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INTRODUCTION

This methodology is NOT the position of the World Steel Association or EUROFER. Following
the EUROFER IPP Project that was completed in 2007, a final report was produced and is
available on the EUROFER website. Part of this project included developing a method for how
to calculate the LCI for slags produced in the steel making processes. This method has since
been further developed by the steel industry in order to provide a methodology to determine
the LCI for steel slags and is also available to be used when system expansion (the current
worldsteel approach to dealing with multi-functional systems) is not possible. This
methodology is not mandatory but has been reviewed to be in line with the ISO 14044: 2006
and EN 15804 standards. The worldsteel methodology remains as outlined in the worldsteel
methodology report, 2011.

In the process of steel making, a number of co-products are produced that are then sold on to other
industries. These co-products include slags, process gases, benzene and tar etc. (see table 2), which
have a valuable economic and industrial use and, are used either on site or are sold to be used
directly or further processed off site, and are not considered as wastes. Within ISO 14040: 2006, co-
products are defined as “any of two or more products coming from the same unit process or product
system”. In other legislative and subject fields, such as the Waste Framework Directive, co-products
are alternatively referred to as by-products. These co-products are beneficial to society and often
have significant environmental benefits as the use of them results in less virgin materials being
consumed.

A prime example is the use of blast furnace slag by the cement and concrete industry. Blast furnace
slag can be used as a substitute for Portland cement clinker in the cement manufacturing process and
thereby reduces the cement industry’s need to produce clinker from limestone, which subsequently
also reduces their CO, emissions. Ground and granulated blast furnace slag (GGBS) is also used as
a direct replacement of Portland cement in ready mixed concrete. Typically 1 tonne of slag replaces
between 0.9 and 1 tonne of primary clinker or cement'. The following is a summary of the main
benefits of using blast furnace slagz’3 which helps define the material as a co-product and not a waste:

= |n terms of strength, the utilisation of blast furnace slag can match or even outperform that of
traditional primary materials

= Longer setting times reduces the risk of concrete cracking due to overheating
= No requirements for calcination, and subsequent CO, emissions, in the cement factory
»= Lower capital costs

= Overall reduction of the carbon footprint and environmental burden due to avoidance of virgin
clinker use

= Provides concrete with increased resistance to sulphate chemical attack, making it especially
suitable for use in marine environments

=  Whiter colour is aesthetically desirable compared to grey Portland cement

All co-produced or recovered materials carry an environmental burden. The substituted primary
material provides no further indication about the magnitude of the environmental burdens carried
other than practically a maximum cap. However, it would seem appropriate for recovered materials to
carry a lower burden than the primary material substituted. For example, burdens for the granulated
slag from the blast furnace should be lower than the burdens of clinker or cement that it substitutes.

! The value of 0.9 comes from AFNOR P 18-305. In the UK, 1 tonne GGBS typically replaces 1 tonne of Portland cement. The
worldsteel methodology uses the conservative value of 0.9.

2 http://www.ukcsma.co.uk/uses-of-ggbs.html
® http://www.euroslag.com/applications/



This paper states the rules by which environmental burdens and credits of steel making are
partitioned between products and co-products, in order to be able to calculate the environmental
impacts of using co-products in other industries.

1. MOTIVATION

The worldsteel LCA methodology currently uses system expansion to account for the fact that co-
products are produced during the steel making process. The steel making ‘system’ is expanded to
incorporate those processes which use the co-products from the steel making process and which
therefore avoid the alternative production using primary materials. This ‘maximum’/whole credit that is
associated with the avoidance of primary production of materials is then incorporated within the steel
LCI. The steel industry believes that system expansion is the most appropriate method to calculate for
the products produced in the steel making process, as it is a true reflection of the changes to
environmental flows that result from the production and subsequent use of these co-products.

Ideally two different industries, especially when exchanging recovered materials, should use
compatible calculation rules; however the LCA methodological assumptions are driven by the goal of
the study and may differ in two different studies performed in different contexts. For an LCA of
construction materials, products from different industries can be mixed together, as is the case of
reinforced concrete using steel rebar. For example, within the worldsteel methodology where system
expansion is used, a credit is applied to the steel LCI for the amount of blast furnace slag, which can
be used as a replacement for virgin cement clinker in cement manufacture, or virgin cement directly in
concrete manufacture, as well as other uses such as for road-stone, embankment or as a fertiliser.
The avoided environmental burden will vary for each application of the slag, depending on the
alternative production options. However, in most existing LCAs, no burden is specifically given to
those industries using the steel industry co-products, i.e. the slag, who therefore effectively take them
as being environmentally burden-free. This leads to a mismatch in accounting the benefits of slag
recycling between the steel plant and the cement plant. . To accurately assess the environmental
impact of the use of these materials, and their use in the production of other products, a suitable
burden should be given to them, in line with the credit that would subsequently be given to the steel
product.

In this case, consistency as well as the avoidance of double counting should be sought in the different
LCA studies and methodologies considered. Hence, instead of system expansion, internal process
sub-division or allocation is necessary. Furthermore, there are a number of other standards that have
been developed which either requires an LCI for specific products including slag, or which the
worldsteel methodology is not consistent with. A couple of examples are:

= The European Commission’s European Life Cycle Reference Data (ELCD) System
http://Ica.jrc.eu.europa.eu/. There is a requirement to have LCI data available for all materials.
Steel LCI data is already provided on the database, but data for the other co-products are not yet
available.

= EN 15804" advocates the modularity principle, where the environmental influence of processes is
assigned to the module in the life cycle where they occur. The specified methods for sub-dividing,
else - where the latter not possible - allocating the burden between the co-products are based on
the inherent properties of the physical flows, physical relationships or economic value.

Co-product specific LCls are therefore required and this document sets out the way in which the
European steel industry determines such an LCI for both the steel that is produced as well as the
other co-products, based on known physical relationships. A number of different rules have been
incorporated within the final methodology. The rules were analysed with respect to their justification
and to ensure that a realistic and justifiable methodology was developed. The impact of the changes
in the results, in comparison to the previous methodology, was determined for verification and
plausibility purposes and as a cross-check of the applied rules.

*EN 15804 s 6.4.3.1. and 6.4.3.2



The incorporation of this methodology within the steel making LCI data focuses only on the steel
industry’s own flows and does not include the non-steel-related flows which are associated with the
avoided production of other materials (e.g. clinker) and which are included in the system expansion
approach. It will also result in less distortion when comparing materials, as the actual environmental
impact will be associated with the materials produced. Due to the system expansion rule (obtaining
credits for the avoided production of a material), LCI flows appeared within the steelmaking LCI which
are never actually part of an original steel life cycle or unexpected or negative values for certain
materials (for example natural aggregate, lignite, limestone or soil) could also be present which are
related to the avoided production of the replaced material. This can cause confusion for those using
the datasheets. Utilising this new methodology will avoid such perceived abnormalities within the
datasets, as the overall LCI is partitioned between the different co-products.

For applications where a co-product LCI is required, the co-product calculation method presented in

this report can be applied. The method was developed in co-operation with steel industry experts,
understanding the technicalities of the steel-making process as well as LCA methodologies.

2. JUSTIFICATION FOR THE METHODOLOGY OF MULTIFUNCTIONAL SYSTEMS

2.1.The ISO standard definition for multifunctional systems

In cases such as the integrated steel making process (namely the blast furnace and the basic oxygen
furnace) where a process has more than one product, the allocation procedure , treatment of a multi-
functional system, must be applied in accordance with ISO 14044:2006°, and should follow this three
step approach:

Step 1: Wherever possible allocation should be avoided by:

+ dividing the unit process to be allocated into two or more sub-processes and collecting the
input and output data related to these sub-processes, or

¢ expanding the product system to include the additional functions related to the co-products

Step 2: Where allocation cannot be avoided, the inputs and outputs of the system should be
partitioned between its different products or functions in a way that reflects the underlying physical
relationships between them; i.e. they should reflect the way in which the inputs and outputs are
changed by quantitative changes in the products or functions delivered by the system.

Step 3: Where physical relationship alone cannot be established or used as the basis for
allocation, the inputs should be allocated between the products and functions in a way that reflects
other relationships between them. For example, input and output data might be allocated between
co-products in proportion to the economic value of the products.

In general, allocation approaches are applied in cases where real multi-functional systems have to be
modelled into one or several mono-functional systems, where the two sub-points of Step 1 are not
applicable, see Figure 2-1. The aim is to partition or allocate the steel plant inventory between the
different main co-products (e.g. steel, blast furnace slag etc.).

® SO 14044: 2006



Co-product(s) of steel
production route

Steel product(s) = main product(s)

Figure 2-1: Multi-functional system with different main and co-products

2.2.The current worldsteel methodology: system expansion

The current worldsteel Life Cycle Inventory Methodology Report 2011, details the data collection
procedure and LCI methodology used for steel products. It also describes how co-products are
handled (section 4.1.1 on system expansion) and how the approach of system expansion is used to
avoid allocation. System expansion is an allocation procedure, in compliance with 1ISO 14044:2006
(see step 1 above) based on the fact that the co-product saves another product with equivalent
function (e.g. blast furnace slag saves clinker production). The expanded system will then include the
route of the product(s) replaced by the co-product. Figure 2-2 shows this method in detail below.
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Figure 2-2: Multi-functional system, system expansion



2.3.Proposed method: sub-division by physical partitioning

Within this proposed alternative co-product methodology, which is an alternative to system expansion
and follows the physics of the steel making process and is applied on a cause-related basis, a
number of partitioning rules have been used to sub-divide the process. These partitioning rules are
then assigned on the level of each flow (and is done so within the GaBi software by selecting from the
list of pre-determined rules that we have set-up in the system), to sub-divide the process between the
different co-products depending on the function of the flow. These rules (described in detail in the
report) are based on the need to benchmark different approaches to steelmaking, which can use a
range of raw material feedstocks such as pellet and sinter. The choice of feedstock material affects
the quantity and quality of co-products produced, as well as the overall process energy efficiency. Our
knowledge of the different sub-processes has facilitated the benchmarking of different process
configurations, and has provided the partitioning rules to sub-divide the process for the purposes of
LCA.

The allocation procedures outlined below are dealt with in accordance with 1SO14044:2006 section
4.3.4.2 on Allocation®. Allocation, the treatment of multi product systems, is the partitioning of the
system inputs and outputs (including the upstream and downstream burdens) between its different
products or functions according to certain rules, e.g. according to the underlying physical relationships
or according to economic parameters.

Figure 2-3 below shows in principle, how the methodological approach of allocation differs from the
one of system expansion. The figure uses allocation by mass as an example. The main difference
between these two methodologies is that in system expansion, a credit is given ‘on top’ of the steel
LCI by subtracting the LCI of the replaced co-product. In allocation, the existing steel LCI is divided or
allocated between the single main and co-products, with no extension or splitting of the system. Sub-
division is similar to allocation but involves the splitting of the process into sub-processes, according
to more detailed data collection or underlying physical relationships of inputs to outputs.

Calculation of allocation factor using mass:
Allocation factor for P1: AFp;=M1/ (M1 + M2)
Allocation factor for P2: AFp,=M2 / (M1 + M2)
Check: AFpl + AFp2 =1

Co-product P, with mass M,

Co-product(s) of steel
production route

\AAAAAA

Cradle to gate system boundaries

_______ Gate to gate boundaries

Product P: l Steel product(s)
with mass M;

Figure 2-3: Multi-functional system: allocation

® To avoid confusion: allocation in ISO 14044:2006 is used to treat multi-functional systems. However, it also specifies that one
of the methods of allocating these multi-functional systems is called allocation. Other methods of allocating multi-functional
systems include sub-division and system expansion.



2.4.Choice of allocation method (i.e. economic allocation vs sub-division by
physical partitioning)

This new co-product methodology focuses on allocation methodologies in accordance with CEN EN
15804 as well as ISO 14040 in order to be able to develop an LCI for the co-products that are
produced in the steelmaking process. For EN 15804, the underlying physical relationships between
inputs and outputs and associated co-products are taken as the basis for sub-dividing the process by
partitioning. EN 15804 allows the use of physical relationships to partition the process, including how
changes in inputs and outputs effect the production of co-products. In addition, EN 15804 also states
that material flows carrying specific inherent properties shall be allocated in a way that respects
physical flows.

The proposed method is, based on underlying relationships, acknowledging the stoichiometry of the
reactions occurring and respecting the physical flows of materials that carry inherent properties which
enables the process to be sub-divided. This method provides the most accurate repartition of
environmental impacts related to producing marginal volumes of hot metal & slag in the blast furnace
process.

EN 15804 proposes the use of allocation for processes that cannot be sub-divided and more
specifically, recommends that economic allocation is used where there is a large difference in
revenue between co-products. However, it is clear that sub-division of processes is advocated
whenever possible. Before an allocation approach is chosen, it is always preferable to sub-divide the
process as described in section 6.4.3.2 in EN 15804
“If a process can be sub-divided but respective data are not available, the inputs and outputs
of the system under study should be partitioned between its different products or functions in
a way which reflects the underlying physical relationships between them; i.e. they shall reflect
the way in which the inputs and outputs are changed by the quantitative changes in the
products or functions delivered by the system”

This means the use of economic value to carry out the allocation is avoided, as it would constitute an
arbitrary split as neither hot metal nor liquid slag are tradable products at the BF stage. In general,
price (as the outcome of a supply and demand situation) is a poor indicator of environmental impact.
Price fluctuations occur irrespective of whether the environmental impacts of manufacture change.
Before solidification, the hot metal undergoes additional process steps of steelmaking (BOF) and
casting that add to the value of the main product before it is sold on the open market. The major
volatility of the basic metal market would invalidate EPD values with no relationship to environmental
impacts. Economic allocation is also the least preferred method according to 1ISO guidelines, and so
it makes sense to sub-divide the process whenever possible.

