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Abstract

State of the art Life Cycle Inventory (LCI) models are typically used to relate resource use
and emissions to manufacturing and use of a certain product. Corresponding software tools
are generally specialised to perform normalisation of the flows to the functiona unit. In some
casesit is, however, desirable to make use of the LCI model for other types of environmental
assessments. In this paper, an aternative modelling technique resulting in amore flexible
model isinvestigated.

We exemplify the above by designing and building amodel of a cement plant. The
commissioner’s, in this case Cementa AB, requirements on a flexible model that generates
information on environmental performance, product performance and the economic cost were
seen as important. The work reported here, thus, has two purposes; on the one hand, to
explore the possibility for building more flexible LCI models, and on the other hand, to
provide the commissioner with amodel that fulfils their needs and requirements.

Making use of a calculational a-causal and object-oriented modelling approach satisfied the
commissioner’ s special requirements on flexibility in terms of modularity and the types of
calculations possible to perform. In addition, this model supports non-linear and dynamic
elements for future use. The result isamodel that can be used for a number of purposes, such
as assessment of cement quality and environmental performance of the process using
aternative fuels. It is also shown that by using the above modelling approach, flexibility and
modularity can be greatly enhanced.

Keywords: Life-cycle-simulation, predict, consequences, process model

I ntroduction

The interest in environmental issues, as well as the pressure on industries to develop more
environmentally preferable products and processes, is constantly increasing. This drives
product and process devel opment towards more sustainable practises. However, products,
processes and production systems are always devel oped taking cost and product performance
into consideration. Thus, there is a growing need for tools to predict and assess both the
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environmental performance and the economic cost and the product performance of alternative
production operations.

The purpose of this paper is to describe how we designed and built a flexible model for
process and product development in the cement industry. The model predicts the
environmental performance, the economic cost and the product performance by simulating
different operational alternatives for producing cement. The needs and requirements were
specified by the cement industry. These are outlined in Section 2. We give our interpretations
as a conceptual model in Section 3. We chose the modelling approach and simulation tool and
describe how we designed and built the model in Section 4. We end Section 4 by testing the
tool intwo real cases. The results of these tests show that the modelling approach used can
generate a potentially powerful tool.

A life cycle perspective (“cradle to gate”) was used to assess the environmental consequences
of process and product changes, in order to avoid sub-optimisation. The conceptual model
represents the cement manufacturing process from cradle to gate. However, the model wein
this paper in detail describe the construction of and test of represents the gate to gate part of
the manufacturing process. Environmental performance is described in terms of
environmental load (resource use and emissions). Economic cost is described in terms of the
company’s own material cost and production cost. Product performance is expressed as
cement composition. The product performance is used to determine whether or not the
operational alternativeis feasible. Environmental load and economic cost have to be related to
afeasible operational alternative and product.

Cementa AB, the cement manufacturer in Sweden and the commissioner of the study, has
previous experience of Life Cycle Assessment (LCA) through a Nordic project on Sustainable
Concrete Technology [1]. In that project, several LCA studies were carried out on cement,
concrete and concrete products [2,3,4,5,6]. One conclusion drawn from the project was that
life cycle assessment is atool, with the potential for improvement, to be used to avoid sub-
optimisation in the development of more environmentally adapted cement and concrete
products and manufacturing processes [1]. Severa other LCA’s of cement, concrete and
concrete products have also been carried out [7,8,9,10].

However, there are limitations with today’s LCA. One important limitation, from an industrial
perspective, isthat social and economic benefits of industrial operations are not taken into
account. Another limitation of present LCl modelling isits limited capability to perform
different types of ssimulations. There are limits on the possibility of changing process
variables without changing the underlying model. Usually anew model is built for each
operational alternative simulated. In addition, LCI models are usually defined as linear and
time independent.

1. Background

1.1. Cement Manufacturing and Related Environmental | ssues

The cement manufacturing process, shown in Figure 1, consists of the following main steps:
limestone mining, raw material preparation, raw meal grinding, fuel preparation, clinker
production, cement additives preparation and cement grinding. Clinker isthe intermediate
product in the manufacturing process. The following description is based on the
manufacturing process at Cementa’s Slite plant. The cement manufacturing process at the



Manuscript submitted to Journal of Cleaner Production April 2, 2001

Slite plant is described in detail in the report “ Cement Manufacturing — Process and Materia
Technology and Related Environmental Aspects’ [11].

raw material
preparation

raw meal clinker N cement
grinding :> production [—v|  grinding ::Ceme“t>

i i i

limestone fuel cement additive
mining preparation preparation

Figurel Cement manufacturing process

Limestone, the main raw materia is mined and crushed. Other raw materials used may be
sand, iron oxide, bauxite, slag and fly ash. The raw materials are prepared and, then,
proportioned to give the required chemical composition and ground into a fine and
homogeneous powder called raw meal.

Various fuels can be used to provide the thermal energy required for the clinker production
process. Coa and petroleum coke are the most commonly used fuels in the European cement
industry [12]. A wide range of other fuels may be used, e.g., natural gas, oil and different
types of waste, e.g., used tyres, spent solvents, plastics, waste oils. The fuels are processed,
e.g., ground, shredded, dried, before being introduced into the process.

Clinker production isthe “heart” of the cement manufacturing process. The raw meal is
transformed into clinker, through heating, calcining and sintering the finely ground raw meal
into glass-hard spherically shaped mineras, clinker. The raw meal enters the clinker
production system at the top of the cyclone tower and is heated. Approximately half of the
fuel isintroduced into the cyclone system, and at about 950 °C the carbon dioxide bound in
the limestone is released, i.e., the calcination takes place. The calcined raw meal entersthe
rotary kiln and moves slowly towards the main burner where the other half of the fuel is
introduced.

Raw materials and fuels contain organic and inorganic matters in various concentrations.
Normal operation of the kiln provides high temperature, along retention time and oxidising
conditions adequate to destroy aimost all organic substances. Essentially all mineral input,
including the combustion ashes, is converted into clinker. How metals entering the kiln
behave depends largely on their volatility. Most metals are fully incorporated into the product,



Manuscript submitted to Journal of Cleaner Production April 2, 2001

some precipitate with the kiln dust and are captured by the filter system, and some are present
in the exhaust gas.

Inter-grinding clinker with a small amount of gypsum produces Portland cement. Blended
cement contains, in addition, cement additives, such as granul ated blast furnace dag,
pozzolanas, limestone or inert filler. Depending on their origin, the additives require different
preparations.

The exhaust gases |eaving the clinker production system are passed through a dust reduction
device before being let out through the stack. The dust is normally returned to the process.

The clinker production system is the most important part of the manufacturing process in
terms of main environmental issues. The main use of energy isthe fuel for clinker production.
Electricity is mainly used by the mills and the exhaust fans. The emission to air derives from
the combustion of fuel and the transformation of raw meal into clinker. Apart from nitrogen
and excess oxygen, the main constituents of the kiln exhaust gas are carbon dioxide from the
combustion of fuel and the calcination of limestone, water vapour from the combustion
process and raw material's, and nitrogen oxide from the combustion process. The exhaust gas
also contains dust, sulphur dioxide, depending on sulphur content of the raw materials, small
quantities of metals from the raw material and fuel, and remnants of organic compounds from
the raw material.

The emissionsto air from the clinker production system largely depend on the design of the
system and the nature and composition of the raw material and fuel [11]. The raw material
and fuel naturally vary in composition and the content of different compounds have a
different standard deviation. The emissions of metals depend on the content and volatility of
the metal compound in the raw material and fuel. The metal content largely varies over time
and, consequently, so does the metal emission.

The Nordic study “LCA of Cement and Concrete —Main Report” points out emissions of
carbon dioxide, nitrogen oxides, sulphur dioxide and mercury, and the consumption of fossil
fuel as the main environmental loads from cement production [6]. According to the European
Commission, the main environmental issues associated with cement production are emissions
to air and energy use [13]. The key emissions are reported to be nitrogen oxides, sulphur
dioxide, carbon dioxide and dust.

1.2. Meansand Work Doneto Minimise Negative Environmental | mpact

The negative environmental impact from cement manufacturing and cement can be minimised

in numerous ways. These can be grouped into four categories:

» Substituting input, raw materials, fuels and cement additives, to the process

» Process development; optimise and develop the existing process

» End-of-pipe solutions; adding emission reduction systems

* Product development; develop new products or change cement composition and
performance

Many of these solutions have consequences outside the actual cement manufacturing plant
both upstream, as well as downstream. Therefore, the life cycle perspective is necessary to
assess the environmental consequences of process and production changes, in order to avoid
sub-optimisation.
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Examples of environmental improvement measures taken at the Slite plant in recent years are
given in the following, in order to give examples of technical devices and measures the model
should be able to deal with.

Different types of waste are used, e.g., used tyres, plastics, spent solvents, waste oils, as
substitutes for traditional fuels to reduce the consumption of virgin fossil fuels and the
emission of carbon dioxide. The goal isto replace 40% of the fossil fuel with aternative fuel
[14] by 2003. Cementa s also looking into the possibility of using alternative raw materials,
i.e., recovered materials, to substitute for traditional, natural raw materials. The aternative
raw materials can either be used as raw material in the clinker production process or as
cement additives, i.e., to substitute for clinker in cement grinding.

