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PREFACE

Material efficiency objectives are related to energy, emissions and materials shortage
issues. In relation to industrial production, material efficiency is presented to target a
decreased use of materials in production with higher outputs and with less waste
generation. Increasingly, reuse and recycling of materials is becoming a business
priority. This is linked to an accelerating societal awareness of sustainability and
environmental perspectives reflected through initiatives like the UN sustainable
development goals and the EU circular economy package. Sustainability targets and
circular concepts promote further efforts to return resources, i.e., waste and residues,
to the supply chain with the aim of reducing environmental impact, reducing use of
virgin raw materials and lowering production costs. Material efficiency in Nordic ore-
based steelmaking is improving continuously, demonstrating a positive trend for the
use of residual materials generated in steel production processes. System analysis
was used in this licentiate thesis as a method for evaluating system effects and the
potentials of three different initiatives for enhanced material efficiency in steelmaking

systems.

The studies reported in this licentiate thesis were performed during the years 2008 to
2011 and were all carried out as projects at Swerim AB, formerly Swerea MEFOS AB
in Luled, within PRISMA the Centre for Process Integration in Metallurgy, funded by
Nordic mining and metallurgical industries and at the time also funded by VINNOVA,
the Swedish Governmental Agency for Innovation Systems, SSF, the Swedish

Foundation for Strategic Research and KK Stiftelsen, the Knowledge Foundation.

The companies which were at that time involved in the research projects on which
this thesis is based were for Papers | and Il; SSAB Strip Products, and for Paper llI;
SSAB Strip Products, SSAB Plate, Rautaruukki, Ovako Wire and LKAB.
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ABSTRACT

Iron- and steel production is a material- and energy intensive industrial activity. The
production of one tonne of steel commonly results in some 400 kilograms of residual
materials such as metallurgical slags, dusts, sludge and scales generated in the
processes. Much work is continuously devoted to finding possible ways of using
residual materials and minimising landfilled volumes. As these materials often
contain considerable amounts of valuable elements such as iron, coal, manganese
and calcium, it may be profitable to use them to replace virgin raw materials or to sell

them as products that may be useful in other industries and/or processes.

The thesis is based on case studies that exemplify how the use of process
integration, through system analysis, can assist in assessing effects and
opportunities for different concepts for increased material efficiency in Nordic ore-
based steelmaking systems. The process integration approach taken for this
research work was the simulation of a specific iron- and steel production system and
the use of an optimisation tool for the evaluation of an extended system including the

symbiosis between four steel plants.

Three different cases were studied including: system effects of increased magnesium
oxide content in the lime raw material, investigation of the prospects for vanadium
enrichment and slag reduction concept and a study of the logistics perspective for a
joint residual material upgrading and recycling venture between four steel plants. The
analysed cases present possibilities to improve the material efficiency by:

* Enhanced recovery of residual materials;

* Upgrading of residual materials to products;

*  Specific elements recovery;

» Decreased use of virgin raw material;

+ Improved quality of residual materials;

» Decreased amounts of materials placed in long-term storage or landfills.
From the results of the cases studied, the best scenarios and potential gains by

enhanced material efficiency is presented. In the case of system effects of increased

magnesium oxide content in the lime raw material, the issue was mainly to obtain



maximum usage of metallurgical slags without compromising the quality of the main
product. The calculated possibility of increased slag recirculation enabled further a
decreased consumption of iron ore pellet and limestone. Regarding the investigation
of the vanadium enrichment and slag reduction concept, the best scenario markedly
increased the internal slag recirculation in order to enrich the vanadium content in the
slag for ferrovanadium production. By the vanadium enrichment and recovery
concept, considerable amounts of vanadium would be made useful instead of ending
up in long-term storage. The study of a shared Nordic concept for residual materials
upgrading and use demonstrated a concept for upgrading the materials to a direct
reduced iron product for recovery in blast furnace. The concept showed high
potential for significantly reducing the amount of material being long-term stored or
deposited to landfill and thus a potential step towards achieving the zero-waste
philosophy target.

None of the concepts for enhanced material efficiency studied in this thesis work has

been implemented; however, they are still of relevance for the Nordic steel industry.
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1 INTRODUCTION

1.1 BACKGROUND

Steel is a commodity widely used in society. Properties including availability, cost,
strength, durability and ductility make steel suitable for a broad variety of product
applications. Global crude steel production in 2013 reached roughly 1.583 million
tonnes.!” Steel is mainly produced by scrap-based electric arc furnace steelmaking,
or by the integrated steelmaking route, using iron ore. Integrated steelmaking is the
globally dominating steelmaking technique in which blast furnace (BF) ironmaking
followed by basic oxygen steelmaking (BOS) are the key process steps. The
integrated iron- and steelmaking in general uses 1.5 tonnes of iron ore and around
450 kilograms of reductants (such as coke and coal) to produce one tonne of hot
metal (HM). In turn, the production of one tonne of steel commonly results in 400
kilograms of residual materials such as metallurgical slags, dusts, sludge and scales
which arise in the unit processes. On average, 1.8 tonnes CO: is generated per
tonne casted crude steel. In Sweden, in 2010, crude steel production was almost 5
million tonnes, thereby generating more than 2 million tonnes residual materials.!?!

Generated totals of these materials were distributed according to Figure 1.
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Figure 1. Residual materials generated in the Swedish steel industry during
2010 (percent of total produced amount)./?



Much work has been devoted to finding possible ways of using the residual materials
and minimising long-term stored or landfilled amounts. As the materials often have
considerable amounts of valuable contents like iron, coal, manganese and calcium, it
may be profitable to use them to replace virgin raw materials or sell them as products

that may be useful in other industries and/or processes.

Traditional routes for internal recycling of materials in integrated steel production are
via the sinter strand or through cold-bonded briquettes charged to the blast furnace.
Nevertheless, for some residual materials it is more challenging to find recycling
opportunities, primarily because of the materials’ relatively low monetary value,
chemical and/or physical complex composition. Specifically, some residual materials
(e.g., certain sludge) suffer from the disadvantage of, in process operation,
troublesome elements like zinc, alkali, sulphur, etc., and high moisture content,
whereas some rolling scale and sludge is hampered by the incorporation of oil. The
basic oxygen steelmaking slag generated in Nordic ore-based steel plants contains
vanadium, which limits the possibilities for external slag use. Considerable material

amounts are therefore sent to long-term storage.