There are several other reasons why economic allocation would be inappropriate for the blast furnace

process, including:

= The market for BF slag is closed rather than open — long term supply contracts with a single
processing company make it an effective monopoly. Usual market dynamics of supply and
demand do not apply. Thus the price paid to the steelmaker for BF slag does not reflect the true
economic value of BF slag for the end user. There have also been recent examples of authorities
having to take action against anti-competitive markets involving BF slag — e.g. UK, Belgium.

= The products of a Blast Furnace are not traded in an open market and so accurate and
transparent prices are not readily available. Reliable prices are only available for downstream
products that have been through further processing with subsequent added value.

= Long term capital investments by third parties in slag granulator equipment are often part of the
negotiated unit price for Blast Furnace Slag (BFS), resulting in the unit price being set artificially
low.

EN 15804 86.4.3.2 (note 2) suggests a common position should be defined with other relevant
sectors on the issue of allocation. Initial discussions with representatives of the slag processors and
slag users show that a consensus on allocation with the steel industry is highly unlikely. Slag
processors and users advocate the use of economic allocation to ensure emissions allocated to slag
are as low as possible. Further discussions will however take place in order to try to agree to a
common approach, for example in the newly formed ECO platform for EPD schemes in Europe who
are implementing EN 15804.



By way of sensitivity analysis, a range of possible prices were used to estimate the effect of using
economic allocation for BFS and hot metal in the Blast Furnace. Unfortunately slag prices are not in
the public domain. The price of BFS was therefore estimated to be in a range between €5/t - €100/t,
depending on whether sold as a liquid, granulated or in a finished state, compared to estimated hot
metal/steel slab prices of €310/t - €425/t. This gives a range of % allocation of emissions to BFS of
approximately 0.5% - 6.0%. Clearly the value of slag can result in significant emissions being
allocated to it, depending on the price chosen. The fact that 25% of the material output of the blast
furnace by mass is slag, coupled with its economic value, means that slag cannot be considered an
insignificant manufacturing process and so it cannot be justified that 100% of emissions remain with
the main co-product. The effect of economic allocation vs. physical partitioning is further considered in
chapter 8.

2.5. Treatment of process gases

Once the processes have been allocated following the rules described in this methodology, system
expansion is carried out for the blast furnace gas, BOF gas, steam, hot water and electricity. As they
are mainly used internally within the steel making process, no LCI is needed for these co-products,
and so the modularity principle can be respected.

Where these internal flows are consumed no additional burden needs to be considered for them as
these gases have been produced on site and thus the impact of their production has already been
included. Only the net amount of the co-product exported outside of the system boundaries needs to
have a credit assigned to it.

System expansion considers that the production of these co-products avoids, in the processes where
they are generated, the production of an equivalent quantity of steam from natural gas or of grid
electricity (see table below).

Co-product Production avoided in the system expansion approach and terms of
equivalence

BF/BOF gas Natural gas, electricity, heat (coal, light fuel oil, heavy fuel oil).
Equivalence: 1 MJ BF/BOF gas =1 MJ avoided energy input

Steam — Steam generation (data from PlasticsEurope).
Equivalence: 1 MJ steam from power plant or other steelmaking process = 1
MJ steam (data from PlasticsEurope)

Hot water — Hot water (data from PlasticsEurope)
Equivalence: 1 MJ hot water from power plant or other steelmaking process =
1 MJ hot water (data from PlasticsEurope)

Electricity — Electricity from country grid
Equivalence: 1 kWh electricity exported from site = 1 kWh from specific
national grid electricity

As the coke oven co-products (e.g. coke, coke oven gases) are mainly energy-based products,
energy-based allocation can be applied to this process. In this way, an LCI for coke oven gas can be
determined and applied to those processes using coke oven gas as an energy input. Other co-
products that are used externally such as mill scale or used oil from rolling mills that are not used in
the construction industry in any significant quantity are dealt with by system expansion since there is
little danger of double accounting or requirement for separate LCI data on their production. The
sensitivity to the steel LCI results between using system expansion and allocation for these relatively
low volume co-products is likely to be very low.

BF gas and BOF gas are considered substitutes for other fuels and so allocation has been avoided by
applying system expansion for these process gases by considering the emissions of process gas



combustion to produce heat or electricity, and the avoided emissions from combusting alternative
fuels in order to produce the equivalent amount of heat or electricity as listed in the table above.

In the case of BF gas and BOF gas the principle of avoiding allocation in accordance with ISO 14044
and EN 15804 can be justified. ISO 14044 clearly favours the use of system expansion so as to avoid
allocation whenever possible. Section 6.4.3.1 of EN 15804 states that “...allocation should be avoided
as far as possible.” System expansion is one way of avoiding allocation, and it is a method that is not
explicitly excluded in EN15804. In fact EN 15804 recognises that some data may be acceptable if it
conforms to ISO 14044 allocation rules alone, with justification.

Due to the relatively high combustion carbon intensity of BF gas (0.28 kg CO,/MJ) and BOF gas (0.18
kg CO,/MJ)’, and their use to replace alternative fuels, which often have a relatively lower carbon
intensity (e.g. 0.05 kg CO, /MJ for natural gas)7, system expansion accounts for this additional CO,
burden in the steel LCI, which is not compensated by the avoided CO, from the combustion of the
alternative fuel. The same applies to use of the gas to produce electricity instead of heat. Where the
alternative fuel has a higher carbon intensity than the process gases, the opposite effect will result.

System expansion is therefore a closer reflection of reality than any allocation or even no allocation,
often resulting in higher emissions for the integrated route steel products as described in Table 1
below. This approach for BF gas and BOF gas is consistent with Section 6.4.3.2 of EN 15804, since it
reflects the way in which physical flows carry specific inherent properties. In other words system
expansion of BF gas and BOF gas reflects the energy content of flows, and subsequent CO,
emissions from burning the gasses, much closer than using allocation. This is a conservative
approach that reflects the CO, flows within the system.

Allocation by mass or energy would result in unrealistically low CO, emissions for steel products if the
BF and BOF gas were simply exported to a power station outside of the steelworks, whereas a
steelworks that used the BF and BOF gas internally would be heavily penalised.

1kg Hot rolled coil PED MJ GWP
Kg CO2-e

Excluding system expansion 25.96 1.83

Including system expansion 21.64 2.01

% Difference -16.6 % 9.8 %

Table 1: Sensitivity of using system expansion or no allocation of exported co-products (mainly
process gasses) to steel product CO, values®

In addition, products which undergo several reheating steps, where the process gas is used internally,
e.g. hot dip galvanised coil, would be more heavily burdened with CO, than a product such as hot
rolled coil which requires less processing, even though they use similar amounts of iron from the blast
furnace from where the process gas originates.

3. RELEVANT FLOWS

The flows that are considered throughout this procedure are those which account for at least 95% by
mass of the inputs and outputs to a process and also, any flow which has a significant environmental
impact. This incorporates those flows identified as ‘accounted flows’ in the worldsteel data collection
exercise. Accounted flows are those which are of environmental relevance with respect to steel
production.

" Taken from 11SI methodology report by Ecobilan in 1997
8 Taken from worldsteel LCA methodology report 2011
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Each flow was assessed in terms of the reason for its addition to the steelmaking process and thus
how it should be treated in terms of partitioning. Some inputs have a very specific purpose in the
process, whether for the quality of the steel or the quality of the slag — the partitioning procedures for
these flows are described in section 5 of this report. All other flows are partitioned between the co-
products based on the energy equations described in more detail below.

The non-site-made additions (e.g. upstream additions such as coke from external supplies) are
provided with upstream burdens based on the average collected site data for each addition. Where
available, this data is also in accordance with the partitioning procedures described in section 5.

In order to carry out the allocation in the worldsteel model for data analysis purposes, some additional
process data was required for the energy equations (e.g. hot metal temperature). Typical values have
been used for these calculations, based on available technical data for steel production processes in
Europe. In future data sets, this specific information may be collected from manufacturing sites if steel
production technology changes significantly. If a site is not able to provide the information, the
average of the provided data will be used for this site. In certain cases, default values will be used
where the value would be unlikely to vary across steelmaking sites. The initial default values were
determined by ArcelorMittal and cross-checked by Tata Steel — the data is based on European
steelmaking sites. The number of sites using default or actual data will be documented when the
methodology is implemented in the updated worldsteel model.

4. MATHEMATICAL MODEL OF THE BLAST FURNACE

The technical operation of a blast furnace is well understood by the steel industry. The main principles
of Blast Furnace operation are presented in appendix 1, which were established from experimental
results obtained by IRSID in the 1950s, in particular the results of vertical probing enabled the
description and location of various phenomena occurring in the reactor. An overview of the BOF
steelmaking route is included in Appendix 2, which shows how the blast furnace fits into the overall
steelmaking process.

As described in appendix 1, the existence of a zone where heat and mass transfers stop is the basis
of the blast furnace model which considers a frontier in the lower part of the thermal reserve zone
separating the preparation and processing zones which are described in the appendix.

The mathematical model of the blast furnace is mainly a heat and mass balance model which
transcribes the assumptions of the metallurgical model and detailed in appendix 1. This results in an
algebraic model allowing the computation of operating parameters under the following conditions:

= Equilibrium of heat and mass balances of the blast furnace, processing and preparation zones;

= Achievement of boundary conditions of the processing zone, identical temperatures of gas and
solids at the frontier between zones, gas composition at wustite-iron-gas equilibrium and iron
burden with a specific oxidation degree (see appendix 1);

= Achievement of various constraints determined by the operator ahead of those resulting from the
above mentioned ones.

All this results in a set of linear equations solved to give the characteristics of an operating point. The
model has been written in Fortran and can be run on a PC using a specific interface for handling of
data and display of results. This data’ is then used within this co-product methodology to sub-divide
the process.

5. PARTITIONING PROCEDURES BY PROCESS UNIT

The co-products and plant-specific partitioning methods are summarised in Table 2 and detailed
individually below by process. The methods are described in detail in the following text.

® Arcelor Mittal personal communication, in charge of developing the metallurgy model described

11



Co-product Production Typical output per kg Partitioning method
process main product from
production process*
Coke oven gas Coke oven 5.9MJ Energy based
Blast furnace gas | Blast furnace 4.8 MJ System expansion
Basic oxygen | Basic oxygen 0.54 MJ System expansion
furnace gas furnace
Coke Coke oven 1kg Energy based
Benzene Coke oven 0.0072 kg Energy based
Tar Coke oven 0.05 kg Energy based
Toluene Coke oven Energy based
Xylene Coke oven 0.0017 kg as BTX Energy based
Sulphuric acid Coke oven 0.00074 Energy based
Ammonia Coke oven 0.0003 kg Energy based
Hot metal (pig | Blast furnace 1kg Partitioning of inputs / outputs
iron) by:
=  Energy
=  Iron ore gangue content
=  Sinter gangue content
=  Pellet gangue content
= 100% slag
= 100% hot metal
Crude steel Electric arc 1kg Partitioning of inputs / outputs
furnace and by:
Basic oxygen = Energy
furnace =  Iron ore gangue content
= DRI gangue content
=  Sinter gangue content
=  Pellet gangue content
= 100% slag
= 100% crude steel
=  Hot metal impurities
— Blast Blast - BF Slag =0.28 | Partitioning of inputs / outputs
furnace furnace, kg by:
slag & | Basic oxygen =  Energy
Steel slag | furnace, Steel Slag =0.076 kg | = Iron ore gangue content
Electric arc = Direct Reduced Iron
furnace (DRI) gangue content
=  Sinter gangue content
= Pellet gangue content
= 100% slag
= 100% hot metal
= 100% crude steel

Table 2: Co-products in the steel industry

* These values should not be used and are examples only

A detailed list of the partitioning rules applied to individual input and output flows within the Blast
Furnace and Basic Oxygen Furnace processes is detailed in Appendix 3.

5.1. Partitioning rules

There are a number of different partitioning rules that have been used, as defined in table 2, and
these are all described here in detail.

5.1.1.Energy-based

The blast furnace and basic oxygen furnace are thermodynamic systems requiring energy to drive
production processes and the energy associated with the mass flows and chemical reactions of the
co-products should therefore be the basis for the partitioning of the flows between the co-products.
The majority of the partitioning of the blast furnace and basic oxygen furnace (BOF) is thus carried out
using a function of the total energy of the overall production of the hot metal/crude steel and the slag.
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5.1.1.1. Energy-based partitioning for the BF
The energy function will be referred to as:
= fES(BF) for the Energy Function associated with the Blast Furnace Slag
= fEHM for the Energy Function associated with the Hot Metal
The partitioning is based on the energy used within the blast furnace to form the iron and the slag that
is produced from the raw materials. Therefore, the energy function associated with the hot metal and

slag can be explained as follows:

=  fES(BF): this function is based on the energy that is required to form a molten slag (i.e. the
sensible heat).

