the cement 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 conceptual LCA model.
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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 of producing cement, and different cement products. The
knowledge should 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 options for improvements.
The overall aim has been divided into several more specific aims, partly adjusted during the
project:
•

•

•
•
•
•
•

To assess the potential climate impact for clinker and three selected cement products
that were produced within the Cluster West. This was to be done in detail for the year
of 2009, using life cycle assessment (LCA) and applying a “cradle-to-gate
perspective”.
To compare the potential climate impact in terms of CO2-eqs of the selected products,
to analyze and illustrate differences between traditional cement production and more
synergistic alternatives.
Based on the assessment concerning 2009, to estimate the potential climate impact for
the year of 1997 and an improved, future situation.
To clarify which parts in the life cycle of cement, and what “components”, are most
important from a climate perspective.
To develop a framework for assessing CO2 improvement measures in cement industry
and evaluate their feasibility for a specific cement production site.
To apply the above mentioned framework for the Cluster West as a basis for
analyzing and suggesting measures for improvement.
To relate the findings of the project to some of the key ideas within the fields of
Industrial Ecology and Industrial Symbiosis, and also to contribute to the question of
how to assess the environmental impact of different industrial symbiosis measures.

1.3 Scope
In this section the scope of the study is presented, mainly regarding the case study of Cluster
West and the selected cement products. 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 within the Cluster West, from “cradle-to-gate”. This
means that for the LCA-study concerning 2009, the production chain is covered from the
extraction of raw materials, including suppliers and transportation, to the production of CEMEX.
To a large extent we have excluded what happens after “the gate”, i.e. how the cement is
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transported from Cluster West, how it is used, etc. However, the whole life cycle is partly
considered when it comes to discussions and conclusions.
The cement products (including clinker) that have been studied were selected in cooperation with
CEMEX. Our intention was to choose products with clearly different share of clinker substitutes,
that means ranging from a high clinker content (i.e. pure clinker and Portland cement) to blended
cement products where a substantial part of the clinker is substituted with granulated blast
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 production. The
selected products are:





Clinker
CEM I 42.5 (Portland cement, about 92% clinker)
CEM III/A 42.5 (blended cement, about 50% clinker)
CEM III/B 42.5 N-. (blended cement, about 27% clinker)

Concerning measures to reduce the climate impact, the scope has been wider. That part of the
project not only considered the common production chain, since it included possible synergies
with other organizations.

1.3.2

Environmental scope

Today, we are facing several significant environmental problems (Rockström et al., 2009). In
this study, we have focused on climate change and environmental impacts caused by emissions
of greenhouse gases (mainly CO2). It is important to remember that there are many other
environmental impact categories. For some of them the information about CO2 emissions might
be very useful to understand the development of the level of impact (Svensson et al., 2006). For
example, if the CO2 emissions are reduced as a consequence of less fossil fuels being
incinerated, it often means that other emissions are also lower such as NOx and SO2. This in turn
can lead to improvements 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 the Cluster West concern the year of 2009, which is referred to
as the current situation. In addition to this information from CEMEX, data from the LCA
database Ecoinvent has been used, which is based on average data gathered from different areas
of industry. This data commonly concern the late 1990-ies to mid-2000. The consistent aim has
been to use as recent data as possible.
In addition, CEMEX has provided some information about the sites concerning the year of 1997
that has been used to estimate emissions from previous production. The method presented in
chapter 2, can also be used to estimate emissions for future products/production under similar
conditions.
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Partly this report is based on literature from different academic, governmental or industrial
sources. Mainly, this literature was published in the period from 2000-2011.

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 impact (Van Oss and Padovani, 2002; Reijnders, 2007;
Boesch et al., 2009). For example, the extraction of raw materials requires resources and space,
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 incineration 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 production is carbon dioxide,
which according to the Intergovernmental Panel on Climate Change is very essential to reduce
because of the link to climate impact problems (IPCC, 2007a and many others). Industrial
activities such as electricity generation and cement production are among the greatest sources of
human-induced greenhouse gas emissions (Metz et al., 2005). For instance, depending on the
case, production of 1 tonne of typical cement may require about 1.5 tonnes of raw materials,
3300-4300 MJ of fuel energy, and 100- 120 kWh of electrical energy; and cause emissions
exceeding 0.9 tonnes of CO2 (Nicolas and Jochen, 2008; EIPPCB, 2010; Price et al., 2010).

1.5 Cement production
This section contains information about the cement industry and cement production that is
important to be able to understand some of the following sections and chapters. It is mainly
written for readers that are not cement experts.

1.5.1

Global cement industry

Cement-like materials have been used for thousands of years, and cement products similar to
those of today about 200 years. Cement is used globally in many applications, commonly in the
form of mortar and concrete. The main customer is the readymix and precast business.
In 2009 about 3.0 billion tonnes of cement were produced in the world, the corresponding figure
was 3.3 Gt in 2010. China is the largest producer with a share of about 55% of the world’s
production, followed by EU-27 (7.7%), India (6.7%), US (1.9%) and Japan (1.7%) (these shares
are valid for 2010, based on USGS (2011) and Cembureau (2010)). Figures for the production in
some selected countries are presented in Table 1.

13

Table 1. Production of cement in some selected countries (that are large producers) 2009 and 2010 (USGS,
Country
China
India
United States
Japan
Turkey
Brazil
Republic of Korea
Iran
Spain
Egypt
Russia
Indonesia
Italy
Mexico
Thailand
Germany
World total (rounded)

1.5.2

2009

2011).

2010

Amount (Mt) Share Amount (Mt) Share (%)
1,629 53.2%
1,800
54.5%
205 6.7%
220
6.7%
65 2.1%
64
1.9%
55 1.8%
56
1.7%
54 1.8%
60
1.8%
52 1.7%
59
1.8%
50 1.6%
46
1.4%
50 1.6%
55
1.7%
50 1.6%
50
1.5%
47 1.5%
48
1.5%
44 1.4%
49
1.5%
40 1.3%
42
1.3%
36 1.2%
35
1.1%
35 1.2%
34
1.0%
31 1.0%
31
0.9%
30 1.0%
31
0.9%
3,060 100%
3,300
100%

Cement and clinker

“Cement is a finely ground, non-metallic, inorganic powder, and when mixed with
water forms a paste that sets and hardens” (Locher, 2006; EIPPCB, 2010).
When cement is produced, different raw materials are mixed. The most common form of cement
is called Ordinary Portland cement (OPC) or simply Portland cement. Typically about 95% of
the content of Portland cement consists of a material called clinker (Locher, 2006), which is
produced inside a cement kiln, i.e. a special, very large, furnace. Clinker is formed when
limestone is burned at a high temperature and it is to a large extent composed of hydraulically
active calcium silicate minerals (Van Oss and Padovani, 2002). Other minerals like oxides of
calcium, silicone, aluminum, iron and magnesium are also involved in formation of clinker, but
to a smaller extent (ibid.).
One important phase of the production of Portland clinker is the process of calcination, which
takes place in the kiln. In this chemical reaction calcium carbonate decomposes at temperature of
about 900℃ and calcium oxide and carbon dioxide are produced (Worrell et al., 2001):

14

From a climate perspective, the calcination is of high importance since it implies that carbon
bound in minerals is transformed to CO2. But it should also be mentioned that concrete can
absorb CO21. 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 (alumina), iron
oxide and magnesium oxide (magnesia) in a temperature between 1400℃ to 1500℃. The portion
of each substance is shown in Table 2.
Table 2. Typical chemical composition of cement clinker and corresponding short notations that are commonly used
(Van Oss and Padovani, 2002; EIPPCB, 2010).
Chemical formula
CaO
SiO2

Share (%)
65.0
22.0

Short notation
C
S

Al 2O3

6.0

A

Fe 2O3
MgO
K2O + Na2O

3.0
1.0
0.8

F
M
K+N

H2O

H

Other (including SO3)

2.2

-

Cement clinker is a mixture of molecules in the general form of (nCaO.mOxide) such as
3CaO.SiO2, 2CaO.SiO2, 3CaO.Al2O3, 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 presented in Table 2.
Clinker (and therefore Portland cement) 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
known as “setting time”. By adding a sulfate dehydrate additive like gypsum to clinker, the
setting time of cement can be adjusted (Locher, 2006). 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 presented in Table 3..

1

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 to CO 2. The carbonation of concrete
during the use phase of concrete (its primary life) is almost negligible when compared to emissions due to
manufacture of cement and other raw materials. The CO2 capture of recycled concrete (due to the larger exposed
surface area relative to the volume of crushed concrete) can be much higher and should be accounted in cradle-tograve LCA studies (if concrete is recycled) (Collins, 2010).
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Table 3. Typical mineralogical composition of Portland cement (Van Oss and Padovani, 2002)
Description

Abreviated formula Share (%) Function

Chemical formula

Tricalcium silicate ('alite')

3CaO.SiO2

C3S

50-55

Imparts early strength and set

Dicalcium silicate ('belite')

2CaO.SiO2

C2S

19-24

Imparts long-term strength

Tricalcium aluminate

3CaO.Al 2O3

C3A

6-10

Contributes to early strength and set

Tetracalcium aluminoferrite

2CaO.(Al 2O3,Fe 2O3)

C2(A,F)

7-11

Acts as a flux, imparts gray color

Calcium sulfate dehydrate

CaSO4.2H2O

CSH2

3-7

Controls early set

1.5.3

Cement production process

If we continue to focus on Portland cement, there are three main steps in the production as shown
in Figure 1:
•
•
•

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

1

Pyroprocessing
and Clinker
2 Production

Grinding and
Blending

3

Figure 1. Three main steps in the production of Portland 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 the fuels plus about 20% of the
electricity input is used in pyroprocessing (step 2) (Khurana et al., 2002).
Depending on the characteristics of raw materials to be used, there are different options
concerning cement processes. There are four main types of processes, but the major distinction is
between dry and wet processes. In the wet processes, the 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
processes, the raw material is fed into the kiln as a semi-grinded material with relatively low
moisture content. In general, dry processes use less thermal energy than wet processes, since the
latter require extra energy for drying. Consequently, dry processes are preferred and the wet
alternative is only more suitable if the input materials have high moisture content (US EPA,
1994; EIPPCB, 2010). Other types of kiln systems exist which are called semi-dry or semi-wet
kiln systems. In semi-dry, the input meal is pelletized with water and is fed into the kiln (with
preheater or a long kiln). In semi-wet, the slurry is first dewatered in filter presses and a filter
cake is formed which is extruded into pellets. These pellets are then fed into a grate preheater (or
dryer) for producing raw meal. Wet processes are increasingly becoming outdated and plants are
converting to dry or semi-dry processes instead. In general (at least in Europe), all wet or semidry plants are expected to be converted to dry process kiln systems (EIPPCB, 2010).
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For dry processes, three main types of kiln systems are used: long dry kilns (LD), preheater kilns
(PH), and preheater/precalciner kilns (PH/PC). These systems are different concerning
design/equipment, operation method and fuel consumption. For example, preheater kilns and
preheater/precalciner kilns have better fuel efficiency and higher production capacities. Table 4
shows average energy (heat) figures for the different options mentioned, based on information
for the United States.
Table 4. Average heat input when producing Portland cement, for different kiln systems in the United States (US
EPA, 1994)

Cement kiln type
Wet process
Dry process, long dry (LD)
Dry process, preheater (PH)
Dry process, preheater/precalciner (PH/PC)

Energy (heat) input
MJ/tonne of cement
6400
4770
4070
3600

All of the mentioned processes have the following common sub-processes (EIPPCB, 2010):
•
•
•
•
•

Preparation of raw materials (such as crushing, drying, etc.)
Preparation of fuels (such as drying, pelleting, etc.)
The kiln system (further drying (evaporation and dehydration) of raw materials,
calcination, sintering)
Preparation and storage of products (grinding, blending or and mixing)
Packaging and dispatch

Figure 2 shows a simplified picture illustrating common phases of cement production, including
information about energy and emissions.
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Figure 2. Simplified picture illustrating common phases of the production of Portland cement (Huntzinger and
Eatmon, 2009)

More information about different kiln systems
The kiln can be described as the heart of a clinker producing plant. Normally the kiln has the
shape of a long tube (between 50 to 200 meters) with “length-to-diameter ratio” between 10:1
and 38:1, which rotates around its axis with the speed of about 0.5 to 5 revolutions per minute
(EIPPCB, 2010).
Figure 3 shows information about four of the most commonly used kilns for wet and dry
processes and their functional zones. Preheater/precalciner rotary kilns (PH/PC) have the highest
capacity, typically between 1300 to 5000 tonnes per day (up to more than 10000 tonnes per day),
while the other three main kiln types rarely exceed capacities of more than 2000 tonnes per day.
Less common kiln types such as vertical shaft kiln (VSK) are not shown in this figure because of
their low capacity (between 20 to 200 tonnes per day) and since they are uncommon. China and
India are exceptions - vertical shaft kilns are commonly used in these countries (Van Oss and
Padovani, 2002).
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Preheater/Precalciner tower
Rotary kiln
Dry kiln
(with preheater-precalciner)
~ 50 m

Preheater tower

Dry kiln,
(with preheater)
~ 90 m
Long dry Kiln
~ 130 m
Wet Kiln
~ 200 m

Raw Materials

Drying
Zone

Preheat Zone

200°C-750°C
20°C-200°C
Heating
Drive off water

Calcining Zone

Sintering or Burning Zone

1200°-1450°C

750°C-1000°C
CaCO3  CaO + CO2

Cooling Zone

CaO + SiO2 + Al2O3  C3S + C2S + C3A + C4AF

Upper, ”cool” end

Fuel

1450°C-1300°C
Burner
Lower, ”hot” end

Clinker
Cooler

Figure 3. Rotary kiln technologies and functional zones (Van Oss and Padovani, 2002).

The five functional zones inside the kiln system can shortly be described as:
•
•
•
•
•

Drying (evaporation): to make some of the water in the raw materials evaporate, to
get suitable moisture content before input to the kiln.
Preheating (dehydration): raw materials are preheated before the calcinating
process. Heated gas from this phase can be used in drying process.
Calcining: This phase has been mentioned in 1.5.2, producing CaO and CO2.
Sintering: calcium oxide enters in a sintering phase with other materials mentioned
in Table 3.
Cooling: to reduce the temperature of the outputs.

For wet and long dry kilns, the phases of drying and preheating are occurring in the kiln (Van
Oss and Padovani, 2002). However, in dry kilns with a preheater, they take place in a separate
preheater tower (ibid.). Raw materials (mainly lime-stone) are feed-in the upper end of the kiln,
having a lower temperature. As they pass through the kiln, they become warmer. The fuels are
injected into a burner at the lower part of the kiln, with the highest temperature. The main output
is clinker.
Some cement plants are not producing clinker, and consequently have no kiln. Instead they are
mainly constructed for grinding and blending purposes, to produce different types of cement
products. They can be used to grind and blend clinker produced at other plants, but also other
types of materials that will be mentioned in the coming sections. Table 5 shows the number of
cement plants (both with and without kilns) in a few European countries.
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Table 5. The number of cement plants with and without kilns in a few European countries (EIPPCB, 2010).

Country
Germany
Italy
Spain
France
United Kingdom
Poland
Greece
Austria
Romania

1.5.4

Number of cement plants
with kilns
without kilns
38
20
59
35
37
13
33
6
14
1
11
1
8
9
3
8
1

Different types of cement

So far, section 1.5 to a large extent has focused on the production of clinker and Portland cement.
But there are many other types of cement, which is explained in this section.
The hydraulic properties of cement make it suitable as the binding element in concrete and
mortar. Cements can be divided into two types: inherently hydraulic cement and pozzolanic
cement. The first type needs water to become active and the second type shows hydraulic
cementitious properties when reacting with hydrated lime (USGS, 2005).
There are several formal categorization systems for defining standard cement types. The ASTM
standard in the USA and the European cement standard EN 197-1 are widely used. Table 6
depicts information based on the latter standard.
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Table 6. Cement types according to DIN EN 197-1 standard (2000)
Cement type
Main
category
CEM I
CEM II

Main constituents

Name

Designation

Portland cement
Portland slag cement
Portland silica fume cement
Portland pozzolana cement

Portland fly ash cement

Portland burnt shale cement
Portland limestone cement

Portland composite cement
CEM III

Blastfurnace cement

CEM IV Pozzolanic cement
CEM V

Composite cement

CEM I
CEM II/A-S
CEM II/B-S
CEM II/A-D
CEM II/A-P
CEM II/B-P
CEM II/A-Q
CEM II/B-Q
CEM II/A-V
CEM II/B-V
CEM II/A-W
CEM II/B-W
CEM II/A-T
CEM II/B-T
CEM II/A-L
CEM II/B-L
CEM II/A-LL
CEM II/B-LL
CEM II/A-M
CEM II/B-M
CEM III/A
CEM III/B
CEM III/C
CEM IV/A
CEM IV/B
CEM V/A
CEM V/B

Portland Granulated
Pozzolana
Fly ash
cement blastfurnace Silica
Natural,
Burnt
Clinker
slag
fume Natural tempered Siliceous Calcareous shale
K
S
D
P
Q
V
W
T
95-100
80-94
6-20
65-79
21-35
90-94
6-10
80-94
6-20
65-79
21-35
80-94
6-20
65-79
21-35
80-94
6-20
95-79
21-35
80-94
6-20
65-79
21-35
80-94
6-20
65-79
21-35
80-94
65-79
80-94
65-79
6-20
80-94
21-35
65-79
35-64
36-65
20-34
66-80
5-19
81-95
11-35
65-89
36-55
45-64
18-30
40-64
18-30
20-38
31-50
31-50
-

Minor
additional
TOC* < 50% TOC < 50% constituents
L
LL
0-5
0-5
0-5
0-5
0-5
0-5
0-5
0-5
0-5
0-5
0-5
0-5
0-5
0-5
6-20
0-5
21-35
0-5
6-20
0-5
21-35
0-5
0-5
0-5
0-5
0-5
0-5
0-5
0-5
0-5
0-5
Limestone

* TOC: Total content of carbon (organic content)

As shown in the table, the DIN EN 197-1 standard defines five major types of cement (CEM I to
V). Each of these types has a few sub-types, ending up with 27 different cement types in total.
The main distinguishing factor between these types is what they consist of – what materials are
used. All of the major cement types are produced in Europe, however CEM I and II are much
more common than the others2. Table 7 shows the share of each cement type in European (EU25) countries (EIPPCB, 2010).
Table 7. The share of different types of cement produced in European (EU-25) countries (EIPPCB, 2010).

Cement type
CEM II Portland-composite
CEM I Portland
CEM III Blast furnace cement
CEM IV Pozzolanic
CEM V Composite cement and other cements

2

Share (%)
58.6
27.4
6.4
6.0
1.6

Each of these cement types can be produced at three different strength levels (after 28 days setting period): 32.5,
42.5 and 52.5 N/mm2
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1.5.5

Raw materials

CEM I has the highest amount of clinker and corresponds to the earlier mentioned Portland
cement. Other types have lower clinker content and instead alternative materials are used,
referred to as “clinker substitutes”. These materials have clinker-like properties and thus can
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 granulated blast furnace slag (GBFS) from the steel industry and ash from coal
incineration. In the United States, the use of coal fly ash is increasing. It is normally mixed with
Portland cement, replacing about 50% of the cement in concrete.
In section 1.5.2 (see Table 2) it was mentioned that clinker consists of different types of oxides.
Similarly, many of the materials used in cement production have different combinations of CaO,
SiO2, and Al2O3 as depicted in Figure 4.

Figure 4. Chemical composition and mineral components of several materials used in cement production (CSI,
2005).

Table 8 provides some examples of materials that can be used as raw materials for clinker
production or as clinker substitutes in cement production (of blended cements).
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Table 8. Groups of raw materials and some common examples for each group (VDZ, 2008; EIPPCB, 2010).
Raw
material
group
Ca

Si
Si-Al

Fe

1.5.6

Examples of materials
Lime stone/marl/chalk
Lime sludges from drinkng water and sewage treatment
Hydrated lime
Foam concrete granulates
Calcium floride
Carbide sludge
Sand
Used foundry sand
Clay
Bentonite/kaolinite
Residues from coal pre-treatment
Iron ore
Roasted pyrate
Contaminated ore
Iron oxide/fly ash blend
Dusts from steel plants
Mill scale
Blast furnace and converted slag
Synthetic hematite
Red mud

Raw
material Examples of materials
group
Si-Al-Ca Granulated blastfurnace slag
Fly ash
Oil shale
Trass
Paper residuals
Ashes from incineration processes
Mineral residuals such as oil contaminated by soil
Crusher fines
S
Natural gypsum
Natural anhydrite
Gypsum from flue gas desulphurisation
Gypsum from the chemical or ceramic industries
Al
Residues from reprocessing salt slag
Aluminium hydroxide

Fuels

As previously stated, the kiln is the most energy intensive part of the whole life cycle of Portland
cement, i.e. for the production of clinker (Locher, 2006). In order to create enough heat for the
kiln and other parts of the process, large amounts of thermal energy is required which is typically
generated by incineration of fuels. Fossil fuels such as coal and petroleum coke are commonly
used, but also natural gas and oil. Incineration of different types of waste fractions is increasing
within the cement industry (CSI, 2005). These types of fuels are generally referred to as
“secondary fuels” and examples are used tires, spent solvents, waste oils and plastics. The shares
of different fuels in the European cement industry are shown in Table 9, for the year of 2006.
Table 9. Fuel usage in European cement industry in 2006 (EIPPCB, 2010).

Fuel Type
Petcoke (fossil)
Coal (fossil)
Petcoke and coal (fossil)
Fuel oil
Lignite and other solid fuels (fossil)
Natural gas (fossil)
Waste fuels

Usage share (%)
39
19
16
3
5
1
18

Table 10 includes examples of common categories of waste fuels.
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Table 10. Some common categories of waste fuels (EIPPCB, 2010).

Group
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Type
Non-hazardeous

Hazardeous

-

Waste fuels
Wood, paper, cardboard
Textiles
Plastics
Processed fractions
Rubber/tires
Industrial sludge
Municipal sewage sludge
Animal meals, fats
Coal/carbon waste
Agricultural waste
Solid waste (impregnated sawdust)
Solvents and related waste
Oil and oily waste
Others

1.6 CEMEX and the studied plants at Cluster West
The company CEMEX was founded in 1906 in Mexico and has grown into a global
manufacturer of building materials operating in more than 50 countries in the world. Mainly,
CEMEX is selling cement, ready-mix concrete and some types of so-called aggregates, such as
crushed stone, gravel, sand and recycled concrete. About 48 percent of the global sale is related
to cement products. The company has more than 46,000 employees worldwide. Figures about the
global operations are presented in Table 11, for 2010.
Table 11. Figures about CEMEX global operations for 2010 (CEMEX, 2010).

Region/Country
Mexico
USA
Europe
South/Central America and Caribbean
Africa & Middle East
Asia
Other
Total

Cement production capacity Cement Aggregates Sales
(million tonnes/year)
plants quarries
(million USD)
29,3
15
16
3 435
17,2
13
83
2 491
25,7
19
247
4 793
12,8
11
17
1 444
5,4
1
9
1 035
5,7
3
4
515
357
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, ready-mixed concrete and other similar types of
building materials in the country. CEMEX became a large producer in Germany in 2005, taking
over former WestZement GmbH and OstZement GmbH. Among the plants in Germany, the
Kollenbach and Rüdersdorf plants are-equipped with rotary kilns. There clinker is produced, but
also several other intermediate and final products. In addition to these plants, there are several
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other high capacity milling and blending plants that do not produce clinker (no kilns). The
location of CEMEX’s cement plants in Germany are depicted in Figure 5.

CEMEX
Germany

11
66

2

5
4

3

Cluster West Plants
Cluster East Plants

Figure 5. Location of CEMEX’s plants in Germany, numbered as: 1: Rüdersdorf, 2: Kollenbach, 3: Mersmann, 4:
Dortmund, 5: Schwelgern, 6: Eisenhüttenstad (CEMEX-DE, 2010a).

Table 12 summarizes information about the production capacities for the plants. The Mersmann
plant was not used for production when this study was conducted – it is seen a reserve option.
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Table 12. CEMEX plants in Germany and their production capacities (CEMEX-DE, 2010a).
Production Capacity
(million tonnes/year)
Cluster

Plant

Clinker
0.9

Cement
1.1

0.4
0.0
0.0
2.4
0.0

0.5
1.0
1.0
2.8
0.5

Total Cluster West 3

0.9

3.1

Total Germany 3

3.3

6.4

Cluster West
Cluster West
Cluster West
Cluster West
Cluster East
Cluster East

Kollenbach

1

With kiln

2

With kiln
Milling and blending plant (no kiln)
Milling and blending plant (no kiln)
With kiln
Milling and blending plant (no kiln)

Mersmann
Dortmund
Schwelgern
Rüdersdorf
Eisenhüttenstadt (Ehs)

1

Clinker production capacity is based on the assumption of 300 days production in each year. The legal installed
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.

3

Total sum does not include production capacity of Mersmann plant.

As shown in Figure 5 and Figure 6 the CEMEX Cluster West (Cluster West) consists of four
plants, of which the three actively used are Kollenbach, Dortmund and Schwelgern. They form a
kind of work alliance, together producing several intermediate products and final products.
Figure 6 gives an overview of important material and energy flows for Cluster West, including:




Inbound flows - mainly raw materials, fuels and electricity
Internal flows - clinker, GBFS3, and various intermediate products
Outbound flows - final cement products. Concerning Cluster West, the focus has been on
the different cement products (CEMI-III), and not on other products such as ready-mix4.

3

GBFS was introduced in section 1.5.5, 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 products – see Methodology.
4
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CEMEX Germany Cluster West
Cement products
(CEM I, CEM II/A-S)
BeckumKollenbach

Primary and secondary
materials

GBFS
Clinker and
Intermediate
Products

Fossil fuels, alternative
fuels

Clinker and
Intermediate
Products

Dortmund

Cement products
(CEM II/A, CEM III/A)

GBFS

Electricity

GBFS
Cement products
(CEM III/A, CEM III/B)
Schwelgern

GBFS: Granulated blastfurnace slag
Intermediate products are half products which are used for production of final products.
CEM I, II, III are types of cement products according to DIN EN 197-1 European standard.

Figure 6. Overview of Cluster West in 2009 (CEMEX-DE, 2010a).

In the following sections the plants in Cluster West are described a bit further.

1.6.1

Kollenbach

The Kollenbach plant was established in 1911 and it is located near Beckum in western Germany
(in North-Rhine Westphalia). As previously stated, it is the only plant in Cluster West producing
clinker. In 1953, the Kollenbach plant was the first plant in the world that installed a cyclone
preheater (CEMEX-DE, 2010b).
In 2009, the clinker production was about 0.8 million tonnes and more than half of it was
shipped to the Dortmund and Schwelgern plants for production of various blended cements, i.e.
other types of cement than Portland cement5. Figure 7 gives an overview of the production
process in the Kollenbach plant.