From the total quantity of residual materials generated in the Swedish iron- and
steelmaking processes during 2010, 38 percent was used externally in various
applications and 42 percent was recycled or reused in-house. 20 percent of the
materials ended up in landfills, to be compared to the mid-2000s, when the landfilled

amounts were above 35 percent.[?

Decreasing generated quantities and extending the recycling and reuse of these
residual materials has become gradually more important for the steel producers.
Avoiding landfill and making use of the valuable contents of residual materials
reduces the use of virgin raw materials with positive effects on economic, space and
environmental aspects. Sustainability and circular economy agendas like the UN's
Sustainable Development Goals and the European Commission’s Circular Economy
Package are strongly motivating factors for reducing waste and making use of

residual materials in society as a whole.



The UN's Sustainable Development Goals are a set of goals to end poverty, protect
the planet and ensure prosperity for all as part of a new sustainable development
agenda. Each goal has specific targets to be achieved over the coming years (to
2030). The European Commission’s Circular Economy Package includes revised
legislative proposals on waste to stimulate Europe's transition towards a circular
economy aiming to boost global competitiveness, foster sustainable economic growth
and generate new jobs. Among other things, the keys to a circular economy are
recycling of materials as well as finding ways for industrial symbiosis and trade in
secondary raw materials. The action plan for the circular economy is made up of
several types of measures, including legislation, guidance and best practices,

support and financing instruments.

1.2 THE INTEGRATED STEEL PLANT

The process routes in Nordic ore-based steelmaking can roughly be divided into
ironmaking, steelmaking and rolling operations. Ironmaking consists of blast furnace
(BF) and desulphurisation (deS), whereas steelmaking is performed in the basic
oxygen steelmaking process (BOS) including the Basic Oxygen Furnace (BOF) and
ladle metallurgy (LM) followed by continuous casting (CC) and finishing operations in
the rolling mill (RM). Other associated processes in the steel plant system are the
coke plant, lime furnace and oxygen plants, as well as material handling. The outline

of an integrated iron- and steelmaking route to rolling mills is presented in Figure 2.

Figure 2. Outline of an integrated steel production plant to cold rolled coils.



1.2.1 Blast furnace ironmaking

Ore-based ironmaking is performed in the blast furnace, in which hot metal is
produced at 1400-1500°C. In the blast furnace process, raw materials in the form of
iron ore pellets and/or sinter, reductant coke, limestone and other additives such as
blast furnace briquettes and basic oxygen furnace slag, are charged into the furnace
from its top. Complementary reductants (such as pulverised coal or oil) are readily

added in the lower part of the blast furnace via the hot blast system.

Desirable properties in iron ore are; high iron content, ease of reduction, appropriate
size and low contents of undesired elements (e.g., S, Cu, and P). In addition to
functioning as reducing agent and maintaining gas permeability in the furnace, coke
is the major energy source required for melting. The requirements for coke as blast
furnace charge are high hardness and strength, uniformity in size and low contents of

ash, moisture and other impurities (mainly S, P and alkalis).

Hot blast air and oxygen are supplied from below through the blast tuyeres,
contributing to the gas flow and chemical reactions through rising carbon monoxide
gas generated by coke burning at the bottom of the furnace. The reductant coal and
CO gas formed by coal combustion reduces the iron ore to hot metal by removing the
oxygen from the oxidic iron minerals. The melted material descends, while being
further reduced by the carbon in the coke. The hot metal from the blast furnace
contains 4-5% carbon and lesser concentrations of other substances (mainly Si, Mn,
V, Ti, S, P, Ni and Cr). Limestone and lime-containing materials contribute as fluxes,

forming slag by collecting unwanted elements from raw materials added.!

The main components in BF slag are oxides of silicon, aluminium, calcium and
magnesium, charged via the iron ore as gangue materials and CaO from the
limestone and lime-containing materials added as flux. In general, approximately 300
kg BF slag is generated/tonne of hot metal produced.” In Sweden the BF slag

amount generated is roughly 150-200 kg/tonne of hot metal produced.

The blast furnace gas departing via the furnace top also carries dust, with particle

sizes varying from about 6 mm to only a few microns. Typically, the gas is firstly



cleaned by entering a primary dust catcher in which heavier dust particles are
captured. From the primary dust catcher the gas is then conveyed to a wet scrubber
system in which the finer particles are collected as a wet sludge.™ Roughly 30 kg of
total dust (as dust and sludge) is emitted per tonne of steel produced.l®! Residual
materials from the blast furnace process are mainly blast furnace slag, gas cleaning

flue dust, gas cleaning sludge, and pig iron (intermediate iron ingot product).

1.2.2 Basic oxygen steelmaking

Basic oxygen steelmaking (BOS) includes the Basic Oxygen Furnace (BOF), in which
carbon rich hot metal is refined into low carbon crude steel. Simplified, this
refinement is performed by blowing oxygen onto the metal bath at a temperature
reaching approximately 1700°C and oxidising the carbon to CO and CO..B®! The BOF
is initially tilted while a smaller amount of steel scrap is charged. Subsequently, hot
metal is poured into the BOF from the hot metal ladle and the furnace is raised to its
vertical blowing position, after which blowing commences and basic slag formers are
charged. Most impurities in the charged hot metal will be oxidised, forming a slag
together with added basic slag formers (such as lime and dolomitic lime). BOF slag
primarily contains CaO added as a refining agent together with SiO, and iron (Fe)
oxides produced by the oxidation refining process. Around 100 kg BOF slag is

generated per tonne of crude steel produced.

A surplus of chemical heat is generated from the oxidation reactions whereby steel
scrap is added to control the final temperature. The entire amount of added steel
scrap is in the range of 10 to 20% of the total metal charge (i.e., hot metal and
scrap). When the correct end-analysis and temperature are reached the liquid steel
and slag are tapped in separate ladles. If required, alloys such as ferromanganese,
ferrosilicon and aluminium for deoxidation will be added to the steel during tapping.
Secondary refinement includes steel composition adjustments by alloying,

degassing, heating and removal of non-metallic inclusions.!

Turbulence during basic oxygen steelmaking causes liquid steel droplets and fine-
grained additives of materials like slag formers to be discharged into the gas phase

accompanied by volatilised elements from the steelmaking bath. The volatilisation of



various species is dependent on their vapour pressures. Essentially, all zinc, lead
and cadmium present in the charge enter the gas phase as steelmaking is conducted
at temperatures in excess of 1600°C. Lesser amounts of iron and alloying elements
like chromium, nickel, manganese, etc. are also volatilised. When the temperature of
the gas phase drops, the fumed material is oxidised and condensed mostly on
particles mechanically discharged, leading to the formation of physically and
chemically complex micro-fine agglomerates. Estimations on generated quantities

indicate that 10-20 kg of dust (dry basis) is emitted per tonne of steel produced.!]