= fEHM: this function is based on:
a) the energy that is used to reduce iron-oxide (FeO,) to iron (Fe) and oxygen gas (y/2 O,);

b) the energy that is associated with the carbon present in the hot metal. The carbon is
subsequently oxidized in the BOF plant to lower the carbon content in the metal to form steel.

c) the sensible heat of the hot metal (the energy required to take it from 25°C to 1480°C);
d) the energy required to reduce the oxides of silicon, manganese and phosphorus;
e) the energy required for the dissolution of carbon, manganese, silicon and phosphorus;

Typical energy requirement is 10 031 MJ/t HM to fulfil all these actions.

In order to calculate each of these energy functions, the following calculations are used: tracing
“bottom-up” i.e. starting from final result to required inputs is carried out as follows:

= Energy requirements of the slag, fES (BF) = sensible heat of slag (Temp) x mass slag

o Sensible heat of the slag: calculated in function of temperature from engineering tables
with a linear interpolation formula: [2.04*Temp-1033] (MJ/t slag), where 2.04 is the heat
capacity of slag (found in engineering tableslo) and is a linear interpolation for varying
temperatures. The cited engineering tables use a reference temperature of 1033°C.

o mass of the slag (input variable)

o The values used are typical of Blast Furnace operation but can be supplemented with
actual site specific values.

Example calculation = (2.04 x1480) - 1033 = 1986MJ/t slag x 0.278t = 552.2 MJ/t HM

In order to compare these theoretical calculations (based on real data), with the actual energy used
within the steelmaking processes, Figure 5-1 shows typical energy flows into and out of the BF and
BOF processes, as shown by LCI data collected from European steel producers. Figure 5-1 shows
that the net energy consumption in the BF and BOF process stages correlate with the energy
functions calculated for the hot metal and steel respectively.
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| 0.17 GJ electricity

1 0.006 GJ crude oil

1 0.8 GJ crude oil

0.13 GJ flared BOF gas

0.003 GJ hard coal

83 GJ pert HM
(sensible heat 0.44 GJ BOF gas >

[—ZIclcoaltran

| 0.04 GJ BOFgas

2.66 GI per 0,94t HM Basic
(sensible heat + C) Oxygen

Furnace

1 0.27 GJ CO gas

1.39 GI per t steel
(sensible heat
@1650°C

Furnace

| 1.03 GJ natural gas

0.05 GJ CO gas

0.17 GJ BOF slag
sensible heat @1650°C

Totals

[ 16.6 Gl Total

Basic

N
Oxygen 2,13 G Total >
Furnace r

Blast L 4.0 GJ Total
Furnace 6.5 GJ Total >

Figure 5-1: Energy flows into and out of the BF and BOF process

Note other losses such as waste heat have not been quantified.

Sinter 1B3%  Gangue(Feluide) | Calculated SlagTslag  ___» 1985 Mitslag Caleulated

Fellets Thi  Gangue(FeOside)  |Calculated Tobeintroduced | Default orintroduced Cadorific vaive

Lump N4 Gangue(FeOwide)  |Calculated Calculated Do not changs 2050 MiC Exact

(3] 4z Gangue(FeOuide)  |Calculated Themodunamics | Do not change—— | Si 0963 RditSi Exact

FeHem T kgitHM Caleulated mn 0838 Mdithn Exact

FeMag 75 kgitHM Caleulated P 0605 RitF Exact
sag Fe 0824 MUitFe Eract

Slagwalume 78k Default ! User-defined
Temperature FB0C Default User-defined

Energy reqofrements

Iron oxide decomposition 6852 MJILHNM
Cinhot metal 151 RUIEHM
Reduction Si, Mn, P 219 MJIHM

Dissolution C, Si, Mn, P 129 MJHM

Hotmetal sensible heat 1318 Mg_um/ Caleulated
Tatal HN requirement 1003t It HIM PEHM
Slag sensible heat | 5522 DMUHN

Partition ratio 94.8%  For hot metal

Energy requirements of Hot Metal (fEHM): to create the melt, comprises the sum of:

a) lron oxide decomposition: reduction of the Fe-oxides in various degrees of oxidation
(hematite, magnetite, wustite) which each have a specific formation energy. The degree of
oxidation is calculated from:
= DRI typically 92% degree of metallization, remainder present as wustite;
= Ratio of hematite/magnetite in sinter: this is calculated from the mass balance of Fe. First

subtract from total Fe, the Fe in the DRI and slag (typical 0.035% =>0.00035 constant *
slag mass). Then apply a stoichiometric interpolation relationship function of the average
degree of oxidation, Yzero (typical value 1.47). This interpolation curve [6 * Yzero — 8]
can be deduced as with known Fe to O ratio of pure Fe,0; and FeO. Their relative ratio
can be estimated from Fe to O ratio in the sinter mix. After previous calculations, the
remaining fraction will be magnetite.
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Elast Furnace

Het Metal
[ 4.62%  a- Default / User-defined
S 0.52% o Default / Usgr-defined
A 0.32% . Default / User-defined
P 0.073% o Default / User-defined
Fe 94.47% o Calculated
Temperature L4B0°C T Default / User-defined
Burden

¥zero 1462  at0/atfe Default

sinter 1010 kgt HAn Defoult / User-defined
Pellets 322 ko't Hi Defoult / User-defined
Lump 248 kot HW Default £ User-defined
LRI 0 kot HA Default / User-defined
Sinter 7 7% Fe Default / User-defined
Pellets 65.0% Fe Default / User-defined
Lump 62.0% Fe Default / User-defined
LRI P2.0% Fe Default / User-defined
DRI metallization 93.0% Fe/Fe,, Default / User-defined
DRI 20% C Default / User-defined
Sinter 18.53%  GSongue (Fe Oxide)  [Calculated

Pellets T1%  Gangue (Fe Oxide) |Calculated

Lump 11.4%  Gangue (Fe Oxide) |Calculated

BRI 4.1%  Gangue (Fe Oxide) |Caleulated

Fe Hem Tk A1 Hiv Caleulated

Fe fag E#‘kg.ﬂ Hid, Caleulated

Slag

Slag volume 278 ko't HW Defoult / User-defined
Tetmperature 1480°C Default / User-defined

= Hematite: interpolation function: Total Fe — Fe from DRI (see above) — Fe dissolved in
slag (0.035%). Then apply to the remaining iron fraction the linear interpolation curve as a
function of the degree of oxidation, Yzero of the mix [6 * Yzero — 8]

= Magnetite: remainder is magnetite calculated as the remaining Fe fraction to close the
total Fe balance.

The equation and example calculation of iron oxide decomposition is as follows:
(Fe_Hem*Red_Hem+Fe_Mag*Red_Mag+0.07*Fe_DRI*DRI_Rate*Red_Wus)/1000 = 6852 MJ/t HM

Where:

Fe Hem = amount of iron present as Haematite = 773 kg/t HM

Red Hem = heat of formation from reduction of Hematite = 7372 MJ/t Fe
Fe Mag = amount of iron present as Magnetite = 172 kg/t HM

Red Mag = heat of formation from reduction of Magnetite = 6690 MJ/t Fe
0.07*Fe DRI* DRI Rate = amount of iron present as Wustite = 0

Red Wus = heat of formation from reduction of Wustite = 5035 MJ/t Fe

Blast Furnace Steel making (BOF & EAF) Thermo Data
Mot Meeal Steel 1650°C Default! User-detined Heats of bsrmaticn

c 4624 ap Default! User-detined Slag 97 kgitsteel  |Defaulti User-defined Fe203->Fe T372  MirFe Exact
Si 0524 os Difaulf User-defined Steelequirements T Fe304->Fe 6630 MIFe Exact
Mn 032%  om. Default{ User-defined Slag requirement 2155358 Mt steel FexD 5035 MiFe Exact
P 0073 ap Default{ User-defined Partition ratio 86.4x  for steel St i 32430  MJhS Exact
Fe ATL g, Caloulated In| 7008 MMM Exact
Temperature 14B0C Ty Diefaul User-defined Jlthermod d from: D= P+3CaC 38224 MIKP Enact

Bordea Techniques de lingénieur - 10-1380 pp M1726-1t0 MT726-5 Coke-»C0O2 32762  MIKC Exact
“zero 1483 atOiatFe Defaul Hears of dissalution
Sinter W00 kgleHM Default! User-detined c 3223 MikaC Caloulated
Pellets 322 kghtHM Difaulf User-defined Steel 2nd slag compasition are nettakeninto = ke Caloulstions Si 3442 MikaSi Caleulated
Lump 248 kgitHM Difauli User-defined bn 0188 MikaMn | Caloulaied
ORI 0 kgitHM Default{ User-defined P -2.543  MkgP Caleulated
Sinter ST.T%  Fe Default{ User-defined Lpdated with data Gta solles von Fensible fieats
Pellets BS.0x  Fe Default! User-defined C 1600 2882 MUhC Enact
Lump 6200 Fe Difauli User-defined Sit600 3850 MRS Eact
ORI Sz Fe Default{ User-defined Mn 1600 1425 M0 Exact
ORI metallis ation 3 Feifey, Default{ User-defined P 1600 925 MIhP Exact
ORI 2o . Default! User-detined Fe 1600 1,350  MUkFe Exact
Sinter 18.3%  GanguelFeOside]  |Caloulated Slag Tslag 1,966 Mhslag Caleulated
Pelletz 704 GanguelFeDside) | Calculsted [ Tobeintioduced [Defsuarimoduced | Catocitic vakoe
Lump Mdx  Gangue (Fe Dwide) | Calculated  |Donot change | c 2050  MC Exact
ORI 4.1 Gangue [Fe Onide) |Thermedynamics | Do not change | Si 0368 MISi Enant
FeHem TH kgitHM Mn 0838  Mitbin Exact
FeMag 175 kgitHM Caloulated P 0606 MIF Exact

Slag Fe 0.824 MMFe Enact
Slag volume 278 ki Default! User-detined
Temperature 1,480 Default{ User-defined
Energy reqdireqpefits

Iran oxide decomposition /5,852 Mt HM

b) Energy of carbon in Hot Metal: energy of carbon dissolved & contained in the melt equals
carbon mass * specific energy of formation = 4.62%*32762 MJ/t C = 1514 MJ/t HM
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Blast Fumace Steelmaking (BOF &EAF) Therma Data
Hot Meral Sreel 16500 Diefaul i User-defined Heats of Farmation

c 4624 5o Defaul t User-defined Slag 87 kghtsteel | DefaultiUser-defined Fe203->Fe TaT2 MiitFe Enact
Si 0524 ug Defaul t User-defined Steelrequirements 136 Miftstesl Fe304-3Fe BEI0  MiitFe Enact
i 032% o, Defaul t User-defined Slagrequiiement 2135358 Miftsteel Feud 5035  MiitFe Enact
P 0073 o Defaul tLser-dafined Partition ratio 8643 for steal Si02-55i 32430 MU Enact
Fe 9447 ap, Caloulated MnO=>Mn TO06  MAMn Enact
Temperature 1480 T Defaul tUser-defined C23P208-3 P+3Cal 38224 MIP Exact

Burda Techniques de lingénieur - 101380 pp M1726-1ta M1726-8 Coke=>C02 A GRTB2 MMC Exact
Voo 1463 atDlatFe Default Gts of dissatution
Sinter W0 kghH DOefaul tLssr-dafined 3229 MllkgC Caleulsted
Pellets 322 kgl DOefaul tLssr-dafined Steel and slag composition are nat tskeninta account inthe caleulations -3442  MlkgSi Caleulsted
Lump 243 kghHM Dt aul t User-defined Fn -088  Mikghn  |Caloulated
ORI 0 kghHM Detaul tUser-defined F -2548 MlikgP Caloulsted
Sinter 5174 Fe Detault { User-defined Updated with dats from Etidars collection Sensible heats
Pellets 6504  Fe Defaul tUser-defined [ 2882 MIKC Exact
Lump 6204  Fe Defaul t ser-defined 511500 3650 MUkSi Exact
ORI 204 Fe Defaul t User-defined 01600 1425 Miithin Exact
DRImetallization, 0% FefFa, DOefaul tLssr-dafined PIE00 325 MIkP Enset
ORI 0% © DOefaul tLssr-dafined F2 1600 1350 MiiFe Enset
Sinter 1837  Gangus(FeOuide) |Caleulatsd Slag Tslag 1386 Miitslag Caleulsted
Pellets T GanguelFeOridel | Caloulsted [_FoBeintioduced |Defauliarinvaduced | Catordic vatas
Lump 4% Gangue FeOridel | Caloulated Caloulsted | Oonatchangs C 2050 MiC Enact
=1 414 Gangue FeOuidel  |Caloulated |Themadynamics | Do not change, | Si 0368 MASi Enact
Fe Hem T kghtHM Caloular=d bn 0838 MAMn Enact
Fe Mag 5 kghtH P OEDS  MM:P Enact

Sl Fe 0824 MFe Enaot
Slag valume 278 katHH Defaul fUser-defined
Temperature 14800 Defaul ! User-defined
Erengy regquirements

Iren cride decomposition BS2 MIMHM
Cinhot metal 15M MUHM

c) Sensible heat of the Hot Metal to required temp: calculated by bringing all elements of melt to
1600°C (engineering tables with sensible heat) and then subtract for each element of the melt
the difference between the actual HM temp and 1600°C, assumed in the first part of the
calculation multiplied with the heat capacity.