In 1999, a new type of cement, “building cement”, was introduced on the Swedish market.
Building cement is a blended cement with about 10 % of the clinker replaced with limestone
filler. The environmental benefits of substituting limestone filler for clinker are areductionin
the amount of raw meal that has to be transformed into clinker, and consequently, less
environmental impact from the clinker production process, raw material and fuel preparation.
The environmental impact per ton cement has been reduced by 10 % [15].

The use of alternative material and fuel at the cement plant requires pre-treatment, transport
and handling, and affects the alternative treatment of waste and by-products. New materials
and fuels lead to new combinations and concentrations of organic and inorganic compounds
in the clinker production system, which, in turn, lead to new clinker- and exhaust gas
compositions.

As an end of pipe-solution, a Selective Non Catal ytic Reduction system (SNCR) to reduce
nitrogen oxide emissions was installed at the Slite plant in 1996. In 1999, a scrubber was
taken into operation to reduce sulphur dioxide emissions. In the scrubber, SO, is absorbed in a
slurry consisting of limestone and water. The separated product is used as gypsum in the
cement grinding.

2. The Commissioner’s Needs and Requirements on the M odel

The commissioner’s, Cementa AB’s, needs and requirements, as interpreted from discussions
with representatives from different departments, are outlined in this section.

Cementa AB needs atool to predict and assess product performance, environmental
performance and economic cost of different operational alternatives for producing cement.
Thetool isto be used to support company internal decisions on product and process
development and strategic planning through generating and assessing operational alternatives.
Another specific useis as abasis for government permits. To get permits for test runs of new
raw materials and fuels, information on the expected outcome is needed.

Cementaintends to learn about the system and the system’ s properties regarding product
performance, environmental performance and economic cost and the rel ations between these
parameters. The life cycle perspective is seen as important. Cementa wants to be able to
simulate combinations of raw materials, fuels and cement additives in combination with
process changes and end-of -pipe solutions. For all tested combinations, information about the
system’ s predicted properties should be generated and assessed in relation to feasibility
criteria, such as product performance, emission limits and economic cost. Product
performance is regarded as the most important criterion.
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The commissioner gave the following two examples of how to use the tool. They asked for

specific and detailed information about the predicted consequences for each alternative.

A. Produce a given amount of cement, given the raw material mix, the fuel mix and fuel
demand, and the cement additive mix. What is the product performance of the cement, the
environmental performance and the economic cost?

B. Produce a given amount and type of cement, given the fuel mix and fuel demand, the
cement additive mix and the available raw materials. What raw material mix is required?
What are the environmental performance and the economic cost?

Concrete with different strength developments needs different amounts of cement. Therefore,
it should be possible to state the amount of cement produced in the operational aternative
simulated. The environmental performance should be described as environmental load, i.e., as
resource use, emissionsto air and water, and waste. The composition of the kiln exhaust gas
from clinker production should be described. The composition of all raw material, fuel,
intermediate products and products should be described and possible to evaluate. The product
performance should be described with three ratios; the lime saturation factor (LSF), the silica
ratio (SR), and the aluminaratio (AR), used in the cement industry as measures of cement
composition. The ratios describe the relation between the four main components and are
shown in table 1. The total material and production cost in “ SEK” per amount cement
produced should be calculated. The accumulated material and production cost should be
possible to study after each step in the cement manufacturing process; both as cost per amount
cement produced and as cost per kilo of the intermediate product.

Tablel Product performance (cement-, clinker-, raw meal ratios)

Ratio Denomination | Formula

Lime saturation factor | LSF LSF = (100Ca0) / (2,850, + 1,1A1,05 + 0,7Fe,03)
Silicaratio SR SR = (Si0,) / (Al,O3+ Fe,05)

Aluminaratio AR AR = (Al,03) / (Fe03)

Note: Ca0, SiO,, Al,O3 and Fe,0O; are all expressed in weight percentage.

Cementa produces cement at three plantsin Sweden. The different plants use the same main
production process as described in Section 1.1. However, there are variations between the
plants, especially in the design of the clinker production system. Variations are mainly due to
the nature of the available raw material, when the plant was built, modifications done and the
installation of different emission reduction systems. It should be easy to adapt the tool to
represent any of the commissioner’ s cement manufacturing processes, athough the first
model was intended to represent the Slite plant.

The content of metal compounds in the raw material, and the standard deviation of the metal
content, largely vary depending on the location of the plant. Thus, the emissions of metalsto
air largely vary from one plant to another. Emission of metals from clinker production should
be included in the first model, but they are not in focus. However, in the next stage, when site-
specific models of each plant is developed, the level of detail with which metal emissions are
described, should be further increased.

The cement manufacturing processis, by nature, non-linear and dynamic. The tool should
describe stable state conditions and describe the static and linear transformation of raw
material and fuel into clinker. The tool has to have development potential to include the non-
linear transformations in the process. In addition, there should also be the potential to simulate
dynamic behaviour, e.g., during start-up and shut down of the kiln.
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3. Conceptual Model and System Boundary

Based on the commissioner’ s requirements, a conceptual model was constructed, as presented
in the following:

To avoid sub-optimisation, the model wasto be from alife cycle perspective. The raw
material, fuel and cement additives used are to be traced upstream to the point where they are
removed as a natural resource. Alternative raw materias, fuels and cement additives are by-
products or waste from other technical system. The production of these alternative productsis
not to be included. However, the additional preparation, handling and transport to make them
fit the cement industry is to be included. The cement isto be followed to the gate of the
cement plant.

The cement manufacturing system has been divided into a background system and a
foreground system [16]. The foreground system represents Cementa' s “ gate to gate” part of
the system. Cementa can, in detail, control and decide on processes in the foreground system,
but can only make specifications and requirements on products from the background system.
Depending on whether the additional preparation, handling and transport is done by Cementa
or not, the processes are either in the foreground system or the background system. The
conceptual model, in Figure 2, shows the foreground and background system, and in addition
awider system. The wider system shows consequences of actions taken at the cement plant,
which exists, but are not modelled.

BACK GROUND Ammoniac Electricity District WIDER SYSTEM
SYSTEM production | Tran‘sport production heating, Slite
| 3 |
: I
FORE GROUND
®+ SNCR SYSTEM
x
Raw meal . . Cement grindin
grinding »| Clinker production system and st?:)rage 9 —’
/Y
Sand Lime& marl Coal & pet ‘
grinding extraction, grinding,
Transport 4 mining and handling Alt. ffje' Transport Transport
crushing land storage handling
L and storage 4
Alt. raw [ [ [y Alt. raw
material material Gypsum
processing Transport Transport Transport Transport processing production
A 4 L L 4 4
Sand Coal Pet coke Alt. fuel BACK GROUND
extraction production production | | processing SYSTEM
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¢ |raw material - [ Recycling/ ‘ Recycling/ # Alt. fuel ‘ raw material-- | Recycling/ | |
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Figure2  Conceptual mode

The foreground system was divided into the following processes:
* Lime- and marlstone extraction, mining and crushing

* Sand grinding

* Raw meal grinding

» Coa and petroleum coke grinding

» Clinker production
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* Cement grinding and storage

Between each one of these processes, intermediate homogenisation, transportation and storage
might take place and, where applicable, are accounted for.

The background system consists of the following processes:

* Production and transport of sand and other raw material

e Additional preparation of aternative raw materials and transport to the cement plant

* Production and transport of traditional fuels

e Additional preparation of waste to convert them into fuels for cement manufacture and
transport to the cement plant

* Production and transport of cement additives

» Additiona preparation of aternative cement and transport to the cement plant

* Production of electricity

The plant in Slite produces waste heat used for district heating in Slite. The waste hest is
accounted for as an output, a product, but no credit is given to the cement production through
allocation or system enlargement. In the same way, when alternative raw materials and fuels
are used in cement manufacturing, the amount of waste thus disposed of is accounted for, but
no allocation is made. These consequenses of the cement manufacturing process are placed in
the wider system in the conceptual model.

Not considered are:

» Production and maintenance of capital equipment for manufacturing and transport
» Extraction and production of alternative raw materials, fuels and cement additives
* Working material, such as explosives, grinding media and refractory bricks

* Iron-sulphate used in the cement milling to reduce chromium

» Offices

The two systems were modelled with different techniques and level of detail. The foreground
system model was built according to the techniques described in the next section. For the
background system, traditional life cycle inventory (LCI) techniques[17] were used. Product
performance and economic cost were taken into account by assigning the products entering
the foreground system a chemical composition and a cost. Subsequently, flows entering the
foreground system are described as a flow of mass (kg/s), cost (SEK/s) and thermal energy
content (MJ/s) with a composition according to Table 2, and in accordance with the purchase
deal. Flows of material in the background system are defined and described as a flow of mass

(kg/s).

Table2 Material and fuel composition

Compound Unit Compound Unit

Ca0 weight-share | As, arsenic weight-share
SO, weight-share | Cd, cadmium | weight-share
Al,O3 weight-share | Co, cobolt weight-share
Fe,0O4 weight-share | Cr, chromium | weight-share
MgO weight-share | Cu, copper weight-share
K,O weight-share | Hg, mercury | weight-share
NaO weight-share | Mn, mangane | weight-share
SO; (sulphides and organic in raw material) | weight-share | Ni, nickel weight-share
SO; (sulphatesin raw material) weight-share | Pb, lead weight-share
SO; (in fuel) weight-share | Sb, antimony | weight-share
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Cl weight-share | Se, selenium | weight-share
C (in traditional fuel) weight-share | Sn, tin weight-share
C (in dternative fuel) weight-share | Tetellurium | weight-share
C (in raw material) weight-share | Tl, thallium weight-share
Organic (in raw material) weight-share |V, vanadium | weight-share
Moist (105 °C) weight-share | Zn, zinc weight-share

The environmental load (resource use and emissions) was described according to the
parametersin Table 3. The kiln exhaust gas from the clinker production system was described
using the parametersin emission to air in Table 3. The transport was expressed both in ton
kilometres and as the related environmental load, according to the parametersin Table 3.