The BOF gas cleaning process is generally performed by quenching the gas stream
with water. The quenching process removes the larger particles from the gas stream
to the water. After settling in a classifier these solids can be easily dewatered. The
finer particles in the gas stream are then forced through scrubbers and entrained in
the water stream. This fine particulate slurry can be dewatered using mechanical
filtration. In a dry cleaning system using electrostatic precipitators or baghouse the
particulate matter is managed as a dust.[’! Residual materials generated in the steel
plant are, in general, BOF slag, gas cleaning sludge, gas cleaning dust and ceramic

material from lining.

1.3 MATERIAL EFFICIENCY IN THE STEEL INDUSTRY

Resource efficiency generally means using natural resources (raw materials, energy,
water and land) responsibly and efficiently, so that more value is created with less
input. Material efficiency as well as effective materials handling are essential in the

iron- and steelmaking system, as productivity is dependent on input raw materials.®!

Improved material efficiency in the steel industry can be achieved by increasing the
recycling and reuse of residual materials to replace virgin raw materials or selling the
materials as useful products in other industries and/or processes. Exploiting valuable
elements like metals, energy carriers and slag forming agents, e.g., iron, carbon,
manganese, silicon and calcium, decreases the use of raw materials, consequently
minimising the waste, also possibly contributing to reduced energy use and CO:

emission. Other objectives in material efficiency are reducing yield losses and



optimising product design for recycling. All the mentioned objectives help to improve

the competitiveness and sustainability of the steel industry.

The recycling strategy of the Nordic steelmaking industry is essentially, firstly, to
recycle residual materials, primarily through internal processes, and secondly, to sell
the materials as products on external markets within different application areas. If
neither of these options is conceivable, disposal of the materials is accomplished in
in-house landfills, preferably in such a way that the material can be recycled and

used in the future.

Undesirable elements in raw materials are associated with complications in
processes and increased processing costs. Altered raw materials composition may
result in a need for changes in process conditions. However, there are constraints on
certain elements in raw materials and limitations on recycling of residuals in order to
avoid complications in the process operations. Keeping the processes running
smoothly and avoiding compromising the final product quality requires restrictions of

harmful elements in the processes.

Numerous studies have been conducted in the steel industry to find possible
recycling routes and/or processing options to improve the recycling rate. Established
routes for site-internal recycling and use of materials in the Nordic integrated steel
production plants are through sinter plants, cold-bonded briquettes and BOF slag
charged to the blast furnace as well as injection of blast furnace flue dust in the blast

furnace and recycling of desulphurisation scrap to the blast furnace.[*%-12

Site-internal recycling is to some extent regarded as the best way to utilise valuable
elements in the materials. An example of site-internal material use is use of the BOF
slag as flux in the blast furnace; however, this application is often limited by chemical
composition, e.g., phosphorous content of the slag.l®! The BOF slag is easily melted
and contributes to the process with fluxing properties from its calcium oxide content,
thereby limiting the use of virgin limestone. Additionally, the iron and manganese

content in the slag can be utilised for hot metal production.



Examples of other recycled materials are internally generated iron- and steel scrap
which are mixed in suitable proportions and returned to the iron- and steelmaking
processes. The sinter plant processes fine-grained raw materials into a coarser
grained iron ore sinter, to be charged to the blast furnace. However, the last Nordic
sinter plant was at the time of this thesis work facing closure due to environmental

regulations and emission control.

There is a positive trend for the use of residual materials from steel production. The
use of industrial by-products and recycling of, e.g., metal content in dust, reduces the
use of virgin raw material considerably both internally in steel production and in
external use in different applications.” Examples of external uses for residual
materials are:

o Metal industry: as different kinds of raw materials.

e Road construction and construction industry: as filler, slag asphalt, binder and

for cement manufacturing.
e Agricultural and livestock farming: as soil improvers and for riding arenas.
o Electronics industry: as ferrites.

e Chemical industry: in different kinds of raw materials and fertiliser production.

The use of residual materials from iron and steelmaking outside the steel industry
presented in the literature is mostly as aggregates for road construction, or other
construction materials like cement and thermal insulation or fertilisers in agriculture.
There are well-established routes for external applications of steel slags as
construction material, for example, in cement production and road construction,
thereby saving resources of natural aggregates.*31 [ron- and steelmaking slags are
valuable resources and beneficial for replacing virgin limestone in cement clinker. 6!
17181 An increased utilisation of slag in cement production improves material
efficiency and helps reduce carbon dioxide (CO2) generation, use of virgin materials

and energy demand.

Studies of developed processes, methods and applications to improve slag utilisation
are presented in the literature. Material test methods and treatment of slags are
conducted to ensure that slag quality is adequate for the end use. An overview of

scientific studies of hot-stage slag processing demonstrate ways to improve the slag



properties and potential slag use.*®! Using oxygen converter slag in sinter and blast

furnace charge are other important ways of slag valorisation.['”]

In order to optimise the utilisation of the residual materials, treatment in a separate
unit process may be needed, generating a product which can be fed back to the

production chain in the optimal stage. [} [20-21]

Agglomeration techniques and novel hot metal production processes developed to
improve the utilisation of steel plant fines in primary operations are discussed.
Treating the dusts, scales and sludge in a separate unit process leads to new
options. Processes have been developed and modified to find suitable techniques for
handling fine-grained remains (e.g., cupola furnace, PRIMUS process, rotary hearth
furnace, OXYFINES-technique). The Rotary Heart Furnace (RHF) process has been
developed to reduce iron-oxide-containing materials like dust and sludge containing
zinc and alkali by using carbon-containing residual materials as reduction agents and

to recover the iron oxide as metallic iron.

Separate treatment is considered a promising option from an economic as well as
ecological point of view and may be more favourable.?>?1] Savings by more smooth-
running primary processes and potential profits from higher-quality products are
proposed to contribute to cover the costs of the separate process. A further
advantage of a separate treatment is reported to be the possibility to choose a
separate unit process that produces material which can be fed back to the production

chain in the optimal stage, thereby removing bottlenecks in production.

1.3.1 Rules and regulations for landfills and residual materials

There are rules and regulations which apply to the landfilling and handling of the
residual materials generated in production routes. A classification of the material,
such as hazardous waste or non-hazardous waste, is required. Special waste rules

apply to shipment of waste.