Example calculation:

(a_C*HS_C1600 + o_Si*HS_Si1600 + a_Mn*HS_Mn1600 + o_P*HS P1600 +
a_Fe*HS_Fe1600) + (T_Pig-1600) * (a_C*Cp_C + a_Si*Cp_Si + a_Mn*Cp_Mn + a_P*Cp_P
+a_Fe*Cp_Fe) =1318 MJ/t HM

Where:

a_C =carbon in Hot Metal =4.62%

a_Si = silicon in Hot Metal = 0.52%

a_Mn = manganese in Hot Metal = 0.32%
a_P = phosphorous in Hot Metal = 0.073%
a_Fe =iron in Hot Metal = 94.47%
HS_C1600 = sensible heat of C at 1600°C
HS_Si1600 = sensible heat of Si at 1600°C
HS_Mn1600 = sensible heat of Mn at 1600°C
HS_P1600 = sensible heat of P at 1600°C
HS_Fel600 = sensible heat of Fe at 1600°C
T Pig = temperature of pig iron = 1480°C

Cp = heat capacity (of each element C, Si, Mn, P and Fe)

Blast Fuinace OF & EAF) Therma Data
Hat Metaf Steel 1650C D ault { User-defined Heats of farmaticn

C 4628 5o Defaul:{ User-defined Slag 37 kghsteel | Default ! Uiser-defined Fe203-Fe 7372 MIkFe Exact
si 052%  ug Defaul:{ User-defined Steel requirements GAE  Mihsieel Fed0d->Fe 6690 MIhFe Exact
i 032%  om, Defaul:{ User-defined Slagrequiement 18,5358 MJhsteel Fexdl 5035 MihFe Exact
P 00tH e Detault! User-defined Partition ratio B6.43__for steel Si0z-3Si 32430 MIkSi Enact
Fe WATL an Caloulated MnQ->1n 7006 MUk Enact
Temperaturs 1450C Tum Default! User-defined Allthermodunamic data come from: Ca3P208->P+3Cal] 38224 MIRP Eract

Furdtha Techniques de lingénieur - 10-1380 pp M1726-Tto M1728-5 Coke->CO2 32762 MIhD Enact
V2o 1469 aiDtaFe Default FHeats of dissalution
Sinter W0 kgh HM Default! User-defined c 3228 MikgC Caloulated
Pellets 322 kghtHM Default! User-defined Sreel and sl nattakenin in the caloulat si 3442 MilkgSi Caloulated
Lump 243 kahtHM Detaul: ! User-defined M 0988 Mitkg Mo Calculsted
ORI 0 kghHM Detault! User-defined P -2.543 MilkgP Caleulated
Sinter Fe Detault! User-defined Updsrad with dara from Ei data callection Fensible heats
Pellets Fe Defaul { User-defined 1600 2682 MIkC Enact
Lump Fe Default { User-defined Si1600 3650 MUkSi Enact
ORI Fe Detault! User-defined i 1425 Mikbin Enact
DRI metalisation FelFe,, Defaul: { User-defined P S25 MUK Enact
ORI C Defaul: { User-defined £ 1350 MitFe Enact
Sinter Gangue (Fe Oride] | Caloulated s\/ 1988 Mikslag Caloulated
Pellets Gangue (FeDride) | Caloulated [ Tabeinnoduced |Defaultor ntaduced Laloritis vate
Lump Gangue (Fe Oride] | Caloulated | Calculated  [Donat chan c 2050 MUkC Eract
ORI Gangue (Fe Oride] | Caloulated [Theimedynamics | Do noich Si__—— = 038 MnS Exact
Febem kaitHM Caleulated 0638 Mk Enact
Fellag kaitHM Caleulated 0606 MIKP Enact

Shay 0824 MkFe Enact
Slagualume 28 kgitHM Defaul: ! User-defined
Temperanre 1480C Detault! User-deifies
Energe reqafrements

ran caide desompasition B852  MItHM
Cin hat metal [ H
Reduction Si. Mn. P —
Dissclution C. i, Mn, P
Hotmetal sensible heat

it HM

Caleulated

d) Energy for reduction Si, Mn, P
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Example calculation: a_Si*Red_Si+a_Mn*Red_Mn+a_P*Red P =219 MJ/t HM

Where:
Red Si = energy to reduce SiO; to Si = 32430 MJ/t Si

Red Mn = energy to reduce MnO to Mn = 7006 MJ/t Mn

Red P = energy to reduce CazP,0g to P+3CaO = 38224 MJ/t P

Blsst Furnace OF & EAF) Therme Data
Har Meral Steel 1650°C Default ! User-defined Hears of fommation
=} 4624 o Default ! User-defined Slag 37 kghsteel | Default!User-defined Fe203->Fe 7372 MihFe
Si 0524 o Default ! User-defined Steelrequirements 13916 Mihseel Fe30d->Fe 6,830 MihFe
Mn 0324 ow. Default ! User-defined Slag requirement 2185358 MJhseel FexO 5.035 MihFe
P 00734 o Detault ! User-defined Partition ratio B86.4% for steel Si0z->5i 32430 MRS
Fe 9447 op, Calzulated MriO-> M T.O0E  MJkMA
Temperatuie 1480C  Tuw Default ! User-defined Lt " o Ca3P20) 38.224  MIKP
Burdgn Techniques de lingenieur - 10-1380 pp MIT26-1te M1728-0 = ) / 32762 MhC
rzero 1463 aOlaFe Detault HMears of dissolution
Sinter 00 kgtHM Detault ! User-defined 3223 MitkgC
Pellets 322 kgftHM Detault ! User-defined Steel and slag composition are not taken into account in the calgutati Si =3.442  MitkgSi
Lumg: 248 katHM Detault  User-defined Mn -0.188  MltkaMn
ORI 0 kahHM Detault ! User-defined P 2543  MikaP
Sirter 5774 Fe Detault ! User-defined Lipdared with dara from Fi¥ dara Sensible heats
Pellets 65.0% Fe Detault ! User-defined 1600 2662  MumC
Lump 620% Fe Detault ! User-defined S5i1600 3650 MRS
ORI 920%  Fe Default ! User-defined Mn 1600 1425 MJhMn
ORI metallisation 3.0 Fe'fFe,, Detault ! User-defined P800 825  MRP
ORI 20 C© Detault ! User-defined Fe 1600 1350  MJIkFe
Sirter 18.3%  Gangue (Fe Oxide) Calzulat=d Slag Tslag 1986 Mlhslag
Pellet= T Gangue (FeOride)  |Caloulated e introduced ‘Delauhm introduced ‘ Lalorific valoe
Lump 4%  Gangue FeOuide)  |Caloulated Caloulated | Do not change: | C 2050 MIhC
DRI 41%  Bangue FeOuide)  |Caloulat=d Thermadynamies | Danat change | Si 0988 MJkSi
FeHem T kattHM Calzulat=d Mr 0.838 MM
FeMag WS katHM P 0.B0E  MrP
Shag Fe 0.824 MIhFe
Slaguolume 278 katHM Default  User-defined
Temperatuie Detault ! User-defined
Enengy regui
Iran exide decompesition
Cinhot metal
Reduction Si, Mn, P
Disselution C, Si, Mn, P
Hot metal sensible heat Caloulated
Total HM requirement v PEHM
Slag sensible heat
Partition ratio 94.8% For hot metal
e) Energy for dissolution C, Si, Mn, P
Example calculation:
1000*(a_C*Dis_C+a_Si*Dis_Si+a_Mn*Dis_Mn+a_P*Dis_P) = 129 MJ/t HM
Where:
Dis C = heat of dissolution of C = 3.229 MJ/kg C
Dis Si = heat of dissolution of Si = -3.442 MJ/kg Si
Dis Mn = heat of dissolution of Mn = -0.188 MJ/kg Mn
Dis P = heat of dissolution of P = -2.549 MJ/kg P
Blast Furnace iOF & EAF) Theimo Data
Hat Meral Steel 1650C Default tUser-defined Heats af formation
[ 4824 o Default ! User-defined Slag 97 kghtsteel |Default ! User-defined Fe203->Fe 1312 MMtFe Enact
Si 0824  ag Detaul ! User-detined Sreelrequirements TBIE Mlhsteel Fe30d-2Fe BE30  MaFe Enact
Mn 0324 oy Default ! User-defined 218,935 MMisteel FexO S035  MMtFe Enact
P 0073 o Defaul: ! User-defined Partition ratio 86.4%  for steel Si02->Si 32430 MRS Enact
Fe Wd4TL oy, Caleulsted Mr0->Mr TO0E M Exact
Temperature 1480C  Taw Default ! Ussr-defined Al themmodynamie data come from: Ca3P208->P+3CaC 38224 WP Enact
Bardgn Teck delings - 01 M Tta MT Coke->C02 32762 MIC Enact
' zem 1463 atDfatFe Default Heals of dissatutian
Sinter 00 kgltHM Default ! User-defined [ 3229 MMkgC Caleulated
Pellets 322 kohtHM Detaul ! User-detined | and = ik ‘ sl Si -3.442  MllkgSi Caleulated
Lump 248 kohtHM Detaul ! User-defined Mr 0188 MlikgMn Caleulated
ORIl 0 kgitHM Default ! User-defined //: -2543  MllkgP Caleulsted
Sinter ST Fe Defaul: ! User-defined Lpdsted with data from EU data collectivn Bensible heats
Pellets. B5.0¢ Fe Default  User-defined ) 2682 MIC Exact
Lump B20Z  Fe Detaul ! User-defined Site00 3E50 M Si Enact
DRI 2. Fe Defaul: ! User-defined Mn 1600 1425 MJiMn Enact
DRl metallis ation 330 FelFe,, Default ! User-defined PIBO0 325 MMP Exact
ORl ame Default ! User-defined Fe 1600 1350 MMtFe Enact
Sinter 18.3%  GanguelFeOddel  |Caleulsted Slag Tslag 1986 Mihslag Caleulsted
Pellets T2 GanguelFeOuide]  |Caloulated Tobe introdus: Froduced Lalarific vake
Lump Mdx  GanguelFeDxidel | Calculated Cal ot change C 2050 MaC Enact
ORI 4.1 GanguelFeOsidel |Caleulsted Tt Donot change. Si 0.968 MIS Eract
FeHem T kgitHM Calculated Mn 0838 MM Enact
FeMag 175 kgitHM Caleulsted P 0608 MMP Exact
Sl Fe 0524 MIrFe Enact
Slaguelume. 278 kaltHM Defa elined
Temperature 1480C Tser-defined
Fnergy requiramants
Iron cride deampasition
Cinhet metal
Reduction Si, Mn, P Mt H
Dissalution C, 5i, Mn, P 129 MicHM
Hat metal sensible heat 1318 MdieHM Caleulated
Total HMrequirement v 10031 MdtHM PEHM
Slag sensible heat 5522 MltHM
Partition ratio 94.8%  for hot metal

Exact
Exact
Exact
Exact
Exact
Exact

Exact

Caleulated
Caleulated
Calculsted

Caleulzted

Exact
Exact
Exact
Exact
Exact
Caleulsted

Exact
Exact
Exact
Exact

Exact
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Based on these energy functions above, and the mass of the hot metal/crude steel and the slag that
is produced in the process, the partitioning ratio between the hot metal/crude steel and slag can be
calculated. This ratio is then used to allocate the associated burdens of the inputs and the outputs
between the hot metal and slag using the Blast Furnace as an example:

For the hot metal:

fEHM
fEHM + FES (BF)

For the slag:

fES (BF)
fEHM + FES (BF)

In summary the energy partitioning ratio resulting from the above calculations is shown below using
example values. Actual values will vary according to the specific site, due to differences in raw
material inputs, temperatures and slag volumes.

Blast Furnace energy partitioning ratio:

For the hot metal, fEHM: %MOO:%.S%
10031+ 552
. 552
For the BF slag, fES(BF): ————x100=5.2%
10031+552

5.1.1.2. Energy-based partitioning for the BOF
The energy function will be referred to as:
= fEST for the Energy Function associated with the Crude Steel
= fES(BOF) for the Energy Function associated with the BOF Slag
The patrtitioning is based on the energy used within the BOF to form the crude steel and the slag that
is produced from the raw materials. Therefore, the energy function associated with the crude steel

and slag can be explained as follows:

= fEST: this function is based on the energy required for the steel to reach the required temperature
in the steelmaking vessel (i.e. the sensible heat). = heat capacity of iron x liquid temperature + 32.
Example calculation:
0.824MJ/t/K x 1650°C + 32 = 1 392 MJ/t steel

0.824 is the heat capacity of iron found in engineering tables®

1650°C is a typical target temperature for steel in the BOF vessel’. This is higher than the
temperature of hot metal due to the exothermic reaction in the BOS vessel

= fES(BOF): this function is based on the energy that is required to form a molten slag (i.e. the
sensible heat) = Amount of slag in kg x (heat capacity of steel slag x liquid temperature -
1120)/1000. Example calculation:

97kglt steel x (2.04MJI/t/K x 1650 °C -1120)/1000 = 218 MJ/t steel

1% Techniques de l'ingénieur - 10-1980 pp M1726-1 to M1728-8
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Figure 5-1 shows typical energy flows into and out of the BF and BOF processes. As the BOF
process is an exothermic reaction, the main energy input into the process comes in the hot metal and
only a small amount of additional energy is added (0.33 GJ/t). This figure shows the energy flows of

the system.