Table3 Environmental load, resour ce use and emissionsto air and water

Resource use
Raw material, kg
Alternative raw material, kg

Fuel, kg and MJ

Alternative fuel, kg and MJ

Water, kg

Emission to air Hg, mercury
CO,, carbon dioxide Mn, mangane
NO,, nitrogen oxides (NO and NO, as NO,) Ni, nickel
SO,, sulphur dioxide Pb, lead

CO, carbon monoxide Sh, antimony
VOC, voléatile organic compounds Se, selenium
Dust Sn, tin

As, arsenic Te, tellurium
Cd, cadmium TI, thallium
Co, cobolt V, vanadium
Cr, chromium Zn, zinc

Cu, copper

Emission to water

BOD, biological oxygen demand
COD, chemical oxygen demand
Tota N, total nitrogen content

Non elementary in-flow, “flows not followed to the cradle’
Alternative raw material and fuel

Non elementary out-flows, “flows not followed to the grave”
Industrial surplus heat, MJ

4. Modelling and Simulation

This section starts by interpreting the commissioner’ s requirements in a system technical
context. Only the foreground system is considered in the following. The result is a set of
decisions on the modelling and the simulation techniques. Thisis followed by a description of
how the model was built in accordance with these techniques and, finaly, how the
constructed model was validated.

4.1. System Technical Interpretation

To predict the performance of the desired type of operational alternatives it was concluded
that we had to simulate them, i.e., perform calcul ations on amodel representing the cement
manufacturing plant. A model is, here, a mathematical description of any real subject. A
simulation is, then any kind of mathematical experiment carried out on the model.
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The requirements on the model indicate the necessity of keeping these ssimulations flexiblein

the sense that it should be possible to predict a number of aspects of the plant, depending on

the situation. Examples of static equilibrium calculations that are given in Section 2 include:

A. Setting the percentage of each raw material in the raw meal and each fuel in the fuel mix
used. Then calculating the percentage of raw meal mix and fuel mix, the produced cement
quality, emissions and economic cost under the constraint that the fuel providesall the
thermal process energy. This means we give all the materials necessary to produce cement
and then watch what comes out of the process.

B. Setting properties of the produced cement and each fuel in the fuel mix used. Then
calculating the percentage of each raw material in the raw meal mix, the percentage of raw
meal mix and fuel mix, emissions and economic cost under the constraint that the fuel
provides the process thermal energy. This means we want to control properties of the
cement produced and cal culate the proportions of the raw materias, under the same
constraint for the fuel to provide enough thermal heat.

In a mathematical model, numerical parameters can be divided into the following categories:

* Constants. Are set when the model is built and then remain.

* Locked variables. Parameters set to a numerical value throughout a certain ssmulation, in
accordance to input data.

* Freevariables. Parameters that will be calculated in the smulation. Some of these are
internal variables in the model and others are the ones we want to calculate; the output.

The difference between the above cases is which parameters are locked and which are free.
This controls how the smulation is carried out, i.e., how the equations for simulation are
formulated. The two static equilibrium cases, above, will result in different sets of equations.
A simultaneous solving of respective set of equations will render the result. It isindeed
possible to make these calculations with any general mathematical package available. If so,
each of the cases hasto be treated separately. The result isawell functioning simulation for
the specific case that cannot, however, be used for other different ssimulations. If so, the
equations need to be re-formulated. Since a specific requirement was flexibility in the
calculations possible to perform, we will refine our modelling method by a separation of the
model, or what is normally thought of as the model, into three parts, namely:

* A neutral model. Only the model, i.e., adescription of our system, in which the
connecting equations are expressed in aneutral form. The model maps our interpretation
of the plant onto a mathematical formulation, but it does not include any specific problem
to be solved, henceit is called neutral.

* A problem formulation. An explicit list of which parameters to lock and a value with
which to designate each of them.

* A simulation method, which is the calculation method chosen, can also be considered to
be a part of the problem formulation.

The most powerful way to achieve this separation is to remove the calculational causality
(CC) from the model [18]. The CC determines the order in which the equationsincluded in a
simulation are calculated. Thisis merely atechnical consideration and affects only the order
in which the calculations are done and does not imply any restrictions or special
considerations regarding the nature or contents of the system behind the model. The resulting
model is said to be a-causal, or non-causal, in that nothing is said about the order of
calculation in future simulations with the model. The model can mathematically be regarded
as anumber of equilibrium equations connected to each other.

10
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Another important aspect of flexibility for the model is modularity. In order to be truly
flexible, according to the requirement regarding adjustments to represent different cement
plants, the model has to be easy to re-build. In most practical cases, changes would probably
be limited to assigning different inputs and performing different kinds of simulations, which
would already be part of the problem formulation. In some cases, thisis not enough and the
underlying model structure needs to be altered. Changing the number of raw materials or
fuels, is one such case, and adopting it to fit a cement manufacturing plant with different
designs, is another. A step to create modularity has already been taken by making the model
acausal. Thisis merely atheoretical prerequisite and will not, in itself, produce aflexible
model. On the other hand, if thisis combined with an object oriented modelling language, we
will end up with a practical, easily re-combinable model. The paradigm of object orientation
is something that affects the language the model is expressed in. Thisincludes a natural way
to keep partsthat are separate in reality as separate objects in the model, so that the model
resembles redlity, or a suitable picture of reality. Usually this feature is used to group sub-
parts of the model into objects, but it is aso useful to group flow entities together. Flows that
are made up of a number of substances can, thus, be treated as an entity to enhance the
transparency and ease of comprehension.

The cement manufacturing process contains both parts that vary over time and parts, which
cannot always be sufficiently described with alinear relation. One of the requirements wasto
make it possible to account for these properties in the future, so it must be possible to include
both dynamic and non-linear elements. The first model, which is covered in this paper, does
not, however, contain any dynamic or non-linear elements.

In addition to being able to include the above dynamic elements of the model, we also need to
perform dynamic solving, i.e., calculate and trace (al) the variablesin the model over a
certain time span. This simulation type can be used for environmental predictions when, e.g.,
starting up, shutting down or changing parameters in the cement production process. The
starting point for such a simulation can be given values for a set of variables, such asthe start
conditions for the plant when performing a start up simulation. It can also be from a state of
equilibrium, which is the case when simulating a shut down situation. In the latter case, we
need a method to determine this state of equilibrium, e.g., perform a steady state solving. The
steady state solving can, of course, aso be used on its own to find stable points of operation
for the production plant. It is then equivalent to what in LCI is generally called “normalisation
of thelife cycle’ or, specifically in ISO 14041 [17], “relating data to functional unit”. In
addition, another simulation type which is mentioned for future use, is optimisation.

In summary, we have found that in order to fulfil the requirements of the commissioner the

model needs to be flexible in terms of :

» Simulation —type of predictions that can be made: static equilibrium, dynamic solving, etc

* Modularity — ease of combination into models of other cement plants by re-arrangement
of the parts

» Trangparency — al governing equations and resulting figures readily available to the user,
even theinternal ones

e Comprehension — easy to grasp and understand

We have, thus, found that the following modelling approach is needed:

e Caculationa non-causal used to separate a neutral model and the problem formulation
» Physical modelling to keep physical entities together in the model

» Object oriented modelling language to enhance the reusability of the model

11
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In addition, the model needs to support:

* Dynamic elements

* Non-linear elements

Simulation types the software tool needs to support:
» Steady state solving

* Dynamic solving

e Optimisation

Not all of the requirements, above, are fulfilled with state-of-the-art LCI techniques[19]. In
LCl, it isgeneraly enough to describe the life cycle with such aresolution that it is sufficient
with a static and linear model. Moreover, current LCA tools normally provide normalisation
of thelife cycle to the reference flow as the only simulation alternative. Consequently, there
are no LCA related software tools available that can perform the desired types of simulations.
In the field of general simulation there are, however, alarge number of tools that can be used.
Some equivaent examples include OmSim [20], DYMOLA [21] and ASCEND [22]. These
software are of the kind that use computational non-causal models and allow a number of
types of simulations to be performed. For this application, ASCEND was chosen based on the
following criteria
* It was possible to run on a PC, hence convenient (DY MOLA, ASCEND)
* It had plug-in modules allowing user made simulation types, hence flexible (OmSim,
DYMOLA, ASCEND)
* Itwasfreeware, hence economica (OmSim , ASCEND)

4.2. Modd Construction

Building amodel with the specifications and techniques discussed above, is more a matter of
generalisation than specification. Most of the core components in the model will hence reflect
the general behaviour of an “object” or “function”. Later, these will be specialised to the
specific case, here the cement manufacturing plant. This technique of extracting layers of
behaviour iswell suited for object oriented implementation where the mechanism of
inheritance can be used for that purpose. The general behaviours are implemented in base
classes and the more specific in inherited ones.

The first step, when building the model, was to find the objects contained in our perception of
the cement manufacturing plant. This was already done in the conceptual model. These
objects then needed to be abstracted into their general behaviour. Usually, thisrevealsthat a
number of objects follow the same basic rules, which then means that they can inherit from
the same base object.