Regulations for waste management in Sweden in force when the case studies

included in this thesis were being conducted were the Swedish Environmental Code



and the Council Directive 1999/31/EC on the landfill of waste. The directive on landfill
of waste (99/31/EC) was issued in order to minimise the amounts of waste as well as
concentrate the waste to fewer landfill sites with higher standard. The EG directive
has resulted in closure and rebuilding of existing landfill sites as well as the
construction of new landfill sites in order to meet the demands. In addition, further
injunctions also raised the demands on the waste producers concerning knowledge

of the properties of the waste.

According to the NFS 2004:10, as of 2005, all wastes landfilled require a
fundamental characterisation. Amounts of waste, classification and the process in
which the waste is generated must be described. The waste producer is responsible
for characterisation of the waste. Also, the investigations of possibilities for recycling
the waste instead of depositing it to landfill are required. Classification of the waste
includes knowledge of the source/process where the waste was generated,
composition, species and properties. Each landfill area shall be classified and
labelled as being either a landfill for hazardous waste, non-hazardous waste or inert
waste.[?

Sweden introduced the EU Waste Directive in Swedish legislation in 2011, including
a new Chapter 15 of the Environmental Code and a new waste regulation (2011:
927). Basically, the new Waste Directive contains the following parts:

. The definitions and scope of the directive.

. Waste hierarchy and regulations that govern it.

. Handling of waste including permits.

. Planning of waste management.

. Administrative requirements about reporting, inspection and review.

The waste definition is unchanged in relation to the previous definition. On the other
hand, a clarification of the waste concept was introduced through a new article on
what is required for a residual material to be considered a by-product rather than
waste. Waste legislation does not apply to materials classified as by-products.
Instead, the use and handling of by-products is regulated in product legislation such
as REACH regulation (1907/2006/EG) and the regulation on Classification, Labelling
and Packaging (CLP).

10



The new waste directive also contains an article on when waste ceases to be waste
(end of waste). The new article means that the European Commission, together with
the member states, will develop criteria based on a number of listed conditions in the
Framework Directive. The criteria will then be used to assess if the waste has ceased
to be waste. The Waste Directive highlights the waste hierarchy as a priority for

legislation and policy concerning waste, Figure 3.

1. Prevention

2. Reuse

3. Recycling

4. Other recycling, such as
energy recovery

5. Disposal

Figure 3. The waste hierarchy.

The prioritisation system means that: firstly, waste is to be prevented; secondly,
reused; thirdly, recycled, etc. The structure is valid provided it is environmentally
justified and economically reasonable.

Waste management control by economical means is likely to be used to a higher
degree in the future, and costs for materials and landfills are expected to increase.
Taxes or environmental charges are expected to be used to a greater extent in order
to limit the use of virgin raw materials, CO2 emissions and amounts of waste

deposited to landfills.

At the time the case studies presented in this thesis were conducted, the costs for
landfill at Swedish integrated steel plants were essentially based on the costs for
landfill construction, maintenance and running costs plus the costs for final covering
of the landfill area. The total costs are to a large extent site-specific due to diverse
conditions. Additional costs that may arise concerning the landfill sites are costs for
possible damages or the possibility that landfill sites are restricted in a way that will

make them unfeasible.
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1.3.2 Nordic ore-based steel plant production and residual materials

The Nordic ore-based steel production, as described for the year 2007, comprised

four steelmaking companies; SSAB Plate, SSAB Strip Products, Rautaruukki and
Ovako Wire.

The basic Nordic integrated steel production routes included cokemaking, blast

furnace ironmaking, hot metal desulphurisation, basic oxygen furnace steelmaking,

ladle metallurgy, continuous casting and rolling mills.

In Nordic ore-based steelmaking, the following ladle metallurgical processes are

used:

TN (Thyssen Niederrhein) with gas stirring for refining and homogenising (no
heating),
CAS-OB (Composition Adjustment by Sealed argon bubbling - with Oxygen
Blowing) with temperature adjustment by chemical heating,
LF (Ladle Furnace) with temperature adjustment by electric heating,
vacuum degassing without possibility to heat, in either:

— RH (Ruhrstahl Heraeus) - only metal phase exposed to vacuum,

— VD (Vacuum tank Degasser) - both metal- and slag phase exposed to

vacuum.

Similar production routes were applied at the four Nordic ore-based steel plants,

however, with some differences:

SSAB Plate; a fully integrated ore-based steel plant also producing steel slabs
for the rolling mill of the SSAB Strip Products. The production route consists
of, cokemaking, blast furnace ironmaking, HM desulphurisation, basic oxygen
furnace steelmaking, and ladle metallurgy (including TN, LF and VD),
continuous casting operation and rolling mill. The specialised subsidiary
company SSAB Merox works with the recycling, handling and applications
(internal or external) of the residual materials generated.

SSAB Strip Products; a semi-integrated ore-based steel plant, as the steel
plant and the rolling mill are in different geographical locations. The final

product from the SSAB Strip Products steel plant is steel slabs. The route at
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the steel production site consists primarily of; cokemaking, blast furnace
ironmaking, HM desulphurisation, basic oxygen furnace steelmaking, and
ladle metallurgy (including CAS-OB and RH) and continuous casting
operation.

Rautaruukki; a fully integrated steel plant producing hot and cold rolled steels.
The iron- and steel production route mainly consists of; cokemaking, blast
furnace ironmaking, HM desulphurisation, basic oxygen furnace steelmaking,
and ladle metallurgy (including TN and LF), continuous casting operation and
rolling mill. The sinter plant at Rautaruukki was closed in 2011.

Ovako Wire; a steel plant (closed in 2012) which produced billets transported
for rolling operations at two different rolling mills. The production route
consisted of; blast furnace ironmaking, HM desulphurisation, basic oxygen
furnace steelmaking, and ladle metallurgy (including LF) and continuous

casting operation.

The key production figures in 2007 for the Nordic steel plants are shown in Table 1.

The total annual steel production (prime cast) was ~6,700 ktonnes.

Table 1. Annual production (ktonne) for the Nordic ore-based steelworks

(2007).
SF’IS:t\eB Stripslfggucts Rautaruukki OV\\ll‘?rke0
Coke 442 752 744
Hot metal 1,523 2,294 2,398 510
Liquid steel 1,659 2,303 2,571 553
Prime cast 1,490 2,127 2,545 535

Iron ore pellet to the Nordic steel plants in the year 2007 was supplied by LKAB

except for 10-20% Russian Kostamus pellet used by Rautaruukki. Limestone to the

blast furnaces in Nordic steel production is taken primarily from limestone quarries on

the Baltic island of Gotland. Other lime materials are delivered from central Europe.