5

Concerning Cluster West, we mainly refer to CEM II and CEM III when the term ”blended cement” is used. In this
case, it means that clinker has been mixed (blended) with other materials (clinker substitutes), mainly with GBFS.
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Clinker Formation
Burning

Precipitating/
Homogenizing
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Fuel

Precipitator Dust to
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Rotary Kiln
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Blastfurnace Slag
Gypsum
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Portland-/Portland slag-/Blastfurnace cement

Separator
Bagged cement
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Clinker
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Bulk Cement
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Figure 7. The production process for the Kollenbach plant (CEMEX-DE, 2010b).

Kollenbach has a dry process with a rotary kiln, a four-stage cyclone preheater and drum cooler.
In order to reduce the amount of chlorine in the produced clinker, a chlorine bypass system is
placed downstream the preheater. This bypass system collects “bypass dust” which is recycled
and used for the production of blended cements. An overview of the main-equipment is shown in
Table 13.
Table 13. Overview of main-equipment in the Kollenbach plant (CEMEX-DE, 2010b).
Equipment
Raw material crusher

Type
Single shaft hammer crusher

Capacity
650 t/h

Installed power
750 kW

Main raw mill

Vertical roller mill (3 rolls)

200 t/h

1000 kW

Kiln line 1

2-strings 4-stage preheater kiln without precalciner

2795 t/d

Clinker cooler

Drum cooler, clinker discharge temperature about 270 ºC

Other features

Chlorine bypass system
Injection of lime hydrate for SO2-reduction
Injection of pure urea solution and photographic waste
water for NOx-reduction
Use of alternative fuels

Cement mill I

Ball mill (2 chambers)

23 t/h

1800 kW

Cement mill II

Ball mill (2 chambers)

135 t/h

2 x 2200 kW

1

The approved capacity is 3000 t/d. The maximum daily output in recent years has been between 2700 to 2795 tonnes.
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The Kollenbach plant was modified in the beginning of the 21st century and was then-equipped
with a feeding system for secondary fuels, such as animal meal6 (MBM), various fluffy
materials, and shredded tires. Table 14 shows what fuels were used 2009, and the share of each
type.
Table 14. Fuels used at the Kollenbach plant in 2009, and the share of each type of fuel (CEMEX-DE, 2010c).

Share from total
input fuel energy
36.8%
28.0%
24.7%
8.1%
1.9%
0.5%

Fuel type
Fluffy Materials
Animal Meal
Coal
Lignite
Tires
Light Fuel Oil

At Kollenbach, several different types of cement with high portions of clinker (such as CEM I or
CEM II) and several other intermediates products (mainly composed of clinker) are produced.
The intermediate products produced at Kollenbach are shipped to the Schwelgern and Dortmund
plants.

1.6.2

Schwelgern

Schwelgern is a grinding and mixing plant (no kiln - no clinker production) at Duisburg, that has
been a part of Cluster West since 1998. It is co-located with the Thyssen Krupp Steel plant,
producing steel and getting blast furnace slag as a byproduct. In accordance with a special
agreement, this company see to that slag is quenched by water in order to convert it to GBFS,
which is then delivered to CEMEX/Schwelgern. As stated before, due to its cementitious
properties GBFS can substitute clinker. For example, products such as CEM III (depending on
their sub-types) can have between 36 to 95 percent GBFS in their composition (see Table 6).
The produced GBFS is sent to the Schwelgern plant by an electrical conveyer system. Some of it
is sent to the Dortmund plant by rail. In order to reduce the moisture content of the GBFS used at
Schwelgern, CEMEX uses coke gas and lignite fuel to dry it (CEMEX-DE, 2010a).
The annual cement production capacity of the Schwelgern plant is about 1 million tonnes.
Various so-called blast furnace cements (CEM III) are produced such as CEM III/A and CEM
III/B having different properties and GBFS contents.

1.6.3

Dortmund

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

6

Animal meal is also called animal “meat and bone meal” (MBM).
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in special silos in order to produce various cement products, mainly CEM III/A. Most of the
GBFS at Schwelgern (or more correctly directly from the steel plant close to the Schwelgern
plant) is shipped to the Dortmund plant by rail and the remaining part is sent by road
transportation.
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2 Methodology
2.1 Literature reviews
Several literature reviews have been conducted during this project, briefly described in this
section. In the beginning, the authors wanted to learn more about cement production. The papers
and reports mentioned as references in section 1.5 provided important information for that
purpose. It was also essential to gain knowledge about how LCA-studies concerning cement
should be conducted from a methodological perspective and to get information about common
results for this industry, to be used for comparison. Therefore, 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 broad overview of important issues and common choices (standard
procedures).
Several academic papers and reports (published during the last ten years) about LCA-studies of
cement production were collected and analyzed. It provided information regarding issues such 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 of the papers/reports were chosen for a more in depth analysis: Josa et al. (2004), Lee and
Park (2005), Navia et al. (2006), Flower and Sanjayan (2007a), Pade and Guimaraes (2007),
Huntzinger and Eatmon (2009), Boesch et al. (2010), Boesch and Hellweg (2010), Chen et al.
(2010a), and Strazza et al. (2010).
This literature review covered many important issues and facilitated the LCA studies within the
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 is introduced in section 2.5 (see Figure
15, for example) and applied in chapter 7 and 8.
This literature review was performed considering the concepts of Industrial ecology (IE) which
emphasizes on:
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1. Flows of material and energy: Studying the flows of material and energy related to
industrial activities can provide a basis for developing approaches to close cycles in a
way that environmental performance of these activities are improved (Boons and
Howard-Grenville, 2009).
2. Integration: Industrial systems should be viewed in integration with their surrounding
systems, not as isolated entities (Graedel and Allenby, 2003).
3. No waste in industrial ecosystem: The energy and material efficiency of industrial
systems can be improved by using the effluents of one industrial process as the raw
material of another process (Frosch and Gallopoulos, 1989). To mimic the rather closed
loops of nature is a key idea of industrial ecology.
Based on these three points and considering cement production, the following issues seemed
important for the literature review:
1. To study all major streams of material and energy related to cement production.
2. The relationship and integration between the cement production plants and other relevant
streams of surrounding industrial and societal systems.
3. All waste materials and energy streams should be viewed as potentially useful internally,
or for other industrial processes.
In order to visualize these essential points, it was helpful to consider a conceptual cement
production system with the main categories of energy and material streams (Figure 8).

Products

Fuels

Cement Plant

Feedstocks

CO2

Heat

Electricity
Other
by-products

Closing flows
Integration

Figure 8. Conceptual model of a cement production system.

The following major streams are recognizable in any typical cement production plant: feedstocks
(materials), fuels (energy and materials), electricity (energy), products (materials), CO2 from
incineration of fuels and the calcination process (materials or emissions), excess heat (energy),
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and other streams in terms of emissions, wastes, or byproducts, that can be categorized as “other
by-products”. In addition, there are several actual or potential means to use the excess streams in
other industrial processes, either by closing the flows (reuse, recycling) or by integrating cement
production with other industrial processes.
The elements identified in this conceptual model of cement production were used as the main
“guidelines” for the literature survey. Ideas which were directly or indirectly (but meaningfully)
related to any of these elements were collected and compiled. For instance, publications that
address topics such as “cement production” and “CO2 emission reduction” (or similar terms and
combinations) have been considered.

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 related to Cluster West – case specific information.

2.2.1

Site visits

Before the project started, in September 2010, two of the project participants from Linköping
University met with some managers from CEMEX in Germany and discussed the project.
CEMEX then presented the company, the Cluster West, 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 Linköping
University visited all the three sites within Cluster 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 gave the opportunity 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 knowledge about 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 LCA study. 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 fuels that 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 Linköping University requested, concerning the
year of 2009.
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To facilitate the management of the data, an extensive input/output tool was created using
Microsoft Excel. It provided structure and the necessary utility of converting and linking the
inputs/outputs of the Cluster West, that were originally expressed in annual figures for each
plant, to the functional unit of the LCA study, expressed as 1 tonne of cement product.
As previously described, a lot of site-specific data has been collected. In addition to the
mentioned categories of data, CEMEX also provided data about heat values of fuels,
transportation and CO2 emission factors for incineration of the fuels at Kollenbach. The sitespecific data was valid for the production in 2009, which was the most current data available for
Cluster West when 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 study is cradle-to-gate, meaning that it covers
all phases from the extraction of raw materials to finished cement products at “the gate” of
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 associated with infrastructures such as construction of
the cement plant or other supporting infrastructures such as construction of roads, rail roads,
electricity networks and their wear and tear and similar processes are not considered. However in
order to roughly evaluate the impacts associated with these infrastructural processes, a test was
performed using generic information of the Ecoinvent database. It showed that the impact of
including infrastructural processes in the LCA model concerning clinker production increased
the overall CO2 emissions less than one percent. Consequently, the exclusion was reasonable and
it also lead to a better consistency.
Quality of data
To monitor the quality of the data used in the LCA modeling, a method based on the work by
Weidema and Wesnæs (1996) was applied. This method considers several 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 is known as “Pedigree matrix of data quality indicators” which is presented in Table 15,
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Table 15. Pedigree matrix for evaluating quality of data used in the LCA inventory (Weidema and Wesnæs, 1996)
Indicator
score
Reliability

1

2

3

4

5

Verified a data
based on
measurements b

Non-verified
data partly
based on
assumptions

Qualified
estimate (e.g. by
industrial
expert)

Non-qualified
estimate

Completeness

Representative
data from a
sufficient
sample of sites
over an
adequate period
to even out
normal
fluctuations

Verified data
partly based on
assumptions; or
non-verified
data based on
measurements
Representative
data from a
smaller number
of sites but for
adequate
periods

Representative
data from an
adequate
number of sites
but from shorter
periods

Representativeness
unknown; or
incomplete data
from a smaller
number of sites
and/or from
shorter periods

Temporal
correlation

Less than three
years of
difference to
year of study
(2009)
Data from area
under study

Less than six
years difference

Less than 10
years difference

Representative
data but from a
smaller number
of sites and
shorter periods;
or incomplete
data from an
adequate
number of sites
and periods
Less than 15
years difference

Average data
from larger area
in which the
area under study
is included

Data from area
with similar
production
conditions

Data from area
with slightly
similar
production
conditions

Data from
unknown area or
area with very
different
production
conditions
Data on related
processes or
materials but
different
technology

Geographical
correlation

Data from
Data from
Data on related
processes and
processes and
processes or
materials under
materials under
materials but
study but from
study but from
same
different
different
technology
enterprises
technology
Allocation is not Allocation is
Allocation is
Allocation is
Allocation is
Allocation c
required (system required and the required and the required but the
required but is not
expansion)
method for
method for
method for
performed
allocation is
allocation is
allocation is not
clearly
roughly
described
described
described.
a
Verification by site-specific checking, recalculation, energy or mass balance, or cross-checking with other
sources.
b
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.
C
This indicator was not included in the original model developed by Weidema and Wesnæs (1996) and is added
for better evaluation of data quality
Technological
correlation

Data from
enterprises,
processes and
materials under
study

Age of data
unknown or more
than 15 years of
difference

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 sources: i.e. data 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 CEMEX, was collected from generic sources such as available
LCA databases (mainly from the Ecoinvent database). 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 system were 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 discussed if site-specific data
should be requested instead.
Whenever data about materials or fuels was unavailable from 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 materials 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 chapter 2.3.5). 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 average conditions. 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 previous LCA 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 have utilized LCA databases, especially regarding the emissions
related to upstream processes (Nisbet 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 work, the project participants from Linköping 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 assessment (LCA)
2.3.1

LCA, compliance with ISO 14040-series

Life cycle assessment, also referred to as LCA, is used to identify and assess a product’s
environmental aspects and the potential associated environmental impacts. As the name
indicates, the method is based on a life cycle perspective, meaning that environmental aspects
and potential impacts are studied for all phases of a product's lifetime – from cradle-to-grave
(ISO 14044, 2006). The following five overall phases exist (see also Figure 9):
1. Extraction of raw materials –extraction of raw materials in nature, i.e. raw materials that are
relevant for the studied product.
2. Material production – including all phases between the extraction and product manufacturing,
for example, processing of raw materials and manufacturing of components of the final product.
3. Product manufacturing – the manufacturing of the final product, i.e. the studied product.
4. Use – the phase where the product is used.
5. End-of-life treatment – the handling of worn-out products.
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CEMEX Cluster West
cradle to gate
product system

Extraction of
raw materials
T

Production of
materials and
components
Natural
resources

T

Emissions and
waste to the
environment

Product
manufacturing
T

Energy
T

Use

T

End of life
treatment

Figure 9. Illustration 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 process shall be based on four mandatory elements: goal and scope definition,
inventory analysis, environmental impact assessment and interpretation of results (see Figure
10).
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Figure 10. Basic elements of the process of working with a life cycle assessment.

Goal and scope definition
To ensure that the outcome of the study is consistent with its objectives, it is important to express
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 including the 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 related – which forms the
basis for calculations. Other important issues concern the:






System boundaries – simply, what is included and excluded.
Major assumptions – important choices/assumptions made when, e.g., information is
missing or is not specific enough.
Allocation principles – are relevant when exact partition of environmental loads is not
possible (reasonable), e.g., when several products share the same process.
Data quality – how accurate the data is, especially data that has large impact on the final
results.
Methodology for the environmental impact assessment – there 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 impact categories are chosen to represent the result of the study.

There is no set sequence for when these elements should be performed as the working process is
iterative, but having the limits of the scope determined early in the process is important for the
subsequent work.
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Inventory analysis
During the inventory analysis the data necessary to later quantify the potential environmental
impacts of the product system is collected and managed. This to a large extent means mapping of
relevant material and energy flows. 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 (depending on the
chosen functional unit).
Environmental impact assessment
The environmental impact assessment phase is 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 material and energy flows from the inventory
to the selected environmental impact categories. This means that the flows of water, raw
materials, energy, emissions, etc., are allocated between the impact categories. For example,
some emissions might cause several different types of impacts (like NOx), while others mainly
are of relevance concerning one category (like CO2).
Each inventory data's potential share to the environmental impact category is calculated by using
characterization factors. The result of such characterization provides the basis for both
interpreting and concluding the work (ISO 14040, 2006).
Interpretation
Together with the goal and scope of the study, results from the inventory and environmental
impact assessment form a foundation for the interpretation process. It involves an examination of
the entire work and may lead to an iterative process, 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 checks. It should also lead to conclusions or
recommendations (ISO 14040, 2006). Early in a LCA project that is iterative, the interpretation
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 formulated with the aim to
inform “external parties” about the study and the results.

2.3.2

System definition and implementation

In accordance with the previous sections, LCA-studies are commonly performed having a lifecycle perspective - i.e. the cradle-to-grave. For cement that would typically include the
environmental impact from extraction of raw materials, production and upgrading of materials,
cement manufacturing, use phase and finally the end-of-life phase. However, in this project the
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final stages of the cement life cycle, the use and end-of-life phase, have been excluded since an
important objective is 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 complex (Huntzinger and
Eatmon, 2009) in a similar study have used the same assumption). To have a scope from cradleto-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 cement (Huntzinger
and Eatmon, 2009; Boesch and Hellweg, 2010; Chen, Habert, Bouzidi, Jullien, and Ventura,
2010a). The decision regarding system boundaries was taken in consultation with CEMEX.
Figure 9 gives an overview of the studied 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 to CEMEX. 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 CO2 emissions related several 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 available.
After completing the inventory process, classification and characterization of the inventory data
was initiated. It was already decided only to study the impact category of climate change. The
classification and characterization were conducted using an Excel tool, for structuring and
normalizing the inventory data to the functional unit of the study, and the LCA software SimaPro
7.3. SimaPro attributes the related environmental impact to the product system's inflows and
outflows.
Finally, the interpretation phase was conducted, based on the previous parts including the
characterized results. Sensitivity and uncertainty analysis were conducted to verify the credibility
of results and to test the specified conditions 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 related to it (ISO 14044, 2006).
Since the use and end-of-life phases are excluded in this study, the key service delivered by
cement is not included. Therefore it was most reasonable to have the production of 1 tonne of
cement ready for shipment, as 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 similar studies, i.e. LCA
studies of cement with a scope including “cradle-to-gate” (Josa et al., 2004; Boesch and
Hellweg, 2010).

2.3.4

Spatial and temporal boundaries

The “cradle-to-gate” LCA data received from CEMEX is based on the annual cement production
of the Cluster West in 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 the Ecoinvent database was 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 geographically relevant data as possible.
Climate impact occurs on a global scale regardless of where the emissions are emitted and 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 horizon set to 100 years to reflect the viability
of greenhouse gases in the atmosphere over time (Frischknecht 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 anyway, regardless of being
inputs to Cluster West. Thus, 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 has been included, 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:





Animal meal and bone meal (MBM), which is a special fraction of slaughterhouse waste.
All fluff materials include waste fractions from the municipal waste treatment that has
been grinded and mixed together.
Shredded tires – due to tires being shredded.
Granulated Blast Furnace Slag (GBFS) – as 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 project (Boesch and Hellweg, 2010; Chen, Habert,
Bouzidi, Jullien, and Ventura, 2010b), while others use system expansion (Lee and Park, 2005)
or do not clarify this issue (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 several reasons 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 section 4.5.2) and it is a material that can be bought on a
market. In comparison to other “waste materials” the amounts of GBFS used within Cluster West
is much higher and it is related to the steel industry contributing to significant 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 study of this project, forming the foundation of the study, only the impact
caused by upgrading has been considered. But to complement the picture, additional allocation
has been done for the GBFS. This means that a portion of the potential climate impact from the
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 principles is controversial and can a have large influence on
the final results (Reap et al., 2008). Economic allocation has been applied as shown in Figure 11
(more information about allocation can be found in section 4.5.2).
Economic allocation coefﬁcient
=
of by-product

Economic allocation coefﬁcient
=
of GBFS

($ x mass) by-product

($ x mass) main product + ($ x mass) by-product

($ x mass) GBFS
($ x mass) Pig iron + ($ x mass) GBFS

$ x mass: Price per unit of the materials ($) multiplied by the mass of
materials produced during the process (mass).
Figure 11. Formula used for economic allocation between main product (Pig iron) and by-product (GBFS) (Chen et
al. 2010a)

Staff from CEMEX has helped concerning how to allocate the site-specific 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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The use of electricity for upgrading fluffy materials (a type of fuel based on various
municipal solid wastes which is used in Cluster West) is assumed to be 30 kWh / tonne of
fluffy material. This value is based on an average value from preparing plastic based fluff
and fluff based on cellulose material (cardboard, wood, paper) (Boesch and Hellweg, 2010).
A generic LCA data set from Ecoinvent was used to describe the impact related to production
of tallow. This process was assumed similar to the one producing animal meal and bone meal
(MBM) from slaughterhouse waste. The documentation of this process provided by
Ecoinvent, confirms that this process can be used for modeling MBM.
The use of generic data from Ecoinvent LCA database has been assumed to cover the
elementary flows between nature and technosphere. In all cases the choice of generic data
was done in a way to describe the real conditions as close as possible.
Road transportation of materials and fuels between suppliers and the Cluster West has been
assumed to be carried out by truck. CEMEX are today fulfilling safety requirements
regarding their road transports, e.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 chosen 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 furthermore assumed
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 impact is calculated as emissions of carbon dioxide equivalents (CO2-eqs), referring
to a model developed by the Intergovernmental Panel on Climate Chage (IPCC) called GWP100,
or Global Warming Potential 100. The global warming potential is an index used to assess the
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 equal to the climate impact of 21 kg of carbon
dioxide. The greenhouse gases are presented using the reference value kg carbon dioxide-eqs (kg
CO2-eq/kg emission) and are calculated based on how much they affect the global absorption of
heat radiation for a period of 100 years (Hischier et al., 2010).
The classification and characterization steps have been handled by the LCA software SimaPro,
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 environmental impact from 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 other is to study the
production system over time; for 1997, 2009 and to make estimations about the future. Hence,
the challenges exist:


To compare different products produced within the same production system.



To compare a reference product, produced within different production
systems/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 process is presented
in Figure 12 and each step is described in the following sections.

Baseline LCA
Model

1

more than 50
input variables

Product perspective:
Comparison of products
CEM I 42,5
CEM III/A 42,5
CEM III/B 42,5

KPI selection and definition

Conceptual
LCA Model

3

2

4

6 key variables
(KPIs)

Temporal development perspective:
Comparison of cement production systems in 1997, 2009, and future

1997

2009

future

Figure 12. Overview of the developed method based on LCA modeling

Different production systems are shown on the x-axis (the production system in 1997, 2009 and
future) and different LCA models (baseline model and conceptual model) are shown on the yaxis. The numbers from 1 to 4 show the order of the steps for different LCA modeling.
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2.4.1

Step 1: Baseline LCA model

The first step of the above-mentioned modeling process was the baseline LCA that has been
described in the previous sections, which was a rather typical, comparative LCA study. This
LCA model was based on large amount of data collected for the Cluster West, concerning the
year of 2009. The aim of this step was to compare LCA results for the three selected products:




CEM I 42.5
CEM III/A 42.5
CEM III/B 42.5

In order to model these products, several intermediate products (such as clinker) had to be
modeled as well. All related intermediate products and the inputs and outputs of energy and
materials required for production of these products were modeled in detail using the SimaPro
software, applying a “cradle-to-gate” perspective.
Step 1, based on all the main material and energy flows (more than 50 different flows), provided
a model with high level of detail. It gave information about the flows/factors that are most
important concerning climate impact.
Step 1 in itself led to many interesting results regarding clinker and the three selected products.
However, it is also formed an important ground for the other steps.

2.4.2

KPI selection and definition

In many situations, it is advantageous if the complexity of a problem 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 West it was relevant to see if there were any
parameters of special importance, referred to as Key Performance Indicators (KPI). These
indicators had to be selected and defined in such a way, that when combined, they represented
the product system and the adherent impacts fairly well. Using the baseline LCA model (step 1),
the most influential parameters concerning the CO2 emissions were identified and defined as
KPIs presented in Table 16.
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Table 16. List of the identified key performance indicators for conceptual LCA modeling

Key performance indicator (KPI)
KPI#1
KPI#2
KPI#3
KPI#4
KPI#5
KPI#6
KPI#7
a

2009

Name
Clinker substitution rate
CO2 emissions due to calcination
Specific energy consumption (fuel)
Share of renewable (biogenic) fuels
Specific energy consumption (electricity)
Share of renewable electricity
Share of alternative fuels

Unit
% weight
Kg CO2/t
MJ/t
% thermal energy
kWh/t
% electricity
% thermal energy

Value a
60%
541
3913
41%
69
0%
67%

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

These six KPIs (KPI#1 to 6) formed the basis of a conceptual LCA model, see step 2. KPI#7 has
not been used in the conceptual LCA model, because using alternative fuels does not necessarily
lead to reduction of CO2 emissions due to incineration of fuels. This aspect is instead reflected
by KPI#4. Although the KPI#7 was not used in the conceptual LCA modeling, it is presented
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 LCA model 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 2009) a virtual product known as
“Cluster West portfolio cement” was considered. The properties of this virtual product was
calculated from the weighted average of all the products in Cluster West. For instance, the
clinker-substitution-rate of the portfolio cement is calculated from the weighted average of the
clinker-substitution-rates of all products.
The Cluster West portfolio cement was modeled assuming that it consisted of the following main
components:




Clinker
Clinker substitutes (in Cluster West, that mainly means GBFS)
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 the CO2 emissions. In
addition, the data compilation of step 1 clearly showed that GBFS was used extensively as a
clinker substitute in many of the products of the Cluster West. Together these two components
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(clinker + clinker substitutes) represented about 90-95% of the total mass of the final product.
All remaining components were categorized as “Others”.
Based on the previous steps, the production system could be defined in a conceptual way as a
system that produces only “clinker “ and “Cluster West portfolio cement“ with the conditions
defined by the six KPIs. An overview of this conceptual production system is presented in Figure
13.

KPI#4:
Share of renewable fuels
(biogenic)

KPI#2:
CO2 emissions due to calcination

CO2

KPI#3:
Specific energy consumption
(fuel)

Fuels

KPI#5:
Specific energy consumption
(electrical)

Clinker
Kollenbach plant
(Clinker Production)

Portfolio
cement

Electricity
KPI#6:
Share of renewable electricity

KPI#1:
Clinker substitution rate

Cluster West (Portfolio
Cement Production)

Figure 13. Key performance indicators and the conceptual Cluster West production system for “clinker” and
”portfolio cement”.

To make it possible to compare different production systems, the conceptual LCA model for the
production system of Cluster West in 2009 was 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
Figure 14.
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Energy mix

Fuel mix

Electricity mix

Renewable (biogenic)
fuel mix

Renewable (carbon
neutral) electricity mix

Non-renewable fuel mix

Non-renewable
electricity mix

Figure 14. Energy parameters used for the calculation of KPIs

Each production system requires energy to operate – presented as its energy mix. For instance:
the Kollenbach plant energy mix in 2009, or the Cluster West energy mix in 1997, etc. The
energy mix has been defined as the percentage of the fuel and electricity content. The fuel mix is
composed of renewable fuel mix and non-renewable fuel mix, and similarly the electricity mix is
composed of renewable and non-renewable electricity mix.
Concerning the composition of each fuel mix, it was assumed that the composition of the fuels
used in Cluster West in 2009 was representative. Thus, in the conceptual model, the composition
of 2009 and the corresponding emissions were used for the calculations regarding other time
periods as well (historic and future). However, the share of renewable fuel mix of the total fuel
mix, and the share of electricity mix of total energy mix could vary. The same was true for
electricity and in the conceptual LCA model the electricity mix and the types of renewable or
non-renewable electricity 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 the SimaPro software.

2.4.4

Step 3: Conceptual LCA model 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 were assumed to be exactly same as
for 2009, except for the KPIs. For instance, and KPI#1 changed due to a lower rate of clinker
substation and KPI#4 was changed to reflect that the share of renewable (biogenic) fuels was
lower in 1997.
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2.4.5

Step 4: Conceptual LCA model for future

A possible future production system was modeled both qualitatively and quantitatively. The
qualitative modeling is introduced in section 2.5, concerning a future, improved production
system. Shortly, a framework was developed to evaluate different measures for reducing the
climate impact and the framework was applied for Cluster West resulting in a list of relevant
options for improvement.
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 historical case (for 1997), the KPIs were updated to reflect
the (possible future) improved production system.
Since there was no actual data regarding the future scenario, the first step of the modeling was to
evaluate the impact of each individual KPI on the CO2 performance of the Cluster West. This
was achieved by performing a sensitivity analysis on the conceptual model of 2009 assuming the
inputs of the model are KPIs and the output is the CO2-eq emissions. The sensitivity analysis
was performed by applying 1%, 5%, 10%, 20% and 50% changes (decrease or increase) on each
KPI and calculating the resulting change in the CO2-eq emissions from the considered product
(clinker or portfolio cement).
Knowing the sensitivity of the output (CO2 emissions) related to different KPIs, it was possible
to define some scenarios (cases) for a hypothetical future Cluster West and for each case a
conceptual model was created.