First, the general functionality of partsin the conceptual model was extracted. Then, a number
of general objects were built to host the functionality. Focus was put on the mechanisms
behind the general functionality and the correspondence with reality for the more specific one.
From the conceptual model, we found the objects given in Table 4.

Table4 Total listing of objectsin the model

Name Inheritsfrom Role

composition - Any kind of composition of a mixture
mass_stream - Flow of material

materialfue_stream mass_stream Flow of raw materialsand fuels
kilnexhaustgas_stream mass_stream Flow of exhaust gas

chemical_analyser - Test probefor specific cement ratios
materialfuel_mixer - Mixer for n number of material fuel streams
rawmeal_mixing materialfuel_mixer Specific raw meal mixer at Slite
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fuel_mixing

materialfuel_mixer

Specific fud mixer at Slite

rawmealfuel_mixing

materialfuel_mixer

Specific rawmealfuel mixer at Site

cement_mixing

materialfue_mixer

Specific cement mixer at Site

materialfuel_grinder

General grinder for a material fuel stream

rawmeal_grinder_dlite

materialfued_grinder

Specific grinder for raw meal at Site

sand_grinder_dlite

materialfuel_grinder

Specific grinder for sand at Slite

lime_grinder_dite

materialfuel_grinder

Specific grinder for limeat Slite

marl_grinder_dlite

materialfue_grinder

Specific grinder for marl at Site

coalpetcoke grinder_dlite

materialfuel_grinder

Specific grinder for coal and pet coke mixture at Slite

cement_grinder_dlite

materialfud_grinder

Specific grinder for cement at Slite

clinker _production General clinker production

clinker_production_dite clinker_production Specific clinker production at Slite

cement_model_dlite - Top level model over the Slite plant

In the following, a detailed explanation of some of these objectsis given. The syntax used is
based on the ASCEND IV model language [22] but has been simplified to only include the
contents (semantic). All code is given in another font (model). The word composition thus means
the model (object) composition as declared in Table 5.

Table5 Syntax used in declaration of objects

Syntax Explanation

MODEL xyz Start declaration of the object xyz

Declarations: Part of object where declarations are given

abc IS A xyz; Declares abc as of type xyz.

abe[n] IS_A xyz; Declares abc as an array with n number of elements of type xyz

Assignments: Part of object where constants are intitiated

Rules: Part of object where the equations are given

FORi IN abc Loop wherei get the contents of each member in abc

END FOR;

SUM[abc] Compute the sum of all elementsin abc

= Neutral equality. Used to express equilibrium, i.e. that two expressions
are numerical equal. It is not an assignment and does not imply any
order of calculation, e.g. left to right.

4.2.1. Composition

This object is used to represent any kind of composition of a mixture. A list isused to contain
the name of each component in the mixture (compounds). The weight share of each component is
given as afraction with the range of 0 to 1 (y[compounds]). T0O be able to handle redundant
descriptions (where the weight of the parts differs from that of the whole), no limitation is put
on the fractions to sum up to 1.0. The object also contains the cost (cost) and heat content (heat)
per mass unit of the total mixture. The typical usage of this object is to declare the contents of
amaterial, such as araw material, fuel or a product.

MODEL composition

Declarations:
compounds IS_A set OF symbol_constant;
y[compounds] IS A fraction;
cost IS_A cost_per_mass;
heat IS A energy _per_mass,

Note: The contents of the compounds list is not yet specified.

4.2.2. Mass Stream

The mass stream is a flow of material where the content is declared by a composition (state). The
flow rate is expressed both astotal flow (quantity) and flow of each of the contained
components (f). For convenience (easier access at higher levels), the list of componentsin the
flow is repeated (compounds). It i, then, declared equivalent to the one already present within
state tO prevent deviating values.
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The two ways of describing the flow can be expressed in terms of each other and, thus, are not
independent of each other. In fact, for all components the flow of each component equals the
total flow times the fraction for the component in question (f[i] = quantity*stateyfi]).

MODEL mass_stream

Declarations:
compounds IS_A set OF symbol_constant;
state IS_A composition;
quantity,f{compounds] IS_A mass rate;

Rules:
compounds, state.compounds ARE_THE_SAME;

FOR i IN compounds CREATE
f_def[i]: f[i] = quantity* state.y[i];
END FOR;

4.2.3. Material-fuel Stream

The material-fuel stream is a specialisation of the mass-stream declared above. It represents
the flow of raw materials and fuels in the cement manufacturing process. It takes all relevant
materials into account, as defined in Table 2, and permits these to be described either as a
share or mass per time. Here, the share option is used to declare the weight share of each
component. The material-fuel stream also carries the associated cost and heat.

MODEL materialfuel_stream REFINES mass_stream

Declarations:
cost IS _A cost_per_time;
heat IS_A energy_rate;
Assignments:
compounds;==['Ca0','Si02','Al203','Fe203','Mg0','K20','Na20',' SO3sul phides,' SO3sulphates ,' SO3fuel’,'CI',
'Ctrad','Calt','Craw','Maist','Organic','As,'Cd','Co','Cr','Cu’,'Hg','Mn''Ni*,'Pb','Sb','S¢','Sn','T€e,'TI','V','Zn'];
Rules:

cost = quantity* state.cost;
heat = quantity* state.heat;

4.2.4. Kiln Exhaust Gas Stream

The exhaust gas from the clinker production system is modelled as a flow representation of its
own. The components are specified with the mass flow, e.g. kg/s. The components are defined
in Table 3. The kiln exhaust gas stream is a specialisation of the mass-stream, to which the
appropriate compounds have been added as described below.
MODEL kilnexhaustgas stream REFINES mass_stream
Assignments:
compounds;==['CO2raw','CO2trad','CO2alt','CO','VOC','NOx','SO2''vapour','As,'Cd','Co','Cr','Cu','Hg','Mn','Ni",
'Pb','Sh','Se,'Sn',Te,'TI','V','Zn'];

4.2.5. Chemical Analyser

A chemical analyser isasort of test probe for product performance. It describes the product
performance in the ratios used in the cement industry, i.e., Lime Saturation Factor (LSF),
SilicaRatio (SR) and AluminaRatio (AR). Definitions of these are given in Table 1.

The analyser is modelled as a stand-al one object and can be connected to any material fuel
stream composition object in order to measure the performance.

MODEL chemical_analyser

Declarations:
state IS A composition;
LSF IS_A factor;
SR IS_A factor;
AR IS _A factor;
Rules:

L SF = 100* state.y['CaO']/(2.8* state.y[' S O2']+1.1* state.y[' Al203']+0.7* state.y[ Fe203']);
SR = state.y[' S O2']/(state.y[' Al203 ] +state.y[' Fe203']);
AR = gtatey['Al203]/state.y[' Fe203'];
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The analyser can also be used to control the ratios of a certain material-fuel stream. In such a
case, theratios' parameters (LSF, SR and AR) can be set and thereafter locked.

426. Material-fuel Mixer

A mixer object transforms two or more inflows of material into one outflow and, thus, is an n-
to-1 junction for material-fuel streams. It can be used to mix a number of material-fuel
streams in fixed percentages or to have these percentages calculated, depending on settings.
The number of inputs (n_inputs) Must be set before the object is used. The number of fractions
(mix_part[1..n_inputs]) equals the number of inputs. Independent of the number of inputs, there is
only one output (out). The list of components (compounds) in the inputs and the output are
equivalent. For each component, the output flow is the sum of the inputs (out.f[i] =
SUM[in[1..n_inputs] f[i]), OF

n_inputs
fout = z fin(i)
i=1

The mass balance for each individual component must be maintained. (in[j].quantity =
mix_part[j]*out.quantity). AN additional constraint is that the input fractions must sum up to 1.0
(sum[mix_part[1.n_inputs]] = 1.0). The heat contents and economic cost, thus, must be calculated
separately. Here, they are both expressed so that the cost and heat, respectively, for the output
equals the sum of the input cost and heat.

MODEL materialfuel_mixer

Declarations:
n_inputs IS_A integer_constant;
in[1..n_inputs], out IS_A materialfuel_stream;
mix_part[1..n_inputs] IS_A fraction;

Rules:
in[1..n_inputs].compounds, out.compounds ARE_THE_SAME;
FOR i IN out.compounds CREATE
cmbli]: out.f[i] = SUM[in[1..n_inputs].f[i]];
END FOR;
FORj IN [1..n_inputs] CREATE
mix[j]: in[j].quantity = mix_part[j]* out.quantity;
END FOR;
SUM[mix_part[1..n_inputs]] = 1.0;
out.cost = SUMJin[k].cost | k IN [1..n_inputs]];
out.heat = SUM[in[k].heat | k IN [1..n_inputs]];

4.2.7. Material-fuel Grinder

The material-fuel grinder represents grinding raw meal, clinker, etc. and transforms one
inflow of coarse material into one outflow of ground material. Grinding consumes electrical
energy according to the mass ground. The energy constant (ep) is used to calculate total
electrical power consumption (eectricity_consumption). The quantity decreases due to dust
generation that is given by a dust-generating constant (DG) defined as afraction of the out
guantity. A total cost adding is modelled as afixed cost per mass unit (cosr) to cover
maintenance and operation plus the cost of electricity. Thistotal cost isthen added to the cost
for the material entering the grinder so that the specified material cost always corresponds to
the cumulated production cost at the specified location.

The compositions of the input and output material-fuel stream (in and out) are the same. The
heat content is not changed during grinding.