Coking coal is principally delivered from Eastern USA, Australia and central Europe.

The consumption of raw material and media for the Nordic ore-based steel plants is

shown in Table 2.
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Table 2. Summary of the main raw materials and consumption of raw

materials at the four Nordic ore-based steel plants in 2007 (ktonne).

SSAB ‘ SSAB Rautaruukki ngko

Plate Strip Products Wire
Coking coal 565 967 964 -
Iron ore pellet 2,159 3,120 880 756
Sinter - - 2,642 -
External coke 128 34 172 191
Coal (injection) 161 342 - -
Oil (injection) - - 245 54
Limestone 96 56 188* 38
BF briquette 85 128 - -
BOF slag 85 102 85* 25
Quartzite, Mn slag, BF slag - 9 65** 6

* Materials included in the total sinter amount.

** Quartzite is used in sinter making and charged also directly to BF.

The use and recycling within the steel plants are mainly by: slag use and recycling,

dust and sludge recycling through BF briquette, via sinter or via treatment in the

Radust process:

At SSAB Plate material recovery was mainly either as internal recycling of BF
briquette, BOF slag charged to the BF and recovery of scrap arising from the
production chain. The main residual materials placed in landfills or long-term
storage, considering dust or sludge, are BF sludge, AQS sludge (autogenous
mill sludge) and filter dust.

At SSAB Strip Products the main internal recycling was via BF briquettes, BOF
slag charged to the BF and recovery of scrap arising from the production
chain. The key dust and sludge materials placed in landfills or long-term
storage were BF sludge and LD sludge.

At Rautaruukki the key recycling of residual materials was through the sinter
feed to the BFs. The main dust/sludge materials placed in landfill or long-term
storage were BF sludge and BOF sludge.

At Ovako Wire steel plant the dry dusts generated were treated in the Radust

process. BF sludge was placed in landfill or long-term storage.
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Total materials generated, in-plant used and recycled and externally used, as well as
landfilled amounts, for the Nordic ore-based steel plants in 2007, are presented in

Table 3 and in a Sankey flow diagram on dust and sludge materials, Figure 4.

CAS-OB and SU: 0.6
-:Otheltlnﬂ:m%!éi:—

DeS: 15

Figure 4. lllustrated dust and sludge material flow by Sankey diagram,
generated via SankeyMATIC.com.

The compiled amounts of residual materials generated in 2007 were ~2,630 ktonnes.
Total internal recirculated and used material amounts were ~770 ktonnes (29% of

total generated amounts).

The sold amounts were ~1,480 ktonnes (56% of total generated amounts), whereas
~390 ktonnes (15% of total generated amounts) were placed in landfill or long-term

storage.
Slag material generated but not recovered (internal or external) are accounted for in

the total landfill amount (material intermediate storage). The main externally used

dust and sludge materials were pellet fines, BOF sludge fine fraction and mill scale.
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Table 3. Summary of residual materials generated, recycled, sold and landfilled
in 2007 (ktonne, dry base).

Internal External

Generated recycled use (Sold) Landfill Contents
Iron ore pellet fines 180.2 54.9 125.3 - High Fe
BF dust 86.4 86.4 - - Fe, C, alkali, Zn
BF sludge 44.6 - - 44.6 Fe, C, alkali, Zn
BOF sludge (fine fraction) 111.6 - 38.5 73.1 Fe, C,Zn
BOF sludge (coarse fraction) 5.1 - - 5.1 Fe,C, Zn
Filter dust SU 0.5 - - 0.5
Residual filter dust 12 - - 12
BOF dust 17.6 12.5 - 5.1 High Fe, Zn
Filter dust CAS-OB 0.1 - - 0.1
Rolling mill sludge 9.1 - - 9.1 Fe, oil
Filter dust other 10.1 10.1 - -
Casting sludge 0.6 - - 0.6
AQS sludge 23.4 - - 23.4
Mill scale 74.1 67.3 4.0 2.8 High Fe
Pickling dust 6.1 - - 6.1 High Zn, ol
Pigment dust 0.2 - - 0.2 High Zn
DeS dust 15 - - 1.5 Alkali, S
Sum 572.4 231.2 167.8 173.4
BF slag, sand 1,208.6 - 1,150.0 58.6
DeS slag etc. 192.5 149.9 2.0 40.6 Fe, S
BOF slag 659.3 385.1 159.2 115,0 CaO, MgO, Mn, V, P
Sum 2,060.4 535.0 1,311.2 214.2

1.3.3 Limitations on residual materials recovery and use

Recycling of the residual materials in the metallurgical steel production processes is
limited due to chemical contents and complicated by moisture contents or fine
particle sizes. The presence of undesirable compounds and elements e.g., sulphur,
phosphorus, zinc, lead, chromium and alkali oxides essentially of potassium and
sodium (K>O and NaxO) needs to be limited due to operational difficulties or
unacceptable metal product or by-products compositions. To enable recycling the
residual materials are processed, e.g., by drying, cooling, sorting, sieving and

agglomeration.
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As an example, the blast furnace operation is negatively affected by presence of
alkali due to decreased softening and melting temperature of iron ore. Alkaline
elements accumulate in the blast furnace via cyclic reactions counteracting normal
operation, resulting in loss of permeability of the burden, and may form alkali
cyanides, which cause environmental problems. Alkaline carbonates are harmful to
the blast furnace lining, causing cracking of refractory bricks. Other negative impacts
described in the literature from alkaline carbonates on various stages of the blast
furnace process include reduction of the mechanical properties of coke, which leads
to increased coke consumption. The increased coke consumption is caused by
increased degradation of coke and also by higher consumption necessary to reduce
the alkaline carbonates. However, the alkaline carbonates also support some effects,

such as the reduction of slag viscosity.[2425]

Zinc is another element which needs to be restricted primarily in the integrated
ironmaking process. Zinc enters the blast furnace mainly as a component of iron ore,
but also through coke and recycled dust and sludge. Zinc has the tendency to
condense in cooler regions of the BF, forming a circuit in the furnace, resulting in

extra coke consumption. 20161

Zinc is described as having a negative effect on the lining and charged materials, as
it builds up in small pores and gaps. Transition of zinc from gas phase to solid phase
then increases the volume, which may cause damage. In addition, it can be assumed
that the reduction and oxidation, evaporation and condensation of zinc taking place in
the blast furnace negatively affect the total consumption of coke. This is also due to
the heat-consuming endothermic reduction processes of zinc oxide, thereby affecting
the thermal conditions, particularly in the middle part of the blast furnace. Heat is
released again during re-oxidation and condensation of zinc in the upper part of the
blast furnace. However, the efficient use of this heat is forfeited, as it only heats the

off-gas leaving the furnace.