2.5 Framework for analyzing options for improvements
For the mentioned qualitative evaluation of CO2 improvement measures, an assessment
framework developed by Feiz (2011) was used. This framework has been developed 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 steps of this framework are presented in Figure 15.
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Part I:
Generic study

Part II:
Site-specific study

Step 6:
Result and analysis

Step 5:
Feasibility evaluation
(site-specific)

Step 4:
Feasibility evaluation
(generic)

Step 3:
CO2 improvement
evaluation

Step 2:
Classification

Step 1:
Collection

Figure 15. Assessment framework used for collection, classification and evaluation of CO2 improvement measures
in the Cluster West.

The used assessment framework consists of two main parts. In the first generic part CO2
improvement measures were collected, classified and evaluated for the cement industry in
general. In the second part, the applicability and feasibility of the identified measures were
evaluated concerning 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 in relation 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 selected, how allocation 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
standards, and 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 problems or challenges that should be addressed (IPCC, 2007b;
Rockström et al., 2009; World Watch Institute, 2010; United Nations, 2011). For 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 environmental impact, for example, being a
large contributor to emissions of greenhouse gases (Van Oss and Padovani, 2003).

3.1 Systematic studies of flows 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 methodological cornerstone is that overall information
about flows of materials and energy can be used to identify and assess relevant environmental
impacts – climate change in this case. This is not motivated in detail in this report, but the
interested reader can, for example, consider the following areas, points and references7:







The human life style has a great impact on the flows of material and energy (Ayres and
Ayres, 1996; Fischer-Kowalski and Haberl, 1997).
Industrial metabolism – a research area for improved understanding about the physical
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 impact (Ayres, 1992; Anderberg, 1998).
The meaning and role of environmental systems analysis and different tools used within
this field of research (Finnveden and Moberg, 2005), and especially concerning LCA
(e.g. Russell et al., 2005).
Industrial ecology and industrial symbiosis (see next section).

Shortly summarised, it is a common 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 applying a life cycle perspective. This 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 industrial symbiosis are regarded as key areas, they are described
more in detail.

7

Of which some are further explained in section 3.2.
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3.2 Industrial ecology, industrial symbiosis and other
“concepts” of relevance
Considering the description in chapter 1, “traditional” production of Portland cement can be
regarded as a rather 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 of supply chain management,
where a supply chain often is described or seen as linear flows of physical goods, information
and funds between companies and customers (Bansal and Mcknight, 2009) (referring to Mentzer
et al., 2001). Bansal 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 the many linear flows within the cement industry,
it is important to notice that large portions of the resources are non-renewable, for example,
involving a lot of fossil fuels. This means that “traditional cement production” faces many
critical challenges from a 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 loops (Isenmann, 2002; Baas, 2005).
Optimal application of material and energy streams with the aim to reduce the consumption can
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 industry, as
stated above, can be characterized as 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 (AFR) are examples of exchange. The potential
consequences 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 increase the potential of industrial
ecology (WBCSD, 2002).
At the global level, closing material loops is increasingly stimulated. Regional “green economy”
policies, circular economy, Cradle-to-Cradle (C2C) approaches (McDonough and Braungart,
2002) are instruments for more efficient and renewed material use. When industry starts to apply
the industrial symbiosis concept as turning waste into feedstock it is business practice. For
example, the CEMEX Cluster West has an industrial symbiosis link with the local steel plant.
The concept of industrial ecology was (re-)introduced by Frosch and Gallopoulos (1989) with
this definition:
“...In an industrial ecosystem the traditional model of industrial activity, in which individual
manufacturing take in raw materials and generate products to be sold plus waste to be disposed
of, is transformed into a more integrated system, in which the consumption of energy and
materials is optimized and the effluents of one process serve as the raw material for another
process…”.
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This description was seen by many industrial ecology authors as the metaphor for natural
ecosystems: these are very efficient processes in relation to energy use and due to the ability to
re-use all of the wastes generated because of the ability of different organisms to function
together in a system. Industrial ecology is perceived as the discipline learning 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 system (Baas, 2005).
Several definitions of industrial ecology have been developed. The different authors in the
industrial ecology field have used terms often with a biological analogy such as:




symbiosis (two heterogeneous organisms living together for mutual advantage),
metabolism (all processes in a living organism, by which energy and materials are taken
in and utilized), and
synergy (co-operation of different factors or organisms for a joint goal or performance).

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 purchasing of materials and energy
and providing waste as by-products for other companies. It also means a change towards a more
open stakeholder approach and a stronger embedding of sustainable industrial production within
society. The cement industry, characterized as the scavenger of the industry (Reijnders, 2007),
might explore that in further reflection of their role in a broader societal perspective.
The establishment of industrial symbiosis in China, Japan and South-Korea grows rapidly.
South-Korea has developed a Korean Eco-Industrial Park Master Plan 2005 – 2019 with the aim
to develop all industrial parks into Eco-Industrial Parks. Japan, since the 1973 oil crisis forced to
material and energy savings because of the lack of much own resources, had industrial ecology
as an integrated part of environmental zoning in several regions. Cement plants are integrated
partners in industrial settings in the Japanese and Korean policies. The 12th 5-year Planning
Guideline Programme in China is based on the Circular Economy Promotion Law including the
establishment of Eco-Industrial Parks. Given the size of the cement industry in China, and 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 identity and dynamics, they
can integrate external purchasing and co-operation 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 dominant model, the healthier response was found to
be: build on diversity. That means that companies’ management systems must be sensitive and in
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continuous interaction with their surroundings to make renewal in an open system development
possible.

3.2.2

Can IS be induced/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. On the basis 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 world-wide findings in empirical research on the barriers to new concepts such as
cleaner production and industrial symbiosis dissemination are illustrated in research by
Gunningham and Sinclair (1997) in Australia. They distinguish barriers both inside and outside
companies.
They found the following internal barriers in organizations:
 lack of information and expertise,
 low awareness of new concepts,
 competing business priorities, in particular the pressure for short-term profits,
 bounded rationality in decision-making processes,
 financial obstacles,
 lack of communication in firms,
 middle management inertia,
 labour force obstacles,
 difficulty in implementing cleaner technology.
They found the following external barriers for organizations:
 the failure of existing regulatory approaches,
 difficulty in accessing cleaner technology,
 difficulty in accessing external finance,
 “improper” economic incentives,
 an absence of markets for recycled goods,
 economy cycles.
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 time, a breakthrough in
application is seen world-wide. Often a mixture of drivers is found, starting from traditional
drivers such as new governmental policies (regulation and facilitation of business-based
approaches) and financial benefits for the company and its supplying and receiving company.
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Under the sustainability and corporate social responsibility regimes, the community outreach for
mutual understanding and trust is basis for a “license to operate”. At top of all, we realize that
resources are getting scarce and expensive, and that a prudent use in closed loops becomes more
and more “every day’s practice”.
We see often that a strong sense of common fate in new concepts is more shared by individuals
than by organizations. Typically, these individuals work in 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 network of company representatives that contributes
to new perspectives on organizing 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 many different disciplines and theoretical areas are relevant for this
project, including methodological aspects. A lot of them are closely linked and overlapping – see
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
the approach. Environmental systems analysis’ perspectives and methods have played an
important part. Shortly, this means that it has been important to define the system – the scope –
both including the product system and environmental impact categories. For the selected system
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 framework emphasizes that it is very relevant to analyze the flows and
the improvement measures considering the geographical scope and interorganizational
relationships. One of the main points of Bansal and McKnight (2009) is that it might be
advantageous to complement the “looking forward and pushing backward” (the traditional
supply chain view) with “peering sideways”. This means to adopt one of the key ideas of
industrial symbiosis – to look outside the traditional supply chain for options to improve the
resource efficiency.
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4 Baseline LCA for CEMEX Cluster West in 2009
In this chapter, the 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 last sections of the
chapter deal with data uncertainty and the sensitivity analysis.

4.1 Life cycle inventory analysis of studied products
Extensive amounts of site-specific data has been collected and also generic LCA data from
literature and Ecoinvent. Annual data has 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 of 1 tonne of clinker/cement. In Table 17, the
required amounts of inputs such as materials, fuels, transportation and electricity are presented
for the production of 1 tonne clinker and the cement products.
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Cement production
(Kollenbach, Dortmund and Schwelgern)

Clinker production
(Kollenbach)

Table 17. The required amounts of inputs in the form of materials, fuels, transportation and electricity for the
production of 1 tonne of different products. This is based on the inventory analysis for the Cluster West in 2009

a

Energy requirement or raw material composition for 1 tonne of cement product
Products
Unit
Clinker
CEM I
CEM III/A 42.5 CEM III/B 42.5
High Grade Limestone
kg
502
Lime Sludge
kg
7
Crushed marly limestone
kg
1002
35
Refractory waste
kg
0.5
Animal Meal
MJ
1098
Fluffy Material
MJ
1440
Tires
MJ
72
KILN-Coal
MJ
968
Light Fuel Oil
MJ
17
Lignite
MJ
316
Transport (road)
tkm
32
3.2
Transport (rail)
tkm
26
Electricity
kWh
69
a
kg
896
3
Clinker
Clinker-RA a
Clinker meal

a

Other intermediate products a
Bypass dust
GBFS
GGBFS - fine a
Gypsum (normal, 90/10, REA)
Additives
Coke gas
Natural gas
Transport (road)
Electricity

kg

-

-

-

-

kg

-

-

4

-

kg
kg
kg
kg
kg
kg
MJ
MJ
tkm
kWh

-

24
45
2
49

612
0.1
3
377
0.4
9
0.0006
1.1
6

397
603
1

Energy or material required for production of clinker, clinker meal, or other intermediate products
are not shown in this table.

Note: In the table above, the numbers include values which are directly used for each product.
Therefore the numbers do not include the required transport or fuel demand for intermediate
products used in the production of CEM I, CEM III/A or CEM III/B. Those figures were
calculated in the model, but are not presented here.
The majority of direct inputs of raw materials to the Cluster West were related to the production
of clinker at the Kollenbach plant (Table 17). The direct input of raw materials was significantly
smaller for the rest of the cement products since their main inputs were coming from
intermediate products also produced within the Cluster West (the material and energy
composition for intermediate products are not presented in detail in this report). Most of the fuel
within the cluster is burned at the kiln of Kollenbach. Only small amounts of fossil fuels, i.e.
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natural gas and coke gas, are used for the production of CEM III/A 42.5 and CEM III/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 GBFS, gypsum and other additives.
As mentioned before, many different intermediate products (also called pre-products) are
produced within Cluster West. These intermediate products are 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 cycle data inventories, in
the baseline LCA. But due to the complexity of the flows they are not easy to visualize in detail.
However, Figure 16 shows an overview of the material and energy flows, as well as the products
and intermediate products for the “cradle-to-gate” production of clinker and cement.
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Figure 16. 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 products and intermediate 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 materials (such as
gypsum and other additives).

59

Table 18. The composition of the studied cement products and intermediate products.

Product or
intermediate product

Clinker
Bypass dust
GBFS
GGBFS standard
GGBFS fine
Clinker meal
HPS-1
HPS-2
CEM I 42.5 R
EPZ-H
HP-A4
HP-A5
CEM III/A 42.5
HP-B4
CEM III/B 42.5 N-.

4.1.1

Producing site

Composition
Clinker
%
100%
0%
0%
0%
0%
66%
79%
91%
90%
66%
67%
0%
47%
62%
25%

Kollenbach
Different sites
Schwelgern
Dortmund, Schwelgern
Dortmund, Schwelgern
Kollenbach
Kollenbach
Kollenbach
Kollenbach
Dortmund
Dortmund
Dortmund
Dortmund
Schwelgern
Schwelgern

Clinker substitutes (GBFS)
%
0%
0%
100%
100%
100%
0%
0%
0%
0%
27%
23%
27%
45%
24%
70%

Others
%
0%
100%
0%
0%
0%
34%
21%
9%
10%
7%
10%
73%
8%
14%
6%

Calcination

The CO2 emissions due to calcination can be calculated in two ways: (1) based on the CaCO 3
and MgCO3 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 CO2 emissions due to calcination
were calculated based on the CaCO3 content of the raw meal. The result of this method was
based on the inventory of the input received from CEMEX as presented in Table 19. According
to this method, the calcination emission for clinker production was 513 kg CO2 for each tonne of
clinker produced.
Table 19. Calculation of CO2 emissions due to calcination based on CaCO3 content of the raw meal
Type of input Material

CaCO3 content
wt. %

Marl
Limestone
Lime sludge

68%
95%
93%

Total amount
tonne/year
820031
410728
5794

Total CaCO3 content Total CaO
tonne/year
557539
390684
5373

Total Calcination CO2

Calcination CO2

tonne/year
tonne/year
kg/tonne clinker 1
312222
245317
300
218783
171901
210
3009
2364
3
Total calcination CO2 per ton clinker
513

Due to uncertainties regarding the CaCO3 (or MgCO3) variability in the raw meal (which was the
basis for the first method) a second method was also considered. The CaO content (percent of
weight) was provided by CEMEX and total CO2 emissions due to calcination were calculated
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based on the value suggested by IPCC (2000) which is 785 kg CO2 for each tonne of CaO in the
clinker. The result of this calculation is presented in Table 20.
Table 20. Calculation of CO2 emissions due to calcination based on CaO content of the clinker

CO2 emissions for 1
CaO content of clinker

tonne CaO a

% (weight)
66.3%
a

kg CO2 / t CaO
785

Calcination CO2
kg/tonne clinker 1
520

According to IPCC (2008)

CEMEX has estimated the emissions due to calcination to be slightly higher than these figures.
Therefore, in order to consider the worst-case, the value provided by CEMEX that was 525 kg
CO2 / tonne clinker was used.
In order to also account for the emissions due to calcination from the bypass dust, an additional
3% was added, ending up with 541 kg CO2 for each tonne clinker produced. It is important to
mention, that these figures are in line with recommendations from WBCSD WGC (2001), which
suggest 525 kg CO2 per tonne clinker due to calcination and IPCC’s recommendation about
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 1 tonne of clinker in the CEMEX Cluster West in 2009 was,
according to the baseline LCA, 850 kg CO2-eq (“cradle-to-gate”). The majority of CO2-eq
emissions for the clinker (“cradle-to-gate” life cycle) came from the production process inside
the Kollenbach plant (Table 21) - this contribution was about 88% of the total climate impact
from the clinker life cycle. The main reason for this wss of course the calcination of raw meal
which contributed with about 64% to the total impact from the life cycle. The second and third
most contributing processes can also be found within the Kollenbach plant - the incineration of
kiln coal and fluff (silo) that emitted about 10% and 8% respectively. This was not surprising
since relatively large amounts of these fuels are incinerated to produce 1 tonne of clinker.
The part of the life cycle where raw materials are extracted, upgraded and transported to the
Kollenbach plant contributed to 12% of CO2-eq emissions for clinker. This was mainly due to
the electricity used for production of clinker and the animal meal that is used as alternative fuel.
Each contributed to about 5% of the total emissions from clinker. Since the emissions related to
electricity occur where the electricity is produced, it has been accounted 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 rendering plant as
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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 CO2-eq emissions related to road transportation of fuels and materials have been aggregated
in the table below. In addition, rail transportation has been used for one material. Together, the
transportation contributed to less than 0.5% of the total impact, for clinker.
Table 21. The contribution to CO2-eq emissions from the different processes in the life cycle of clinker.

Production
Gate-to-gate

Raw material extraction
Cradle-to-gate (entrance)

Life cycle
phase

4.2.2

Processes
Electricity (German mix)
Upgrading of animal meal
Kiln coal
Transport (road)
Calcareous marl
Transport (rail)
Upgrading of fluff (silo)
Limestone
Refractory waste
Light fuel oil
Lignite
Upgrading of fluff (kiln)
Upgrading of tire
Upgrading of fluff (agglomerate)
Total raw material extraction phase
Calcination of raw materials
Incineration of kiln coal
Incineration of fluff.silo
Incineration of lignite
Inciniration of tires
Incineration of fluff.agg
Incineration of fluff.kiln
Incineration of light fuel oil
Total production phase
Total clinker cradle to gate life cycle

Emissions
kg CO2-eq / 1 tonne clinker
46
39
12
3
2
1,0
1,2
0,9
0,6
0,3
0,2
0,1
0,1
0,0
106
541
89
71
31
4,7
3,2
2,0
1,3
744
850

Share
%
5%
5%
1%
0,3%
0,3%
0,1%
0,1%
0,1%
0,1%
0,03%
0,03%
0,01%
0,01%
0,003%
12%
64%
11%
8%
4%
0,6%
0,4%
0,2%
0,2%
88%
100%

Impacts from the CEM I 42.5 life cycle

The climate impact for producing 1 tonne of CEM I 42.5 was 779 kg CO2-eq (“cradle-to-gate”).
A dominant part of the emissions was related clinker (almost 96%), since CEM I 42.5 contains
about 90 weight-% clinker. The remaining emissions (~ 4%) were mostly related to the use of
electricity for grinding and mixing the cement (Table 22).
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Table 22. The contribution to CO2-eq emissions from the different processes in the life cycle of CEM I 42.5

Processes

Emissions
kg CO2-eq / 1 tonne cement

Clinker
Electricity
Transport (road)
Calcareous marl
Gypsum mineral
Bypass dust

746
33
0.3
0.1
0.0
0.0
779

Total

4.2.3

Share
%
96%
4%
0.03%
0.01%
0.001%
0.000%
100%

Impacts from the CEM III/A 42.5 life cycle

For CEM III/A 42.5, the emissions for producing 1 tonne were 452 kg CO2-eq. This product
consists of about 47% clinker, 45% clinker substitutes and 8% of other materials (see Table 18).
According to Table 23, the climate impact was mainly caused by four intermediate products:
HPS-2, HP-A4, EPZ-H and GGBFS fine. These intermediate products were only used for
internal purposes in Cluster West and a summary of their composition is presented in Table 18.
Their aggregated contribution was together about 97% of the total CO2-eq emissions for CEM
III/A 42.5. These intermediate products, except for the GGBFS-fine, contain a lot of clinker
material; in the range of 66%-91% of their total weight. The impact from GGBFS fine was 4.5%
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 in the section 4.2, include no allocated climate impact from the production of iron to the
GBFS. The issue of allocation is discussed in section 4.5.2.
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Table 23. The contribution to CO2-eq emissions from the different processes in the life cycle of CEM III/A 42.5

Processes

Emissions

Share

kg CO2-eq / 1 tonne
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 a
GBFS

0
0
Total

a

4.2.4

0%
0%
100%

452

Bypass dust emissions are considered in calcination of raw meal
(clinker production) emissions.

Impacts from the CEM III/B 42.5 life cycle

The cement product with the smallest clinker share was CEM III/B 42.5, with about 25% of its
weight consisting of clinker (Table 18). The total emissions were 265 kg CO2-eq, for the
production of 1 tonne (“cradle-to-gate”). CEM III/B 42.5 is mainly composed of clinker
substitutes of which a dominant portion is GGBFS fine. Its contribution to the total climate
impact was around 11% (Table 24). This was again due to the electricity use for upgrading
GBFS to GGBFS fine. The main contributor to emissions was the clinker based component
called HP-B4. Its contribution to the total emissions of 265 kg CO2-eq was almost 87%.
Table 24. The contribution to CO2-eq emissions from the different processes in the life cycle of CEM III/B 42.5

Processes

Emissions
kg CO2-eq / 1 tonne cement

HP-B4 (intermediate product)
GGBFS fine (intermediate product)
KLMB (intermediate product)
HPS-2 (intermediate product)
Electricity, high voltage, production DE, at grid/DE U
Total

64

230
30
2
2
0,7
265

Share
%
87%
11%
0,9%
0,9%
0,3%
100%

4.3 Comparison of 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 recycling). The 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 products (as presented in Table 21 to Table 24)
has in this section been compiled in relation to the share of clinker and clinker substitutes.
Studying Table 25 and Figure 17 below, it is apparent that less clinker implies reduced CO2-eq
emissions. The CEM I 42.5 product contain the largest share of clinker of all studied products
(except for clinker - considered an intermediate product) 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.
Table 25. Comparison of selected products produced at Cluster West in 2009

Products

Production plant

Clinker
CEM I 42.5
CEM III/A 42.5
CEM III/B 42.5
Portfolio cement (conceptual LCA)

Kollenbach
Kollenbach
Dortmund
Schwelgern
Cluster West

Clinker-to- GBFS-toOther
cement ratio cement ratio contents
%
%
%
100%
90%
47%
25%
40%

0%
0%
45%
70%
53%

0%
10%
8%
5%
7%

Clinker
substitution rate Emissions
%
kg CO2-eq/tonne
0%
10%
53%
75%
60%

850
779
452
265
385

In section 2.4 the conceptual LCA model was presented and the conceptual cement (a kind of
average cement). It was interesting to compare the impact of the conceptual cement impact to the
impact of the existing, selected products. Based on the clinker content and share of clinker
substitutes, the conceptual cement was placed somewhere between the CEM III/A 42.5 and CEM
III/B 42.5. Not surprising, the same was true for the emissions.
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Figure 17. Results of baseline LCA model for selected products produced in Cluster West in 2009

4.4 Data uncertainty analysis
There are many sources of uncertainty in a LCA study. In order to estimate the influence of data
uncertainty on the result of baseline LCA (Figure 17), an uncertainty analysis was performed.
The uncertainty analysis was performed on the data from statistical source and not on the data
received directly from CEMEX. The site-specific information did not contain any uncertainty
ranges (such as standard deviation and other descriptors). The generic data from the Ecoinvent
LCA database was described with uncertainty ranges and thus was included in the uncertainty
analysis. In short, the statistical data was the only data that was considered in the uncertainty
analysis. The uncertainty analysis was performed using the SimaPro software for the baseline
and conceptual LCA models for portfolio cement in 2009 (see Figure 18).
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Figure 18. Result of the data uncertainty analysis for the results of baseline LCA in 2009

The uncertainty analysis was performed by applying 95% confidence interval. The values of
uncertainty in all the studied products were less than 5% of their corresponding emissions.

4.5 Sensitivity analysis
4.5.1

Sensitivity analysis of the LCA concerning clinker

Since the clinker content had a big influence on the climate impact of the studied cement
products a sensitivity analysis was performed to see how changes of individual parameters
influenced the total environmental impact from the clinker life cycle. In all sensitivity cases the
parameters have been changed by 1% compared to the actual situation in the CEMEX Cluster
West in 2009. The result of each change has been compared to the impact from clinker in 2009
that was 850 kg CO2-eq.
Studying the result of sensitivity analysis (see Table 26), it is obvious that the parameter showing
the emissions due to calcination influenced the total climate impact the most. Decreasing the
calcination by 1% would lead a 0.64 % reduction of the total result (emissions). The table also
shows the impact of altering other parameters 1% (including corresponding compensation of
others).
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Table 26. Sensitivity analysis for clinker, showing the impact of 1 percent changes of main inputs on the life cycle
CO2-eq emissions of clinker.
Clinker
Emission
Case title
Baseline
Calcination of raw materials
Alternative fuel (fluff.silo)
Fuel (kiln coal)
Electricity
Fuel (lignite)
Transport
Alternative fuel (fluff.kiln)
Alternative fuel (tires)
Alternative fuel (fluff.agg)

4.5.2

Description of change
Clinker produced in Kollenbach in 2009
Decrease calcination emission by 1%
Increase fluff.silo by 1% (replace Kiln coal)
Decrease kiln coal by 1% (replaced by MBM)
Decrease electricity consumption by 1%
Decrease lignite by 1% (replaced by MBM)
Decrease total transport distance by 1%
Increase fluff.kiln by 1% (replace Kiln coal)
Increase tires by 1% (replace Kiln coal)
Increase fluff.agg by 1% (replace Kiln coal)

Change

(kg CO2-eq/tonne) (kg CO2-eq)
850,05
844,64
849,37
849,38
849,60
849,85
850,02
850,02
850,02
850,04

0,00
-5,41
-0,68
-0,67
-0,46
-0,20
-0,04
-0,03
-0,03
-0,02

(%)
0,000%
-0,636%
-0,081%
-0,079%
-0,054%
-0,024%
-0,004%
-0,004%
-0,003%
-0,002%

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 LCA (ISO 14044, 2006), the environmental burden of
waste of other production systems should not be accounted for by the user of the waste. Only
impact in relation to energy, materials, etc., required for upgrading the waste and transportation
of it should be included. Therefore, if BFS8 is seen as waste, only the impact due to converting it
to GBFS, and transportation related to the granulation and delivery to CEMEX should be
considered. However, the process 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

Blastfurnace

Iron

BFS

GBFS
Figure 19. Production of iron implies production of BFS that can be converted to GBFS by rapid 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, instead as a byproduct having an
economic value and therefore “sold” to the users (for instance cement producers). Then the iron
production plant is 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 methodology, that
depends on the definition of BFS: is it a waste or a byproduct (Figure 19)?
European Union has some criteria for defining industrial excess material as byproducts.
According to the European Union directive regarding wastes (European Parliament, 2008):
“a substance or object, resulting 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 byproduct only if the following conditions are met:
(a) Further use of the substance or object is certain;
(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 substance or object fulfills all relevant product,
environmental and health protection requirements for the specific use and will not lead to
overall adverse environmental or human health impacts.”
According to Chen et al. (2010a), the usage of BFS (or GBFS) is certain, because it is considered
a useful material for many industrial processes. Therefore, 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
condition (b) is fulfilled. GBFS production is very simple (only rapid cooling of BFS by air or
water) and it can be used directly in other industrial processes without further upgrading, which
means condition (c) is also met. Finally, usage of GBFS (with certain qualities) in industrial
applications (for instance, using it as clinker substitute in production of slag cements) is legal and
allowed (European Standard EN 197-1, 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 production to it. An economic allocation has been
performed according to the formula presented before (Figure 11) and based on the price
estimation performed by Chen et al. (2010a) as summarized in Table 27 below.
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Table 27. CO2-eq emissions for the selected blended cement types, now also illustrating the effects of economic
allocation concerning the GBFS.

Product or
by-product
Pig iron
GBFS

Economic allocation
Mass produced Average price coefﬁcient
(tonne)
(€/tonne)
(%)
1
400
97.7%
0.24
40
2.3%

To update the baseline LCA model in accordance with presented allocation principle, the CO2
emissions were allocated proportionally and applied to the baseline model. The CO2-eq
emissions from 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
CO2-eq emissions related to selected blended cement types.

Products

GBFS content CO2-eq emissions
% wt.