Basic Oxygen Furnace energy partitioning ratio:

For the steel, fEST:

For the steel slag, fES(BOF):

5.1.2.Ferrous content

1392
1392+ 218

218
1392 + 218

%100 = 86.4%

x100=13.6%

Some flows are iron carriers but also have a significant amount of gangue that enters the slag. The

flow is then allocated between the slag based on the ferrous and gangue contents.

= Calculation of gangue content:

Calculations are carried out based on the difference (rest fraction) calculated from input value / Fe
content and the weight of the oxygen chemically bound to the iron. The latter is based on the degree
of oxidation of the iron (typical value 1.45 as a result of reduction to FeO and partly reoxidation at the
surface to Fe;0,4) multiplied with relative oxygen weight (factor 16/55.85 based on the atomic mass of

O and Fe);

o

Sinter: Sinter is an iron carrier but also has an amount of gangue that enters the slag.
The flow is then allocated between the slag based on the ferrous and gangue contents

of the sinter.

Example calculation:1 - (Fe_Sinter+1.45*Fe_Sinter*(16/55.85)) = 18.3% gangue content

Where: Fe Sinter = iron content of sinter = 57.7%

Sinter

FPelletz

Lump

ORI

ORI metallisation
OFil

Sinter

Pellets

Lump

ORI

ORI metallisation
ORI

Sinter

Fellet=s

los77

|Fe

0,65
0,52
04z
0,33
0,02

Fe
Fe
Fe

FetFen,
c

[FFe_

Fter-145'Fe_Sinter [ 16/55,55))

| Gangue (Fe Oxide)

Diefault f Uzer-defined
Diefault f Uzer-defined
Diefault f Uzer-defined
Diefault f Uzer-defined
Diefault # User-defined
Diefault f User-defined
Calzulated

Pellet: Pellet is an iron carrier but also has an amount of gangue that enters the slag.
The flow is then allocated between the slag based on the ferrous and gangue contents

of the pellets.

Example calculation: 1 - (Fe_Pellets+1.5*Fe_Pellets*(16/55.85))= 7.1% gangue content

Where: Fe Pellets = iron content of pellets = 65%

0,65

|Fe

0,52
0,82
0,43
0,02

=1-[Fe_Sirgers| 45°Fe_Sinter (16455 35))

Fe

Fe

Fe'fFe.,

C

Gangue [Fe Oxide)

l=tiFe_Pe

etze] 5 Fe_Pelletz"[16/55,55])

!Gangue [Fe Oxide)

Oiefault ! Uzer-defined
Ciefault ! Uzer-defined
Ciefault ! Uzer-defined
Oiefault ! Uzer-defined
Diefault ! User-defined
Calculated

Calculated
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o lIron ore (lump): iron ore is an iron carrier but also has an amount of gangue that enters
the slag. The flow is then allocated between the slag based on the ferrous and gangue
contents of the iron ore (lump).

Example calculation: 1 - (Fe_Lump+1.5*Fe_Lump*(16/55.85))= 11.4% gangue content

Where: Fe_Lump = iron content of iron ore (lump) = 62%

Lump | 062 . | Fe Ciefault f Uzer-defined
ORI 04z Fe Diafault f User-defined
ORI metalliz ation 0,493 FefFen Diefault f User-defined
ORI 0,02 c Oiefault f Uzer-defined
Sinter =1-[Fe_Sinker+145°Fe_Sinter 16155 25]) Gangue [Fe Oxide] Calzulated
Fellets =1-[Fe_Fellets+15°Fe_Pellets"[16/55,85]]  Sangue [Fe Oxide] Calculated
Lump |=1-[Fe_Lurnp+1.5'Fe_fum|:-'[18|’55.85]] 1 Gangue [Fe Ouide) Calculated

o DRI: Calculation for the gangue content of DRI based on rest fraction takes into account
the following:
= Fe content in DRI
= Fraction of Fe content that is in not in metalised status [1- DRI_metallisation]
for which the weight has to be augmented with chemically bound oxygen. As
oxidation degree a factor 1.056 (close to FeO) is a typical value (default) to be
further multiplied with ratio of atomic mass between O and F (as done in
calculations above);
= Fraction of C in DRI

Example calculation:

1 - (Fe_DRI+1.056*(1-Met_DRI)*Fe_DRI*(16/55.85))-C_DRI = 4.1% gangue
Where:

Fe DRI = iron content of DRI = 92%

Met DRI = fraction of iron in DRI which is metallised = 93%

C DRI = fraction of C in DRI = 2%

ORI 042 Fe Default f User-defined
DRl metallisation 043 FetFen Diefault { Uzer-defined
ORI 0,02 C Default f User-defined
Sinter =1-[Fe_Sinter+)45°Fe_Sinter[16/55,85]] Gangue [Fe Oxide] Calculated
Fellets =1-[Fe_Pellets15 Fe_Pellets"[16/55,85]) Gangue [Fe Cxide] Calculated
Lump =1-[Fe_Lump+|5"Fe_Lump16/55,25]) Gangue [Fe Ozide) Calculated
ORI |=1-(Fe_DRl,056° 1M et_OFI"Fe_DRIY155,85))-C_0F1 | Gangue (Fe Oside) Calculated

5.1.3.100% slag

This applies to flows that are added only to improve the quality or processability of the slag (e.g.
fluorspar to control viscosity).

5.1.4.Hot metal purity

This applies to the hot metal input to the BOF from the blast furnace. The partitioning of the hot metal
input between the steel and the slag is determined by the proportion of impurities that are present in
the hot metal inputs (i.e. silicon, manganese and phosphorus), as these impurities form part of the
slag. These impurities come in with the hot metal (probably from the iron ore and other sources) and
will be oxidised when oxygen is blown into the BOF via the oxygen lance.
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5.1.5.100% hot metal

This applies to flows that are added only to improve the quality or processability of the hot metal (e.qg.
additions of manganese that can be added in the BOF after the oxygen blowing, in order to achieve
the desired chemistry of the steel product as part of the secondary steelmaking process.

5.1.6.100% crude steel
This applies to flows that are added only to improve the quality or processability of the crude steel.
5.1.7.System expansion for process gases

System expansion is used to account for the excess BF and BOF gases that leave the product
system boundary, either for use to make other steel products in upstream or downstream processes
(replacing the need for other fuels), or exported off site (replacing the need for other fuels or
contributing to the national electricity grid). The avoided burden of the relevant fuel or electricity grid
mix is applied to the data. This process of system expansion occurs after partitioning of the metal and
slag in the BF and BOF process. In both cases, the output of the excess process gas is split between
the hot metal or steel and the slags based on the energy partitioning functions fEHM, fES (BF), fEST,
fES (BOF). Given that the overall intention of an integrated steelmaking site is to achieve an overall
balance in its process gas production and consumption on site, any burdens or benefits of excess gas
exported for a given steel product have to be allocated between the product and the slag by energy
given that the production of these gases is ultimately energy based. The net effect of system
expansion for the process gases is often an increase of the CO, burden for steel and slag
manufacture due to the relatively high carbon intensity of the gases compared to alternative fuels
used for heat and power generation.

Any emissions associated with the flaring of process gases are allocated all to the hot metal or steel
product as they are waste disposal operations related to operational matters.

5.2.Coke ovens

Co-products are coke, coke oven gas, tar, BTX (Benzene, Toluene, Xylene) and sulphur.

The coke oven co-products are mainly energy-based products i.e. with a significant calorific value,
and so the inputs and outputs related to the production of these co-products are partitioned based on
the ratios of the total energy content (net calorific value, NCV) of each of them. The partitioning of the
flows between the co-products is determined in the following way, taking coke as an example:

NCV,_,. x Mass
)+ (NCV

coke

(NCV,_,,, x Mass x Mass

coke coke other.coproducts other.coproducts)
Based on average data, the coke product and coke oven gas used in making hot metal represents
82.9% of the total energy and remaining energy is contained in the co-products and gas used for

other steelmaking processes.

The exceptions to this methodology are steam and hot water sometimes generated during coke
making (approximately 1% of the total energy outputs produced, less than 0.5 GJ per tonne). As they
are generally used internally within the steel making process, and to avoid further complications in
allocation principles in other process units (see blast furnace below), they are dealt with by system
expansion (as detailed in appendix 9 of the worldsteel methodology report 2011) but only in the case
when their use falls outside of the system boundary of the products being assessed. Their use
replaces the need for steam or hot water produced by alternative means (see section 2.5).

For the input of coke oven gas into each process, the LCI for the gas is calculated based on the

energy of the coke oven gas, using the equation above for allocating impacts of coke ovens between
co-products.
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5.3. Sinter and pellet plant

Product is sinter or pellet.

The only product from this process is sinter or pellet and so no allocation is required.

5.4.Blast Furnace

Main co-products are hot metal (pig iron) and slag.

Within the blast furnace process, straight partitioning is complex as the process gases are often
recovered internally and used within the steel making process and the other two co-products (hot
metal, slag) are for external use. The process gases are dealt with by system expansion as they are
often used internally, thus avoiding the production of electricity in the power plant. It is unlikely that
other industries will require an LCI for the use of blast furnace gas as a co-product, which would result
in a high carbon footprint. The process gas produced in the blast furnace can have different
functions, but all activities associated with the gas (internal use as heating or electricity, exported
surplus) are partitioned (burdens and credits) in the same way, according to the energy-based rule in
the blast furnace, between the hot metal and the slag.

Over 94% of blast furnace slag is used as a by-product. Any slag that is actually disposed of as a
waste is assigned to the hot metal. In order to calculate this, the burdens required to make slag are
first allocated to the total volume of slag produced. The burdens associated with the proportion of slag
that is disposed of is then added back onto the hot metal LCI. This means that any slag that is
disposed as a waste has no allocated burdens.

Once the inputs and outputs of the blast furnace process have been partitioned between the hot metal
and the slag (see section 5.1.7.) system expansion is then carried out for the BF gas. All the impacts
associated with export of the blast furnace gas are applied to the hot metal and the slag in the ratio of
the energy allocation i.e. 94.8% onto the Hot Metal (fEHM), and 5.2% onto the slag (fES (BF)).

For all relevant flows, the partitioning method is described and justified in detail below, choosing from
one of the methods listed above.

CO and CO, are produced (and some CH,) during the combustion of coal and coke in the blast
furnace which are used to trigger the reactions of the production process (producing hot metal, slag
and gases). These emissions to air are therefore partitioned between the hot metal and the slag,
based on the energy function (fEHM and fES(BF)).

Energy sources e.g. natural gas, coal, coke: these are used in the operation of the process and
therefore associated with both the hot metal and the slag and thus partitioned in this manner, based
on the energy function (fEHM and fES(BF)). The contribution of blast furnace gas is determined by
system expansion to calculate the burden of process gas combustion as well as the credit due to the
avoided production of electricity, which are also applied to the hot metal and slag based on the energy
function. Via these energy sources, a very limited amount of N,O is produced in these combustion
processes, which is also split between the hot metal and the slag, based on the energy function.

Fluorspar — is added to control the slag viscosity and is therefore partitioned totally to the slag.

Hydrogen sulphide, H,S (air emission), is partitioned to both the hot metal and the slag by the
energy function (fEHM and fES(BF)) as, although the emissions of the H,S mainly occur during
guenching of the slag at the slag pouring tap, this has no more link (metallurgically) to the slag than to
the hot metal.

Iron ore, sinter, pellets, sinter fines and direct reduced iron — partitioning between the slag and
hot metal of these flows is calculated based on the proportion of gangue and iron that is present in the
material. Gangue content is defined as the non-iron content of the material and is determined by
calculating the iron/ferrous content in the material — the proportion of the material that is iron is
therefore partitioned to the hot metal. The gangue content in the iron ore is calculated based on the
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iron content using the formula: [gangue = 1 — (1.43 * iron content)], where the 1.43 relates to the
proportion of iron ore (which is a mix of haematite, Fe,O;, and gangue) that is iron (see 85.1.2).
Where no site specific data is available, default values are used instead. The gangue forms the slag
product and therefore the proportion of gangue content is partitioned to the slag.

The benefits of having gangue present in the sinter product is that it produces a material that can be
inserted into the blast furnace due to its hardness and using such products produces a good quality
slag that can beneficially be used by industries such as the cement industry.

Inputs Default Gangue
content* %

Sinter (fines) 18.3

Pellets 7.1

Iron ore 114

DRI 4.1

Table 3: Default gangue content values
*based on ArcelorMittal data — to be updated at a later stage when site specific information available
Iron Scrap inputs are added for iron content and are therefore totally partitioned to the hot metal.