In the blast furnace process, zinc oxide may be reduced by the presence of calcium
oxide, iron and by means of carbon and carbon monoxide as well as of hydrogen, in
a chain of reactions. The reduced zinc is instantly evaporated and returns with the

gas flow to the upper parts of the furnace, where the temperature is lower. Zinc is
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oxidised by means of carbon dioxide and condensed on the surface of larger pieces
of charge. These pieces gradually sink into the lower areas of the blast furnace
where the temperature increases and the entire process is continuously

repeated.2425]

Zinc in the basic oxygen furnace steelmaking is mainly from purchased steel scrap.
As the zinc content is fully vaporised in the process the major parts will end up in the
gas cleaning system. Almost all zinc charged to the BOF will accumulate in the

collected dust/sludge, with only trace amounts of zinc in crude steel and BOF slag.

A component of the BOF slag is magnesium oxide (MgO). Dolomitic lime is the major
source in raw materials charged to the BOF with the main purpose of saving the
refractory lining material. However, MgO in the basic slag formers charged to the
BOF has a strong negative effect on the P refining capacity of the slag and, hence,
on the liquid steel quality, as the P partition ratio (P)/[P] decreases with increasing
MgO content in the slag. In addition, MgO in metallurgical slags used for civil
engineering purposes, for example in cement, are described as having an adverse
influence on quality. The use of ironmaking and steelmaking slags as raw materials
for Portland cement production is presented in the literature and the authors point out
the obstacle posed by MgO content in slags due to its slow slaking when mixed with
water (as this may cause cracks after the concrete hardens).' Other associated
issues such as volume expansion and instability are associated with free MgO in

slags.['®

Vanadium in raw materials e.g., iron ore used in ore-based iron- and steelmaking, a
particular challenge for Nordic steel producers, affects the composition of the
generated slag from the steelmaking vessel, i.e., the basic oxygen furnace, adversely
and reduces the potential for recycling and external utilisation. The recycling of BOF
slag to the blast furnace process is thereby limited not only by its phosphorous
content, but also by its vanadium content. Furthermore, the use of BOF slag in

applications outside the steel industry is limited due to its vanadium content.
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1.3.4 Economic value from improved material efficiency

Costs and savings

Economic factors with respect to utilisation of residual materials are costs for
storage/landfills, material handling (e.g., drying, crushing, sieving and
agglomeration). Savings may be realised through decreased use of virgin raw
material. Logistics costs, including transportation and material storage, must also be

taken into account if external uses outside the production site are considered.

The costs for material storage or landfill can be significantly reduced by implementing
different recycling solutions. Possible future costs for permits and related
environmental landfill taxes and/or charges for waste materials, as well as costs for

new landfills and space, will thereby be avoided.

Market price and value in use

The material value in different recycling approaches can be estimated by correlations
to estimated market prices or by calculation of the cost benefit (value in use) in iron-
and steel production routes or in other industries and/or applications, whether by
direct reduced iron (DRI) production via rotary heart furnace, vanadium-enriched slag
for FeV production or any other option. Given the fluctuating market prices, the
possibilities for investment in a specific technique or concept are favoured in times
when market value of the potential product is high. The investment in technology or
other costly implementations related to the handling of residual materials needs to be
evaluated in relation to the potential benefits, savings and or incomes during a given

timeframe.

The DRI product from the upgrading RHF process in the case study of the common
materials recycling system is an iron-rich raw material. Typically, DRI is produced as
pellets of very high metallic iron content (>90%) to be charged into a blast furnace,
electric arc furnace or basic oxygen furnace. The DRI price is comparable to
merchant pig iron or higher-quality scrap grades and depends on the ferrous scrap
market situation, in terms of availability, price and quality. Zn-containing dust from the
RHF dust catcher is a potential secondary raw material for the base metals

production industry. The market price for Zn is normally more volatile than the
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markets for ferrous materials, though the long-term value of zinc is expected to be

positive.

Vanadium is conventionally mainly used to strengthen steel. However, one of the
current prime technologies strongly influencing the vanadium price is so-called
vanadium redox flow cells (i.e., vanadium flow batteries) These vanadium flow
batteries have advantages over lithium ion due to lifespans of over 20 years without
capacity loss. In addition, vanadium flow batteries are non-flammable and can be
charged and discharged simultaneously. The vanadium flow batteries are considered
highly suitable for large-scale storage of energy from renewable sources like solar

and wind.[28!

The world’s vanadium production is mostly as a by-product of magnetite mining in
South Africa, China and Russia. In the year of 2018, a total amount of merely around
80,000 tonnes of vanadium was produced. Increased vanadium market demand is

driving an increase in mining and processing facilities for recovery of vanadium.

Using the vanadium in BOF slag for ferrovanadium production would be beneficial
not only from a material efficiency point of view, as it would generate a vanadium-free
slag with enhanced possibilities for further use. Another effect could be by less
recirculated vanadium in the steel production system and thereby improved process

properties, e.g., a positive effect on the BOF slag viscosity.

1.4 PROCESS INTEGRATION

1.4.1 Process integration methods

Process integration (PI) was initially used for energy analysis and has been
frequently used as a complement to traditional process engineering in production
industries e.g., dairy, pulp and paper. The Pl methods have been developed over
time and include e.g., raw-material efficiency, emissions reduction, sustainable

development, and retrofit design.[?”]
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Process integration is the commonly used term for the application of methods
developed for system-oriented and integrated approaches to improve and optimise
design and sustainability of industrial process plants. It is used as a systematic
method to analyse and evaluate potential process options and to provide strategies

for efficient and economic resource saving solutions.

Process integration methods enable a holistic approach to process design and
process optimisation by considering the interactions between different unit
operations, rather than optimising them separately, in order to effectively utilise

resources and minimise costs. 28

The interest in different process integration methods within the steel industry has
been constantly increasing. Common methods are mathematical programming, pinch

analysis, lifecycle assessment and material flow analysis.

Mathematical programming

Mathematical programming (MP) is the use of mathematical models, particularly
optimising models, is often used to assist in decision-making. Its particular
characteristic is that the best solution for a model is found by using optimisation

software.