Clinker
GBFS
CEM III/A 42.5
CEM III/B 42.5

0%
100%
45%
70%

No allocation for GBFS Economic allocation for GBFS
kg CO2-eq/tonne
kg CO2-eq/tonne
850
0
452
265

850
34
467
289

Difference
0%
N/A
3%
9%

The biggest difference between the baseline LCA results and the results including the economic
allocation to GBFS regarded CEM III/B 42.5, being the cement product with the highest share of
GBFS. The allocation for CEM III/B 42.5 implied that the emissions were increasing 9%, clearly
showing that it was an important decision for this study if GBFS was considered as a waste or
byproduct (Figure 20).
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Figure 20. Comparison of the CO2-eq emissions from the baseline LCA and the emissions 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 the choice allocation principle, it should be mentioned that a mass
allocation would bring a lot more environmental impact to the GBFS. The authors found it
unreasonable to allocate based on mass since the iron is clearly the main product. According to
Chen at al. (2010) a mass allocation principle could be an obstacle that makes use of clinker
substitutes such as GBFS less attractive for the cement industry. This might lead to a higher
environmental impact related to cement. But it should also be mentioned that the inconsistency
in metal prices over time is a 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 produced in 2009. This represented the first step of the developed
LCA model as described in section 2.4. However, another aim was to compare different versions
of the Cluster West production systems, i.e. different conditions. For instance the CO2
performance of Cluster West in 1997 and also make calculations for future options. In order to
achieve this aim, the conceptual model described in section 2.4.3 was developed and applied.
The benefit of using this conceptual model was due to its relative simplicity, based on the Key
Performance Indicators (KPIs). By analyzing the inventory data collected during the life cycle
inventory analysis (section 4.1) the value of these KPIs were calculated for the Cluster West
production system in 2009. These values are presented in Table 29.
Table 29. Values of the selected KPIs for the Cluster West production system in 2009.

Key performance indicator (KPI)
KPI#1
KPI#2
KPI#3
KPI#4
KPI#5
KPI#6
KPI#7
a

2009

Name
Clinker substitution rate
CO2 emissions due to calcination
Specific energy consumption (fuel)
Share of renewable (biogenic) fuels
Specific energy consumption (electricity)
Share of renewable electricity
Share of alternative fuels

Unit
% weight
Kg CO2/t
MJ/t
% thermal energy
kWh/t
% electricity
% thermal energy

Value a
60%
541
3913
41%
69
0%
67%

KPI#1 and KPI#6 are calculated for the whole Cluster West; while other KPIs concern
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 software) were
these KPIs - for the conceptual model, many indicators have been aggregated. Many of these
KPIs were calculated from the underlying parameters that were previously modeled in the
baseline LCA model. KPI#1 and KPI#2 were straightforward. KPI#1 indicated the clinker
content of the average cement product of Cluster West (portfolio cement). KPI#2 depended on
the type of the raw meal used in the Kollenbach plant for production of clinker. KPI#3 and
KPI#4 were related to the types of fuels used in the Kollenbach plant. In this conceptual model,
it was assumed that the composition of the fuels and share of each type of fuel was similar to the
baseline LCA model. In other words, the Kollenbach plant was modeled as if many different
fuels were not used, but using a single conceptual fuel called fuel mix. The fuel mix was
composed of two parts, the renewable (mix of biogenic fuels) and the non-renewable (mix of
non-renewable fuels). The same could be said for KPI#5 and KPI#6 for electricity. A dominant

72

part of the amount of fuels in the Cluster West was used in Kollenbach, therefore 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 results of conceptual modeling (from CO2-eq emissions perspective) of fuel and electricity
and their renewable and non-renewable parts are presented in Table 30.
Table 30. The CO2-eq emissions related to different energy sources in the conceptual LCA model
Conceptual energy source

Energy mix (1 MJ)
Fuel mix (1MJ)
FUel mix (Renewable/biogenic) (1MJ)
Fuel mix (Non-renewable) (1MJ)
Energy mix (1 MWh)
Electricity mix (1MWh)
Electricity mix (Non-renewable) (1 MWh)
Electricity mix (renewable) (1MWh)

Conceptual LCA model

Impact assessment
Value

Unit

0.73
0.62
0.20
1.30
202
665
665
0.13

kg CO2-eq / MJ energy (from fuel and electricity mix)
kg CO2-eq / MJ energy from fuel
kg CO2-eq / MJ energy from fuel
kg CO2-eq / MJ energy from fuel
kg CO2-eq / MWh energy (from fuel and electricity mix)
kg CO2-eq / MWh electricity
kg CO2-eq / MWh electricity (average German mix)
kg CO2-eq / MWh electricity (wind electricity)

Kollenbach 2009
Kollenbach 2009
Kollenbach 2009
Kollenbach 2009
Kollenbach 2009
Kollenbach and Cluster West 2009
Kollenbach and Cluster West 2009
Kollenbach and Cluster West 2009

Having created the conceptual model of the Cluster West production system in 2009 in SimaPro,
it was essential to check its validity by comparing its results with the results of the baseline LCA.
If the results were relatively similar to each other, then the conceptual model of Cluster West in
2009 could be used for creating conceptual models of Cluster West in 1997 and of other
hypothetical future systems.

5.1 Verification of the results of the conceptual LCA model
As mentioned, to verify the relative representativeness of the conceptual LCA model concerning
2009, its results for the selected products could be compared with the results of the baseline LCA
model. In addition to the selected products (clinker, CEM I 42.5, CEM III/A 42.5 and CEM III/B
42.5) the virtual product called “Cluster West portfolio cement” was of interest. However, since
this product is not a real product, there were no 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 corresponding values on the
best-fit line (interpolation using linear regression) of the results of baseline LCA were selected
(see Figure 21).
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Figure 21. Linear regression of the results of the baseline LCA and the estimation of Cluster West portfolio cement
CO2-eq emissions in 1997 and 2009.

The figure once again highlights the importance of the clinker content and shows that the product
portfolio of 2009 had significantly better climate performance (lower emissions) than the one of
1997, due to its higher share of clinker substitutes. Based on the information in Figure 21, Table
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.
Table 31. 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
Product
Clinker
CEM I 42.5
CEM III/A 42.5
CEM III/B 42.5
Cluster West portfolio cement
a

Modeled
values
850
779
452
265

Interpolated
values a
856
775
446
270
387

Conceptual LCA 2009
Modeled
values
850
794
448
260
385

Difference
with baseline
0%
2%
-1%
-2%
0%

Interpolated (linear regression) according to a single KPI (KPI#1 or clinker substitution rate).
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The comparison is also illustrated in Figure 22.
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Figure 22. Result of comparing the baseline and conceptual LCA for the selected products in 2009.

Clearly, the conceptual model conformed well to the baseline model. The small difference
between baseline and conceptual LCA was acceptable, since the conceptual model was not
intended to be used for exact calculations of the CO2-eq emissions. Its purpose was to simplify a
complex model and to be 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 cement was based 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 was possible to fairly well describe the CO2-eq performance of the
whole production system in Cluster West, including the clinker production at Kollenbach, only
considering the seven KPIs. That means that the conceptual model was suitable for modeling the
CO2 performance of the Cluster West production system.
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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 CO2 performance of clinker production as
well as the Cluster West production system’s performance (represented by the Cluster West
portfolio cement).
For this purpose, a sensitivity analysis was performed on the model. This was done by altering
each input KPI (1%, 5%, 10%, 20% and 50%) and then calculate the resulting CO2-eq emissions
for clinker and portfolio cement. The summary of the results of this sensitivity analysis by using
the conceptual LCA model is presented in Table 32. The sensitivity analysis was performed by
considering the direction of improvement for each KPI, meaning that the 1% change was applied
so that it lead to reduction of the CO2 emissions. Therefore, in order to improve the CO2
performance of the Cluster West, KPI#1, KPI#4 and KPI#6 had to be increased, while KPI#2,
KPI#3 and KPI#5 were decreased.
Table 32. Sensitivity analysis of different KPIs on the life cycle CO2 emissions from the Cluster West (based on the
conceptual LCA model)
Key performance indicator (KPI)
KPI Name

Unit

Clinker (Kollenbach-2009)
Change

Value a

Emissions
kg CO2-eq/t
850

Baseline

KPI#1

KPI#2

CO2 emission due to calcination

KPI#3

Specific energy consumption (fuel)

KPI#4

Share of renewable (biogenic) fuels

b

a
b

Clinker substitution rate

KPI#5

Specific energy consumption
(electricity)

KPI#6

Share of renewable electricity

% weight

Kg CO2/t

MJ/t

% energy

kWh/t

% energy

Increase by 1%
Increase by 5%
Increase by 10%
Increase by 20%
Increase by 50%
Decrease by 1%
Decrease by 5%
Decrease by 10%
Decrease by 20%
Decrease by 50%
Decrease by 1%
Decrease by 5%
Decrease by 10%
Decrease by 20%
Decrease by 50%
Increase by 1%
Increase by 5%
Increase by 10%
Increase by 20%
Increase by 50%
Decrease by 1%
Decrease by 5%
Decrease by 10%
Decrease by 20%
Decrease by 50%
Increase by 1%
Increase by 5%
Increase by 10%
Increase by 20%
Increase by 50%

Sensitivity
%

a

60.2%

541

3913

41.1%

69

0.0%

N/A

N/A

845
823
796
742
580
847
837
824
799
722
849
843
836
823
781
850
848
845
841
827
850
848
845
841
827

-0.64%
-3.2%
-6.4%
-12.7%
-31.8%
-0.30%
-1.54%
-3.06%
-6.01%
-15.06%
-0.16%
-0.83%
-1.65%
-3.18%
-8.12%
-0.05%
-0.27%
-0.59%
-1.07%
-2.71%
-0.05%
-0.27%
-0.59%
-1.07%
-2.71%

Portfolio cement (Cluster West-2009)
Emissions

Sensitivity

kg CO2-eq/t
385
380
359
334
283
129
383
374
364
342
277
384
380
375
365
334
385
382
380
374
358
384
382
379
372
353
384
382
379
372
353

%

Clinker substitution rate (KPI#1) is for the whole Cluster West. Other KPIs are for clinker production in Kollenbach.
Share of renewable electricity (KPI#6) is applied for the whole Cluster West, but is calculated individually for Kollenbach and Cluster West.

76

-1.35%
-6.6%
-13.3%
-26.5%
-66.5%
-0.56%
-2.9%
-5.5%
-11.2%
-28.1%
-0.26%
-1.31%
-2.61%
-5.21%
-13.26%
-0.14%
-0.79%
-1.31%
-2.87%
-7.02%
-0.17%
-0.84%
-1.57%
-3.39%
-8.32%
-0.17%
-0.84%
-1.57%
-3.39%
-8.32%

Remark

Applied to Cluster West.

Applied to Kollenbach.

Applied to Kollenbach.

Applied to Kollenbach.

Applied to Kollenbach and
Cluster West.

Applied to Kollenbach and
Cluster West.

The result of this sensitivity analysis can be used for conceptual LCA modeling of any other
Cluster West like production system for the past or considering the future. It is enough to know
(or estimate) the value of the KPIs for the target production system and multiply them by the
amount of changes presented in the table above. This is of course based on the assumption that
for small changes, the model behaves linearly. In order to see if the relation between KPIs and
the CO2 emissions from Cluster West portfolio cement (representing Cluster West production
system) is linear, the results of Table 32 are presented in a graph as shown in Figure 23.
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
KPI#5: Specific energy consumption (electricity)
KPI#6: Share of renewable electricity

Emissions (kg CO2-eq / tonne of product)

400
KPI#4
350

KPI#5 & KPI#6
KPI#3

300
KPI#2
250

200

150
KPI#1

100
0%

5%

10%

15%

20%

25%

30%

35%

40%
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50%

Changes in KPI in the direction of improvement (%)

Figure 23. Linear relation between changes (0% to 50%) of KPIs and the CO2 emissions from Cluster West portfolio
cement.

As it can be seen in Figure 23, changes of the KPIs induced linear changes in the output of
conceptual LCA model. The lines with higher absolute slope (more negative slope) have more
impact on the reduction of CO2 emissions from Cluster West portfolio cement.
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In the next section, the results of conceptual model of Cluster West in 2009 (and the sensitivity
analysis) are used for evaluating production system of 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 between the changes of selected KPIs and the CO2
emissions was used for modeling other versions of the Cluster West production system, starting
with a historic case.
In order to assess the CO2 performance of Cluster West in 1997, another virtual product referred
to as “Cluster West portfolio cement 1997” was considered. The KPIs were altered to represent
the production conditions of Cluster West in 1997 - see Table 33.
Table 33. Key performance indicators of Cluster West in 1997 (compared to 2009)
Key performance indicator (KPI)
KPI#1
KPI#2
KPI#3
KPI#4
KPI#5
KPI#6
KPI#7
a

Name
Clinker substitution rate
CO2 emissions due to calcination
Specific energy consumption (fuel)
Share of renewable (biogenic) fuels
Specific energy consumption (electricity)
Share of renewable electricity
Share of alternative fuels

2009
Unit
% weight
Kg CO2/t
MJ/t
% thermal energy
kWh/t
% electricity
% thermal energy

1997
a

Value
60%
541
3913
41%
69
0%
67%

a

Value
26%
541
3537
6%
101
0%
18%

Difference with 2009 (%)
-57%
0%
-10%
-86%
47%
0%
-73%

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

The following bullet points summarize important differences between production system of 1997
and 2009 regarding the KPIs:










KPI#1: In 1997, cement products with higher clinker content (lower KPI#1) were produced.
KPI#2: The CO2 emissions due to calcination were assumed to be the same 1997 as in 2009,
meaning that the same un-calcined raw material (with same CaCO3 content) was used for
clinker production.
KPI#3: The production system of 1997 had lower specific thermal energy consumption
(KPI#3) compared to 2009, which was probably due to usage of more alternative fuels in
2009 (KPI#7). Consequently, the clinker production of 2009 could be seen as less efficient in
terms of the thermal energy demand.
KPI#4: The share of renewable energy was increased considerably during the period from
1997 to 2009. The fuels mix for clinker production was almost completely fossil based in
1997.
KPI#5: The electrical efficiency was improved for the Kollenbach plant during the twelve
years.
KPI#6: Was assumed to be similar to 2009 (no usage of renewable electricity).

Comparing the years of 2009 and 1997, the difference for each KPI was calculated. Combined
with the results of the sensitivity analysis (see Table 32), the results of the model for clinker and
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portfolio cement production were calculated (see 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 2009. This means KP1#1 was about 57% lower in 1997, corresponding to an increase of
298 kg CO2-eq/t emissions (Table 34). After having calculated the effects of the differences for
each KPI, the total effects were calculated and added to the CO2 emissions related to the
portfolio cement for 2009.
Table 34. Result of modeling CO2 emissions from Cluster West in 1997 (based on conceptual model of 2009)
Clinker
(1997)

Key performance indicator (KPI)
KPI name

KPI#1
KPI#2
KPI#3
KPI#4
KPI#5
KPI#6

a

Baseline (2009)
Clinker substitution rate
CO2 emissions due to calcination
Specific energy consumption (fuel)
Share of renewable (biogenic) fuels
Specific energy consumption (electricity)
Share of renewable electricity

Value a Value a KPI Change

Unit

% weight
Kg CO2/t
MJ/t
% energy
kWh/t
% energy

2009

1997

%

60%
541
3913
41%
69
0%

26%
541
3537
6%
101
0%

-57%

0%
-10%
-86%
47%
0%
Total:
Comparison to baseline (2009):

Cluster West potfolio
cement

Change

Amount

Change

Amount

kg CO2-eq/t

kg CO2-eq/t
850
N/A

kg CO2-eq/t

kg CO2-eq/t
385
683

N/A
0
-25
118
22
0
114

850
825
968
872
850
964
13%

298
0
-10
47
30
0
365

385
375
432
415
385
750
95%

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

According to these results, the CO2 performance of the clinker produced at Kollenbach has
improved 13% percent from 1997 to 2009. Regarding the portfolio cement of the Cluster West,
the CO2 performance had improved 95% during the same period, mainly due to improvements of
KPI#1, KPI#4 and KPI#5.
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7 Identification and evaluation of options to
improve the CO2 performance of the cement
industry in general
In this chapter different options for improving the CO2 performance of cement production
systems are identified and evaluated using the framework introduced in section 2.5. The
framework consists of two main parts:




Part I is general and is included in this chapter. Here the framework is applied to
identify and categorize existing and emerging CO2 improvement measures of
relevance for the cement industry.
Part II concerns CEMEX Cluster West and is presented in chapter 8.

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

7.1 Step 1: Collection
The objective of the first step was to collect a wide range of CO2 improvement measures of
relevance for the cement industry and compile them into a gross list of ideas. This step was based
on a literature review described in 2.1.2. There is also additional information to be found in Feiz
(2011).
All types of CO2 improvement measures were considered, however the emphasis was on the
“industrial system level”. Therefore, although improvements at the “process-level” were studied
they are not included as individual measures. These types of “micro-improvement measures”
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 micro-improvement ideas are presented in 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 second step a categorization scheme for classifying the different improvement measures
was developed. As shown in Figure 24, five overall strategies for improvements were identified,
showing that different measures can deal with the efficiency of the internal processes (production
efficiency), changing inputs (input substitution), changing products (product development), or
more effective utilization of traditionally unused (or wasted) streams such as CO2 or excess heat
through innovative synergistic solutions (external synergies).
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Management
Product development

Input substitution

Products

Feedstocks

Electricity

Cement Plant

Production efficiency

Fuels

External synergies

CO2

Heat

Other
by-products)

External synergies
Closing flows
Integration

Figure 24. Five overall strategies for climate performance improvements within the cement industry.

Each of these overall strategies can be described using categories and sub-categories, which is
shown as a categorization scheme in Table 35.
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Table 35. Categorization scheme for different measures to reduce the CO2 emissions related to cement production.

Short Code CO2 emission reduction strategy or measure
E
EE
EEE
EEH
ER
ERH
ERE
ERR
ERP
I
IF
IFC
IFM
IE
IEF
IER
P
PP
PPC
PPB
PN
PNC
S
SE
SEC
SEB
SEH
SI
SIP
SIW
SIC
M
MB
MM
MS

Production efficiency
Energy efficiency
- Electrical efficiency

Related KPIs

KPI#5

- Thermal efficiency
Resource recovery
- Pre-heating/drying
- Co-generation (heat & electricity)
- Recycle/reuse
- Pollution prevention and control
Input substitution
Feedstock change
- Low temperature clinker production
- Alternative materials (for clinker production)
Input energy change
- Fuel diversification (alternative/secondary fuels)
- Renewable energy (fuel and electricity)
Product development
Improve existing products
- Clinker substitution (alternative materials)
- Improve blended cements' properties
Develop new products
- Clinkerless/no-calcine cement
External synergies
CO2 and heat solutions
- Carbon sequestration/carbon capture and storage
- Biological production
- Synergistic heating
Process integration and industry initiatives
- Integration with power plant
- Integration/co-location with waste treatment
- Synergies among already co-located firms
Management
Environmental strategy and innovation approaches
Marketing, education, and public relations
Standards and specifications

KPI#3
KPI#3
KPI#5
KPI#7

KPI#3
KPI#2, KPI#3
KPI#7
KPI#4, KPI#6

KPI#1
KPI#1
KPI#1, KPI#2, KPI#3, KPI#5

May worsen KPI#3 and KPI#5
KPI#4, KPI#7
KPI#3, KPI#5
KPI#2, KPI#3, KPI#5
KPI#4, KPI#7
All KPIs
All KPIs
All KPIs
All KPIs

Each of these measures has potentials to reduce the CO2 emissions from cement production by
improving the related KPIs – see the KPIs linked to each category in the table. In some cases, the
relation between a group of measures and the KPIs is not direct; instead, the measure may
indirectly lead to reduced CO2 emissions. For example, measures dealing with carbon
sequestration and carbon capture and storage group (introduced later in section 7.2.4) do not
have direct influence on most of the defined KPIs and may even lead to an increased energy
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demand (KPI#3 and KPI#4); however they have the potential to reduce all forms of CO2
emissions from a plant.
These categories and sub-categories are based on the gross list of ideas that were collected in the
first step. In the following sections the different overall strategies and categories of measures are
described.

7.2.1

Production efficiency

The category “production efficiency” comprises measures that are applied at the plant-level (i.e.
internally) in order to improve the efficiency. All measures of relevance regard the process-level
(or sub-plant-level) or plant-level. 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 categories:
(1) energy efficiency, (2) resource recovery, and (3) pollution prevention and control.
Energy efficiency
“Energy efficiency” comprises process-level measures aimed to reduce the energy use of
individual processes. They are divided into two main groups: measures 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 operated by electricity. 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 electricity consumption of these devices leads to total reduction of the energy
intensity of cement production (i.e. the fuel or electricity consumption per produced unit).
Several studies have highlighted options for improving electrical efficiency regarding cement
production. Here only a few examples of the main improvement measures that can lead to higher
electrical efficiency at the sub-plant level are presented:
-

-

Use of adjustable speed drives (ASD): In cement plants, motor drives are major
consumers of electricity. Most electrical motors are fixed-speed 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
electricity. ASD’s can be used for kiln 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 plant (Worrell et al., 2008) and depending on the status of these motors, this
category of measures can lead to 3 - 8% improvement in electricity consumption (Van
der Vleuten, 1994).

84

-

More efficient mills: In the final grinding stage, old ball mills can be gradually phased
out (replaced) or improved (by adding pre-grinding). In existing installations, highpressure roller press mills can be added as pre-grinding 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 relevance to use less
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 mixer) (Liu and Li, 2009).
More detailed information about electricity improvement measures at the plant level, is available
in the works by Price et al. (2010), Worrel et al. (2008) and US EPA (2010).
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 the CO2 emissions. 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 from the 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 10 - 12% of the total input.
It is also possible to save energy by improving the kiln system itself. For instance, by adding
more pre-heating stages (provided that the reduced off-gas temperature still have enough thermal
energy for drying) or adding a pre-calciner the clinker production becomes more efficient and it
can make it possible to save about 5% of the fuel (Locher, 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 into the kiln (Frank, 2009).
Resource recovery
“Resource recovery” means plant-wide measures that tend to improve the resource (energy and
material) efficiency of the overall plant and therefore create positive impact on the overall CO 2
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 200-400 °C. Approximately 40% of total kiln energy input is
released from the “kiln exhaust”, “cooler exhaust” and “the combined convective and radiative
heat transfer from kiln surfaces” (Kabir, 2010). One way to utilize some of the thermal energy of
the exhaust gases is to use them for drying or pre-heating raw materials or fuels, that are fed to
the plant (Engin and Ari, 2005; Al-Hinti et al., 2008).
If input materials (feedstock or fuels) have high moisture content, it is often more economic to
use the waste heat to pre-heat and dry the input materials/fuels 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 exhaust, and kiln 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 can be achieved 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 is expanded and depressurized through a turbine driving a
generator. The total electricity produced can vary between 7-20 KWh/tonne cement (ECRA,
2009). By utilizing this form of co-generation it is possible to meet 25-30% of a plant’s total
electricity demand (Khurana et al., 2002; PCA, 2008).
Various technologies exist for producing electricity from low temperature heat sources by using
waste heat recovery steam generators in a combined cycle (WHRSG), organic rankine cycle
(ORC) (Legmann, 2002), kalina cycle (Kalina and Leibowitz, 1989; Mirolli, 2005; Wang et al.,
2009; Kalina, 2010), cryogenic power generation cycle (Qiang et al., 2004; Wei-ping, 2007), and
theremo-electric (TE) solid state heat engines (Hendricks and Choate, 2006; Bell, 2008). The
performance and the degree of technological maturity of these techniques are not equal and some
(such as TE solid-state heat engines) are still far from becoming commercially available for
large-scale industrial applications.
-

Waste heat recovery steam generators (WHRSG): According to Khurana et al. (2002),
a cogeneration system utilizing a Waste Heat Recovery Steam Generator (WHRSG), can
produce about 30% of a plant’s electricity requirement and improve the primary energy
efficiency of the plant by 10% with a payback time of 2 years. In addition, a study by
Engin and Ari (2005) of another cement plant demonstrated that utilization of such a
conventional WHRSG could save about 4% of total input energy with a payback time of
1.5 years. The 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 different aspects, the payback period of waste heat recovery projects
can be as high as five to ten years or even more (Timilsina et al., 2010).
Organic rankine cycle (ORC): In a study by Legmann (2002) the low-heat electricity
generation by utilizing an organic rankine cycle was investigated. By converting 18% of
the plant cooler exhaust gas waste heat into electricity, 29% CO2 reduction (due to saving
electricity) was achieved.

According to a study by Moya et al. (2011) the cost of adding waste heat recovery to an existing
typical cement production plant in EU will not exceed 10 million Euros and it saves between
0.45 to 1.38 million Euros per year. CEMEX Cluster East in Germany has estimated that the cost
for installing waste heat recovery in the clinker production site in Rüdersdorf is between 35 to 45
million Euros.
Recycle/reuse:
Aside from gaseous emissions, very little waste is normally generated at 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 form of cement 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, clinker dust, 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 conditions
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 decreases the demand for limestone (Adaska
and Taubert, 2008).
For insulation and protection of cement rotary kilns, mainly magnesia-spinel (MgO-MgAl2O4)
refractories are used (Shikano, 1998). In certain cases spent refractories can be used as a
secondary raw material for clinker raw meal production (Fang et al., 1999; CEMEX-DE, 2010b).
Pollution control and prevention
This category comprises plant level measures in order to control regulated emissions to air, land
and water. A list of different pollution control mechanisms of relevance for cement production is
available in INECE (2011).
Since this category only deals with options at the plant level more complex or synergistic
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 pyroprocessing in the 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 clinker (BGS, 2005). Since cement
production requires large amounts of materials and energy, and causes a lot of environmental
impact, substituting some of the inputs with alternatives having less impact can be an effective
measure to reduce the amount of emissions.
In the categorization scheme, the strategy called “input substitution” mainly comprises
substitution of inputs for clinker production. Other strategies such as substituting clinker with
alternative materials have been categorized as “Clinker substitution”.
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 formation. Figure 25 provides a general
overview of the composition of materials and fuel ashes that are used for clinker production
(EIPPCB, 2010).