MODEL materialfuel_grinder

Declarations:
in, out IS_A materialfuel_stream;
electricity_consumption IS_A energy_rate;
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dust_generation IS_A mass rate;

cost_adding IS_A cost_per_mass;

ED IS _A energy_per_mass _constant;

DG IS A mass_per_mass_constant;

COST IS_A cost_per_mass_constant;

ELECTRICITY_COST IS A cost_per_energy_constant;
Rules:

in.compounds, out.compounds ARE_THE_SAME;

in.statey, out.state.y ARE_THE_SAME;

dust_generation = out.quantity * DG;

out.quantity = in.quantity - dust_generation;
electricity_consumption = out.quantity * ED; (* cost/s*)
cost_adding = COST + ELECTRICITY_COST * ED; (* cost/kg *)
out.state.cost = in.state.cost + cost_adding; (* cost/kg *)

out. state.heat = in.state.heat;

4.2.8. Clinker Production

The clinker production transforms one inflow of material and fuel into one outflow of
material and one outflow of kiln exhaust gas. The module contains relations and constants for
cost adding, e ectricity-consumption and dust-generation.

Clinker production requires a specified amount of heat per mass unit that must be supplied by
the fuel. In thismodel, a constant value per mass unit clinker entering the clinker production
isused. Thisamount was, therefore, calculated and set as a requirement on the heat contents
in the fuel entering the clinker production.

The clinker production object contains equations that relate input mixture, output clinker and
emissions to each other. From a modelling technique point of view, clinker production does
not contain any additional concepts beyond what has already been discussed.

4.2.9. Cement Plant

When all the objects were defined, they were connected to form amodel of the foreground
system: the cement manufacturing plant at Slite. To start with, al the necessary objects were
instantiated and some of the constants within them were set, such as the number of inputs for
all mixers and site specific values. Then they were connected in accordance to the structure of
the conceptual model, which resulted in the model in Figure 3.
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Figure3 Foreground system model

4.3. Problem Formulations

The model built is neutral in the sense that it does not include any specific problem to be

solved. Such a problem formulation, consequently, needs to be done separately. The

formulation contains the following:

* A distinction between what to treat as locked variables and what to treat as free variables,
depending on the desired solution and the cal culation method chosen.

* A connection between input data and the model. Usually locked variables are initiated

with suitable input data.
» The calculation method to use, which sorts equations and cal cul ates the result by invoking

amathematical agorithm.

Problem formulations will, in the following, be exemplified for the two specific operational
alternatives discussed in Section 2. To be able to find a solution, the number of constraints
(equations) needs to equal the number of free variables. The number of equationsisa
consequence of the model, and thus, the parts of the model and how these are connected.
Initially, all variables in the model are free. In the problem formulation, some of them are
locked so the desired simulations will be possible to perform.

431 CaseA

The requirements in Section 2, further interpreted in Section 4.1, result in the locked
variables, according to Table 6. These variables are set to the values indicated, which
represent the input. With this problem formulation, the number of variables will equal the
number of equations and the system, thus, becomes possible to solve. The used solver in
ASCEND is QRSlv, which isanon-linear algebraic equation solver [23].

Table6 Constants and input data for Case A
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Variableto lock Initiated data Comment

Quantity of cement 1000 kg/s Product quantity

Fraction gypsum for cement grinding 0.052

Fraction limestone for cement grinding 0.044 Implies 90.4% clinker for cement grinding
Fraction pet-cokein fuel mix 0.20 Implies 80% coal in fuel mix

Fraction sand in rawmesal 0.02

Fraction marlstone in rawmeal 0.71 Implies 27% limestone in rawmeal

Heat required by clinker production 3.050 MJkg Related to theinflow of raw meal fuel

43.2. CaseB

Here, variables are locked according to Table 7 and constants are set to the values indicated.
Even here, the number of variables will equal the number of equations and the system will,

thus, be possible to solve.

Table7 Constants and input data for Case B

Variableto lock Initiated data Comment

Quantity of cement 1000 kg/s Product quantity

Fraction gypsum for cement grinding 0.045

Fraction limestone for cement grinding 0.04 Implies 91.5% clinker for cement grinding
Fraction pet-coke in fuel mix 0.23

Fraction tyresin fuel mix 0.22 Implies 55% coal in fuel mix

Clinker LSF quality factor

97

Clinker SR quality factor 2.9 Only two out of three quality factors can be set

Related to the inflow of raw meal fuel

Heat required by clinker production 3.050 MJIkg

4.4. Modd Validation and Simulation

To use the moddl, i.e., to predict the environmental load, the product performance and the
economic cost, a prerequisite is that the model acts as the system it represents. Before using
the model and accepting the information generated, the model has to be validated. It hasto be
determined whether or not the model gives a good enough description of the system’s
properties to be used in its intended application. When satisfactory correspondence between
the situation, the model and the modelling purpose has been attained, then the use and
implementation are appropriate. However, validation of the model will continue throughout
the user phase. Once a future operational aternative has been tested and implemented, the
simulated information will be compared with the observations of the real system. It is, then,
possible to improve the model. And, consequently, the validity and relevance of the model
may be continuously improved.

Validation isan intrinsic part of model building and the validity of the model hasto be
assessed according to different criteria. Technical validation of the foreground system model,
i.e., to ensure that the model contains or entails no logical contradictions and that the
algorithms are correct, was done as the model was built.

To validate the foreground-system-model, and in addition, show examples of model usage
and results, we performed simulations on two real operational aternatives. These have
actually been used at the plant, and hence, there were measurements to validate against. The
simulations are those given in Sections 2 and 4.1 and areillustrated in Figures 4 and 5,
respectively.
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For each of the two operational alternatives, data generated with the model was compared
with observations and measurements of the real system. The simulated values were related to
the real values. A selection of simulated values as a percentage of measured values is shown
in Figures 6 and 7 for the two real operational alternatives, respectively.
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The two simulations show that the model can simulate the desired operational aternative and
generate the desired information. The simulated and calculated information shows, in
comparison with the real system’s properties, satisfactory correspondence. We have avalid
general model of the Slite plant that can be used to predict product performance, the economic
cost and environmental load.

For metals, the model has been technically validated. But due to large variations in metal
content in raw material and fuel and insufficient empirical datato describe the emissions of
metals we did not achieve total correspondence between simulated and real metal emissions.

5. Discussion and Future Research

It has been shown that the modelling approach used, i.e., acalculational non-causal model,
physical modelling and an object oriented modelling language can greatly enhance
modularity, flexibility and comprehensiveness. Together with an appropriate simulation tool,
e.g., ASCEND IV, this technique provided a flexible and general-purpose model of a cement
manufacturing process for process and product development purposes.

The tool generates the desired information, i.e., predicts the environmental |oad, product
performance and economic cost, by simulating the desired operation alternative. For the two
operational alternatives tested, the model generated information, which shows satisfactory
agreement with the real system’s properties. We are of the opinion that since all entities are
described independent of each other, they can easily be combined and connected to represent
another plant or manufacturing process.

To avoid sub-optimisation, the model was to use alife cycle perspective. The cement
manufacturing process, from cradle to gate, was divided into a foreground system, the “ gate to
gate” part, and a background system. To complete the model in the life-cycle aspect, the
background system model, which is modelled using normal LCI technique [17] and stored in
the SPINE [24] format, needs to be connected to the foreground model. Since the background
model is both linear and time independent (static) it can be expressed with the techniques and
tools discussed in this paper.

As aresult of the chosen modelling approach and simulation tool, the model, as such, has
potential for development. One especially interesting area for future research is to develop the
model and the problem formulations so that it will be possible to perform optimisation with
the model. The library of re-usable problem formulations and model parts can be devel oped
and extended. Other modelling devel opments would be adding non-linear and dynamic
relations, which transform input into output, and increase the level of detail in the model,
where applicable.

Naturally, the validation process of the cement model will continue to increase the validity
and extend the interval for which the model isvalid. The next step, thus, will be to use and
implement site specific models, including the emission of metals, in the cement industry.
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Abstract

To support decisions on product and process development options and strategic planning,
information on the consequences of planned changes are needed. For this purpose a flexible
model over cement manufacturing has been developed. The model predicts the economic cost,
the product and the environmental performance in alife-cycle perspective, smulating
different operational alternatives. Interesting future operational alternatives, such asan
increase in the use of industrial by-products and wastes as raw materials and fuels have been
explored. Theresults, i.e. the consequences from alife-cycle perspective of potential
development options, are discussed.

The nine simulations show that the use of recovered material and alternative fuel (defined
waste) can be increased with no negative effect on product performance. An increase in the
use of recovered material and aternative fuel replace the use of resources. The simulations
also show that the emissions of CO,, NOx, SO,, CO, VOC CH,4 and dust can be reduced. The
transport of recovered material and alternative fuel increases with increased use. However, the
environmental benefits of the increase in use of recovered material and alternative fuel are by
far greater than the resource use and emissions to air associated with the increase in transport.

1. Introduction

The increasing interest in environmental issues and pressure on industries to develop more
environmentally adapted products is an additional impetus for product and process
development. To support decisions on product and process development options and strategic
planning, information on the consegquences of planned changes are needed. As a consequence,
alife cycle process model has been developed in the cement industry [1]. The model predicts
environmental and product performance, and economic cost, from alife cycle perspective, by
simulating different operational alternatives for producing cement.