Mathematical models are developed to help provide guidelines for making effective
decisions within the state of the current information, or in seeking further information
if current knowledge is insufficient to reach a proper decision. Typical objectives are
improvements in production efficiency, resource planning, enhanced quality, total
economy, environmental issues and material- and energy efficiency. Mathematical
programming aids identification of the optimum allocation of limited resources among
competing activities, under a set of constraints imposed by the nature of the problem

being studied.?°-32

Pinch Analysis
Pinch Analysis (PA) is used for reducing energy utilisation of processes by
calculating thermodynamically feasible energy targets (or minimum energy use) and

achieving them by optimising heat recovery systems, energy supply methods and
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process operating conditions. Generally, the method is based on thermodynamic
principles, and analyses possible heat exchanges between cold streams (requiring

heat) and hot streams (releasing heat).

The Pinch analysis approach may be applied to individual processes, or it may be
applied plant wide. Pinch analysis is ideally applied during the planning of process
modifications that will require major investments, and before the finalisation of
process design. Pinch analysis techniques assist in evaluating combinations of
project ideas simultaneously, in order to avoid “double-counting” savings, as well as

conflicting projects to ensure that site development is consistent and synergistic.[53-3°]

Material Flow Analysis

Material Flow Analysis (MFA) is a systematic reconstruction of the route a chemical
element, a compound or a material takes through the natural and/or the economic
cycle. A material flow analysis is generally based on the principle of physical balance.
Material flow analysis is used to find a strategic solution and present an overview of
materials used by capturing the current material flows in a model and identifying
points of origin, volumes and causes of waste and emissions. Analyses of the
composition of the used materials or substances, estimations of their economic value

and possible future developments are forecast.

Material flow analysis can be used to identify and analyse the flows of materials
added to and removed from the system. It is suitable for directly identifying
environmental problems related to a material or product and for defining strategies to
improve the overall situation. The introduction of material flow analysis will enable the
management to retrace material flows within the company, to direct them and to

guarantee that they are efficiently used.[36-38l

Life Cycle Assessment

Life Cycle Assessment (LCA) provides a holistic approach that considers the
potential impacts from all stages of manufacture, product use and end-of-life,
evaluating the environmental, economic and social performance of materials and
consumer products. Models for life cycle assessment have been developed from

plain proportionality of activity-emission and emission-impact relations, to dynamic,
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regionalised, nonlinear models including economic mechanisms, ecosystem
restoration times, etc. Standardisation (ISO) has been involved in LCA since 1994. A
key result of ISO’s standardisation work has been the definition of a general
methodological framework providing a standardised framework and terminology, and

platform for debate and harmonisation of LCA methods.[3%-4%

1.4.2 System optimisation and system simulation

System optimisation is identifying the optimum, or most efficient way to achieve an
objective simultaneously to satisfying the constraints associated with this objective.
The objective is typically cost, energy, CO2, raw material or landfill. Constraints are
the limitations of resources. Optimisation models are used to effectively solve
deterministic problems for both long- and short-term strategies. A disadvantage with
optimisation is, however, the risk of oversimplifying the problem from assumptions

made during the modelling stage.

System simulation facilitates an overview of e.g., resource flows as energy and or
materials in separate unit processes or the whole production system. Simulation
involves evaluation of alternatives under different realistic scenarios evaluating
predefined options, thereby not itself generating the optimum solution. System
simulation models can be used to assess the effects from different alternatives with
flexibility and realism, and thus deepen the knowledge and the understanding of the
specific system. Simulation requires comprehensive knowledge and data in order to

identify the best possible outcome.

System simulation and optimisation models increase the potential of evaluating
different ideas, calculating profits and foreseeing processing options and effects.
Nevertheless, it is important to remember that the result of analyses and
optimisations directly reflects on the inputs given to the model and requires careful
validation. Moreover, it is vital to understand technical and practical circumstances
not described or taken into account in the model. Applying both simulation and
optimisation may be the ideal approach, where optimisation identifies the optimum
solution and simulation delivers improved insights into the system and effects from

different scenarios.
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As interest in process integration has increased, methods and tools for the analysing
and optimising possibilities have been enhanced and refined, thereby further
improving the potential of process integration for analysis and decision support. Many
of the conducted studies in relation to steel production found in the literature have
earlier been focused on the minimisation of energy use and carbon dioxide
emissions.[*34% However, the use of methods like material flow analysis and lifecycle
assessment is increasing with the increasing demand for achieving circular flows
and sustainability, since the latter require knowledge and evaluations of total lifecycle

impacts and effects in value chains.

The use of mathematical programming for analysis and optimisation of material
efficiency and recycling in steelmaking systems has expanded over the years.!#6-49
However, many reported studies regarding material efficiency in the steel industry
have continued to focus mostly on single solutions or single processing technologies,
rather than considering the synergy effects on the total system. The system effects
from residual materials recycling on total material and energy use and issues of
element distribution in products and residual materials are studied to a more limited

extent.

1.5 AIM AND SCOPE

The main objective of this work was to, within the scope of the performed case
studies, identify the most material-efficient scenarios for residual materials
management in iron and steel production by applying process integration methods.

Developed models are intended to assist in decision-making, answering questions
within the defined scope of the case studies, by comparing different options in view of

the total system.

The hypothesis for the work was that using dedicated system analysis and
optimisation models would provide otherwise difficult-to-obtain system information
and assist in identifying the optimal solutions in relation to the scope of the different

case studies.
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2 METHODOLOGY

2.1 THE PROCESS INTEGRATION APPROACH

The process integration approach taken for this thesis work was the simulation of a
specific iron and steel production system and the use of an optimisation tool for the
evaluation of an extended system including the symbiosis between four steel plants.
The system simulations used in the work presented in Paper | and Paper Il are made

in a 1-dimensional static model consisting of mass and heat balance models.

The calculation method and developed model are based on the Excel spreadsheet
model “Masmod” initially written in Super-calc 4, later converted to Microsoft® Office
Excel. The included routes in the system are connected and balanced via iterative
calculations. Reference scenario operations are used to set the specific calibration
constants required. The model is calibrated for specific processing conditions and a
specific time period i.e., reference period. When the model and the input reference
period validation parameters show as little difference as possible the calibration is
accomplished. Constraints are also included in the model; however, the user must be
aware of the modelling approach, theory and calculations to ensure the accuracy of

the model and analysis.”

The developed simulation models used in the case studies related to this thesis work
can be used for process simulation and analysis of various operating conditions as
well as the influence of specific process parameters. The modelled system generally
includes blast furnace, desulphurisation, basic oxygen furnaces and ladle metallurgy,
simulating the effect on the process chain regarding raw materials use and quality of
the steel product as well as specific materials generated (slag, dust and sludge).
Figure 5 illustrates schematically the integrated production system and its material

flow.
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Figure 5. Schematics of ore-based iron- and steelmaking system and material
flow to slab casting.