Figure 25. “CaO, SiO2 and Al2O3+Fe2O3 diagram” for cement clinker and the ash constituents of different raw
materials and fuels

In order to produce clinker with proper composition, careful selection of materials and fuel ashes
containing different amounts of CaO, SiO2, or Al2O3+Fe2O3 is required (ibid.).
Low temperature clinker production:
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Clinker production is the most energy intensive part of cement manufacturing. As mentioned
before, the feedstock is calcined in a temperature of about 900 °C, and sintered at temperatures
between 1350 to 1500 °C. If clinker could form (sinter) at lower temperatures, less energy in the
form of fuels would be required. For a modern kiln with a cyclone preheater and precalcination,
it is estimated that reducing the sintering temperature by 200 °C would save 5% of the fuel
energy (Locher, 2006).
By producing new types of clinker and/or modifying the composition of input raw materials to
increase their combustion properties, it might be possible to decrease the temperature
requirement for clinkerization and save fuel energy. For instance, it has been demonstrated that
by applying combustion synthesis techniques, the temperature requirement for clinker production
can be decreased to about 1200 °C (Zapata and Bosch, 2009).
One example of using a special feedstock to decrease the clinker formation temperature is to use
spent-pot-lining (SPL) from the aluminum industry as coal fuel admixture. Electrolytic
production of aluminum is performed in large smelter vessels with carbon-lined pots. The carbon
lining acts as cathode and can be used for about 2 to 6 years. After this period, large amounts of
SPL, which is considered a toxic waste, is produced with about 50% carbon content (Pong et al.,
2000). By properly crushing spent-pot-lining and mixing it with coal/coke, it is possible to form
clinker at approximately 80 °C lower temperature (Mikša et al., 2003; Venancio et al., 2010).
This technique is already in use at some plants (MES, 2007). Other benefits of such measures
will be discussed in the following sub-sections.
Alternative materials (for clinker production):
Another measure for reducing the CO2 emissions from cement production is to use alternative
materials (secondary materials) causing less CO2 emissions for the production of clinker. It
should be noted that that clinker substitute materials are not considered here either (see the
category “Improving existing products; clinker substitution”).
These measures concerning the secondary materials are primarily in the form of feedstock
diversification, which means using a wider array of materials as feedstock along with traditional
materials such as limestone, clay and shale. Feedstock diversification allows materialization of
the potential benefits of using various materials while maintaining the economic benefits of
continuing to use relatively cheap and available traditional sources from nearby quarries
(CEMEX-DE, 2010b). Examples are:
-

Recycle/reuse of concrete crusher sand: Although crushed concrete can be reused as an
aggregate for the production of new concrete, the concrete crusher sand cannot be used
for such purpose. But, the chemical composition of concrete crusher sands is close to
natural sand and therefore they can replace the required sand for cement clinker
manufacturing. On average, they can be used to replace about 3% of a typical raw
material mix (Schneider et al., 2011).
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-

Use of ash residues from incineration: Incineration residues (bottom and fly ash) from
municipal solid waste incinerators (MSWI) or sewage sludge incineration can be used as
secondary material for clinker production (Lam et al., 2010). By adding small amounts of
iron oxide and silica, about 44% of such ashes can be used to produce cement clinker.
This process requires less CaCO3 (approximately 50% less) compared to conventional
process (Saikia et al., 2007).

Input energy change
Cement production is an energy intensive process, therefore aside from reducing the energy
intensity of products, changing and improving the portfolio of energy sources (fuel or electricity)
can be an effective measure. However, it is important to remember that about 50% of the CO 2
emissions attributed to clinker production is related to the chemical process of calcination,
meaning that an important part cannot be addressed by this strategy. Measures related to change
of the input energy can affect the CO2 emissions due to incineration of fuels, which depending
on fuel source can be as high as 40-50% of the total CO2 emissions (Oates, 1998).
Fuel diversification (alternative/secondary fuels):
Replacing fossil fuels with alternative fuels may both be profitable and lead to significantly
lower emissions. Many of the alternative fuels originate from wastes and therefore the
environmental impact related to them can to a large extent be allocated to their upstream product
(as discussed in section 4.5). Having a wider and richer array of fuels for incineration decreases
the dependency on single or few fuel types.
Net carbon reduction or energy savings due to usage of waste fuels or waste-derived fuels
depend on the carbon content of such fuels (and of course on if it is biogenic or not) as well as
the alternative usage of the wastes (conversion efficiency of those alternatives, for instance
incineration with or without heat recovery).
The typical alternative fuels used in the cement industry are tires (including tired-derived fuels),
animal residues, solid and liquid spent solvents, filter cake, carpet and plastic wastes, paint
residue, dried (dewatered) sewage sludge and even hazardous wastes (Worrell et al., 2008;
Schneider et al., 2011). The high temperature of the kiln systems along with air cleaning devices
is functioning as an effective method for disposal of organic hazardous wastes (Reijnders, 2007;
Worrell et al., 2008).
Using alternative fuels is a relatively well-established practice in the cement industry, and the
range of their usage and applications is increasing. Here a newer “idea” related to the use of
alternative fuels is presented:
-

Fly ash from the gasification of biomass (FABG): One of the main limiting factors in
large-scale biomass gasification plants is the quality of the fly ash. Fly ash from the
gasification of biomass (FABG) is not similar to conventional fly ash, because its mass
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contains between 10-60% unburned carbons. Additionally FABG contains polyaromatic
hydrocarbon (PAHs) compounds and if the source of biomass is waste, heavy metals and
chlorine can be present. If the carbon content of FABG could be converted to energy (or
used in other applications), the overall efficiency of the gasification plant would improve.
Gómez-Barea et al. (2009) have highlighted the possibility of using untreated FABG as
cement kiln fuel (injected at main burner), especially in plants that are equipped with a
“chlorine by-pass” system, which allows higher chlorine content in their fuel mix feed.
Renewable energy (fuel and electricity):
While fuel diversification measures can be useful from economic or corporate sustainability
perspectives, these strategies will not necessarily lead to less CO2 emissions from cement
production. This is because many of these “alternative fuels” have non-renewable origins and
may be considered as non-carbon-neutral. Using alternative fuels with higher renewable or
carbon neutral fractions (such as fuels produced from biogenic origins) is therefore an effective
way of reducing CO2 emissions related to cement manufacturing.
Carbon dioxide emitted from alternative generally comes from two sources: (1) CO2 emitted due
to the production of fuels, and (2) CO2 emitted due to their incineration. Regarding the CO2 from
incineration of fuels, in almost all cases, the burden of CO2 is assigned to the cement
manufacturer. However, if the fuels are from renewable sources (such as many biogenic fuels), a
part of the emitted CO2 will be neutralized by the CO2 absorbed during the “production” of those
fuels and therefore can be deducted from total emitted CO2 from the incineration.
The same concept for using renewable or carbon-neutral fuels applies to the use of electricity and
heat. An example of a renewable source of heat for cement production is the use of solar energy
for the calcination process:
-

7.2.3

Calcination in solar reactor: The calcination reaction (CaCO3 → CaO + CO2) requires
temperatures of about 900 °C and is traditionally performed inside the kiln system.
However, it may be possible to generate the calcination separately, using a solar rotary
kiln reactor heated by concentrated solar energy (Meier et al., 2004, 2006).

Product development

The core of the cement business is to produce various cement-based products. A range of CO2
improvement measures are related to improving the products. These strategies can be divided
into two main categories: (1) improving the existing products and (2) developing new products.
Improving existing products
Most of the different types of cement have clinker as one of the main ingredients. In this section
different options to improving the CO2 performance of existing cements types are described.
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Clinker substitution (alternative materials):
Replacing clinker with supplementary cementitious materials (SCM) is a viable strategy to
decrease the CO2 emissions associated with cement production. The two main categories of
supplementary cementitious materials have been presented in chapter 1, i.e. cementitious
materials such as GBFS and pozzolan materials such as fly ash (US EPA, 2010)(US EPA,
2010)(US EPA, 2010).
Common blended cement products include clinker and one SCM. However, it is possible to mix
more than one supplementary cementitious material with clinker and produce ternary blended
cements: For instance using fly ash and silica fume along with clinker, which can make high
strength concretes (Nochaiya et al., 2010).
-

-

-

Granulated blastfurnace slag (GBFS): Use of GBFS, which is a common cementitious
material, can offset CO2 emissions attributed to clinker production on almost a one-to-one
basis; for example, blended cement with 40% GBFS and 60% clinker has 40% less CO2
emissions attributed to cement production (US EPA, 2010). However, it depends to some
extent on how allocation is done.
Fly ash from coal combustion: Use of fly ash which is a widely used pozzolanic for
blending can significantly offset the CO2 emissions from cement production. If the
quality of fly ash is high and consistent, it can be used for concrete blending, however in
many cases it is better to grind and blend it with clinker inside the cement plant. A
blended cement with 30% fly ash (mass) can lead to about 10% reduction of the CO2
emissions for cement (US EPA, 2010).
Natural pozzolans: Natural pozzolans occur in limited areas and require the plant to be
in the proximity of the source. The benefits of using these pozzolans depend on their
moisture content and the amount of heat required drying them (US EPA, 2010).

Aside from the common and widely used SCMs, other materials (often wastes or byproducts of
other industrial processes) can be used as clinker substitutes or SCMs. Here a few examples of
such less common materials are presented (not covered by the main cement standards such as EN
197 and ASTM):
-

-

Spent fluid catalytic-cracking catalyst (FCC): Antiohos et al. (2006) have investigated
the possibility of using spent catalyst (containing silica and aluminum) from oil-cracking
refineries as SCM. In their evaluation, blended cements containing up to 30% spent FCC
were found to have a comparable compressive strength, but slower strength development
properties.
Paper sludge waste: With certain treatment (including heating for two hours at 700 °C
for calcination), paper de-inking sludge waste can be converted to a pozzolanic material
and serve as a clinker substitute in blended cements. The study by García et al. (2008)
shows that blended cements including up to 10% of this material is comparable to
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-

ordinary Portland cement (OPC) both concerning compressive strength development and
initial setting time perspectives.
Gas quenched steel furnace slag (SFS): steel furnace slag is rich in silicates and
aluminosilicates of calcium and is very similar to blastfurnace slag (BFS). About 35% of
SFS produced in Europe is landfilled which is about 4 million tonnes per year. SFS like
BFS is produced by thermal processing of limestone, but is produced at much lower
temperatures and contains more iron and magnesium, which makes its usage as clinker
substitute more challenging. SFS can be regarded as a weak cement clinker, but not a
comparable substitute for it. If such materials are used for cement production, they have
to be fed into the kiln and sinter with other materials and be treated as “alternative
feedstock” for clinker production (Tsakiridis et al., 2008). However according to Long et
al. (2011) it is possible to utilize gas quenched (by nitrogen) steel slag in order to produce
blended cement with about 20%-40% SFS content.

Another method of reducing the clinker content of the blended cements is to add filler materials
such as limestone to the mix. Under certain conditions, limestone filler (LF) content as high as 024% can be added to create Portland limestone cement (PLC) (Irassar et al., 2011).
Blended cements with improved properties:
Blended cements due to substitution of clinker with SCMs tend to have lower CO2 emissions.
However, in order to create market acceptance the properties of these cements have to be
comparable with Portland cement. Improving the characteristics of blended cements will make
them more favorable for the consumers and more suitable for different applications. This can be
achieved through research and by developing special admixtures that allow higher clinker
substitution rates (lower clinker factor) while maintaining or improving the characteristics of the
blended cements:
-

Slag cement and early age strength development: Many of conventional blended
cements (such as slag cement) have slower development of strength, which makes them
unsuitable where fast track construction is required. One method for improving the early
age strength development of slag cement is to use a ternary blend by adding limestone
filler (LF) to the blend. Limestone improves early strength of cement, while the GBFS
increases its late strength. Menéndez et al. (2003) suggest ternary blending of LF-GBFS
with 20%-35% ratios of clinker. Another way of improving early strength development of
blended cements is by adding special accelerator chemicals (Riding et al., 2010).
O’Rourke et al. (2009) have demonstrated that early strength development of various
GBFS-based binders can improve by adding small amounts of Anhydrite II and gypsum
without affecting their later strength. In addition, mechanically activated GBFS allows
higher clinker substitution rates without compromising early strength development
(Kumar et al., 2008).
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In addition, there are other methods for improving the early age strength development of
blended cements:
- An optimization of the used sulphate carrier and the absolute amount of sulphate
in cement
- Addition of different strength enhancer grinding aids
- Addition of bypass dust (BPD) (most significant to increase early strength)
- The addition of special accelerators is limited by EN 197 standard to 0.2% (in the
older version of the standard this limit was 0.5%).
Develop new products
Another strategy to decrease the CO2 emissions related to cement is to develop new forms of
products, that do not require calcination or clinker content.
Clinkerless/no-calcine cement:
The most commonly used cement types include calcium-based cementitious materials. However,
it is interesting to seek other forms of cements, requiring less energy, releasing less CO 2 and
being based on natural resources that are highly available.
-

-

Silica-alumina based cement (Sialite): Sialite cement is invented based on mimicking
(and accelerating) existing rock forming processes in nature. It has two main parts:
grounded silica rich industrial wastes and a synthetic rock forming agent. Compared to
Portland cement, there are very large stocks of the raw materials needed for Sialite. It
requires less energy for manufacturing and is more cost effective. The structural
framework of Sialite is aluminosilicate, that comprises more than 70% of the earth crust.
Sialite has great synergistic potentials, because many industrial wastes such as red mud
(solid waste product from the manufacturing of aluminum), fly ash, gangue (unwanted
mining waste), blast-furnace slag and steelmaking slag, etc., contain aluminosilicate and
therefore can be used as raw feed for its production. Unlike ordinary cements, which have
limitations concerning utilization of waste (as for blended cements) due to negative
impacts on the setting time and strength development, Sialite can have up to 95% of solid
waste materials. Sialite production does not require calcination and requires only one
grinding process (Sun et al., 2007, 2009). According to Yi et al. (2009) and Sun et al.
(2007) the performance of Sialite is comparable (and generally better) than ordinary
Portland cement concerning aspects such as acid/base/salt resistance, durability, strength,
and curing time.
MgO based cement: This form of cements require lower processing temperature and
consequently the CO2 emissions are lower. In addition, MgO based cement hardens by
absorbing atmospheric CO2, which improve their net greenhouse gas emissions. The
performance of these cements is still not fully studied yet (Li et al., 2008; Robinson,
2008; ECRA, 2009).
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-

-

Ground limestone powder (GLP) based cement: Even based on conventional raw
materials, there are ways to produce clinker-less cement. For instance, it is possible to
make composite non-calcined cement by mixing ground limestone powder (40 wt%-60
wt%), blastfurnace slag (40 wt%-60 wt%), steel slag (10 wt%), and gypsum (8 wt%).
This cement does not require clinker and is suitable for architectural engineering masonry
applications (Lin and Zhao, 2009).
Cement from flue gas desulphurization residues and fly ash: Sulfur control
technologies are an essential part of coal burning power plants and as a result, large
amount of sulfur containing wastes are produced. Using a technique proposed by Rust et
al. (2009), clinker-less cement can be produced by mixing these waste products of sulfur
dioxide and fly ash in order to produce low energy cement.

There are other clinker-less cement types such as calcium-sulfoaluminate-based cements (CSA)
(Quillin, 2001; Pera and Ambroise, 2004; Gartner and Quillin, 2007) or Alkali activated cements
(Palomo et al., 1999).
In addition, there are a few emerging technologies such as nano-engineered concrete and Calera
cement as well:
-

-

-

-

Nano-engineered concrete: The idea behind nano-engineering concrete is the hypothesis
that the nano-scale structure and organization of material has more impact on the strength
of concrete than the materials used to make it. Therefore, with correct nano-scale material
structuring it would be possible to use alternative materials to create strong cements
(Brehm, 2008).
Calera cement: This process mimics the process of marine cement formation produced
by coral. In order to make their shells and reefs, they take calcium and magnesium from
seawater and form carbonates under normal marine pressures and temperatures. The
process (at least in small scale) has proved to be able to use CO2 and polluted water for
producing cementitious materials. Due to secrecy, large amount of data about the Calera
process is still not publically available (Biello, 2008).
Alkali activated blast furnace slag-based binder: These are group of emerging
cements with the composition of Me2O-MeO-Me2O3-SiO2-H2O which have demonstrated
good field performance in different applications and have lower environmental impacts
and equivalent (or superior) performance to Portland cement. Although the technology is
not new, the barrier for wider usage of these types of cements has been the cost of the
activators (Della M, 1999; Juenger et al., 2011).
Celitement: This new high performance mineral binder which is developed by German
researchers. It is bases on hydraulic calcium hydrosilicates and is created by forming
calcium silicate hydrates in a hydrothermal reaction at relatively low temperatures
(between 150 to 200 C) and can reduce both energy demand and CO 2 emissions by up to
50%. Its strength development and compressive strength is also comparable to Portland
cement (Price, 2010).
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7.2.4

External synergies

Extensive amounts and types of resources (material and energy) are fed into a modern cement
plant. According to the general principles of industrial ecology (IE), mainly described in chapter
3, all the inbound or outbound material and energy flows related to cement production should be
regarded as potentially useful byproducts. Large quantities of these flows create a potentially
versatile situation for creating various synergistic links between the traditional value chain of
cement and other industrial networks in the neighborhood or the wider region.
CO2 and waste excess solutions
Commercial cement plants, even equipped with the best available technologies (BAT), release
significant amounts of waste heat and CO2. Theoretically, these resources can be integrated with
other processes and create useful byproducts.
Carbon sequestration/carbon capture and storage:
There already is a large demand for cement worldwide, which is increasing. Even if new
technologies are implemented to some extent, it seems very likely that the cement industry will
be affected by the problem of climate impact in the future and that the focus on the CO2
emissions will continue to be strong. Consequently, it is essential to mitigate the CO2 emissions
related to cement production but also to consider the possibilities for carbon sequestration or
carbon capture and storage technologies at cement plants (and power plants).
Most of the carbon capture technologies can be divided into one of three following main
categories: oxyfuel combustion, pre-combustion, and post-combustion systems (Jordal et al.,
2004; Metz et al., 2005):
-

-

Post-combustion: The idea is to simply have the same existing plants, but add a CO2
capturing system in the final exhaust and collect the emitting CO2. The fuel (fossil or
biomass, in many cases coal) is combusted with air (as in traditional boilers) and flue gas
is created. Firstly particles are removed, secondly sulfur dioxide is removed by a process
called flue gas desulphurization (FGD), and thirdly the flue gas is cooled and the CO2 is
absorbed by liquid sorbent (CO2 absorber). Consequently, the CO2 is regenerated (by
heating the sorbent) and compressed into liquid.
Pre-combustion: The idea is take the carbon from the fuel (fossil or biomass, in many
cases coal) first and then burn the carbon-free fuel such as hydrogen. In the most
developed method, which is called Integrated Gasification Combined Cycle (IGCC), the
carbon containing fuel (e.g. coal) is first gasified and syngas (mixture of CO, H2, and
H2O) is created. After particle removal, the syngas is converted into hydrogen (H2) and
carbon dioxide (CO2). After removing the sulfur from the stream, the CO2 is separated
and compressed and the hydrogen is used as fuel for a plant. This process requires
extensive modification of the existing processes.
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-

Oxyfuel combustion CCS: The idea is to burn fuel (fossil or biomass, in many cases
coal) in oxygen (not air) and get relatively pure CO2 in the exhaust. The exhaust is
cleaned by removing fly ash and sulfur from it to reach at least 95% CO2 that can be
compressed for storage or other applications.

Carbon capture and storage (CSS) technologies are considered technically feasible. However
since they require more energy and have higher costs, more development is needed in order to
make them widely accepted (Gibbins and Chalmers, 2008).
-

-

CCS and cement industry: Some studies have evaluated the carbon capture and storage
solutions for cement industry (IEA GHG, 2008; Bosoaga et al., 2009). Regarding the
application of oxyfuel combustion CCS in cement industry it is observed that adding
oxygen to combustion and flue gas recycling require modification of the process
conditions. Therefore additional research is required to provide a viable design (Barker et
al., 2009; Zeman, 2009). The commercial-scale deployment of CCS systems in the
cement industry will not happen in near future. This is due to existing uncertainties of
these technologies and the fact that retrofitting the technologies to suit the requirements
and conditions of the cement industry is still a major limiting factor (Naranjo et al.,
2011). A relatively new solution for CCS, which has high potential and suitability for
deployment in cement industry is the calcium looping cycle which is described later in
this section.
Carbonation and recycling of waste concrete: Portland cement concrete absorbs CO2
(carbonates) slowly during time. The amount and speed of carbonation depends on
different factors, but the decisive factor is the surface area exposed to CO2. It is possible
to utilize considerable amounts of waste CO2 from a cement plant by flowing the CO2
exhaust through crushed construction and demolition waste concrete (C&D wastes). This
not only sequester some of the emitted CO2 from cement production, but also upgrades
the quality of the crushed waste concrete and improves its suitability to be used as
concrete aggregate. Normal waste concretes have considerable amount of cement, which
leads to more water absorption, expansion, and lower performance characteristics
(compared to new aggregates). Many of these undesirable characteristics can be
eliminated by carbonation of crushed and grounded waste concrete (Stolaroff et al.,
2005).

Biological multi production:
Many biological processes require CO2 and heat, therefore a group of synergistic possibilities
around cement plant involves utilization of biological processes to produce various byproducts.
-

Algae-to-energy/bio-products: The idea is to co-locate cement plants with algae or
microalgae production systems in order to feed it with waste heat and CO2 from cement
plants and use the biomass to manufacture various bio-products including, but not limited
to, biofuels. Some systems do not use the algal biomass in order to produce biomass;
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-

instead they use the algal biological process in order to create biofuels. Generally, algaeto-energy technologies are still under development and large scale algae-to-energy
solutions have not yet been developed for commercial purposes (Malcata, 2011). A study
by Rosenberg et al. (2011) investigates production of biodiesel using microalgal
cultivation. It highlights that the efficiency of biodiesel production is limited to the
amount of available heat (as well as land). This is obviously a case where large amount of
waste heat from cement plants gains higher potential. Singh and Gu (2010) suggest that a
hybrid production of biofuels and along with other bio-products is probably the most
economical configuration for an algae bio-refinery fed by industrial wastes such as CO2
and heat.
Dried sludge as alternative fuel: Waste heat from cement plants can be used to dry
sludge from wastewater treatment plants (WWTP). The dried sludge can then be utilized
as an alternative fuel for cement production. In addition to fuel savings, 1 tonne of dried
sludge can replace up to 1/3 of the raw materials required for clinker production. From
energy, economic and environmental perspectives, co-firing in the cement kiln is an
appropriate and suitable solution for treating waste sludge, both for cement plants and
WWTPs (Stasta et al., 2006).

Synergistic heating or cooling:
-

-

Underground thermal energy storage (UTES): The idea of UTES, which is a form of
thermal storage (TES), is to store excess heat in an underground reservoir, for use later
when required. The UTES technology has primarily been developed and practiced in built
environments in many countries in Europe (Midttømme et al., 2008; Bonte et al., 2011);
however, it has industrial potentials as a synergistic technique to utilize the excess heat
from industry such as cement manufacturing. Two main methods are open and closed
systems. The open system known as aquifer thermal energy storage (ATES) or open loop
ground source heat pumps (open loop GSHP) uses groundwater for storing heat. The
closed system known as borehole thermal energy systems (BTES) uses a well-defined
subsurface reservoir made of plastic conductor pipes or trenches (Semadeni, 2003;
Goricanec et al., 2010; Lee, 2010).
Using low-grade heat for heating/cooling: The idea is to collect waste heat from cement
plants and utilize it for heating and cooling purposes in residential or industrial district
heating networks (Ammar et al., 2011).

Process integration and industry initiatives
Many industrial activities evolve independently and during the course of time have been
optimized based on the specific goals and demands of each individual process and organization.
However, innovative ideas for combining different processes and benefit from joint optimization
cannot be neglected. These are relatively new concepts; however, a few examples of such
innovations, that can be utilized in cement industry, are presented here.
Combined power and cement production (CPCP):
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This solution implies integration of the processes of power and cement production plants.
Compared to other carbon capture technologies, this method leads to relatively low efficiency
loss (less than 6%). The heat required for the calcination stage is compensated by the heat
released during carbonation stage (i.e. the capturing of CO2) and can be integrated efficiently in
the steam cycle of a power plant. The process can be fed by normal cheap limestone for cement
production and the resulting lime (calcined limestone) purged out of the cycle can be used as raw
material for clinker production. Thus, for this technique, cement and power plants do not need to
be co-located (Rodr guez et al., 200 ; Bosoaga et al., 2009; Romeo et al., 2011).
-

CCS with lime-enhanced gasification (LEGS): This is a calcination-carbonation
looping process, which use CaO and CO2 and utilizes two reactors. One is a gasifier in
which carbonation of CaO creates hydrogen rich gas and the other reactor is a regenerator
in which the sorbent is calcined and high purity CO2 is released, that is suitable for
storage. The system requires fresh limestone and the purged CaO can be used in clinker
manufacturing. If integrated with cement production, an electricity production efficiency
of about 40% is achievable using a modern combined cycle (Weimer et al., 2008).

Integration/colocation with waste-to-energy solutions:
Co-locating or integrating waste-to-energy and cement plants can create economically and
environmentally sound solutions, being beneficial for both industries. This will allow the cement
plant to use more types of wastes as fuels, because using waste-derived fuels as direct kiln fuel is
limited to quality and type and availability of those fuels. However, integration with large-scale
waste-to-energy systems can rectify this issue (Papageorgiou et al., 2009).
Among various waste-to-energy strategies, a few which are more suitable for closer cooperation
with cement industry (Golush, 2008) are presented here:
-

-

-

Pyrolysis and gasification of mixed wastes (syngas production): It concern large-scale
municipal waste gasification plants, converting biodegradable wastes to syngas as kiln
fuel (Giugliano et al., 2008). It has been demonstrated that even a hybrid approach of cogasification of solid wastes with fossil fuels (such as lignite) can have environmental and
economic potentials (Koukouzas et al., 2008).
Anaerobic digestion of organic substrates and mixed wastes (biogas production):
With this technique, the organic materials are converted to biogas (methane) (Weiland,
2009) and under certain conditions the final sludge may be used as a fertilizer, meaning
that the valuable nutrition’s (such as phosphorus) are not dissipated.
Pretreatment of waste for later co-firing in kiln (waste-derived fuels production):
Wastes, which cannot be directly burned in the cement kilns, are pre-processed in order
to make fuels. This method is widely used for waste-derived fuels such as refused derived
fuel, waste tires, etc. that are already used as alternative fuels in many cement plants. A
hybrid solution of mixing waste-derived fuels with fossil fuels (upgrading the wastederived fuel) is also suggested (Zabaniotou and Theofilou, 2008; Nadal et al., 2009).
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Synergies among already co-located firms:
Co-location of industrial plants may provide potentials for synergistic relations. One example of
such relations is the co-location (or proximity) of a cement plant and an iron and steel production
plant. By mutual agreement and cooperation, the slag produced in the steel plant can be
converted to granulated blastfurnace slag (GBFS) and used by cement plant in various blended
products.
-

-

7.2.5

Improve quality of raw materials: In cases similar to the one for Cluster West,
cooperation between steel and cement plants, makes it possible to increase the level of
cooperation in such a way that the supplier of GBFS provides certain treatment on this
byproduct before sending it to the cement plant. This can be in form of dryer materials
(GBFS with less moisture content) which demand less drying process in the cement plant.
Use waste heat of neighboring industries: Some of the cement sites are not producing
clinker and are only large-scale milling and blending sites. However they still require
heat for drying raw materials. In this case, if the neighbor industry such as iron and steel
production plant has lot of waste heat, it may be economical to use this waste heat for
drying and other applications.