Cementa AB, the cement manufacturer in Sweden, aims to contribute to the development of a
sustainable society and has committed itself to set environmental goals annually to achieve
continual improvement [2]. To be able to set environmental goals and to take action Cementa
needs to simulate development options to generate information on potential product
performance and environmental and economic consequences. Some of the interesting future
development options are an increase in the use of industrial by-products and defined waste as
raw material, fuel and cement additives. In this paper, today’ s and eight future operational
alternatives for producing cement have been simulated, using the life cycle process model [1].
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The work presented here has two purposes. Oneisto find out if the life cycle process model
that has been devel oped can be used for itsintended purpose. The other isto explore the
potential to minimise negative environmenta impact through an increase in the use of
industrial by-products and defined waste as raw material, fuel and cement additives.

2. Scenarios ssmulated

Industrial by-products can be used either in the raw meal mix or in the cement mix, and
defined waste can be used in the fuel mix. In discussion with representatives from different
departments at Cementa AB, it was agreed that it would be interesting to explore two raw
meal mixes, two cement mixes and three fuel mixes. A raw meal mix, afuel mix and a cement
mix were then combined into an operational alternative, a scenario, to be simulated. This
section briefly describes the different mixes and how they were combined into nine scenarios.

Industrial by-products (e.g., slag, fly ash, industrial gypsum, industrial sand) can be used as
substitutes for traditional natural raw materials. The recovered materials can either be used as
raw materia in the raw meal, or in the cement grinding as substitutes for clinker or cement
additives. According to the European standard “ Cement — Composition, Specifications and
Conformity Criteria’ [3], atype | cement must contain at least 95% clinker, atype Il cement
80% clinker, and atype I11 cement at |east 60% clinker. Different types of defined waste (e.g.,
used tyres, used plastics, spent solvents, waste oils) that cannot be recycled can instead be
used as substitutes for traditional fossil fuel in cement manufacturing.

Cementa currently produces atype Il cement in which recovered material is used as cement
additives and where limestone replaces part of the clinker. The raw meal mix used today
consists of limestone, industrial sand and a small amount of iron oxide. And, today, about
25% of the fossil fuel is replaced with used tyres. These current mixes were combined and
gave an O-scenario.

Cementa s environmental goal for 2003 isto replace at least 40% of the fossil fuel (by
thermal energy content) used at Cementa s three plants in Sweden, with aternative fuel [4].
One future fuel mix to study, subsequently, isto replace 40% of the fossil fuel. Another
interesting fuel mix isto replace 80% of the fossil fuel. An interesting raw meal mix to study
isto replace part of the l[imestone by recovered material. And, an interesting cement mix to
study isatype 11 cement in which additional clinker is replaced by limestone and recovered
material.

The current mixes and future mixes were combined into nine operational alternativesto be
simulated, as shown in Table 1.

Tablel Operational alternativesto be smulated

Scenario | Raw meal mix Fuel mix Cement mix

0 Current; 93,5% limestone and | Current; 25% Current type Il; 84% clinker, 10%
6,5% recovered material alternative fuels | limestone, 6% recovered material

A Current; 93,5% limestone and | Replace 40% Current type II; 84% clinker, 10%
6,5% recovered material fossil fuel limestone, 6% recovered material

B Current; 93,5% limestone and | Replace 80% Current type II; 84% clinker, 10%
6,5% recovered material fossil fuel limestone, 6% recovered material

C 80% limestone, 20% Replace 40% Current type II; 84% clinker, 10%
recovered material fossil fuel limestone, 6% recovered material

D 80% limestone, 20% Replace 80% Current type II; 84% clinker, 10%
recovered material fossil fuel limestone, 6% recovered material
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E Current; 93,5% limestone and | Replace 40% A type lll; 60% clinker, 15%
6,5% recovered material fossil fuel limestone, 25% recovered
material
F Current; 93,5% limestone and | Replace 80% A type lll; 60% clinker, 15%
6,5% recovered material fossil fuel limestone, 25% recovered
material
G 80% limestone, 20% Replace 40% A type lll; 60% clinker, 15%
recovered material fossil fuel limestone, 25% recovered
material
H 80% limestone, 20% Replace 80% A type lll; 60% clinker, 15%
recovered material fossil fuel limestone, 25% recovered
material

3. Method - the life cycle process model
The model, previously described in Gabel et. a. [1], was used to simulated the scenarios.

To avoid sub-optimisation, the life cycle process model usesalife cycle perspective. The
cement manufacturing process, from “cradle to gate”, is divided into a foreground system and
a background system. The foreground system represents Cementa’ s “ gate to gate” part of the
system. Cementa can, in detail, control and decide on processes in the foreground system, but
can only make specifications and requirements on products from the background system.
Alternative raw material, cement additives and fuel are by-products or defined waste from
other technical systems. The production of these alternative products is not included.
However, the additional preparation, handling and transport to make them fit the cement
industry is included. Depending on whether or not the additional preparation, handling and
transport is done by Cementa, the processes are either in the foreground system or the
background system.

The foreground and background systems are modelled with different levels of detail. The
foreground system model has been built as described in Gabel et. a. [1]. The cement
manufacturing process, as well as the formulas, relations and data needed to construct the
model have been described in Gabel [5]. The background system has been modelled with
normal LCI technique [6] and stored in SPINE format [7].

The foreground system model has been validated for two cases [1] and shows satisfactory
agreement with the real system'’s properties to be used to simulate the desired operational
alternatives and to generate the information requested.
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Figurel  Thelifecycle process model

The following data sources were used for the background system. Persons at Cementa
estimated the potential supplier, manufacturing site, distance and means of transportation for
al the supplied material. Datafor coal production are the average data used in the European
cement industry [8]. Datafor petroleum coke production have been taken from a Nordic LCA
study on cement and concrete. Datafor electricity production are the Swedish average
electricity data supplied by the Centre for Environmental Assessment of Product and Material
Systems (CPM) [10]. Datafor transport are the average data for transport based on Swedish
conditions and based on the fleet in 1999 supplied by the Centre for Environmental
Assessment of Product and Material Systems (CPM) [11].

For each simulated operational aternative, the environmental load as specified in Table 2 was
calculated. The composition of the exhaust gas from clinker production (kg/ton cement), and
the electrical and thermal energy use (M J/ton cement) in the foreground system were
calculated separately. The composition of all intermediate products, e.g. raw meal and clinker,
and cement was cal culated. In addition, the material and production cost (“ SEK” /ton cement)
was calculated, although not presented in this paper.

Table?2 Parameter s used to describe environmental load

Resource use

Natural mineral resource
Fossil fuel

Bio fuel

Uranium ore

Area

Water

Non elementary in-flow, “flows not followed to the cradle”
Recovered material
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Alternative fuel

Emission to air

CO,, carbon dioxide

NO,, nitrogen oxides (NO and NO, as NO,)
SO,, sulphur dioxide

CO, carbon monoxide

VOC, volatile organic compounds

CH,, methane

Dust

The parameters describing the environmental 1oad were selected on two grounds. They

contribute to large-scale environmental problems. And they could be modelled with an

acceptable degree of uncertainty, for instance, because the emissions do not have minor
variations in the composition of raw material and fuel.

Naturally, there are also other types of environmental |oad that can be considered. Among
those are those with very local effects, such as noise, vibrations and odour. The emission of
small amounts of toxic substances, such as metals, dioxins and furans has not been modelled
due to large uncertainties. These emissions depend, to alarge degree, on minor variationsin
raw material and fuel composition. Moreover, thereisalimited amount of empirical data
available to model the formation of these emissions.

4. Problem formulation

Thelife cycle process model is flexible and can, from given product requirements, calculate
the raw meal mix, and, from given raw meal mix, calculate potential product performance.
Thus, it isaneutral model and does not include any specific problem to be solved [1]. For
each scenario simulated, the specific problem was formulated separately and added, as
outlined in the following.

Each operational alternative and potential product has to be assessed in relation to the most
important feasibility criteria, product performance. Product performance is described with
three ratios; the lime saturation factor (LSF), the silicaratio (SR), and the aluminaratio (AR).
The ratios describe the relation between the four main components and are shown in Table 3.

Table3 Product performance (cement-, clinker-, raw meal ratios)

Ratio Denomination | Formula

Lime saturation factor | LSF LSF = (100Ca0) / (2,850, + 1,1A1,03 + 0,7Fe,03)
Silicaratio SR SR = (Si0,) / (Al,O3+ Fe,05)

Aluminaratio AR AR = (Al,03) / (F&03)

Note: Ca0, SiO,, Al,O3 and Fe,O; are all expressed in weight percentage.

For the smulated operationa alternatives in which the current raw meal mix was used
(scenarios O, A, B, E and F), the percentage of each raw materia in the raw meal mix, each
fuel in the fuel mix, and each cement additive in the cement mix were given. The model
calculated the raw meal, clinker and cement composition and performance. The calcul ated
clinker quality factors, LSF, SR and AR, were assessed according to given criteria.

For the operational aternativesin which part of the limestone in the raw meal is replaced by
recovered material, (scenarios C, D, G and H), the available raw material in the raw meal mix
were given together with the clinker quality factors, LSF, SR and AR. The percentage of each
fuel in the fuel mix, and each cement additive in the cement mix were given. The model



Manuscript submitted to Journal of Cleaner Production July 2001

calculated the percentage of each raw material in the raw meal mix and raw meal, aswell as
the clinker- and cement composition and performance.

The problem formulations for each scenario, in terms of which parameters to lock and the
value with which to designate each of them, are presented in Table 4.