Limestone (CaCOs;) is added to the blast furnace and has many functions within the steel making
process. It is used to remove the gangue from the iron ore, in order to clean it, and also to aid with the
slag formation. It enables the slag to reach a specific basicity and the liquidus temperature required,
with correct calcium levels, and therefore enables it to be decanted, and to create a granulated slag.
The limestone is partitioned between the hot metal and the slag, on the basis of the energy function
(fEHM and fES(BF)), which results in the hot metal taking most of the burden for the limestone.

This is also the reason why the dolomite (CaCO3;.MgCOQO3), bauxite and olivine inputs are partitioned
between the metal and the slag by the energy function (fEHM and fES(BF)).

Metallic additions (e.g. Manganese) — these are added in order to achieve the correct steel grade
and therefore partitioned to the hot metal.

Scales and Steel Scrap are added as recycling iron units and therefore the entire burden is
associated with the hot metal.

Sodium carbonate is added at the hot metal desulphurisation stand, and the formed slag is stripped
out and not mixed to the BF/BOF slag (steel slag). For this reason it should be completely partitioned
to the hot metal.

Steam as an energy input is partitioned by the energy function (fEHM and fES(BF)) to both the hot
metal and the slag. Steam used in the wastewater treatment process, or occurring as an output, is
also partitioned to both the hot metal and the slag by the energy function (fEHM and fES(BF)).

Water — is used for the granulation and cooling of slag, process cooling water and for the cleaning of
the gases (CO, CO,, CH,;). Water is therefore partitioned to both the hot metal and the slag by the
energy function (fEHM and fES(BF)).

Wastewater treatment - as the wastewater comes from the cleaning of the gases, which are
partitioned by the energy function (fEHM and fES(BF)) to both the hot metal and the slag, it follows
that the water treatment process is partitioned in the same manner. Thus, the water used, the
treatment chemicals, and the discharges produced (wastewater/sludges) are partitioned by the
energy function (fEHM and fES(BF)) to both the hot metal and the slag.

Miscellaneous: packaging is partitioned to the steel; covering powder is added to the ladles to
reduce heat loss from the steel and is therefore partitioned to the steel.
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5.5.Basic Oxygen Furnace (BOF)

Main co-products are the steel product and the slag.

The main inputs and outputs are partitioned using either the energy function calculations (fEST
(energy function of steel) and fES(BOF)), gangue calculations, or are directly attributable to one or
other of the co-products, as has been described above. In addition, there are a number of additional
allocation rules which are applicable to the BOF:

Additions (e.g. calcium carbide) or specific slags / sludges / dusts / scales produced (e.g.
desulphurisation slag) which are required or produced in order to achieve the desired steel grade,
are partitioned to the steel.

Additions (e.g. gases used for the removal of inclusions in the steel or for mixing, covering powder in
the ladles to reduce heat loss) and outputs produced (e.g. grease used in the casting process, scrap
and sludge produced) specifically for the actual steelmaking process and with no relevance to the
slag, are partitioned to the steel.

Oxygen and associated CO, emissions: Oxygen is injected into the furnace in order to lower the
carbon content of the hot metal to make steel. For this reason the oxygen input is partitioned to the
steel. Subsequent CO, emissions are formed from the oxidation of the carbon and so this direct
emission is also partitioned to the steel.

Manganese: Any manganese added such as ferromanganese, is partitioned to the steel as it is
added for the steel grade.

In the BOF process, the manganese dust/sludge comes from Manganese as part of the Hot Metal
composition which is oxidised during the blowing phase. It does not come from the addition of
manganese as an alloying element which occurs at the metallurgical stand. For hot metal inputs, the
allocation is split between the hot metal and the slag by determining the proportion of impurities that
are present in the hot metal inputs (e.g. Silicon, Manganese and Phosphorus), and allocating this
proportion of impurities to the slag. These impurities come in with the hot metal (probably from the
iron ore) and will be oxidised when oxygen is blown into the BOF via the oxygen lance. Manganese
can be added after the oxygen blowing in order to achieve the desired chemistry.

Synthetic slag is added to the process after the production of the BOF slag and therefore it is
partitioned to the steel.

Any slag that is actually disposed of as a waste is partitioned to the steel product. In order to calculate
this, the burdens partitioned to the slag are first assigned to the total volume of slag produced. The

burdens associated with the proportion of slag that is disposed of is then added back onto the hot
metal LCI. This means that any slag that is disposed as a waste has no allocated burdens.

5.6.Hot Rolling

Product is hot rolled coil.
The only product from this process is hot rolled coil and so no partitioning is required and all flows are

assigned to the caoil.

5.7.Electric Arc Furnace (EAF) and the Stainless Steel EAF

Co-products are the steel product and slag.
Partitioning rules for the EAF processes, for both carbon and stainless steel, will follow similar

principles as for the BOF process described above, with further rules for additional flows within the
process. However, the analysis of such data is not considered in this report here.
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6. IMPLEMENTATION

This co-product approach is implemented within the worldsteel LCI model as set-up in the LCA
software system, GaBi. To cope with the individual partitioning requirements of this co-product
approach the GaBi feature “Extended Manual Allocation” is used which supports the application of
individual allocation (partitioning) rules on the level of single input/output flows per process.

Definition of individual allocation rules....
&8} (F1) Blast Fumace (new) -- Process instance = [=][=
Localname:  [IF1} Blast Furnace (new] = Mo image == Cancel oK
{8 Local settings | g ¥F | @ Lcc {8 Extended allocation ‘
LCA standard allocation [fEHM ] T include wastes ntgfalacation
Cost allocation [Mass | LCWE allocation J Mass x \ \{
Allocation relevant outputs Manual allocation
[ats [Flow [Guanty [Amount_ [Unit[Tr{fEHM [100% Hi [100% Stag [oRI [Iran are [Petet [Sinter
= [Product Hot metal (iom blast fuinace) [Met Mass 3380SEDDTka X 946% 1m0 % 0% %% 86 % 925% o7 %
jF]uJ}Fﬁs\BF Slag [Waste for recovery] Mass 1.0261E009 kg X 52% 0% 100 % 4% 14z 1% 183%
Allocated inputs
|tias [Flow [Quantiy [Ameoufunt |Tr{alocation -
Fli coda  Soda (sodium carbonate) [Inoiganic intermediate procMass 0 kg % 100%HM ~
"« |Fli_siicon  Silicon [Inorganic intermediate produicts] Mass 0 kg 3 |[LCAstandard alocation
= |Fli_scale_r Scales intemal [Waste for recovery] Mass 0 kg g r;;; L
= |F1i_mangan Manganese [tMn, ore] [Metals] Mass 0 |k X |io0%Hm £
"o |F1i_mangan Manganese [Metals] Mass 0 ka % |100% Slag
e |FIiin_scrap, ron scrap [extemal supply) [Waste for recover]  Mass 0 ka = [DRI il
= |Fli_st_scrar Stesl scrap [esternal supply) [waste for recovery]  Mass 0 kg v Unore
= [Fli_ii_scrap ron scrap fintemal Sorap) [Waste for recovery]  Mass 0 kg ¢ 100%HM
= |Fti_ir_sorap.ron scrap (Home Serap) [Waste for recovery] Mass 0 kn - 100%HM
= [Fli_st_scrar Steel sciap [Home sorap] [Waste for recovey]  Mass 0 ka O T00ZHM
= |F1i_BF_slag BF Slag [waste for recoven] Mass 0 kg " 100%Skg
= |Fli_sementi Sermentine (Mg3075i2. ore) [Inorganic intemediate £hass 0 ks ¥ 100%Slg il
46 RNE w12 AME Glan Rufacts fer rasm e [ TP
Allocated outputs
|tdias [Flow [Quantty Jamount[unit[Trdelocation -
= [Flo_ir_serarIran sciap (Home Serap) [Waste for recaveny] Mass 0 kg * T00%HM
= |F1o_BF_slatBF Slag [Hazardous non aigaric waste for disposal] Mass 0 kg * T00%HM
= |F1o_BF _slatBF Slag [Non hazaidous non organic waste for dispasal] Mass 0 kg * 100%HM
= |F1a_irenserclion scrap [eaternal supply] [waste for recover] Mass 0 kgt 100%HM
"o |Flo_sint_du Sinter / Pellet Dust [Mon hazardous non organic waste for dispo:Mass 0 kg = Sirter
"o |Flo_sint_fin Sinter / Pellet Fines [Metals] Mass 0 kg = Sirter
"o |Flo_sint_fin Sinter # Pellet Fines [/ aste for recavery] Mass ] kg = Sinter -
\
To be applied (and specified) for each individual input/output. \

Figure 6-1: Extended manual allocation in worldsteel GaBi model, Blast Furnace process

Figure 6-1 illustrates the application of this co-product approach using the example of the blast
furnace. The use of this GaBi feature allows the application of input/output specific allocation
(partitioning) rules not only per process but also differentiating the single site specific process
situation.

7. RESULTS OF METHODOLOGY TO BE INCORPORATED

Using the existing European steel production process data in the GaBi model (taken from the 2010
worldsteel database), an analysis between the existing data developed by worldsteel using system
expansion and this newly developed co-product methodology based on sub-division by physical
partitioning using flow-specific rules is undertaken in order to determine whether the LCI associated
with the steel and the slag is justifiable and within a reasonable order of magnitude. Verification with
the industries utilising the steel industry co-products, e.g. the cement industry, will be undertaken to
cross-check the relevance of the co-product LCls developed with the present methodology. To reflect
the fact that the use of these co-products is more beneficial to the environment than using products
manufactured from virgin raw materials, the burden of using such co-products as a general rule is
lower than that for using virgin raw materials.

The model has been developed within the GaBi LCA software, in conjunction with the worldsteel
methodology and model. All European Integrated steelworks have been utilised to determine the
effect of applying this new co-product methodology, to determine the range of environmental burdens
that should be associated with the steel industry co-products. An average of the results of these sites
has been produced to determine a European LCI for these co-products for analysis purposes as well
as to start the discussions with the corresponding industries.

Variations in the results between each site will occur and are mainly due to the different input/output
characteristics of the steelmaking processes of relevance (coke plant, blast furnace, BOF) as well as
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due to the different site specific boundary conditions such as the use of process gas on site, export of
process gas for external use, the process-internal production of steam, hot water etc. This will
therefore reflect the actual fate of these co-products instead of their potential fate (how much is
actually reused, flared etc.) and will thus encourage the utilisation of these materials as opposed to
their disposal. For example, those sites which flare their gas will have a higher burden to be allocated
to the steel product than those where the gas is utilised or exported for use elsewhere.

The resulting life cycle inventories calculated, based on the average of European sites, are included
in Table 4 below. The calculations are based on the data from the latest LCl study from 2010,
including the background data used at that time. The results show that the new allocation method
affects the steel product LCI by a relatively small amount (typically <5%).
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1kg Hot Rolled Coil
System expansion method New allocation method

Resources Crude oil 0.0106 0.0272
Resources Hard coal 0.7500 0.6352
Resources Natural gas 0.0106 0.0108
Resources Dolomite 0.0174 0.0168
Resources Iron ore 1.3568 1.1678
Resources Limestone (calcium carbonate) 0.0182 0.2423
Resources Zinc ore 1.44E-10 1.38E-10
Resources Water 0.03247 0.0361
Resources Water (drinking) - -
Resources Water (fresh) 4.8685 4.2981
Resources Water (ground) 1.6282 1.5114
Resources Water (lake) 1.53E-14 1.685E-14
Resources Water (river) 3.04E-14 1.008E-12
Resources Water (sea) 6.4944 1.4989
Resources Water (surface) 1.2770 1.3541
Resources Total water 15.8838 10.4590
Emissions to air Cadmium 6.93E-08 5.06E-08
Emissions to air Chromium (unspecified) 1.59E-07 1.34E-07
Emissions to air Lead 3.01E-06 2.53E-06
Emissions to air Mercury 7.17E-08 7.05E-08
Emissions to air Zinc 2.68E-06 2.54E-06
Emissions to air Carbon dioxide 1.9669 1.9476
Emissions to air Carbon monoxide 0.0237 0.0195
Emissions to air Hydrogen chloride 3.529E-05 3.079E-05
Emissions to air Hydrogen sulphide 4.964E-05 4.409E-05
Emissions to air Nitrogen oxides 0.0022 0.0021
Emissions to air Nitrous oxide (laughing gas) 7.071E-06 6.822E-06
Emissions to air Sulphur dioxide 0.0025 0.0012
Emissions to air Dioxins (unspecified) 8.763E-13 7.807E-13
Emissions to air NMVOC (unspecified) 0.0003 0.0002
Emissions to air Methane 0.0054 0.0046
Emissions to air Dust (unspecified) 0.0010 0.0009
Emissions to fresh water [Chemical oxygen demand (COD) 0.0001 0.0001
Emissions to fresh water [Cadmium 3.000E-08 2.738E-08
Emissions to fresh water [Chromium (unspecified) 3.718E-08 3.820E-08
Emissions to fresh water |[Iron 4.043E-07 2.420E-05
Emissions to fresh water |Lead 1.574E-08 1.451E-08
Emissions to fresh water |Nickel 4.612E-05 7.448E-08
Emissions to fresh water |Zinc 2.515E-07 1.184E-07
Emissions to fresh water [Ammonia (NH4+, NH3, as N) 2.837E-05 2.288E-05
Emissions to fresh water |Nitrogen 4.114E-06 4.211E-06
Emissions to fresh water |Phosphorus 5.706E-07 5.411E-07
Emissions to fresh water [Solids (suspended) 0.0006 0.0005

Note: Total water represents the sum of all net water inputs for 1kg Hot Rolled Coil
Note: Data for illustration purposes only, not for use for specific results.