Management

Management practices can have great influence on the overall CO2 performance of cement
production. The term “management” here is not referring to a traditional “management” in a
single company, but is referring to a wider notion of management that encompasses all forms of
organizational or business activities in order to effectively and efficiently utilize the available
human, financial, technological or natural resources through planning, organizing, leading and
controlling (Koontz and Weihrich, 2006).
An important consideration is that these “management” measures do not have direct influence on
the CO2 emission levels of the production system. However, they are viable and influential
enabling factors that can influence all other CO2 improvement measures.
The report does not contain detailed information about management practices and how they can
influence business strategies and approaches regarding CO2 emission reduction measures.
However, a few important aspects are presented briefly here.
Corporate environmental strategy and innovation approaches
To be innovative and implement improvement measures so called “transition management” is of
relevance. Transition management incorporates conscious attempts to develop social, economic,
and ecological performance of organization progressively, adaptively and sustainably. When
deciding about “adopting” various measures, organizations often faces short-term concerns
versus long-term demands. Transition management seeks to deal with this situation (Marinova et
al., 2006).
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Table 36 includes various levels, or views, with regard to how organizations look upon the
challenges concerning environmental issues.
Table 36. Levels indicating organizations’ views of environmental challenges,
based on work by Arundel et al. (2006)
Level
Passive
Reactive
Proactive
Innovative

Vision on the environment
Not important
Is a threat
Is an opportunity
Is strategic

Response
No response
Minor changes in production system and products
R&D is focusing on development of new products or production system
R&D programmes aimed for developing radical alternative approaches

Organizations responding to the environmental challenges can choose between different
strategies. For example, their responses can be categorized depending on the type of change that
is in focus: (1) system optimization, (2) system re-design, and (3) system innovation as depicted
in Figure 26. This figure also roughly illustrates the potential of different approaches.
Improved
environmental
performance

system
innovation

Factor 10
or more
system
re-design

Factor 5

system
optimization

Factor 2

5

10

15

20

Time horizon (years)

Figure 26. Benefits of system optimization, re-design, and innovation, based on work by Butter (2002).

The different approaches can be described as (Butter, 2002; Marinova et al., 2006):


System optimization: Innovations to optimize existing products, processes or
infrastructures that improve system efficiency through incremental steps. The benefits
from these types of innovations yield in short term and give relatively low gains in terms

101





of improved environmental performance (for example by a maximum improvement
factor of 2).
System re-design: Innovations by re-designing system elements like products, processes,
and infrastructures without changing the overall system concept. These types of
innovations yield in medium-term and can lead to more positive result concerning
environmental performance.
System innovation: This kind of innovation involves development of new systems that
perform the same functions, but in a better way. It yields in long term and can
significantly improve the environmental performance of a system.

All these forms of innovations are important and should be considered by organizations.
Incremental improvements can be very effective in reducing costs and improving existing
products, but sole emphasis on these incremental improvements, may result in small gains on
environmental performance and losing competence in long term. Radical development (e.g.
developing a new product) have higher potential for environmental benefits, however it may not
lead to short-term benefits (Arundel et al., 2006; Marinova et al., 2006).
Marketing, education, and public relations
It is well known, and also made very clear in this report, that various cement products have
different environmental impact. For example, some types of blended cements with relatively low
“clinker content” cause less CO2 emissions during their life cycle. For instance, cement products
such as CEM III has significantly lower climate impact than CEM I. However, often production
of these “greener” cement products is limited due to the market demand, which is linked to
demands, opinions and knowledge of relevant stakeholders such as construction companies,
authorities and politicians. If customer preferences are not changed, marketing of
environmentally sound cement products will remain challenging (Seaden, 1996).
Strategies that can improve stakeholder’s knowledge of the benefits of alternative products can
be an effective way of reducing various forms of social resistance.
Standards and specifications
Legal development for materials (cement products) in construction projects requires
standardization of newer “greener” cement products, involving industry wide agreed
specifications. Collaborations and joint efforts by various stakeholders in the construction
industry (especially actors in the cement industry) can lead to newer types of cement products
being incorporated into the formal standardization systems.
The existing standardization system for cement types is purely technical and identifies various
types of cement based on their composition and material content. One example of new forms of
standards and specifications for cement is to include some environmental indicators in the
classification system in order to reflect its environmental performance.
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Existing standard systems sometimes are not only “not promoting” environmentally sound
cement types - in some cases they are even demotivating their usage. For instance, there are
evidences that existing standard cube curing regimes in production of concrete heavily penalizes
usage of supplementary cementitious materials (Soutsos et al., 2009).

7.3 Step 3: CO2 improvement evaluation
Having read about the different options form improvement and collected information about
them, the next step was to judge their potential. Based on the categorization scheme it was
possible to evaluate the different strategies and measures to improve the climate performance.
The objective has been to identify low, medium, and high potential measures (see Table 37).
Table 37. Evaluation of the CO2 improvement potentials for various improvement measures.
CO2 Emissions which are effectively reduced

Short
Code CO2 emission reduction strategy or measure
EEE
- Electrical efficiency

Hi gh s peci fi c
Fuel
energy
Ca l ci na tion i nci nera tion cons umption
(cl i nker)
(cl i nker)
(cl i nker/cement)

CO2
emi s s i ons Potential for
el s ewhere reducing CO2
(repl a ci ng) emissions

Partially

low

EEH

- Thermal efficiency

Yes

low-medium

ERH

- Pre-heating/drying

Yes

low-medium

ERE

- Co-generation (heat & electricity)

Yes

low-medium

ERR
ERP

- Recycle/reuse

Literature estimates
less than 10% (maximum 20% theoretical
limit) reduction in total energy demand.
Energy saving: with pre-calcination &
preheater (5%) (Locher 2006), kiln
insulation (12%) (Engin & Ari 2005)
Energy saving: about 4% reduction of
total energy demand.

low

Pollution prevention and control

low

IFC

- Low temperature clinker production

IFM

- Alternative materials (for clinker production)

IEF

- Fuel diversification (alternative/secondary fuels)

Partially

low-medium

IER

- Renewable energy (fuel and electricity)

Yes

medium

PPC

- Clinker substitution (alternative materials)

Yes

Yes

Yes

high

By requiring less clinker, less calcination,
incineration,and heat (for producing
clinker is required).

PPB

- Improve blended cements' properties

Yes

Yes

Yes

high

More sales of blended sales, less clinker is
used in cements.

PNC

- Clinkerless/no-calcine cement

Yes

Maybe

Maybe

high

SEC

- Carbon sequestration/carbon capture and storage

Yes

Yes

SEB

- Biological production

Yes

Maybe

SEH

- Synergistic heating

SIP

- Integration with power plant

SIW

- Integration/co-location with waste treatment

SIC

- Synergies among already co-located firms

Maybe

Yes

low-medium

Partially

low-medium

medium-high
Maybe

medium-high

Yes

medium

Yes
Yes
Maybe
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medium
Yes

medium-high

Maybe

medium

If sintering temperature is reduced by
200 degC, energy saving is 5%. (Locher
2006)
Depends on emission factors of
alternative fuels.
Depends on how the CO 2 from wastederived-fuels are allocated.

Requires additional energy.

7.4 Step 4: Feasibility evaluation (generic)
Having considered the potential concerning reduction of CO2-emissions, the next step was to
consider “complexity of business approach” and the “level of technological maturity” for the
measures, shortly explained as:




“Complexity of business approach” - was defined according to the scope of industrial
symbiosis (IS) exchanges that are present in the production system under study. For
example, measures that a cement company can carry out themselves have low complexity
in this sense, while co-operation with an iron producer has higher complexity.
Analogously, a solution where waste heat is used as district heating for a village is even
more complex, involving several different actors.
“Level of technological maturity” – simply considering how “available” or realistic the
measures are from a technological standpoint, but also reflecting economic aspects.
Traditional, widely used, and tested technologies are considered to have high
technological maturity, while new and unverified measures have low technological
maturity.

To avoid unnecessary repetition, the results from this step is presented in section 8.2 (see Table
38).
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8 Evaluation of options to improve the CO2
performance of Cluster West
In this chapter the second part of the framework for identification and analysis options for
improvements is presented. Here, the framework is applied for CEMEX Cluster West.

8.1 Step 5: Feasibility evaluation (for Cluster West)
In this step, the feasibility for each category of measures is qualitatively analyzed concerning
implementation for Cluster West. The feasibility evaluation was performed in two steps. First, a
preliminary evaluation was performed based on the knowledge that was acquired from Cluster
West during the project. Then, the result of this preliminary evaluation was sent to CEMEX in
order to be re-evaluated and confirmed. The results of the evaluation by CEMEX managers and
experts have been updated in the assessment.

8.2 Step 6: Results and analysis (for Cluster West)
In this step, the results of the application of the framework were compiled, including the general
evaluation (Part I, chapter 7) - see Table 38.
.
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Table 38. Results from the evaluation of different categories of measures for reducing the climate impact related to Cluster West
Category of CO2 emission reduction measures

Code
EEE
EEH
ER
ERH
ERE
ERR
ERP
I
IF
IFC
IFM
IE
IEF
IER
P
PP
PPC
PPB
PN
PNC
S
SE
SEC
SEB
SEH
SI
SIP
SIW
SIC
M
MB
MM
MS

Category
- Electrical efficiency
- Thermal efficiency
Resource recovery
- Pre-heating/drying
- Co-generation (heat & electricity)
- Recycle/reuse
- Pollution prevention and control
Input substitution
Feedstock change
- Low temperature clinker production
- Alternative materials (for clinker production)
Input energy change
- Fuel diversification (alternative/secondary fuels)
- Renewable energy (fuel and electricity)
Product development
Improve existing products
- Clinker substitution (alternative materials)
- Improve blended cements' properties
Develop new products
- Clinkerless/no-calcine cement
External synergies
CO2 and heat solutions
- Carbon sequestration/carbon capture and storage
- Biological production
- Synergistic heating
Process integration and industry initiatives
- Integration with power plant
- Integration/co-location with waste treatment
- Synergies among already co-located firms
Management
Environmental strategy and innovation approaches
Marketing, education, and public relations
Standards and specifications

Feasability (Generic)

Feasability (Site-Specific)

Improvement potential (Generic)

Complexity
of business
approach
●
●

Technical and
Technological infrastructural
Maturity
applicability
●●●●●
●●●
●●●●●
●●●

Oranizational
applicability
●●●●●
●●●●●

CO2 emission
Existing level of reduction
implementation potential
Other impacts
●●●
●
Improve energy efficiency
●●●
●●
Improve energy and material (less fuel) efficiency

●
●
●
●

●●●●●
●●●●●
●●●●●
●●●●●

●●●
●●●●●
●●●●●
●●●●●

●●●●●
●●●●●
●●●●●
●●●●●

●●●●●
●
●●●●●
●●●●●

●●
●●
●
●

Improve energy and material (less fuel) efficiency
Improve energy efficiency
Improve material efficiency
Less wastes and emissions

●●
●●●●

●●●
●●●●

●●●
●●●●●

●●●●●
●●●●●

●
●●●

●●
●●

Improve energy and material (less fuel) efficiency
Improve material efficiency

●●●
●●●

●●●●●
●●●

●●●●●
●●●●●

●●●●●
●●●●●

●●●
●

●●
●●●

Improve material efficiency

●●●
●

●●●●●
●●●●

●●●●●
●●●●●

●●●●●
●●●●●

●●●●●
●●●●●

●●●●●
●●●●●

Improve material efficiency

●●●

●

●●●●●

●●●

●●●

●●●●●

Improve material efficiency

●●●●●
●●●●●
●●●●●

●
●
●●●

●
●
●

●
●
●

●
●
●

●●●●
●●●●
●●●

Decrease energy efficiency
Improve material efficiency
Improve energy and material (less fuel) efficiency

●●●●
●●●●
●●●

●
●●●●
●●●●●

●
●
●●●

●
●
●●●

●
●
●●●

●●●
●●●●
●●●

Improve material efficiency
Improve material efficiency
Improve material efficiency
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●
●●
●●●
●●●●
●●●●●

low
low-medium
medium
medium-high
high

The compiled results in Table 38 were then looked at and analyzed from different angles, which
is further developed in the coming chapters.
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9 Conceptual LCA for a future improved Cluster
West
In this chapter some of the most realistic options for improvement are assessed. The choice of
measures is based on the identification and evaluation in chapter 7 and 8. The method behind this
quantitative assessment is based on the conceptual LCA model described in section 2.4.5,
meaning that the analysis of improvements concerning the Cluster West production system is
conducted considering the changes of the six selected KPIs.
To assess the CO2 performance of a future, improved production system the conceptual model of
Cluster West in 2009 has been used as the basis. The sensitivity analysis presented before (see
Table 32), quantified the impact of changing each KPI on the overall CO2 performance of the
Cluster West. Table 39 shows the sensitivity analysis for 2009 and figures illustrating CO2
improvement potentials in a case where all the six KPIs are improved by 1% (considering the
virtual product: Cluster West portfolio cement).
Table 39. Improvement of CO2 performance of Cluster West if all KPIs are improved 1%
Clinker
(future improved system)

Key performance indicator (KPI)
KPI name
Baseline (2009)
KPI#1 Clinker substitution rate
KPI#2 CO2 emissions due to calcination
KPI#3
KPI#4
KPI#5
KPI#6

Specific energy consumption (fuel)
Share of renewable (biogenic) fuels
Specific energy consumption (electricity)
Share of renewable electricity

Unit

% weight
Kg CO2/t
MJ/t
% energy
kWh/t
% energy

Value a KPI Change
2009
%
60%
541
3913
41%
69
0%

1%
-1%

-1%
1%
-1%
1%
Total:
Comparison to baseline (2009):

Change
kg CO2-eq/t
N/A
-5.4
-2.6
-1.4
-0.5
-0.5
-10.3

Cluster West portfolio cement
(future improved system)

Amount
kg CO2-eq/t
850.1
N/A
844.6

Change
kg CO2-eq/t

847.5
848.7
849.6
849.6
839.8
-1.2%

-1.0
-0.5
-0.6
-0.6
-10.2

-5.2
-2.2

Amount
kg CO2-eq/t
385.0
379.9
382.9
384.0
384.5
384.4
384.4
374.9
-2.6%

a

KPI#1 (clinker substitution rate) and KPI#5 (share of renewable electricity) are calculated for the whole Cluster West; while other KPIs are for
clinker production in Kollenbach plant.

Since it can be assumed that the relation between the changes of each KPI and the changes of the
CO2 emissions from Cluster West” is linear, it is possible to foresee the effects for a future
production system by altering some of the KPIs to a corresponding extent.
Example#1: Continual improvements within the same areas as before
One example is to assume that the development will continue within the same areas as before,
i.e. based on the KPIs that were improved in the period between 1997 and 2009. Important
improvements during this period concerned:




KPI#1; 57% increase of the clinker substitution rate,
KPI#4; 86% increased use of renewable (biogenic) fuels at the Kollenbach plant, and
KPI#5; 47% reduction of specific electricity consumption at Kollenbach plant.
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Therefore, for this example, it is assumed that improvements are related to these KPIs. The
figures for improvement of each KPI are selected conservatively so that these improvements are
almost surely achievable within a few years (5 to 10 years) considering the conditions of Cluster
West (see chapter 7 and 8) and also considering the trends from 1997 to 2009:




KPI#1; 10% improvement (increase).
KPI#4; 20% improvement (increase).
KPI#5; 10% improvement (decrease).

The result of such changes in the conceptual model is presented as “Improved future case#1” in
Table 40.
Table 40. Improvement of the CO2 performance of Cluster West in accordance with Example#1.
Clinker
(future improved system)

Key performance indicator (KPI)
KPI name
Baseline (2009)
KPI#1 Clinker substitution rate
KPI#2 CO2 emissions due to calcination
KPI#3
KPI#4
KPI#5
KPI#6

Specific energy consumption (fuel)
Share of renewable (biogenic) fuels
Specific energy consumption (electricity)
Share of renewable electricity

Unit

% weight
Kg CO2/t
MJ/t
% energy
kWh/t
% energy

Value a KPI Change
2009
%
60%
541

10%
0%

3913
41%
69
0%

0%
20%
-10%
0%
Total:
Comparison to baseline (2009):

Change
kg CO2-eq/t
N/A
0.0
0.0
-27.5
-4.6
0.0
-32.1

Cluster West portfolio cement
(future improved system)

Amount
kg CO2-eq/t
850.1
N/A
850.1

Change
kg CO2-eq/t

850.1
822.6
845.5
850.1
818.0
-3.8%

0.0
-10.9
-6.5
0.0
-69.2

-51.8
0.0

Amount
kg CO2-eq/t
385.0
333.2
385.0
385.0
374.1
378.6
385.0
315.9
-18.0%

a

KPI#1 (clinker substitution rate) and KPI#5 (share of renewable electricity) are calculated for the whole Cluster West; while other KPIs are for
clinker production in Kollenbach plant.

If the suggested measures are implemented, the CO2 performance of clinker and the portfolio
cement can be reduced about 4% and 18% respectively.
Example#2: A more optimistic view (more long term)
In addition, it is interesting to study an even more climate optimistic case, further improving the
just mentioned KPIs, but also see what happens if improvements are achieved within areas
regarding KPI#2, KPI#3 and KPI#6 as well:







KPI#1; 20% improvement (increase).
KPI#4; 50% improvement (increase).
KPI#5; 30% improvement (decrease).
KPI#2; 10% improvement (decrease).
KPI#3; 5% improvement (decrease).
KPI#6; 5% improvement (increase).
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The assessed measures (Example#2) are possible to achieve, although being optimistic. Chapter
8 indicated that clinker substitution, fuel diversification (and using more renewable fuels) and
producing electricity from waste heat (co-generation) are the most fruitful strategies for Cluster
West. Therefore improvements within the mentioned areas and suggested ranges do not seem
unrealistic. For the other KPIs (2, 3 & 6), the example comprise smaller improvements (5-10%).
The results are presented in Table 41.
Table 41. Improvement of CO2 performance of Cluster West in accordance with Example#2.
Clinker
(future improved system)

Key performance indicator (KPI)
KPI name
Baseline (2009)
KPI#1 Clinker substitution rate
KPI#2 CO2 emissions due to calcination
KPI#3
KPI#4
KPI#5
KPI#6

Specific energy consumption (fuel)
Share of renewable (biogenic) fuels
Specific energy consumption (electricity)
Share of renewable electricity

Unit

% weight
Kg CO2/t
MJ/t
% energy
kWh/t
% energy

Value a KPI Change
Change
2009
%
kg CO2-eq/t
60%
541

20%
-10%

3913
41%
69
0%

-5%
50%
-30%
5%
Total:
Comparison to baseline (2009):

N/A
-54.1
-12.8
-68.7
-13.8
-2.3
-151.8

Amount
kg CO2-eq/t
850.1
N/A
795.9
837.2
781.3
836.3
847.8
698.2
-17.9%

Cluster West portfolio
cement
(future improved system)
Change
kg CO2-eq/t
-103.6
-21.5
-5.1
-27.3
-19.4
-3.2
-180.1

Amount
kg CO2-eq/t
385.0
281.4
363.5
380.0
357.8
365.7
381.8
205.0
-46.8%

a

KPI#1 (clinker substitution rate) and KPI#5 (share of renewable electricity) are calculated for the whole Cluster West; while other KPIs are
for clinker production in Kollenbach plant.

The results based on the model of the Cluster West production system for 1997, 2009 and two
improved future cases (examples 1 & 2) are presented in Figure 27. For each production system,
CO2-eq emissions for clinker as well as the Cluster West portfolio cement are shown.
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Figure 27. Comparison of CO2 emissions for different versions of the Cluster West production system (clinker and
portfolio cement) .

The intention has not been to be able to present exact figures for CO2 improvement potentials for
the different options for improvements. Rather, the objective has been to develop a relatively
simple conceptual model (based on a few KPIs) and to demonstrate how it can be used for
modeling different ways that the production system can evolve in future. Any combination of
changes of the KPIs can represent a case for a future Cluster West.
A Microsoft Excel based file has been used to implement the model. Similar tools can be
developed, for example, for modeling the clinker production system at Kollenbach.
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10 Concluding discussion
In this chapter the results are discussed and some conclusions are drawn. Since the project and
the report covers several issues, some of the content is in the form of aggregated results.

10.1 Conclusions about the Cluster West of “today”
The thorough baseline LCA for the year of 2009 showed that CEMEX Cluster West can be seen
as a positive synergistic example within the cement industry. To start with it was interesting to
assess the basic (intermediate) product – the clinker.

10.1.1 CEMEX Cluster West clinker in relation to average clinker
A comparison of the clinker with average clinker production in other regions/countries provides
a basis for assessing the status of the Cluster West in 2009 concerning climate impact.
According to Table 42 and Figure 29 below, the clinker produced at Cluster West in 2009 is
competitive concerning the emission of CO2-eq compared to other big clinker producing
countries such as China, USA and Japan. Only in Japan the climate impact is lower (830
compared to 850 kg CO2-eq/tonne). This is probably due to a higher technological standard in
the cement plants, for example, including more efficient kilns. It is visible for the KPI#3, specific
fuel energy consumption, where the Japanese plants in average consume 11% less fuel.
Table 42. Comparison of the clinker production in Cluster West with a few other regions/countries.
CEMEX Germany
KPI or other parameters
Clinker

Baseline LCA study

Unit

KPI#1: Clinker substitution rate
KPI#2: CO2 emissions due to calcination
KPI#3: Specific energy consumption (fuel)
KPI#4: Share of renewable (biogenic) fuels
KPI#5: Specific energy consumption (electricity)
Share of secondary fuels

b

Europe

USA

Japan
b

kg CO2-eq/t

a

Other Clinker (average values)

% weight
Kg CO2/t
MJ/t
% energy
kWh/t
% energy

850

k

931

541
3913
41%
69
67% k
w
65%

a

980
a
(1030)
(990) c

4600
25%
141
h

18%

f

China
d

830
c
(730)

World
c

i

1030
(900)

e

9001000

4400 g

3500

f

4000

f

100

f
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f

h
f

h

25%

Boesch & Hellweg 2010

e

Hendriks et al. 2004

i

USEPA 2009

f

Ali et al. 2011

IEA (2007) the average world cement = 830 kg CO2-eq/tonne cement

c

WBCSD 2002

g

Müller & Harnisch 2008

k

Kollenbach plant

d

Hashimoto et al. 2010

h

Ziegler et al. 2006

w

Cluster West

European Commission 2010 (average of 900-1000). According to

The Cluster West clinker in 2009 caused 850 kg CO2-eq per tonne according to the baseline LCA
study. A major part of the impact derives from the production process - about 88% of the total
impact, while the upstream phases including the supply chain/raw material extraction represented
12% (Table 21).
When comparing Cluster West clinker to average clinker produced in USA (according to US
EPA 2009), the climate impact from US clinker is about 13% higher. A further comparison of
the KPIs shows why this difference exists. The specific fuel energy consumption is about 15%
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higher for the US clinker. Comparing the share of renewable (biogenic) fuels used for clinker
production, it is about 39% lower for US clinker and the electricity consumption is almost double
in the US case.
According to Moya et al.(2010), the world average clinker causes CO2 emissions in the range of
900 - 1000 kg CO2-eq per tonne. Figure 28, shows some average values for clinker production.
The climate performance of the clinker produced at Cluster West is clearly better than the world
average.
1000
900

Emissions (kg CO2-eq / tonne)

800
700
600

500
400

850

931

1030

980

950

830

300
200
100
0

Baseline LCA study

Europe

USA

Japan

China

World

Figure 28. Comparison of the climate impact of the clinker production in Cluster West with a few other
regions/countries

A comparison of the clinker production systems in 1997 and 2009 shows that measures to reduce
the climate impact to a large extent have been implemented. Most of the measures of relevance
for the clinker production must be characterized as local production efficiency measures, such as
increasing the thermal efficiency of the kiln and decreasing the electrical energy consumption in
the production process. However, initiatives have also been taken that have a wider scope,
comprising flows and actors outside the production plant. The replacement of fossil fuels with
alternative fuels, of which a part is renewable, has had a significant positive impact since the
alternative fuels are causing less CO2-eq emissions. It should be observed that in the study some
of the alternative fuels have been considered as waste products related to other products’ life
cycles. This means that no climate impact has been included for them, except for impact caused
by upgrading processes and transportation required for the use in the clinker production.

113

10.1.2 Blended cement
Consequently, the clinker can be judged as rather good, but the main strength of Cluster West
from a climate perspective lies in the extensive use of clinker substitutes. The climate impact of
the average product, or the so-called product portfolio cement, is much lower than the impact of
Ordinary Portland Cement. The following values concerning the emissions of CO2 illustrate this:




Portland cement as world average (Flower and Sanjayan, 2007b):
Cluster West portfolio cement:
CEM III/B 42.5 (the best of the studied products):

820 kg CO2-eq/tonne.
385 kg CO2-eq/tonne.
265 kg CO2-eq/tonne.

During the 12 years between 1997 to 2009 the climate impact from the Cluster West portfolio
cement decreased about 365 kg CO2-eq/tonne.
The result of the life cycle assessment of cement products in this study presents an expected
trend; it is obvious that a higher share of clinker substitutes decreases the climate impact from
cement. CEM I is the cement product containing the smallest share of clinker while CEM III/A
and CEM III/B contain a much higher share. The clinker substitution rate of these products were;
10%, 53% and 75% respectively.
The main reason behind the improvements since 1997 is an increased production of CEM IIIproducts, implying a significantly increased substitution of clinker with GBFS. This clinker
substitution is especially influential if the GBFS is considered as a waste from the steel industry
and no environmental impact (except for the granulation and transport) is allocated to it. But this
report also showed that the use of GBFS is very good from a climate perspective, even if
economic allocation is performed.

10.1.3 Methodological development
The purpose of developing the conceptual LCA method was to make it possible to consider
different products as well as different conditions for the product system (i.e. Cluster West in
1997, 2009 and various conditions in the future). An important objective was also to investigate
if the complexity could be reduced without losing too much accuracy, and then to make use of
such possibilities and establish a rational method to work with.
The developed conceptual LCA method really simplified the rather complex Cluster West
production system. Having 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 method was used for
other products and versions of Cluster West, without collecting large amounts of additional
specific Life Cycle Inventory (LCI) data for those products and/or production systems. It would
of course be possible to collect such data and more in detail model the historic production
conditions of the Cluster West. However, to be able to model and assess future products and
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production systems an alternative approach was necessary – an important reason for developing
the conceptual LCA method.
Probably this type of methodological approach is applicable for many other industrial sectors as
well. A baseline LCA is needed and it has to be investigated if a few parameters are dominating
the picture. If that is the case, it might be possible to come to important conclusions based on
information about a few parameters, instead of going into details about hundreds of them.