Table4

Scenario description and problem formulation

Operational alternative, scenario O

Raw meal mix, current

Fuel mix, 40% alternative fuel

Cement mix, type Il

limestone 93,5% coal 52,5% clinker 84,0%

sand 6,0% petroleum coke 22,5% limestone 10,0%

iron oxide 0,5% tyres 25,0% gypsum 4,0%

slag 2,0%

Operational alternative, scenario A

Raw meal mix, current Fuel mix, 40% alternative fuel Cement mix, type Il

limestone 93,6% coal 42,0% clinker 84,0%

sand 6,0% petroleum coke 18,0% limestone 10,0%

iron oxide 0,4% tyres 30,0% gypsum 4,0%
plastic 10,0% slag 2,0%

Operational alternative, scenario B

Raw meal mix, current Fuel mix, 80% alternative fuel Cement mix, type Il

limestone 93,6% coal 14,0% clinker 84,0%

sand 6,0% petroleum coke 6,0% limestone 10,0%

iron oxide 0,4% tyres 37,5% gypsum 4,0%
plastic 10,0% slag 2,0%
liquid 32,5%

Operational alternative, scenario C

Raw material in raw meal Fuel mix, 40% alternative fuel Cement mix, type Il

limestone 80,0% coal 42,0% clinker 84,0%
petroleum coke 18,0% limestone 10,0%
tyres 30,0% gypsum 4,0%
plastic 10,0% slag 2,0%

Clinker quality factor

LSF 100,0

SR 3,0

AR 1,6

Operational alternative, scenario D

Raw material in raw meal Fuel mix, 80% alternative fuel Cement mix, type Il

limestone 80,0% coal 14,0% clinker 84,0%
petroleum coke 6,0% limestone 10,0%
tyres 37,5% gypsum 4,0%
plastic 10,0% slag 2,0%
liquid 32,5%

Clinker quality factor

LSF

100,0

SR

3,0
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AR | 1,6 |

Operational alternative, scenario E

Raw meal mix, current Fuel mix, 40% alternative fuel Cement mix, type lll
limestone 93,6% coal 42,0% clinker 60,0%
sand 6,0% petroleum coke 18,0% limestone 15,0%
iron oxide 0,4% tyres 30,0% gypsum 5,0%
plastic 10,0% slag 20,0%

Operational alternative, scenario F

Raw meal mix, current Fuel mix, 80% alternative fuel Cement mix, type lll

limestone 93,6% coal 14,0% clinker 60,0%

sand 6,0% petroleum coke 6,0% limestone 15,0%

iron oxide 0,4% tyres 37,5% gypsum 5,0%
plastic 10,0% slag 20,0%
liquid 32,5%

Operational alternative, scenario G

Raw material in raw meal Fuel mix, 40% alternative fuel Cement mix, type lll

limestone 80,0% coal 42,0% clinker 60,0%
petroleum coke 18,0% limestone 15,0%
tyres 30,0% gypsum 5,0%
plastic 10,0% slag 20,0%

Clinker quality factor

LSF 100,0

SR 3,0

AR 1,6

Operational alternative, scenario H

Raw material in raw meal Fuel mix, 80% alternative fuel Cement mix, type lll

limestone 80,0% coal 14,0% clinker 60,0%
petroleum coke 6,0% limestone 15,0%
tyres 37,5% gypsum 5,0%
plastic 10,0% slag 20,0%
liquid 32,5%

Clinker quality factor

LSF 100,0

SR 3,0

AR 1,6

5. Results

The environmental load and cost of future operational alternatives have to be related to
feasible operational aternatives and products. Product performance s, in this case, used to
determine whether or not an operational alternative isfeasible. The calculated potential
clinker quality factors, LSF, SR and AR for the nine operational aternatives, are presented in
Figure 2. The current range within which the LSF, SR and AR may vary is presented in Table
5.
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100.0 A
80.0 -
60.0 A
40.0
20.0 A
0.0 -
0} A B C D E F G H

W LSF 98.5 99.0 99.9 98.0 98.0 99.0 99.9 98.0 98.0

SR 3.2 3.2 3.2 3.0 3.0 3.2 3.2 3.0 3.0

HAR 1.4 1.4 1.4 1.6 1.6 1.4 1.4 1.6 1.6

Figure2 Potential clinker quality factors, scenariosO toH

Table5 Current product performance requirements

Clinker quality factor Current range
LSF 96 — 100
SR 2,8-32
AR 14-18

The three clinker quality factors of scenarios C, D, G and H are given in the problem
formulation. Even the calculated clinker quality factors of the other five scenarios, O, A, B, E
and F, are within the given range. All scenarios are feasible in relation to current requirements
on product performance.

5.1. Resourceuse

Figures 3 and 4 show the resource use, per 1 000 kilogram cement, in scenarios O to H. The
use of natural mineral resource (kg) and recovered material (kg) are presented in Figure 3, and
energy resourcesin Figure 4.
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Figure3 Use of natural mineral and recovered material in the foreground system,
scenarioOtoH

Natural mineral resources and recovered material are only used in the foreground system.
Naturally, an increase in the use of recovered material in both the raw meal mix and the
cement mix replace the use of natural mineral resources. In addition, total use of material is
reduced with an increase in the use of recovered material. To produce 1 kg of clinker,
approximately 1.6 kg of raw meal is needed. Thisis due to the fact that in the clinker
production process, the CO, bound in the limestone is released, thus leaving reactive CaO.
Subsequently, the loss of material islower when the cement contains 60% clinker (scenarios
E, F G and H), compared with 84% clinker (scenarios O, A, B, C and D). When recovered
material replaces parts of the limestone in the raw meal (scenarios C, D, G and H), calcined
CaO isintroduced to the clinker production process. This explains the minor reduction in
material use in these scenarios, as compared with scenarios in which CaO originates only
from limestone (scenarios O, A, B, Eand F).
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Figure4 Resource use in the background and foreground systems, scenarios O to H.
For each category, the bar for each scenarioisdivided into theusein the foreground
system and the usein the background system. Note that different unitsare used.

Bio-fuel, uranium ore and area are only used in electricity production, whichisin the
background system. The use of bio-fuel, uranium and area are reduced from scenario O to
scenario G, as the demand for electricity decreases.

Fossil fuel isused in both the foreground system and the background system, but most of all
in the foreground. The fossil fuel use in the background system is presented in more detail in
Section 5.4.

In the foreground system, fossil fuel is used in the clinker production process. Alternative fuel
isused in the foreground system as a substitute for fossil fuel. Naturally, when the use of
aternative fuel increases the use of fossil fuel is reduced by the same amount. Thereisalso a
reduction in the total fuel use in the foreground system from scenario O to H.

The foreground system energy diagram, Figure 5, shows the relative thermal and electrical
energy used by the foreground system per 1 000 kg cement.

10
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Figure 5 Thermal and electrical energy usein theforeground system, scenarios O to H.
Thethermal and electrical energy usein scenarios O to H isshown in relation to the
thermal energy usein scenario O.

The use of thermal energy decreases with an increase in the use of recovered material, both in
the cement mix and the raw mea mix. The thermal energy useislower for cement with 60%
clinker (scenarios E, F, G and H) compared with cement with 84% clinker (scenarios O, A, B,
C and D). When more clinker is replaced with limestone and recovered material, less clinker
has to be produced and naturally, less thermal energy is needed.

The thermal energy useis also lower when recovered material replaces part of the l[imestone
in the raw meal (scenarios C, D, G and H), compared with when current raw meal is used
(scenarios O, A, B, E and F). The calcination process, i.e., the thermal decomposition of
CaCOs leaving reactive CaO and liberating gaseous CO», is very energy demanding. The
recovered material contains CaO, which is already calcined. Thus, when this calcined CaO
replaces carbonatic CaO in the clinker production process, less thermal energy is used.

The use of thermal energy is not reduced at the expense of an increase in the use of electrical
energy. The use of electrical energy is dightly reduced for the scenarios in which the cement
contains 60% clinker (scenarios E, F, G and H) compared with those containing 84% clinker
(scenarios O, A, B, C, and D). The clinker production process and raw meal grinding are the
main consumers of electrical energy. And when less clinker and raw meal have to be
produced, less electrical energy is used.

5.2. Emission to air
Figure 6 shows the emission to air per 1 000 kg cement in scenarios O to H.

11
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Figure 6 Emission to air from background and foreground systems, scenarios O to
H. Thebar for each scenarioisdivided into the emission from the foreground system
and the emission from the background system. Note that different unitsare used.

Emissions of CO, and dust are mainly from the foreground system. Emissions of NOx, SO,
and CO occur in both the foreground and background systems. Emission of VOC is mainly
from, and CH,4 only from, the background system.

In the background system, the emission of CO is mainly caused by electricity production but
even to aminor extent by the transport of fossil fuel. The emission of CO is slightly reduced
when the cement contains 60% clinker (scenarios E, F, G and H) compared with when the
cement contains 84% clinker. The reduction follows the reduction in electrical energy use.

The emissions of CO,, NOy, SO, VOC and CH,4 from the background system will be
presented in more detail in Section 5.4.

Emissionsto air from the foreground system derive from the clinker production process. The
emissions of NOy, SO, and dust are related to the amount of clinker produced. Thus, the
emissions of NOy, SO, and dust are lower for cement with 60% clinker (scenarios E, F, G and
H), compared with cement with 84% clinker (scenarios O, A, B, C and D). Emissions of CO
and VOC are slightly lower when recovered material replaces part of the limestonein the raw
meal (scenarios C, D, G and H), compared with when current raw meal is used (scenarios O,
A, B, Eand F). Emissions of CO and VOC are related to the content of organic material in the
raw material. The recovered material does not contain any organic material, as does the
l[imestone.