Table 4: The LCI result for 1kg of Hot Rolled Coil, calculated on the basis of this new co-product
approach as well as the LCI using the 2011 worldsteel methodology of system expansion.

Table 5: shows the differences between the allocation achieved for 1kg BF slag using this new
proposed allocation approach and the credit system used in the existing worldsteel methodology
(system expansion) for 1kg cement, embankment and fertiliser production. Note that the worldsteel
model takes a credit for cement production based on CEM1 and CEM IIl, which already incorporates
some substitution using BF and steel slag. If based on just CEM1 (virgin Portland cement) the CO,
emissions being substituted would be even higher at 0.90 kg CO,/kg (CEMBUREAU data in GaBi).
The BF slag allocation is based on the European site data taken from the worldsteel 2010 LCI data
release. Table 6 below shows the same as Table 5, except using the comparison of BOF slag.
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As can be seen from Table 5 and Table 6, the CO, emissions allocated to BF and steel slag are
substantially lower than that of the products they substitute, with the exception of aggregate
production (embankment). In the case of the worldsteel model, the embankment substituted is that of
gravel, which requires little processing and is often simply dredged from the sea bed. This is a
conservative approach on the part of worldsteel for the purposes of system expansion. In reality the
aggregate being substituted may be crushed rock from a quarry, which requires the use of explosives
and crushing equipment. The CO, emissions associated with crushed rock (limestone) is substantially
higher at 0.03 kg CO,/kg compared to 0.002 kg CO,/kg embankment LCI used by worldsteel.
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Absolute, kg
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Resources Crude oil 6.26E-03 1.30E-02 1.44E-02 | 2.45E-04 | 1.32E-02
Resources Hard coal 3.89E-02 | 3.89E-02 4.37E-02 | 1.74E-04 |5.76E-02
Resources Natural gas 1.23E-03 4.80E-03 5.33E-03 | 5.58E-05 | 6.09E-02
Resources Dolomite 1.79-03 | 3.56E-09 4.07E-09 | 5.52E-11 | 1.49E-09
Resources Iron ore 8.04E-01 1.09E-02 1.23E-02 1.25E-09 | 3.57E-08
Resources Limestone (calcium carbonate) 1.27E-01 1.55E+00 1.73E+00 | 3.09E-05 |1.94E+00
Resources Zinc ore 1.54E-06 2.49E-13 7.33E-06 1.13E-17 | 6.41E-16
Resources Water 2.89E-01| 4.65E-03 4.66E-03 | 1.82E-05 | 1.63E-04
Resources Water (drinking) - - - - -
Resources Water (fresh) 3.62E-01 - - - -
Resources Water (ground) 4.02E-01| 6.21E-01 6.95E-01 | 3.65E-03 [3.53E-01
Resources Water (lake) 3.47E-19 - - - -
Resources Water (river) 8.74E-13| 6.20E-14 6.24E-14 1.88E-20 | 1.15E-15
Resources Water (sea) 9.03E-01| 2.39E-04 2.60E-04 | 6.71E-06 |3.85E-05
Resources Water (surface) 2.25E-01| 9.37E-01 1.05E+00 | 1.04E-02 | 2.07E-01
Resources Total water 2.18E+00 | 1.56E+00 1.75E+00 | 1.41E-02 |5.59E-01
Emissions to air Cadmium 3.21E-08 | 8.78E-09 9.78E-09 | 4.09E-12 |9.97E-11
Emissions to air Chromium (unspecified) 4.86E-08 1.43E-09 1.62E-09 | 2.06E-11 |5.83E-10
Emissions to air Lead 1.70E-06 9.48E-08 1.06E-07 1.42E-10 |3.37E-09
Emissions to air Mercury 3.64E-08 3.56E-08 3.97E-08 | 2.49E-11 | 1.07E-07
Emissions to air Zinc 4.20E-07 | 1.96E-07 2.19E-07 | 4.14E-10 |8.16E-09
Emissions to air Carbon dioxide 4.84E-01 7.17E-01 7.99E-01 | 2.00E-03 [1.20E+00
Emissions to air Carbon monoxide 1.35E-02 1.41E-03 1.57E-03 3.59E-06 |1.14E-04
Emissions to air Hydrogen chloride 1.59€-05 | 5.32E-06 5.95E-06 | 1.17E-08 |1.49E-06
Emissions to air Hydrogen sulphide 1.10E-05 1.72E-07 1.88E-07 | 2.01E-09 | 6.49E-07
Emissions to air Nitrogen oxides 8.87E-04 1.36E-03 1.51E-03 1.20E-05 | 3.44E-04
Emissions to air Nitrous oxide (laughing gas) 1.79E-06 4.70E-06 5.31E-06 | 4.73E-08 | 2.91E-06
Emissions to air Sulphur dioxide 2.69E-04 | 3.34E-04 3.74E-04 | 2.55E-06 | 1.71E-04
Emissions to air Dioxins (unspecified) 5.89E-13 3.01E-17 3.32E-17 | 4.97E-19 | 1.86E-16
Emissions to air NMVOC (unspecified) 1.10E-04 | 1.03E-05 1.10E-05 | 1.18E-06 | 2.34E-05
Emissions to air Methane 1.27E-03 5.00E-04 5.60E-04 | 3.19E-06 | 8.64E-04
Emissions to air Dust (unspecified) 1.20E-04 | 1.67E-04 1.78E-04 | 2.32E-07 | 4.52E-05
Emissions to fresh water |Chemical oxygen demand (COD) | 1.99E-05 [ 3.39E-05 3.51E-05 | 3.57E-07 | 1.20E-05
Emissions to fresh water [Cadmium 7.32E-09 4.54E-09 5.09E-09 | 5.90E-11 |8.01E-09
Emissions to fresh water |[Chromium (unspecified) 1.76E-09 9.52E-09 1.06E-08 | 1.31E-10 | 1.16E-08
Emissions to fresh water |[Iron 0.00E+00 1.30E-04 1.47E-04 | 9.13E-07 | 7.98E-05
Emissions to fresh water |Lead 0.00E+00 | 1.89E-08 2.17E-08 | 3.07E-10 |1.14E-08
Emissions to fresh water |Nickel 2.10E-08 | 9.08E-09 1.02E-08 | 9.85E-11 | 1.54E-08
Emissions to fresh water |Zinc 3.63E-08 1.29E-08 1.45E-08 1.22E-10 | 1.64E-08
Emissions to fresh water [Ammonia (NH4+, NH3, as N) 6.40E-06 0.00E+00 0.00E+00 | 0.00E+00 |0.00E+00
Emissions to fresh water |Nitrogen 2.16E-06 6.48E-08 6.50E-08 | 6.73E-13 | 2.09E-09
Emissions to fresh water |Phosphorus 9.40E-08 | 1.05E-08 1.12E-08 | 1.17E-10 | 2.65E-08
Emissions to fresh water [Solids (suspended) 1.15E-04 9.73E-05 1.08E-04 | 1.21E-06 |4.20E-04

Note: Total water represents the sum of all net water inputs for 1kg slag-substituted product

Note: Data for illustration purposes only, not for use for specific results.

Table 5: LCI of 1kg BF slag (EU 2010 average): comparison with the 2011 worldsteel methodology of
system expansion
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Resources Crude oil 4.20E-03( 1.30E-02 | 2.45E-04 | 1.32E-02
Resources Hard coal 0.055328 | 3.89E-02 | 1.74E-04 | 5.76E-02
Resources Natural gas -0.00119| 4.80E-03 | 5.58E-05 | 6.09E-02
Resources Dolomite 0.019689| 3.56E-09 | 5.52E-11| 1.49E-09
Resources Iron ore 0.10776( 1.09E-02 | 1.25E-09| 3.57E-08
Resources Limestone (calcium carbonate) 0.12678| 1.55E+00 [ 3.09E-05| 1.94E+00
Resources Zinc ore 8.02E-12| 2.49E-13 | 1.13E-17| 6.41E-16)
Resources Water 0.000453| 4.65E-03 | 1.82E-05| 1.63E-04
Resources Water (drinking) - - - -
Resources Water (fresh) 1.983503 - - -
Resources Water (ground) 0.14553 6.21E-01 | 3.65E-03| 3.53E-01
Resources Water (lake) 3.27E-19 - - -
Resources Water (river) 8.23E-13| 6.20E-14 | 1.88E-20| 1.15E-15
Resources Water (sea) 0.423714| 2.39E-04 | 6.71E-06| 3.85E-05
Resources Water (surface) 0.125487( 9.37E-01 | 1.04E-02| 2.07E-01
Resources Total water 2.70E+00 | 1.56E+00 | 1.41E-02 | 5.59E-01
Emissions to air Cadmium 1.74E-08| 8.78E-09| 4.09E-12( 9.97E-11
Emissions to air Chromium (unspecified) 4.43E-08| 1.43E-09| 2.06E-11| 5.83E-10
Emissions to air Lead 6.01E-07| 9.48E-08| 1.42E-10| 3.37E-09
Emissions to air Mercury 1.25E-08| 3.56E-08| 2.49E-11| 1.07E-07
Emissions to air Zinc 2.02E-06| 1.96E-07| 4.14E-10| 8.16E-09
Emissions to air Carbon dioxide 0.35555( 7.17E-01| 2.00E-03| 1.20E+00
Emissions to air Carbon monoxide 0.003295( 1.41E-03| 3.59E-06( 1.14E-04
Emissions to air Hydrogen chloride 2.77E-06| 5.32E-06| 1.17E-08| 1.49E-06
Emissions to air Hydrogen sulphide 3.58E-06| 1.72E-07| 2.01E-09| 6.49E-07
Emissions to air Nitrogen oxides 0.000168| 1.36E-03| 1.20E-05| 3.44E-04
Emissions to air Nitrous oxide (laughing gas) 1.68E-07| 4.70E-06| 4.73E-08| 2.91E-06
Emissions to air Sulphur dioxide 0.00013( 3.34E-04| 2.55E-06| 1.71E-04
Emissions to air Dioxins (unspecified) 1.48E-13| 3.01E-17| 4.97E-19| 1.86E-16
Emissions to air NMVOC (unspecified) 1.98E-05 1.03E-05| 1.18E-06( 2.34E-05
Emissions to air Methane 0.000348( 5.00E-04( 3.19E-06| 8.64E-04
Emissions to air Dust (unspecified) 8.40E-05 | 1.67E-04| 2.32E-07| 4.52E-05
Emissions to fresh water |Chemical oxygen demand (COD)| 1.20E-05| 3.39E-05| 3.57E-07| 1.20E-05
Emissions to fresh water |Cadmium 5.02E-10| 4.54E-09| 5.90E-11| 8.01E-09
Emissions to fresh water |Chromium (unspecified) - 9.52E-09| 1.31E-10| 1.16E-08
Emissions to fresh water |lron 5.82E-06| 1.30E-04| 9.13E-07| 7.98E-05
Emissions to fresh water |Lead 1.49E-09| 1.89E-08| 3.07E-10| 1.14E-08|
Emissions to fresh water |Nickel -9.77E-09| 9.08E-09| 9.85E-11| 1.54E-08
Emissions to fresh water |Zinc 2.57E-08| 1.29E-08| 1.22E-10| 1.64E-08
Emissions to fresh water |Ammonia (NH4+, NH3, as N) 6.61E-07| 0.00E+00 | 0.00E+Q0 | 0.00E+00
Emissions to fresh water |Nitrogen 3.72E-07| 6.48E-08| 6.73E-13| 2.09E-09
Emissions to fresh water |Phosphorus 3.86E-08| 1.05E-08| 1.17E-10| 2.65E-08
Emissions to fresh water |Solids (suspended) 3.27E-05| 9.73E-05| 1.21E-06| 4.20E-04

Note: Total water represents the sum of all net water inputs for 1kg slag-substituted product
Note: Data for illustration purposes only, not for use for specific results.

Table 6: LCI of 1kg BOF slag (EU 2010 average): comparison with current worldsteel methodology of
system expansion
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8. SENSITIVITY ANALYSIS

During the development of this new allocation methodology there has been some concern raised from
slag processors about whether an allocation would give BF slag too high a CO, burden compared to
the material it substitutes, namely cement clinker. If the CO, burden of BF slag were to be higher than
cement clinker then it could be argued there is less incentive to uses BF slag and this might affect
market sales.

In order to show the effect of implementing the allocation method on the CO, profile of slag in its end
use, the carbon footprint of different concrete mixes were compared. Figure 8-1 shows the effect of
different allocation methods (Mass allocation, physical partitioning, economic allocation and no
allocation) on the total CO, calculation of concrete compared to the existing method of system
expansion. Economic allocation is an alternative to physical partitioning; however the difficulty in
obtaining representative prices has already been mentioned in this report. The range of possible
values using economic allocation is shown by the error bars, although a likely result would be close to
a ‘no allocation’ approach assuming a slag price of €20/t and hot metal price of €309/t. The
calculations assumed a C30/37 concrete mix using GaBi data from PE international, with different
blends of CEM | cement and GGBS totalling 300 kg/m®. In all cases the burden of processing slag into
GGBS (grinding) was assumed to add 0.05kg CO, /kg which was added to any allocated emissions
from the blast furnace.