10.1.4 Currently implemented measures in Cluster West
Cluster West has been successful in implementing several CO2 improvement measures.
Examples of already implemented measures in Cluster West are:
1. Clinker substitution (PPC): Cluster West is substituting clinker to a large extent and
produces various blended cement products. The main clinker substitute material in
Cluster West is granulated blastfurnace slag (GBFS) which is used in slag cement
products (i.e. CEM III). The clinker substitution rate constantly increased during the last
decade. In 1997, the clinker substitution rate (KPI#1) for Cluster West portfolio cement
was 57% smaller than 2009 (KPI#1 in 2009 was 60%). Although clinker substitution is a
highly implemented measure in Cluster West, there is room for further development.
These improvements can be achieved by either producing more blended cements, or by
using other materials as clinker substitutes. Increasing the clinker substitution rate by
another 10% will decrease the CO2 emissions related to the portfolio cement of Cluster
West by about 52 kg CO2/t cement which represents 13% improvement compared to
2009 (Table 40).
2. Fuel diversification (IEF): A major part of the fuel used within Cluster West is
incinerated at the Kollenbach plant. A wide array of alternative fuels are used there, and
this share is increasing. The share of secondary fuels compared to total fuels for
Kollenbach is higher than European average. In 2009 it was about 67% for the
Kollenbach plant (Table 29). Although alternative fuels are used to quite a large extent
within Cluster West, there are still opportunities for further development in this area,
mainly regarding the use of more waste-derived fuels. Increasing the rate of alternative
fuels can indirectly improve the share of renewable fuels (KPI#4) as well because some
of the alternative fuels have biogenic fractions
3. Renewable energy (IER): The share of renewable fuels, or fuels with a biogenic origin,
was about 40% for Cluster West in 2009 (KPI#4). Increasing the share of these fuels will
further decrease the CO2 emissions from clinker or cement production. For instance, a
20% increase of KPI#4 will lead to about 3% reduction of CO2 emissions from clinker
production as well as the portfolio cement production (Table 40).
4. Pre-heating/drying (ERH): The Kollenbach plant has a 4-stage cyclone preheater kiln
system. However, the thermal efficiency of the clinker cooler can be improved
considerably by replacing the drum cooler of the plant (which is a thermal efficiency
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measure (EEE)) so that the specific thermal energy consumption for the clinker produced
in Kollenbach become similar to typical 4-stage cyclone pre-heater kiln systems.
Increasing the thermal efficiency of the kiln system will decrease the specific energy
consumption for clinker production (KPI#3). As an example, a 5% reduction of the
specific energy consumption will lead to about 2% reduction of the CO2 emissions from
clinker production (Table 41).
5. Electrical efficiency (EE): The electrical equipments, motors and transportation systems
used in the plants of Cluster West are relatively efficient. The electrical efficiency has
been improved continuously the last decades. The energy management system for Cluster
West will lead to further improvements. Reducing the electricity demand or decreasing
the specific electricity consumption (KPI#5) by 20% will decrease the CO2 emissions
from portfolio cement production in Cluster West by about 3% (Table 40).
Although these measures are highly implemented in Cluster West, there are still possibilities for
further improvement. The clinker substitution rate of the average Cluster West cement (portfolio
cement) can become higher, more alternative fuels can be used, more biogenic fuels and
renewable energy can be utilized, and energy recovery measures such as co-generation (ERE)
can be implemented. By producing electricity from excess heat at the Kollenbach plant, specific
electrical consumption (KPI#5) will decrease and the impact on the CO2 emissions can be
calculated by the developed conceptual model (Table 32 and Table 39).

10.2 Future options for Cluster West
10.2.1 Material and energy flows of Cluster West and the implemented
CO2 improvement measures
The improvement measures regarding Cluster West can also be structured based on what
material and energy flows they are addressing, which provide another view concerning their
level of implementation. For instance, it is interesting to know which of the flows that are
already affected by measures that leads to reduced climate impact and which of them are not.
To illustrate this a conceptual cement production model has been considered (Figure 8). Inspired
by the principles of industrial ecology (IE) all flows (input and output) are considered as
valuable resources such as feedstock, fuels, products or byproducts for cement production or
other industrial processes. CO2 improvement measures and their existing level of implementation
in Cluster West have been overlaid (or mapped) onto this model – see Figure 29.
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Figure 29. Existing level of implementation of CO2 improvement measures for Cluster West.

Figure 29 shows that most of the measures that require “external synergies” are not implemented
in Cluster West. The only measure in the category of “external synergies” concerns “synergies
among already co-located firms” (SIC), and refers to the use of GBFS. The other external
synergies measures have a relatively low technological maturity and require complex business
approaches.

10.2.2 High potential CO2 improvement measures implemented in
Cluster West
Figure 30 shows the relation between the “existing level of implementation” of measures and
their “CO2 emission reduction potential”, including information about the technological maturity.
Most of the highly implemented measures in Cluster West have low or medium CO2
improvement potential. However, “clinker substitution” (PPC) and “Improve blended cements’
properties” (PPB) are high potential measures that are widely used in the Cluster West and their
further implementation should have high priority

117

CO2 emission
reduction potential

Table 35.

Technological
maturity:
high

medium

high

medium
PNC

SIW

SEB

SEC

SIP

SEH

IER

low

ERE

IFC

PPC

low

SIC

IFM

EEH

IEF

ERH

EEE

low

PPB

ERR

ERP

Existing level of
implementation in
Cluster West

high

medium

Figure 30. The figure for the categories of improvement measures shows; (x) the existing level of implementation in
Cluster West 2009; (y) the CO2 emission reduction potential; and (different colors) the technological maturity.

Among the least implemented, but most promising measures, the followings can be highlighted:





Clinkerless / no-calcine cement (PNC)
Integration/co-location with waste treatment (SIW)
Biological production (SEB)
Carbon sequestration/carbon capture and storage (SEC)

10.2.3 Existing level of industrial symbiosis in the Cluster West
The concept of “complexity of business approach” has been defined according to the scope of
industrial symbiosis (IS) exchanges that are present in the production system (Feiz, 2011). This
relation between “complexity of business approach” and the “existing level of implementation in
Cluster West” for various categories of measures is shown in Figure 31, including information
about the technological maturity.
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Figure 31. The figure for the categories of improvement measures shows; (x) the complexity of business approach;
(y) the existing level of implementation of various CO2 improvement measures in Cluster West; and (different
colors) the technological maturity

Most of the measures that have relatively low complexity in business approach (i.e. require no or
low levels of IS) are implemented in the Cluster West (top left of the above diagram). On the
other hand, most of the measures that require a higher degree of complexity concerning the
business approach are not yet implemented (such as SIW, SIP, SEB, SEC, SEH and SEC) and
their possibilities should be further investigated.
However, it is important to mention that some of the relatively implemented (medium or high)
measures in the Cluster West are at the medium level of industrial symbiosis (or complexity of
business approach). These measures are clinker substitution (PPC), using alternative materials
for clinker production (IFM), fuel diversification (IEF), production of clinkerless or no-calcine
cements (PNC) and synergies among already co-located firms (SIC). This demonstrates the fact
the CEMEX in Cluster West has already implemented several forms of industrial symbiosis and
that this production system is relatively synergistic.
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10.2.4 Quantitative estimation for improved cases
Based on the previously mentioned options two versions of an improved production systems
were defined; and the conceptual model was used to quantify their climate performance. This
showed that if the improvements continues within the same areas as before and with about the
same pace, it can lead to a reduction of the CO2 emissions of about 18 percent. If a more
innovative improvements are considered in longer term, it can lead to 44 percent reduction for
the portfolio cement.

10.2.5 What can CEMEX learn from Cluster West?
Considering the KPIs (key performance indicators) of the Cluster West, it is obvious that the
Cluster West portfolio cement requires much less energy than clinker from Kollenbach (Figure
27), in turn being better than the average clinker on the market. This is due to the clinker
substitution – the extensive use of GBFS. This shows the value and strength of extending the
focus so that it does not mainly comprise the “plant level”, i.e. the importance of interaction and
synergies with the surrounding society.
Cluster West has taken considerable initiatives in harmony with the principles of industrial
ecology and symbiosis. The production system of Cluster West (based on data for 2009) is a
synergistic production system already, implying that the climate performance of the product
portfolio is considerably better than the performance of many other cement production systems.
Therefore, it could be very fruitful to gather the experiences and knowledge from the staff
involved, combined with the results and conclusions from this project and assess the
opportunities for other plants and production clusters within CEMEX. For this purpose, the
following more general sections might be of interest.

10.3 Future of CO2 emission reduction measures in cement
industry
On a general level and based on chapter 7, it is possible to speculate about the most viable
measures for reducing CO2 emissions within the cement industry. For this purpose, the relation
between “CO2 emission reduction potential” and “complexity of business approach” for the
different categories of measures are considered in Figure 32, also including information about
the technological maturity.
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Figure 32. The figure for the categories of improvement measures shows: (x) the complexity of business approach;
(y) the CO2 emission reduction potential of various improvement measures; and (different colors) the technological
maturity

As the figure shows, most of the measures that require both mature technologies and less
complex business approaches have low potential to reduce the emissions of CO2. These measures
mostly regard the production plant, i.e. internal measures. This is mainly because cement
production systems have evolved during at least a century and the “process” has become a highly
mature one, leaving low potential for further development in the traditional domains. Most of the
solutions on process, plant or corporate level are implemented to some extent; in some cases to a
very mature level. This leaves relatively low space for maneuverability and improvements. There
are a few exceptions (high potential and mature technologies) worth mentioning:




Clinker substitution (PPC) is a mature technology and has high CO2 improvement
potential.
Improved blended cements’ properties (PPB)
Synergies among already co-located firms (SIC)

More complicated solutions requiring more complex business approaches and dealing with
higher degrees of uncertainty are less implemented. Most of them are not commercially available
and therefore with existing technologies are not technologically feasible. However, these
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approaches demonstrate high potentials for improvement in future. Some of the most viable
approaches, which are gradually emerging, but are still not mature enough are:





Clinkerless / no-calcine cement (PNC)
Integration/co-location with waste treatment (SIW)
Carbon sequestration / carbon capture and storage (SEC)
Biological production (SEB)

10.4 Conclusions regarding the assessment framework
Most of the already implemented measures to improve the climate performance concern “system
optimization”. This means that measures implying “system re-design” and “system innovation”
are less considered, or at least are not systematically evaluated. “System optimization” measures
can be important. However, it is essential to also look beyond those measures and consider
radical innovations to improve the CO2 performance of cement production.
The framework developed is based on the concepts of industrial ecology and industrial
symbiosis. It has been developed for systematic collection, classification and evaluation of a
wide range of CO2 improvement measures of relevance for the cement industry. This framework
can be used in different ways. It can be used as a tool for performing literature reviews and
categorize the state-of-the-art knowledge about options to improve the climate performance. It
can also be used to assess options for the cement industry in general as well as for individual
plants.
For example, CEMEX can use the results of the general study (Part I, chapter 7). If the
framework is to be applied in future, part I should be updated to include new measures and
consider other changed conditions. That is done once for the whole CEMEX company (cement
industry in general). Then, part II can be applied to assess individual plants or clusters - see
Figure 33.
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Figure 33. The application of the framework for several assessments

During the project a software tool has been developed that allows decision makers and experts to
analyze the result of the assessment.

10.5 Main lesson learned
This project has above all highlighted and quantified the climate importance of clinker
substitutes such as GBFS. This means that the key performance indicator regarding the clinker
substitution rate (KPI#1) is dominating the picture. It was manifested that products similar to
CEM III/B 42.5 significantly outperforms CEM I and products alike. Since the Cluster West
product portfolio contains a high share of blended cements, it has a very good climate
performance.
If it from a societal perspective is seen as prioritized to significantly reduce the climate impact of
the cement industry, one way is to take measures to increase the share of blended cement
products having similar performance as CEM III with a low clinker content. If, for example,
property owners and the construction industry want to improve the total climate footprint of
buildings and constructions built using concrete and mortar, products such as
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CEM III are very favorable. An example makes it clearer - let us consider the climate impact
related to the concrete foundation of a large sports arena:

Choice of concrete for a large sports arena
Required amount of concrete:

100 000 tonnes, or 42 553 m3

Climate impact for :
CEM I (estimated)
82 300 tonnes CO2-eq

CEM III/B (estimated)
28 800 tonnes CO2-eq

Using CEM III/B instead of CEM I in the example means about 53 500 less tonnes of CO2
emissions, corresponding to a decrease of these emissions by 65%. If you address the climate
performance of the entire life-cycle of a building this is a significant difference worth to
consider. The main difference between these two cement products is that concrete based on
CEM III has a longer setting time – it requires a few weeks more to harden. But after that, it is
even stronger than concrete based on CEM I. Considering that the life time of buildings can be
50- 100 years or more, and if the climate performance of the building is prioritized, it might be
regarded as unwise to choose CEM I to eventually save some weeks, since the climate impact is
so much higher if the entire life-cycle of the building is considered (see Figure 34).
The strong focus on the climate issue and the role of the cement industry might lead to even
stronger societal incentives to decrease climate-influencing emissions from the building sector.
One way of achieving that could be to support the further development of markets for blended
cements in general since it is one of the most powerful options available.
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≈ 1 year/weeks
Extraction &
preparation of raw
materials

Cement production

Construction

Use

≈ 50-100 years
Figure 34. Illustration of the life cycle of a building, in this case an arena. The life time can be 100 years or more,
and the choice of cement type only affects the construction phase of about a year. However, the actual impact might
only consider weeks.

Since CEM I represents common practice you could expect that the socio-technical regime,
including actors and institutional factors like legislation, is adapted to that product and that a
large breakthrough for blended cements in general involves a great challenge of influencing
many different actors and institutional factors. For a cement producer such as CEMEX, there are
also strong motives to produce and plan for a significant share of CEM I. One important reason
is that their quarries and permits might ensure access to essential raw materials for many years
ahead (could be about 30 years), while contracts regarding clinker substitutes (such as GBFS)
often are rather short term. However, this is restricted mainly on the demand side of cement
markets rather than by the supply of the GBFS. For example, this could imply marketing
campaigns directed towards customers, but this information should also be interesting for
authorities, politicians and other stakeholders.
For cement producers it is an effective measure to increase their share of blended cements to
improve the climate performance of their company. However, by-products and wastes for
blending are not always and everywhere available. It goes beyond the scope of this study to
assess the global potential for clinker substitution but it is obviously not always a feasible option.
The development of CEMEX Cluster West product portfolio illustrates how the use of blended
cements has contributed to improved climate performance. This also implies that there from a
climate perspective are strong reasons not to mainly benchmark based on clinker. It seems more
relevant (and advantageous for CEM III producers) to widen the scope and compare different
types of cement (or concrete) or even more relevant to focus on the lifecycle of the final products
such as buildings and constructions.
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Information and measures at the plant level 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 system level are also needed.
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11 Future research
The project has been very interesting and the authors have really appreciated this opportunity to
cooperate with staff from CEMEX and learn more about cement and its climate impact.
Concerning future research there are many interesting options, of which only a few are
mentioned here:


A broadened perspective – for example extending the scope;
o To include the whole life cycle, from cradle-to-grave.
o To comprise other environmental impact categories (not “only” climate impact)



Deeper study of synergies;
o To further explore existing synergies and investigate options for additional ones
o To understand more about the institutional and contextual conditions



Stronger economic perspective;
o To increase the knowledge about the costs in relation to different options to
improve the climate performance



What can CEMEX learn from the project?;
o Why is the West Cluster in Germany relatively synergistic?
o Where are similar solutions reasonable?
o Under what conditions is it possible to produce cement with a good climate
performance?
o What drivers and barriers are important concerning an extension of the level of
industrial symbiosis as well as other types of environmental improvements?

How can the methods developed and the knowledge gained within the project be utilized within
CEMEX?
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14 Appendices
Table 45. The quality of the data used in the clinker life cycle model has been evaluated according to the methodology explained in section 2.2.2.

Calcareous marl

3

3

Temporal
correlation
4

Calcination of raw materials

2

3

3

1

2

1

Electricity (German mix)

2

3

1

1

2

4

Incineration of fluff.agg

2

3

1

1

1

1

Incineration of fluff.kiln

2

3

1

1

1

1

Incineration of fluff.silo

2

3

1

1

1

1

Incineration of kiln coal

2

3

1

1

1

1

Incineration of light fuel oil

2

3

1

1

1

1

Incineration of lignite

2

3

1

1

1

1

Inciniration of tires

2

3

1

1

1

1

Kiln coal

3

3

2

1

3

4

Light fuel oil

3

3

3

3

2

2

Lignite

3

3

4

4

3

4

Limestone

3

3

4

3

2

4

Refractory waste

3

3

4

4

4

4

Transport (rail)

3

3

2

3

3

2

Transport (road)

3

3

2

3

3

2

Upgrading of animal meal

3

3

3

3

2

2

Upgrading of fluff (agglomerate)

3

4

1

3

3

4

Upgrading of fluff (kiln)

3

4

1

3

3

4

Upgrading of fluff (silo)

3

4

1

3

3

4

Upgrading of tire

3

4

1

3

3

4

Data set

Reliability Completeness

Geographical
correlation
3

Technological
correlation
2

Allocation
2

Result of
evaluation

(3,3,4,3,2,2)
(2,3,3,1,2,1)
(2,3,1,1,2,4)
(2,3,1,1,1,1)
(2,3,1,1,1,1)
(2,3,1,1,1,1)
(2,3,1,1,1,1)
(2,3,1,1,1,1)
(2,3,1,1,1,1)
(2,3,1,1,1,1)
(3,3,2,1,3,4)
(3,3,3,3,2,2)
(3,3,4,4,3,4)
(3,3,4,3,2,4)
(3,3,4,4,4,4)
(3,3,2,3,3,2)
(3,3,2,3,3,2)
(3,3,3,3,2,2)
(3,4,1,3,3,4)
(3,4,1,3,3,4)
(3,4,1,3,3,4)
(3,4,1,3,3,4)

Table 46. Impact assessment result from the raw material extraction phase in the clinker life cycle based on the most contributing processes (cut-off level set at 0,1%).
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Title: Analyzing 1 p '1a. Raw material Clinker (1 ton)'
Method: IPCC 2007 GWP 100a V1.02
Indicator: Characterization
Category: IPCC GWP 100a
Cut-off: 0,1%
Exclude infrastructure processes: Yes
Exclude long-term emissions: No
Relative mode: None

No

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

Process
Total of all processes
Remaining processes
Natural gas, burned in industrial furnace >100kW/RER U
Lignite, burned in power plant/DE U
Hard coal, burned in power plant/DE U
Hard coal, at mine/WEU U
Natural gas, burned in power plant/DE U
Diesel, burned in building machine/GLO U
Operation, lorry >32t, EURO5/RER U
Natural gas, burned in gas turbine, for compressor station/RU U
Transport, natural gas, pipeline, long distance/RU U
Operation, lorry 20-28t, fleet average/CH U
Heavy fuel oil, burned in power plant/DE U
Blast furnace gas, burned in power plant/RER U
Hard coal, at mine/EEU U
Operation, transoceanic freight ship/OCE U
Operation, freight train, diesel/RER U
Natural gas, at production onshore/RU U
Hard coal, burned in industrial furnace 1-10MW/RER U
Sweet gas, burned in gas turbine, production/MJ/NO U
Natural gas, sweet, burned in production flare/MJ/GLO U
Hard coal, at mine/ZA U
Natural gas, burned in gas motor, for storage/DZ U
Natural gas, burned in industrial furnace low-NOx >100kW/RER U
Refinery gas, burned in furnace/MJ/RER U
Sweetening, natural gas/DE U
Natural gas, burned in gas turbine, for compressor station/UCTE U
Coke oven gas, burned in power plant/RER U
Natural gas, vented/GLO U
Lignite, at mine/RER U
Drying, natural gas/NO U
Hard coal, burned in power plant/FR U
Natural gas, burned in power plant/IT U
Hard coal, burned in power plant/PL U
Natural gas, burned in gas turbine, for compressor station/DZ U
Natural gas, burned in gas turbine, for compressor station/NO U
Sour gas, burned in gas turbine, production/MJ/NO U
Operation, barge/RER U
Natural gas, high pressure, at consumer/RER U
Light fuel oil, burned in boiler 100kW, non-modulating/CH U
SOx retained, in lignite flue gas desulphurisation/GLO U
Heavy fuel oil, burned in refinery furnace/MJ/RER U
Lignite, burned in power plant/PL U
Lignite, burned in power plant/CZ U
Operation, freight train/RER U
Hard coal, burned in power plant/ES U
Diesel, burned in diesel-electric generating set/GLO U
Hard coal, at mine/AU U

Unit
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq

Total
1,06E+02
2,98E+00
3,01E+01
2,23E+01
1,58E+01
9,70E+00
3,53E+00
2,45E+00
2,20E+00
1,83E+00
1,46E+00
1,26E+00
1,19E+00
1,18E+00
1,02E+00
9,11E-01
8,77E-01
5,27E-01
4,73E-01
4,19E-01
3,56E-01
3,55E-01
3,43E-01
3,21E-01
3,11E-01
2,92E-01
2,39E-01
2,38E-01
2,36E-01
2,22E-01
1,96E-01
1,93E-01
1,74E-01
1,70E-01
1,68E-01
1,67E-01
1,62E-01
1,49E-01
1,49E-01
1,46E-01
1,45E-01
1,44E-01
1,44E-01
1,37E-01
1,35E-01
1,30E-01
1,22E-01
1,13E-01

Light fuel oil,
at
refinery/CH U
2,68E-01
6,68E-02
3,90E-05
2,55E-03
1,80E-03
2,39E-04
4,04E-04
1,51E-05
x
1,39E-04
1,11E-04
4,40E-06
1,36E-04
5,64E-04
1,68E-04
1,01E-04
1,94E-07
3,99E-05
3,36E-05
1,91E-02
9,08E-02
3,14E-05
4,62E-05
1,74E-05
7,23E-04
2,80E-05
2,52E-05
5,74E-05
7,04E-02
3,76E-05
1,77E-05
3,87E-04
9,77E-04
1,14E-03
2,26E-05
1,13E-05
2,32E-05
5,09E-06
1,33E-06
1,08E-04
3,61E-05
3,34E-04
9,72E-04
8,09E-04
3,98E-05
8,64E-04
7,83E-03
1,34E-05