The emission of CO, originatesin the calcination of the raw material and the combustion of
fuel. Figure 7 shows the contribution of raw material, fossil fuel and alternative fuel to CO,

12
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emission. The results have been normalised to the CO2 emission from raw material in
scenario O.
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CO2 from raw material CO> from traditional fuel COo from alternative fuel

Figure7 Relative background system contribution to CO, emission, scenarios O toH

The emission of CO, from the calcination of raw meal is reduced with an increase in the use
of recovered material, both in the raw meal and cement mix. The CO, emission is lower for
cement with 60% clinker (scenarios E, F, G and H), compared with cement with 84% clinker
(scenarios O, A, B, C and D). When more clinker is replaced with limestone and recovered
material, less clinker has to be produced, and naturally, less CO, is released. The emission of
CO;, from the raw material is aso lower, when recovered material replaces part of the
limestone in raw meal (scenarios C, D, G and H), compared with when current raw meal is
used (scenarios O, A, B, E and F). The recovered material contains CaO which has already
been calcined. Subsequently, when this calcined CaO replaces carbonatic CaO in the
limestone, less CO, is released.

When the use of alternative fuel increases from 25% (scenario O), to 40% (scenarios A, C, E
and G) and further to 80% (scenarios B, D, F and H) CO, emission originating in fossil fuel is
replaced by CO; originating from alternative fuel. The CO, emission from fuel, both fossil
and alternative, decreases with a decrease in the use of thermal energy.

5.3. Wastegeneration

Electricity production, in the background system, is the only process, which generates any
waste. Electricity production generates active radioactive waste and other rest material. The
waste generation is reduced in scenarios O to H, with reduced electrical energy use.

5.4. Fossil fuel useand emission to air from background system

This section presents the contribution of the background system to fossil fuel use and
emission to air. Electricity production is, however, not included since the contribution of
electricity production islow compared with the contribution of other background processes.
In addition, electrical energy use does not vary much in the different scenarios. Fossil fuel
production and fossil fuel transport are the two main contributors. It is shown that an increase

13
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in the use of recovered material and defined waste reduces resource use and emission to air
even in the background system.

Figure 8 shows the use of fossil fuel and emissions of CO,, NOy, SO,, VOC and CH,4 from
the production of fossil fuel, the transport of fossil fuel, the transport of alternative fuel and
the transport of recovered material in scenarios O to H.
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Figure8  Fossil fuel use and emission of CO,, NOx, SO,, VOC and CH,4 from
production of fossil fuel, thetransport of fossil fuel, the transport of alternative fuel and
the transport of recovered material, scenario O to H. For each scenario thebar is
divided into the contributing processes.

Fossil fuel isused mainly in the production of fossil fuel and the transport of fossil fuel but
even in the transport of alternative fuel and recovered material. Emissions of CO,, NOx, and
SO, are mainly due to the production of fossil fuel and transport of fossil fuel, but even the
transport of aternative fuel, and the transport of recovered material. VOC is emitted mainly
from the production of coal and petroleum coke, and from the transport of coal by train and
the emission of CH, comes from the production of coal and the transport of coal by train.

Anincrease in the use of alternative fuel, from 25% (scenario O) to 40% (A, C, E and G) and
further to 80% (B, D, F and H), reduces the use of fossil fuel and emissions of CO,, NOx,
SO,, VOC and CH,. The use and emissions from the production and transport of fossil fuel is
greatly reduced. At the same time, the use of fossil fuel and the emission of CO,, NOx, and
SO, caused by the transport of aternative fuel is slightly increased. However, the reduction,
due to fossil fuel production and transport, is by far greater than the increase associated with
the transport of aternative fuel.

In addition, fossil fuel use and corresponding emissions of CO,, NOx, SO,, VOC and CH,4
decrease with a decrease in the use of thermal energy. Thermal energy use decreases with an

14
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increase in the use of recovered material, both in raw meal and cement mix. Lower thermal
energy use means lower fuel use, which in turn, resultsin lower fossil fuel use and emission
from the production of fossil fuel and transport of fossil and aternative fuels.

Nevertheless, an increase in the use of recovered material in raw meal, as well as cement mix
resultsin more material transports. Which in turn resultsin an increase in fossil fuel use and
emissions of CO,, NOy, and SO,. However, the increase caused by the transport of recovered
material is by far lower than the benefits of an increase in the use of recovered material in the
foreground system.

6. Discussion and conclusion

One purpose was to find out if the life cycle model can be used as itsintended. The model
was designed and built, based on the commissioner’ s needs and requirements. The model was
developed because there was a need to test different combinations of raw material, fuel and
cement additives. And, to generate information on potential product performance and
environmental and economic consequences for al tested combinations. The generated
information was to be assessed in relation to feasibility criteria. The model was developed to
support decisions on product and process devel opment

It has been shown that the model can simulate different operational alternatives for producing
cement. The desired information is generated and assessed in relation to current requirements
on product performance. The generated information can be used to give indications for
interesting development options for further investigation and study.

The simulations show that the use of recovered material and defined waste can be increased
with no negative effect on product performance. An increase in the use of recovered materia
and alternative fuel replace the use of virgin resources. They also show that the studied
emissionsto air can be reduced. An increase in the use of recovered material and alternative
fuel causes an increase in transportation, and the associated environmental |oad. However,
these are by far out-weighed by a decrease in the environmental load in cement production.

Anincrease in the use of recovered material and defined waste has different consequences
depending on whether these are used in the fuel mix, in the cement mix or in the raw meal
mix. The main environmental consequences, for the three different options, are presented in
the following.

Anincrease in the use of alternative fuel reduces the use of fossil fuel. With an increase in the
use of alternative fuel follows an increase in the transport of aternative fuel and a decreasein
the production and transport of fossil fuel. Even when 80% of the fossil fuel is replaced by
alternative fuel, the increase in environmental 1oad associated with aternative fuel transport is
lower than the decrease associated with fossil fuel production and transport. When aternative
fuel isused instead of fossil, the emission of CO, from fossil fuel is replaced by CO, from
aternative fuel.

An increase in the use of recovered material both replaces the use of natural mineral resources
and reduces the total use of raw material. With an increase in the use of recovered material
follows a decrease in the emission of CO, originating in the raw material. The reduction in
CO; emission islarger when recovered material replaces clinker in the cement mix, compared
with when it replaces part of the limestone in raw meal. A reduction in emissions of NOx and
SO, aso results with an increase in the use of recovered material in cement mix. And, a
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reduction in the emission of CO and VOC results with an increase in the use of recovered
materia in raw meal.

The use of thermal energy is also reduced with an increase in the use of recovered material. A
reduction in the use of fuel, in turn, results both in a reduction in the emission of CO, from
fuel combustion, and in areduction of the environmental load from the production and
transport of fuels. The use of electrical energy is slightly reduced with an increase in the use
of recovered material in the cement mix.

Which of the three options explored that increased the use of aternative fuel in the fuel mix,
increased the use of recovered material in the raw meal mix, or increased the use of recovered
material in the cement mix, has the most potential to reduce negative environmental impact?

The following discussion, and ranking of alternativesis centred on CO,, which isamajor
concern for the cement industry. In addition, thermal energy use is used as an indicator of
other emissionsto the air.

It is not obvious that CO, from different sources should be valued in the same way when
different options are ranked. CO, from fossil fuel isindisputably an environmental problem.
The valuation of CO, from aternative fuel depends on assumptions made about how the
waste would have been treated otherwise. CO, from raw material is, to some extent, retrieved
as concrete in carbonating, i.e. CO; in the air, reacts and combines with concrete. However,
knowledge of the degree and time scale at which the carbonating occursis limited.

If the emission of CO, from alternative fuel is valued lower than the CO, from fossil fuel, the
conclusion is drawn that the three explored devel opment options should be combined.
Consequently, the following recommendation is made: As afirst step, increase the use of
alternative fuel to reduce the emission of CO, from fossil fuel and, in addition, reduce the use
of fossil fuel and the environmental 1oad associated with the production and transport of fossil
fuel. Then, increase the use of recovered material in the cement mix to reduce CO, emission
and the use of thermal energy. Replace part of the limestone in raw meal with recovered
material to further reduce CO, emission and the use of thermal energy. The reduction in
thermal energy use, in turn, will result in areduction of CO, emission from fuel combustion,
and in resource use and emission to the air from the production of fossil fuel and transport of
fossil and alternative fuels.

The use of recovered material should be increased to reduce CO, emission and the use of
thermal energy. This should be combined with an increase in the use of alternative fuel to
reduce the use of fossil fuel, the emission of CO, from fossil fuel and the environmental load
associated with the production and transport of fossil fuel.

7. Futureresearch

Detailed knowledge about the formation of, e.g., metal, dioxin and furan emissions and how
these emissions depend on variations in raw material and fuel composition are needed. The
life cycle process model should be complemented to include these.

The valuation of CO, from different sources can be further explored. This includes both

enlarging the model to include alternative waste treatment, as well as studies of the
carbonisation rate of concrete.
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The model was designed and built based on the commissioner’s needs and requirements. And
the model is to be used to support decisions on product and process devel opment options.
Another interesting area for future research isto study to what extent the model supports
decisions on product and process development options.
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