0O System Expansion O Mass Allocation B Physical Partitioning
O Economic value allocation O No allocation
500 -+ |Arrow represents range of results achieved depending on the price used for slag (5-100€/t) and
450 iron/steel (309-425 €/t). The bar assumes a slag price of €20/t and iron price of 309€/t.
“e 400
2
o 350
O
g 300 +——
O 250 +—
5
@ 200 +—
(&)
5 150 +—
5
8 100 +——
50 +—
O T T
0% GGBS 50% GGBS 70% GGBS
GGBS:Cement ratio

Figure 8-1: Concrete CO, sensitivity to slag allocation method

As can be seen from the results above, the use of system expansion has no effect on the concrete
CO, emissions due to the fact that the benefits of using GGBS has already been taken into account in
calculating the steelmaking emissions. In order to avoid double accounting the CO, burden of slag is
assumed to be equivalent to the credit already taken by the steel product. This is equivalent to
assuming the use of 100% CEM | virgin cement. A worst case scenario would be to use mass
allocation, which would result in 30% higher emissions for the concrete industry. By contrast the
cement and concrete industry may assume GGBS has no allocated emissions (e.g. by assuming slag
is a waste product not a co-product). In this case it can be seen that the concrete achieves between
36% and 50% reduction in CO, emissions in the 50% and 70% GGBS concrete blends respectively.
The consequence of zero allocated burdens is that the steel product takes all the emissions of making
slag, whilst all the benefits of using slag are assigned to the concrete. In the case of economic
allocation, the concrete CO, reductions are 31% (17%-35% range) at 50% GGBS and 43% (24%-
48% range) at 70% GGBS concrete blends, depending on what prices are used e.g. liquid slag,
granulated slag or finished slag cement/ggbs price. Physical partitioning is between the two extremes
of mass and zero allocation, and results in a fair proportion of emissions being allocated to the slag
instead of the steel, whilst still yielding significant CO, reductions in concrete manufacture. In the case
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of physical partitioning (i.e. the method detailed in this report) the 50% and 70% GGBS concrete
blends achieve 13% and 18% reductions in CO, emissions respectively. This shows that the new
allocation method still gives a CO, incentive to the use of GGBS in cement and concrete manufacture,
whilst being a transparent and process-based way of sharing the burdens of BF slag manufacture
between the steel industry and the concrete industry.

Figure 8-2 shows the CO, values of granulated slag alone, based on different allocation methods,
relative to the cement clinker that it displaces. Approximately 50 kg CO,/t can be added onto the
granulated slag values to account for additional processing of the slag. The clinker value is equivalent
to the existing credit taken by steel using the system expansion method where slag is used as a
cement substitute. Figure 8-2 shows that the physical partitioning value for slag lies between the
extreme values and is still considerably lower than virgin cement clinker.

1400 1373
1200
1000
849
£ 800
Q
8]
2 600
x 484
400
{\ (range
200 28-388)
112
0
0 T T T T 1
Clinker* No allocation Economic Physical  Mass allocation
allocation partitioning

* Value taken from “The role of cement in the 2050 low carbon economy”, CEMBUREAU
(http://lowcarboneconomy.cembureau.eu/)

Figure 8-2: allocated CO, emissions for granulated slag (excluding further processing) compared to
clinker

9. CRITICAL REVIEW

A critical review of this co-product methodology is required. No review of the data or the data
collection methodology is required as this was carried out in the worldsteel data collection exercise,
and it is this data that is being used within this methodology, from the 2010 data release, which mainly
includes upstream GaBi data. The review will be conducted to ensure compliance with 1ISO 14040:
2006, ISO 14044: 2006 and EN 15804.
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Appendix 1: Operation of a Blast Furnace

The main principles of Blast Furnace operation are presented, which have been established from
experimental results obtained by IRSID in the 1950s, in particular the results of vertical probing which
enabled the description and location of various phenomena occurring in the reactor.™*

The blast furnace is a continuous reactor operating at steady state. It allows counter current flows of
condensed phases (solids and liquids) and gases which exchange mass and energy. The analysis of
these heat and oxygen transfers lead to the definition of three zones, as shown in Figure 9-1.
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\ 105 15
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® Solid temperature @ Gas temperature ® Iron oxidation

Figure 9-1: Blast furnace operation model

The three zones of the blast furnace can be described as follows:

An upper zone of intense heat exchange, where cold charged solids (coke and mineral burden)
are quickly heated to a temperature of 950°C. As soon as the temperature reaches 450°C, the
reduction of higher iron oxides (hematite and magnetite) starts.

An intermediate isothermal zone at a temperature of 950°C covering most of the stack and in
which the reduction of iron oxides progresses to the level of wustite (Feg9470) without noticeable
heat transfer. Gas and solids have the same temperature in this “Thermal reserve zone” and, if
burden reducibility is sufficient, a “Chemical reserve zone” can develop. This chemical reserve
zone is due to a pause of oxygen exchange due to a chemical equilibrium between gas, wustite
and metallic iron germs.

A lower zone of intense heat exchange, where iron oxides coming from the thermal reserve zone
are reduced to metal before melting. Pig iron and slag reach their final temperature (1500°C)
while alloy elements (e.g. silicon, phosphorus, manganese) are reduced parallel to carburisation
of pig iron and slag/pig iron reactions.

11
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The existence of the thermal reserve zone is due to the specific behaviour of coke which reacts with
the upcoming gas to regenerate its reduction potential through the so called “Solution loss reaction”:
CO, + C = 2CO. This reaction is highly endothermic and requires high temperatures to evolve with
significant kinetics. The thermal reserve zone is at the temperature where this reaction starts.
Metallurgical cokes react over 950°C but lower temperatures (750°C-800°C) can be observed in
charcoal blast furnaces due to the higher reactivity of this material.

The existence of a zone where heat and mass transfers stop is the basis of the blast furnace model
which considers a frontier in the lower part of the thermal reserve zone separating the preparation and
processing zones which are described below.

Preparation zone

The preparation zone, in the upper part of the furnace, is characterised by the absence of
consumption or formation of carbon by the solution-loss reaction or by carbon deposition. Excluding
the gas coming from burden decomposition, the volume of reducing gases (CO+CO, and H,+H,0)
remain constant throughout this zone and there is a simple oxidation of CO to CO, and H, to H,O
resulting from the reduction of higher iron oxides when the gas flows to the top. The presence of the
CO, and H,0 indicates that the gases are always in a certain equilibrium state of oxidation.

The frontier between the preparation and processing zones is defined by the following boundary
conditions:

» |dentical temperatures of gas and solids at the level of the thermal reserve zone;

= Gas composition with a degree of oxidation corresponding to the wustite-iron equilibrium. At
950°C, this composition is as follows:

€: _ _0298 XW_H, -9 _ 0382

XW_CO=—"2
- €O +CO, H, +H.0

When the reducability of the burden is sufficient, iron can leave the preparation zone as pure wustite
in equilibrium with the gas and a chemical reserve zone is included in the thermal reserve zone.
Usually, the reduction of higher oxide is not fast enough to reach these ideal conditions and when the
gas reaches this "equilibrium composition”, the mineral burden still contains some residual magnetite
which can be estimated by means of the “Deviation from ideality (Omega)” which measures an
excess oxidation of iron as compared to wustite.

In the preparation zone additional reactions also occur with the burden components:

= Evaporation of moisture of coke and mineral burden;

= Decomposition of iron hydrates;

= Decomposition of iron and calcium carbonates.

Finally, the preparation zone can be considered as recovering heat and chemical potential of the gas
delivered by the processing zone. The main heat effect is heating of the burden by transfer of sensible
heat from upcoming gas. The only limit is that sensible heat exceeds the requirements to keep drying
potential through sufficient top gas temperature.

Processing zone

The lower part of the blast furnace is also a heat and mass exchanger and forms the basis of the
model. It receives the prepared materials and processes the liquid products of the metallurgical
operation, pig iron and slag. In this zone, the gasification of coke and injected reducing agents in the

nozzle raceway delivers a gas composed of CO, H, and N, at a temperature of over 2000°C and this
gas ensures the heat requirements for heating, melting and final processing of liquids. Due to its
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reducing potential, it also allows oxygen transfer from solid or liquid oxides. Looking at the solids
leaving the preparation zone, the metallurgical path is as follows:

* Final reduction of iron oxides and heating of solids to melting temperature accompanied by
regeneration of reducing gas through the solution loss reaction;

= Melting of the solids in a zone located above the level of nozzles;

= Drainage of liquids to the hearth through a coke bed (the dead man) and final heating to tapping
temperature;

= Separation of liquid phases in the hearth and achievement of metal/slag reactions.

Parallel to these four steps, some side reactions occur:

= End of decomposition of calcium carbonate;

= Decomposition of phosphates of the mineral burden;

= Reduction by carbon and dissolution of alloying elements (Si, Mn, P);

= Desulphurisation of pig iron by slag/metal reaction with formation of CaS;

= Formation of slag by dissolution of gangue material and formation of calcium silicates.

While the gas reduction reactions have very limited heat effect, the regeneration and carbon reduction

reactions require a lot of heat ahead of heating and melting requirements and the heat and mass
balance of the processing zone set the operation conditions of the blast furnace.
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Appendix 2: Overview of the BOF steelmaking process
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Appendix 3: List of allocation rules applied to specific inputs and output flows in
steelmaking processes

These rules have been calculated using process parameters that are typical of EU operations. Rules
can be re-calculated using site specific data where available, and implemented on a site by site basis.

In case of data being unavailable at site level, the default values used in this report should be used.

Coke Oven Partitioning Rules

%to Coke & Coke |%to Remaining Co-
Rule Oven Gas products
Energy 82.9 17.1
Blast Furnace Physical Partitioning Rules
Rule % to Hot Metal % to Slag
fEHM 94.8 5.2
100% HM 100 0
100% Slag 0 100
DRI 96 4
Iron ore 88.6 11.4
Pellet 92.9 7.1
Sinter 81.7 18.3

Partitioning Rules applied to Blast Furnace

Inputs
BF slag 100% slag
BOF slag 100% slag
DRI DRI
Fluorspar 100% slag
Graded sinter Sinter
Iron ore Iron ore
Iron scrap 100% HM
Manganese 100% HM
Pellet Pellet
Scales internal 100% HM
Serpentine 100% slag
Silicon 100% HM
Sinter Sinter
Sinter / pellet dust Sinter
Soda (sodium carbonate) |100% HM
Steel scrap external 100% HM
Steel scrap home 100% HM
All other inputs fEHM

Process Inputs and Outputs

Outputs
BF Slag 100% HM
Iron scrap 100% HM
Sinter / pellet Sinter
All other outputs fEHM

Note 1: BF slag as output represents the BF slag, waste for disposal. This is allocated to the hot metal.
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Basic Oxygen Furnace Physical Partitioning Rules

Rule % to Steel % to Slag
fEST 86.4 13.6
100% Steel 100 0
100% Slag 0 100
DRI 96 4
Iron ore 88.6 114
Pellet 92.9 7.1
Sinter 817 18.3
Purity of HM 99.09 0.91

Partitioning Rules applied to Basic Oxygen Furnace Process Inputs and Outputs

Inputs
Aluminum 100% Steel
Anthracite 100% Steel
Argon 100% Steel
Calcium carbide (CaC?2) 100% Steel
Calcium chloride 100% Steel
Carbon dioxide 100% Steel
Casting powder (unspecifie 100% Steel
Chromium 100% Steel
Copper 100% Steel
Covering powder 100% Steel
CupproNickel 100% Steel
Desulphurisation slag 100% Steel
DRI DRI
Ferro alloys 100% Steel
Fluorspar (calcium fluoride; 100% Slag
Hot metal Purity of HM
Hydrochloric acid (100%) 100% Steel
Iron and Steel scrap 100% Steel
Iron ore Iron ore
Lead 100% Steel
Manganese 100% Steel
Nickel 100% Steel
Oxygen 100% Steel
Pellet Pellet
Phosphorus 100% Steel
Quartz sand (silica sand) 100% Slag
Silico manganese 100% Steel
Silicon calcium 100% Steel
Sinter Sinter
Soda (sodium carbonate) 100% Steel
Steam (MJ) 100% Steel
Synthetic slag 100% Steel
All other inputs fEST

Qutputs

BOF Slag (waste for diposal) 100% Steel
BOF Slag (waste for recovery) 100% Slag
Carbon dioxide 100% Steel
Continuous Casting Sludge 100% Steel
Desulphurisation Slag 100% Steel
Grease 100% Steel
Hot Metal Treatment Dust 100% Steel
Quartz sand (silica sand) 100% Slag
Secondary Steel Making Slag (waste for disposal) | 100% Steel
Secondary Steel Making Slag (waste for recovery) [ 100% Slag
Secondary Steel Making Sludge 100% Steel
All other outputs fEST

Note 2: Purity of HM refers to the iron content of the hot metal and the elements that will stay in the steel.
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