Transport, lorry
Electricity, high
Hard coal
Refractory,
>32t, EURO5/RER Transport,
voltage,
supply Lignite, at Limestone, at Calcareous marl, at fireclay, packed, Tallow, at Production of Production of Production of Production of U (all transports freight, rail, production DE, at
mix/DE U mine/RER U mine/CH U
plant/CH U
at plant/DE U plant/CH U 1kWh fluff.kiln 1kWh fluff.agg 1kWh fluff.silo
1kWh tire
merged)
diesel/US U
grid/DE U
1,22E+01 2,50E-01
8,90E-01
2,14E+00
5,78E-01
3,91E+01
7,06E-02
2,76E-02
1,17E+00
7,01E-02
2,57E+00
9,94E-01
4,55E+01
6,10E-01 5,13E-02
1,03E-01
1,91E-01
2,65E-02
1,00E+00
1,40E-03
5,46E-04
2,32E-02
1,39E-03
9,32E-02
2,79E-02
7,82E-01
2,78E-03 1,40E-04
5,43E-03
8,78E-03
6,70E-04
3,01E+01
3,36E-05
1,31E-05
5,58E-04
3,33E-05
3,25E-03
2,96E-05
2,17E-02
1,71E-01 2,04E-02
3,27E-03
1,48E-02
3,72E-02
4,30E-01
3,24E-02
1,27E-02
5,40E-01
3,22E-02
7,65E-03
1,83E-03
2,10E+01
1,22E-01 1,44E-02
4,36E-03
1,35E-02
2,63E-02
3,04E-01
2,29E-02
8,96E-03
3,81E-01
2,28E-02
6,34E-03
1,29E-03
1,48E+01
8,08E+00 1,94E-03
5,91E-04
1,65E-03
2,82E-03
3,34E-02
2,36E-03
9,22E-04
3,92E-02
2,34E-03
3,60E-03
1,75E-04
1,53E+00
2,71E-02 3,23E-03
3,49E-04
2,09E-03
5,89E-03
6,81E-02
5,14E-03
2,01E-03
8,55E-02
5,10E-03
3,89E-03
2,90E-04
3,32E+00
5,62E-02 1,61E-02
6,70E-01
1,59E+00
7,55E-02
1,62E-03
5,82E-05
2,27E-05
9,67E-04
5,78E-05
3,21E-03
1,19E-05
3,76E-02
x
x
x
x
x
x
x
x
x
x
2,20E+00
x
x
9,50E-03 1,10E-03
1,00E-03
1,92E-03
1,73E-02
1,59E+00
3,12E-04
1,22E-04
5,19E-03
3,10E-04
3,43E-03
1,02E-04
2,02E-01
7,59E-03 8,79E-04
8,02E-04
1,53E-03
1,38E-02
1,27E+00
2,49E-04
9,74E-05
4,14E-03
2,48E-04
3,38E-03
8,15E-05
1,61E-01
2,46E-04 2,39E-05
2,02E-04
8,57E-04
5,06E-04
1,24E+00
8,93E-06
3,49E-06
1,48E-04
8,87E-06
1,71E-02
8,98E-06
5,78E-03
9,13E-03 1,09E-03
1,18E-04
7,04E-04
1,99E-03
2,30E-02
1,73E-03
6,78E-04
2,89E-02
1,72E-03
3,42E-03
9,80E-05
1,12E+00
3,87E-02 4,62E-03
4,90E-04
2,32E-03
2,42E-03
7,04E-02
1,59E-03
6,21E-04
2,64E-02
1,58E-03
4,17E-03
4,16E-04
1,03E+00
8,22E-01 1,41E-03
2,26E-04
5,81E-04
5,34E-04
1,05E-02
2,70E-04
1,05E-04
4,49E-03
2,68E-04
3,48E-03
1,27E-04
1,74E-01
7,43E-01 8,23E-04
6,54E-04
1,27E-03
3,77E-04
1,28E-02
2,28E-04
8,91E-05
3,79E-03
2,26E-04
3,36E-03
7,42E-05
1,47E-01
1,05E-05 1,25E-06
2,69E-07
2,75E-06
1,60E-06
1,02E-04
1,32E-06
5,14E-07
2,19E-05
1,31E-06
3,18E-03
8,76E-01
8,51E-04
2,74E-03 3,17E-04
2,89E-04
5,52E-04
4,98E-03
4,58E-01
8,97E-05
3,51E-05
1,49E-03
8,92E-05
3,25E-03
2,94E-05
5,81E-02
3,88E-01 2,14E-04
8,02E-04
1,28E-03
1,64E-04
3,01E-03
1,18E-04
4,61E-05
1,96E-03
1,17E-04
3,24E-03
2,51E-05
7,63E-02
7,07E-03 3,67E-04
3,56E-03
8,75E-03
3,70E-03
3,14E-01
6,26E-05
2,45E-05
1,04E-03
6,22E-05
2,05E-02
3,94E-03
4,05E-02
1,46E-02 4,02E-04
9,77E-03
2,48E-02
1,92E-03
1,06E-01
3,94E-05
1,54E-05
6,56E-04
3,92E-05
7,35E-02
1,10E-02
2,55E-02
2,91E-01 2,58E-04
7,36E-05
1,94E-04
1,35E-04
3,71E-03
8,81E-05
3,44E-05
1,46E-03
8,75E-05
3,24E-03
2,32E-05
5,70E-02
3,26E-03 3,82E-04
2,25E-04
4,14E-04
3,57E-03
3,33E-01
3,43E-06
1,34E-06
5,70E-05
3,40E-06
3,26E-03
3,50E-05
2,22E-03
4,76E-05 2,42E-06
8,64E-05
1,87E-04
3,20E-01
5,60E-04
1,91E-07
7,48E-08
3,18E-06
1,90E-07
3,21E-03
1,30E-05
1,24E-04
3,48E-02 9,77E-04
2,85E-02
6,91E-02
3,35E-03
3,84E-02
6,51E-05
2,54E-05
1,08E-03
6,46E-05
6,08E-02
3,45E-02
4,21E-02
1,93E-03 2,25E-04
1,56E-04
3,11E-04
2,61E-03
2,38E-01
7,45E-05
2,91E-05
1,24E-03
7,40E-05
3,23E-03
2,07E-05
4,82E-02
1,74E-03 2,03E-04
1,51E-04
2,94E-04
2,48E-03
2,32E-01
2,13E-06
8,33E-07
3,54E-05
2,12E-06
3,23E-03
1,87E-05
1,38E-03
3,89E-03 4,65E-04
4,98E-05
2,68E-04
4,40E-04
8,38E-03
3,37E-04
1,32E-04
5,60E-03
3,34E-04
3,28E-03
4,18E-05
2,18E-01
1,31E-02 3,26E-04
8,96E-03
2,26E-02
1,12E-03
3,46E-02
2,62E-05
1,02E-05
4,35E-04
2,60E-05
6,04E-02
1,03E-02
1,69E-02
2,63E-03 8,31E-02
4,43E-05
1,42E-04
2,63E-04
3,26E-03
1,98E-04
7,75E-05
3,30E-03
1,97E-04
3,25E-03
2,82E-05
1,28E-01
1,21E-03 1,40E-04
1,12E-04
2,11E-04
1,88E-03
1,73E-01
2,79E-05
1,09E-05
4,65E-04
2,78E-05
3,21E-03
1,32E-05
1,81E-02
2,31E-02 2,74E-03
8,70E-04
4,71E-03
5,55E-04
1,47E-01
1,81E-05
7,07E-06
3,01E-04
1,80E-05
3,85E-03
2,46E-04
1,17E-02
6,92E-02 8,27E-03
8,41E-04
2,63E-03
1,26E-03
5,85E-02
4,48E-05
1,75E-05
7,45E-04
4,45E-05
4,91E-03
7,43E-04
2,90E-02
8,20E-02 9,80E-03
9,89E-04
2,28E-03
1,51E-03
3,32E-02
5,40E-05
2,11E-05
8,98E-04
5,37E-05
5,20E-03
8,80E-04
3,49E-02
1,60E-03 1,87E-04
1,10E-04
2,03E-04
1,75E-03
1,63E-01
1,68E-06
6,56E-07
2,79E-05
1,67E-06
3,22E-03
1,71E-05
1,09E-03
7,76E-04 8,96E-05
8,76E-05
1,65E-04
1,53E-03
1,40E-01
3,67E-05
1,43E-05
6,10E-04
3,64E-05
3,20E-03
8,35E-06
2,37E-02
1,43E-03 1,27E-04
3,66E-04
8,49E-04
1,47E-03
1,31E-01
3,84E-05
1,50E-05
6,39E-04
3,82E-05
3,75E-03
3,50E-04
2,49E-02
1,24E-01 4,12E-05
2,66E-05
5,64E-05
4,56E-05
7,25E-04
3,62E-05
1,42E-05
6,03E-04
3,60E-05
3,19E-03
3,71E-06
2,34E-02
9,36E-05 7,96E-06
8,32E-05
1,29E-04
1,56E-03
1,46E-01
6,38E-07
2,50E-07
1,06E-05
6,34E-07
3,18E-03
1,02E-06
4,13E-04
2,51E-03 1,02E-05
2,27E-02
1,18E-01
3,03E-05
8,24E-04
1,90E-06
7,41E-07
3,15E-05
1,88E-06
3,66E-03
2,04E-04
1,23E-03
2,52E-03 3,00E-04
3,96E-05
1,36E-04
2,86E-04
3,33E-03
2,08E-04
8,14E-05
3,46E-03
2,07E-04
3,25E-03
2,70E-05
1,35E-01
1,61E-02 4,52E-04
1,32E-02
3,19E-02
1,55E-03
1,78E-02
3,01E-05
1,18E-05
5,00E-04
2,99E-05
2,98E-02
1,60E-02
1,95E-02
6,99E-02 8,35E-03
8,42E-04
1,93E-03
1,29E-03
2,80E-02
4,52E-05
1,77E-05
7,52E-04
4,49E-05
4,90E-03
7,50E-04
2,92E-02
5,82E-02 6,95E-03
7,02E-04
1,63E-03
2,59E-03
2,41E-02
6,01E-05
2,35E-05
1,00E-03
5,98E-05
4,62E-03
6,24E-04
3,89E-02
1,06E-01 8,21E-05
2,74E-04
5,42E-04
2,03E-03
1,93E-03
3,40E-05
1,33E-05
5,66E-04
3,38E-05
4,44E-03
8,61E-05
2,20E-02
6,26E-02 7,43E-03
1,85E-03
3,36E-03
1,13E-03
2,41E-02
4,02E-05
1,57E-05
6,69E-04
3,99E-05
4,71E-03
6,68E-04
2,60E-02
7,09E-03 2,47E-04
4,23E-03
1,04E-02
9,36E-04
4,94E-02
3,61E-05
1,41E-05
6,00E-04
3,58E-05
1,56E-02
5,01E-03
2,33E-02
9,23E-02 1,09E-04
3,14E-05
9,02E-05
4,81E-05
1,90E-03
2,84E-05
1,11E-05
4,72E-04
2,82E-05
3,21E-03
9,80E-06
1,84E-02
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Table 47. Impact assessment result from the production phase in the clinker life cycle based on the most contributing processes (cut-off level set at 0,1%).
Title: Analyzing 1 p '1b. Production Clinker (1 ton)'
Method: IPCC 2007 GWP 100a V1.02
Indicator: Characterization
Category: IPCC GWP 100a
Cut-off: 0,1%
Exclude infrastructure processes: Yes
Exclude long-term emissions: No
Relative mode: None

No

1
2
3
4
5
6
7
8

Process
Total of all processes
Remaining processes
Calcination of raw materials
Incineration of kiln coal
Incineration of fluff.silo
Incineration of lignite
Inciniration of shredded tires
Incineration of fluff.agg
Incineration of fluff.kiln
Incineration of light fuel oil

Unit
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq

Calcination of Inciniration of Incineration Incineration Incineration Incineration Incineration of Incineration
Total raw materials shredded tires of fluff.agg of fluff.kiln of fluff.silo of kiln coal light fuel oil
of lignite
7,44E+02
5,41E+02
4,72E+00
3,25E+00
2,04E+00
7,14E+01
8,95E+01
1,29E+00
3,10E+01
0,00E+00
0,00E+00
0,00E+00
0,00E+00
0,00E+00
0,00E+00
0,00E+00
0,00E+00
0,00E+00
5,41E+02
5,41E+02
x
x
x
x
x
x
x
8,95E+01
x
x
x
x
x
8,95E+01
x
x
7,14E+01
x
x
x
x
7,14E+01
x
x
x
3,10E+01
x
x
x
x
x
x
x
3,10E+01
4,72E+00
x
4,72E+00
x
x
x
x
x
x
3,25E+00
x
x
3,25E+00
x
x
x
x
x
2,04E+00
x
x
x
2,04E+00
x
x
x
x
1,29E+00
x
x
x
x
x
x
1,29E+00
x
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Table 48. Impact assessment result from the total clinker life cycle based on the most contributing processes in for both life cycle phases (cut-off level set at 0,1%).
Title: Analyzing 1 p '1. Clinker, 1 ton (Kollenbach 2009)'
Method: IPCC 2007 GWP 100a V1.02
Indicator: Characterization
Category: IPCC GWP 100a
Cut-off: 0,1%
Exclude infrastructure processes: Yes
Exclude long-term emissions: No
Relative mode: None

No

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Process
Total of all processes
Remaining processes
Calcination of raw materials
Incineration of kiln coal
Incineration of fluff.silo
Incineration of lignite
Natural gas, burned in industrial furnace >100kW/RER U
Lignite, burned in power plant/DE U
Hard coal, burned in power plant/DE U
Hard coal, at mine/WEU U
Inciniration of shredded tires
Natural gas, burned in power plant/DE U
Incineration of fluff.agg
Diesel, burned in building machine/GLO U
Operation, lorry >32t, EURO5/RER U
Incineration of fluff.kiln
Natural gas, burned in gas turbine, for compressor station/RU U
Transport, natural gas, pipeline, long distance/RU U
Incineration of light fuel oil
Operation, lorry 20-28t, fleet average/CH U
Heavy fuel oil, burned in power plant/DE U
Blast furnace gas, burned in power plant/RER U
Hard coal, at mine/EEU U
Operation, transoceanic freight ship/OCE U
Operation, freight train, diesel/RER U
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Unit
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq
kg CO2 eq

Total
8,50E+02
1,01E+01
5,41E+02
8,95E+01
7,14E+01
3,10E+01
3,01E+01
2,23E+01
1,58E+01
9,70E+00
4,72E+00
3,53E+00
3,25E+00
2,45E+00
2,20E+00
2,04E+00
1,83E+00
1,46E+00
1,29E+00
1,26E+00
1,19E+00
1,18E+00
1,02E+00
9,11E-01
8,77E-01

Raw material Production
phase Clinker phase Clinker
1,06E+02
7,44E+02
1,01E+01
0,00E+00
x
5,41E+02
x
8,95E+01
x
7,14E+01
x
3,10E+01
3,01E+01
x
2,23E+01
x
1,58E+01
x
9,70E+00
x
x
4,72E+00
3,53E+00
x
x
3,25E+00
2,45E+00
x
2,20E+00
x
x
2,04E+00
1,83E+00
x
1,46E+00
x
x
1,29E+00
1,26E+00
x
1,19E+00
x
1,18E+00
x
1,02E+00
x
9,11E-01
x
8,77E-01
x

Table 49. Displays the emission factors for the processes used in the clinker life cycle model.
Stage

Unit process

Impact assessment
Value

Raw material phase (cradle-to-gate)

1MWh 'Electricity, high voltage, production
DE, at grid/DE U'

6,65E+02

Raw material phase (cradle-to-gate)

1tkm 'Transport, lorry >32t, EURO5/RER U'

7,96E-02

Raw material phase (cradle-to-gate)

1tkm 'Transport, freight, rail, diesel/US U'

3,85E-02

Raw material phase (cradle-to-gate)

Production of 1kg 'Refractory, fireclay,
packed, at plant/DE U'

1,16E+00

Raw material phase (cradle-to-gate)

Production of 1MJ shredded tire

9,53E-04

Raw material phase (cradle-to-gate)

Production of 1MJ fluff.silo

8,72E-04

Raw material phase (cradle-to-gate)

Production of 1MJ fluff.kiln

1,43E-03

Raw material phase (cradle-to-gate)

Production of 1MJ fluff.agg

5,94E-04

Raw material phase (cradle-to-gate)
Raw material phase (cradle-to-gate)

Production of 1MJ Tallow (animal meat and
bone)
Production of 1MJ 'Light fuel oil, at
refinery/CH U'
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3,56E-02
1,41E-02

Unit
kg CO2-eq / MWh
electricity used
kg CO2-eq / t-km
material
transported
by
truck
kg CO2-eq / t-km
material
transported by rail
kg CO2-eq / tonne
refractory
produced
kg CO2-eq / MJ-eq
shredded
tire
upgraded
from
waste
kg CO2-eq / MJ-eq
fluff.silo upgraded
from waste
kg CO2-eq / MJ-eq
fluff.kiln upgraded
from waste
kg CO2-eq / MJ-eq
fluff.agg upgraded
from waste
kg CO2-eq / MJ-eq
animal meat and
bone
upgraded
from waste
kg CO2-eq / MJ-eq
light
fuel
oil

Remarks

Energy used for upgrading the waste in order
to make it ready as a fuel.
Energy used for upgrading the waste in order
to make it ready as a fuel.
Energy used for upgrading the waste in order
to make it ready as a fuel.
Energy used for upgrading the waste in order
to make it ready as a fuel.

Energy used for upgrading the waste in order
to make it ready as a fuel.
Cradle-to-gate (excluding transport)

Stage

Unit process

Impact assessment
Value

Raw material phase (cradle-to-gate)

Production of 1MJ 'Hard coal supply mix/DE
U'

1,26E-02

Raw material phase (cradle-to-gate)

Production of 1MJ 'Lignite, at mine/RER U'

7,86E-04

Raw material phase (cradle-to-gate)

Production of 1kg limestone

1,77E-03

Raw material phase (cradle-to-gate)

Production of 1kg Calcareous marl, at
plant/CH U

2,14E-03

Production phase (gate-to-gate)

1 MJ 'Incineration of Kiln Coal'

1,04E-01

Production phase (gate-to-gate)

1 MJ 'Incineration of light fuel oil'

9,07E-02

Production phase (gate-to-gate)

1 MJ 'Incineration of lignite'

1,91E-01

Production phase (gate-to-gate)

1 MJ 'Incineration of Kiln Coal'

9,25E-02

Production phase (gate-to-gate)

1 MJ 'Incineration of light fuel oil'

7,40E-02

Production phase (gate-to-gate)

1 MJ 'Incineration of lignite'

9,80E-02

Production phase (gate-to-gate)

1 MJ 'Incineration of shredded tires'

8,80E-02

Production phase (gate-to-gate)

1 MJ 'Incineration of fluff.agg'

8,06E-02
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Unit
produced
kg CO2-eq / MJ-eq
coal produced
kg CO2-eq / MJ-eq
lignite produced
kg CO2-eq / tonne
limestone
produced
kg CO2-eq / tonne
crushed
marly
limestone
produced
kg CO2-eq / MJ-eq
coal incinirated
kg CO2-eq / MJ-eq
light
fuel
oil
incinirated
kg CO2-eq / MJ-eq
lignite incinirated
kg CO2-eq / MJ-eq
coal incinirated
kg CO2-eq / MJ-eq
light
fuel
oil
incinirated
kg CO2-eq / MJ-eq
lignite incinirated
kg CO2-eq / MJ-eq
shredded
tires
incinirated
kg CO2-eq / MJ-eq
fluff.agg
incinirated

Remarks

"Kiln Coal".
transport)

Cradle-to-gate

(including

Cradle-to-gate (excluding transport)
"High grade limestone".
(excluding transport)

Cradle-to-gate

"Crushed marly limestone". Cradle-to-gate
(excluding transport)
from Umwelt Bundes Amt report (received
from CEMEX)
from Umwelt Bundes Amt report (received
from CEMEX)
from Umwelt Bundes Amt report (received
from CEMEX)
from Umwelt Bundes Amt report (received
from CEMEX)
from Umwelt Bundes Amt report (received
from CEMEX)
from Umwelt Bundes Amt report (received
from CEMEX)
from Umwelt Bundes Amt report (received
from CEMEX)
from Umwelt Bundes Amt report (received
from CEMEX)

Stage

Unit process

Impact assessment
Value

Production phase (gate-to-gate)

1 MJ 'Incineration of fluff.kiln'

Production phase (gate-to-gate)

1 MJ 'Incineration of fluff.silo'

Production phase (gate-to-gate)

1 MJ 'Incineration of animal meat and bone'

Unit
kg CO2-eq / MJ-eq
fluff.kiln
9,01E-02 incinirated
kg CO2-eq / MJ-eq
fluff.silo
8,06E-02 incinirated
kg CO2-eq / MJ-eq
0,00E+00 MBM incinirated

Remarks

Note: Biogenic carbon dioxide is not included in the impact characterizatoin calculations.
1 kWh = 3.6 MJ
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from Umwelt Bundes Amt report (received
from CEMEX)
from Umwelt Bundes Amt report (received
from CEMEX)
from Umwelt Bundes Amt report (received
from CEMEX)

Table 50. Inventory for the German electricity mix (high voltage).
Products
Electricity, high voltage, production DE, at grid/DE U
Materials/fuels
Electricity, at cogen ORC 1400kWth, wood, allocation exergy/CH U
Electricity, at cogen with biogas engine, allocation exergy/CH U
Electricity, at wind power plant/RER U
Electricity, hard coal, at power plant/DE U
Electricity, hydropower, at power plant/DE U
Electricity, hydropower, at pumped storage power plant/DE U
Electricity, industrial gas, at power plant/DE U
Electricity, lignite, at power plant/DE U
Electricity, natural gas, at power plant/DE U
Electricity, nuclear, at power plant/DE U
Electricity, oil, at power plant/DE U
Electricity, production mix photovoltaic, at plant/DE U
Transmission network, electricity, high voltage/CH/I U
Transmission network, long-distance/UCTE/I U
Emissions to air
Heat, waste
Ozone
Dinitrogen monoxide
Emissions to soil
Heat, waste
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Amount
1,00E+00

Unit
kWh

6,25E-03
5,35E-03
4,42E-02
2,25E-01
3,63E-02
1,17E-02
1,26E-02
2,51E-01
1,02E-01
2,74E-01
1,61E-02
9,64E-04
8,44E-09
3,17E-10

kWh
kWh
kWh
kWh
kWh
kWh
kWh
kWh
kWh
kWh
kWh
kWh
km
km

3,16E-02
4,50E-06
5,00E-06

MJ
kg
kg

1,67E-03

MJ

Table 51. Inventory for the road transportation – Truck with 32 tonne capacity.
Products
lorry >32t, EURO5/RER U
Materials/fuels
Diesel, low-sulphur, at regional storage/CH U
Operation, lorry >32t, EURO5/RER U
Lorry 40t/RER/I U
Emissions to air
Acetaldehyde
Ammonia
Benzene
Cadmium
Carbon dioxide, fossil
Carbon monoxide, fossil
Chromium
Chromium VI
Copper
Dinitrogen monoxide
Formaldehyde
Heat, waste
Lead
Mercury
Methane, fossil
Nickel
Nitrogen oxides
NMVOC, non-methane volatile organic compounds, unspecified origin
PAH, polycyclic aromatic hydrocarbons
Particulates, < 2.5 um
Particulates, > 10 um
Particulates, > 2.5 um, and < 10um
Selenium
Sulfur dioxide
Toluene
Xylene
Zinc
Emissions to water
Zinc, ion
Copper, ion
Cadmium, ion
Chromium, ion
Nickel, ion
Lead
Emissions to soil
Zinc
Copper
Cadmium
Chromium
Nickel
Lead
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Amount
1,00E+00

Unit
km

2,48E-01
8,56E-02
1,59E-07

kg
km
p

1,68E-08
5,00E-06
3,68E-11
2,70E-09
7,87E-01
5,53E-05
1,82E-08
2,48E-11
8,13E-07
3,00E-05
3,09E-08
1,12E+01
2,83E-08
4,96E-12
4,62E-06
2,23E-08
2,68E-03
3,17E-07
1,00E-09
6,09E-05
5,66E-05
6,16E-05
2,48E-09
2,48E-05
2,58E-10
3,24E-09
6,44E-07

kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
MJ
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg

5,95E-06
1,41E-07
2,11E-09
1,00E-08
2,72E-08
8,67E-08

kg
kg
kg
kg
kg
kg

5,95E-06
1,41E-07
2,11E-09
1,00E-08
2,72E-08
8,67E-08

kg
kg
kg
kg
kg
kg

Table 52. Inventory for the train transportation – Freight train, diesel.
Products
freight train, diesel/RER U
Materials/fuels
Diesel, at regional storage/RER U
Goods wagon/RER/I U
Locomotive/RER/I U
Operation, freight train, diesel/RER U
Emissions to air
Ammonia
Benzene
Cadmium
Carbon dioxide, fossil
Carbon monoxide, fossil
Chromium
Copper
Dinitrogen monoxide
Heat, waste
Lead
Mercury
Methane, fossil
Nickel
Nitrogen oxides
NMVOC, non-methane volatile organic compounds, unspecified origin
Particulates, < 2.5 um
Particulates, > 10 um
Particulates, > 2.5 um, and < 10um
Selenium
Sulfur dioxide
Toluene
Xylene
Zinc
Emissions to soil
Iron
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Amount Unit
1,00E+00 tkm
1,07E-02 kg
4,59E-08 p
7,11E-10 p
1,00E+00 tkm
2,14E-07 kg
1,07E-06 kg
1,07E-10 kg
3,36E-02 kg
1,69E-04 kg
5,34E-10 kg
1,82E-08 kg
1,07E-06 kg
4,85E-01 MJ
1,17E-12 kg
2,14E-13 kg
1,39E-06 kg
7,47E-10 kg
5,87E-04 kg
5,41E-05 kg
1,37E-05 kg
3,09E-05 kg
4,24E-05 kg
1,07E-10 kg
6,41E-06 kg
4,27E-07 kg
4,27E-07 kg
1,07E-08 kg
6,02E-05

kg

Table 53. Characterization factors for the calculated greenhouse gas emissions in the impact assessment method IPCC 2007.
Impact category
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air

Substance
1-Propanol, 3,3,3-trifluoro-2,2-bis(trifluoromethyl)-, HFE-7100
Butane, 1,1,1,3,3-pentafluoro-, HFC-365mfc
Butane, perfluoroButane, perfluorocyclo-, PFC-318
Carbon dioxide
Carbon dioxide, fossil
Carbon dioxide, land transformation
Chloroform
Dimethyl ether
Dinitrogen monoxide
Ethane, 1-chloro-1,1-difluoro-, HCFC-142b
Ethane, 1-chloro-2,2,2-trifluoro-(difluoromethoxy)-, HCFE-235da2
Ethane, 1,1-dichloro-1-fluoro-, HCFC-141b
Ethane, 1,1-difluoro-, HFC-152a
Ethane, 1,1,1-trichloro-, HCFC-140
Ethane, 1,1,1-trifluoro-, HFC-143a
Ethane, 1,1,1,2-tetrafluoro-, HFC-134a
Ethane, 1,1,2-trichloro-1,2,2-trifluoro-, CFC-113
Ethane, 1,1,2-trifluoro-, HFC-143
Ethane, 1,1,2,2-tetrafluoro-, HFC-134
Ethane, 1,2-dibromotetrafluoro-, Halon 2402
Ethane, 1,2-dichloro-1,1,2,2-tetrafluoro-, CFC-114
Ethane, 1,2-difluoro-, HFC-152
Ethane, 2-chloro-1,1,1,2-tetrafluoro-, HCFC-124
Ethane, 2,2-dichloro-1,1,1-trifluoro-, HCFC-123
Ethane, chloropentafluoro-, CFC-115
Ethane, fluoro-, HFC-161
Ethane, hexafluoro-, HFC-116
Ethane, pentafluoro-, HFC-125
Ether, 1,1,1-trifluoromethyl methyl-, HFE-143a
Ether, 1,1,2,2-Tetrafluoroethyl 2,2,2-trifluoroethyl-, HFE-347mcc3
Ether, 1,1,2,2-Tetrafluoroethyl 2,2,2-trifluoroethyl-, HFE-347mcf2
Ether, 1,1,2,2-Tetrafluoroethyl methyl-, HFE-254cb2
Ether, 1,1,2,3,3,3-Hexafluoropropyl methyl-, HFE-356mec3
Ether, 1,1,2,3,3,3-Hexafluoropropyl methyl-, HFE-356pcc3
Ether, 1,1,2,3,3,3-Hexafluoropropyl methyl-, HFE-356pcf2
Ether, 1,1,2,3,3,3-Hexafluoropropyl methyl-, HFE-356pcf3
Ether, 1,2,2-trifluoroethyl trifluoromethyl-, HFE-236ea2
Ether, 1,2,2-trifluoroethyl trifluoromethyl-, HFE-236fa
Ether, 2,2,3,3,3-Pentafluoropropyl methyl-, HFE-365mcf3
Ether, di(difluoromethyl), HFE-134
Ether, difluoromethyl 2,2,2-trifluoroethyl-, HFE-245cb2
Ether, difluoromethyl 2,2,2-trifluoroethyl-, HFE-245fa1
Ether, difluoromethyl 2,2,2-trifluoroethyl-, HFE-245fa2
Ether, ethyl 1,1,2,2-tetrafluoroethyl-, HFE-374pc2
Ether, nonafluorobutane ethyl-, HFE569sf2 (HFE-7200)
Ether, pentafluoromethyl-, HFE-125
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Characterization factor
297
794
8860
10300
1
1
1
31
1
298
2310
350
725
124
146
4470
1430
6130
353
1100
1640
10000
53
609
77
7370
12
12200
3500
756
575
374
359
101
110
265
502
989
487
11
6320
708
286
659
557
59
14900

Unit
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg

Impact category
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air

Substance
Hexane, perfluoroHFE-227EA
HFE-236ca12 (HG-10)
HFE-263fb2
HFE-329mcc2
HFE-338mcf2
HFE-338pcc13 (HG-01)
HFE-347pcf2
HFE-43-10pccc124 (H-Galden1040x)
Methane
Methane, biogenic
Methane, bromo-, Halon 1001
Methane, bromochlorodifluoro-, Halon 1211
Methane, bromodifluoro-, Halon 1201
Methane, bromotrifluoro-, Halon 1301
Methane, chlorodifluoro-, HCFC-22
Methane, chlorotrifluoro-, CFC-13
Methane, dibromoMethane, dichloro-, HCC-30
Methane, dichlorodifluoro-, CFC-12
Methane, dichlorofluoro-, HCFC-21
Methane, difluoro-, HFC-32
Methane, fluoro-, HFC-41
Methane, fossil
Methane, iodotrifluoroMethane, monochloro-, R-40
Methane, tetrachloro-, CFC-10
Methane, tetrafluoro-, CFC-14
Methane, trichlorofluoro-, CFC-11
Methane, trifluoro-, HFC-23
Nitrogen fluoride
Pentane, 2,3-dihydroperfluoro-, HFC-4310mee
Pentane, perfluoroPFC-9-1-18
PFPMIE
Propane, 1,1,1,2,2,3-hexafluoro-, HFC-236cb
Propane, 1,1,1,2,3,3-hexafluoro-, HFC-236ea
Propane, 1,1,1,2,3,3,3-heptafluoro-, HFC-227ea
Propane, 1,1,1,3,3,3-hexafluoro-, HCFC-236fa
Propane, 1,1,2,2,3-pentafluoro-, HFC-245ca
Propane, 1,1,3,3-tetrafluoro-, HFC-245fa
Propane, 1,3-dichloro-1,1,2,2,3-pentafluoro-, HCFC-225cb
Propane, 3,3-dichloro-1,1,1,2,2-pentafluoro-, HCFC-225ca
Propane, perfluoroPropane, perfluorocycloSulfur hexafluoride
Trifluoromethylsulfur pentafluoride
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Characterization factor
9300
1540
2800
11
919
552
1500
580
1870
25
22
5
1890
404
7140
1810
14400
1,54
8,7
10900
151
675
92
25
0,4
13
1400
7390
4750
14800
17200
1640
9160
7500
10300
1340
1370
3220
9810
693
1030
595
122
8830
17340
22800
17700

Unit
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg
kg CO2 eq / kg