The optimisation tool used for the case study presented in Paper Ill of this thesis
work is based on mixed-integer linear programming (MILP) by using the Java-based
software ReMIND, which in turn is based on the Method for analysis of INDustrial
energy systems (MIND). The MIND method can be described as a systematic
method that can be applied on different system levels. The analysis can be made as
multi-objective/multi-criteria analysis and can be made with different time steps. The
MIND method was initially developed at the University of Linképing, Sweden in the
1990s to enable modelling of industrial energy systems. However, the method is also
suitable for modelling and analysing other aspects of industrial systems such as raw
material efficiency, emissions reduction, sustainable development, production

planning and process operations, as well as waste minimisation.

A MILP problem consists of an objective function, variables and constraints. The
objective function includes different variables which can be minimised or maximised
depending on what is desired. Examples of objectives are minimised landfill, cost,
CO. and energy. The constraints also consist of a number of variables which
represent separate restrictions in the problem, limiting the permissible solution. The

integers included in a MILP problem can be used to consider a choice of any kind.5%

The MILP model is based on a global mass and energy balance for the production

chain and individual sub-balances for the main processes, making it possible to
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perform the total analysis assessing effects from changes in operations concerning
the included processes. The use of energy and material resources in the model
depends on the process requirements for each sub-process in the system, which in
turn is determined by the individual process description in which ingoing resources
are related to the outgoing product. Consumption and excess of generated residual
materials are also determined from each sub-process.’? The principle of the

modelling for each sub-model is presented in Figure 6.

Material, Energy

l

Process description
mass energy balance, | Losses, waste
specific relations [—

—>
l By-products

Product

Figure 6. Modelling principle for each sub-model.54

In general, the modelling and optimisation process is initiated by defining the problem
and the system to be analysed, thereby also determining which unit processes to be
included, and setting up an appropriate system boundary. Subsequently, retrieving
data, knowledge and process description is done together with defining the

objectives and some constraints concerning the problem.

The optimisation model is prepared using mathematical definitions based on mass
and energy balance as well as other relationships. Requirements for each sub-
process are described, sub-processes and flows are connected to structures and
solvable MILP formulations are created. The defined mathematical problem is then
solved by use of algorithms for numerical solution to find the optimum, which is
usually about minimising a target (e.g., energy, cost, landfill or CO,). Finally, the
results are analysed and validated against described processes to identify, revise

and remodel any inaccuracies. 5%
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General methodological framework with iterative stages of systematic formulation,
solution, and implementation are:

o Study objective - problem definition and scope;

e Process synthesis - system definition, data collection;

e Model development - model-, and data validation;

o Case study analysis — simulation and/or optimisation;

o Applying sensitivity analysis - interpretation, validation, critical review;

e Reporting, testing and implementation of results.

Stages are not defined very clearly, and they normally overlap and interact with each

other, Figure 7.
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Figure 7. General methodological framework of system analysis and
optimisation.
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2.2 CASE STUDIES

2.2.1 Case study of slag use from changed raw material composition

Changes in raw material composition effects element and material flow in the
production system, and it also influences slag recycling, slag usability and affects
steel quality. Future limestone quality may be changed due to new sources of lime
raw material. The effects of changed raw material compositions e.g., increased MgO

content in the lime raw material, on the blast furnace ironmaking and basic oxygen
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furnace steelmaking system were assessed by performing a system analysis case
study (Paper I).

Special attention was directed towards the magnesium oxide (MgO) contents in BF
and BOF slags and, subsequently, the effects on phosphorous (P) refining in the
BOF. Possible strategies to maintain or decrease present levels of MgO in generated
slags were investigated in order to preserve the slag use potential without
compromising the liquid steel quality.

The main sources of magnesium oxide to the blast furnace are iron ore pellets, BF
briquettes, recycled BOF slag and limestone. The major MgO source in the BOF is
dolomitic lime. The dolomitic lime is charged in the BOF to saturate the slag with
MgO (approximately 10-12% of the BOF slag), thereby preventing dissolution of the
lining material. However, an increased MgO content in the basic slag formers
charged to the BOF has a strong negative effect on the P refining capacity of the slag
and, hence, on the liquid steel quality, as the P partition ratio (P)/[P] i.e., (%P in
slag)/[%P in metal] decreases with increasing MgO content in the slag, Figure 8. This
is because the presence of MgO in the slag promotes the formation of low P-capacity
tri-calcium silicate (3CaO-SiO2) and/or wustite structures ahead of the high P-
capacity di-calcium silicate (2CaO-SiOy).
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Figure 8. BOF P partition ratio at end of blow as function of MgO content in

slag and temperature, T (based on production data). Figure adapted
from Paper I.
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The negative effect of MgO on P refining in the BOF is clearly noticeable already at
very low levels in the slag (2-4% MgO). When only burnt lime is added, with an MgO
content of 8-9%, the minimum achievable MgO content in the BOF slag is about 4-
5%. If the MgO content in the input lime raw material is expected to increase, the
result will be a higher MgO level in the process chain, affecting the composition of

generated slags.

The operating conditions used in the system model are based on data from one
year's iron and steel production. The BF and BOF modules simulate mass and
energy balances of the processes for hot metal and liquid steel production with

potential changes in charged amounts and compositions of raw materials.

Roughly 45% of the generated BOF slag can be used as flux in the blast furnace with
present slag processing, thereby reducing the need for limestone and improving the
material efficiency. The production units in the system model are the blast furnace

and basic oxygen furnace, Figure 9.

______________________________________
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Figure 9. Schematics of the system modelling approach.

The objective of the performed system study was to analyse effects of an increased
MgO content in the lime raw material, and based on the results investigate possible
strategies to maintain or decrease present levels of MgO in generated slags, thereby

preserving the slag use potential without compromising the liquid steel quality.
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Focus was directed towards effects on BF and BOF processes on:
e Raw material utilisation;
o Total slag generation, slag composition and slag recycling;
o Storage volumes of BF and BOF slags;

e BF reductant (i.e., coke) consumption.

The model was calibrated to the reference scenario using data from a Swedish
integrated steel producer. General conditions set for the modelling where:

e Annual hot metal production approximately 2,200 ktonnes;

e 1.35% MgO in the pellet mix charged to the BF;

e Maximum BF slag rate 180 kg/tonne hot metal (kg/tHM);

e BOF slag rate 100 to 110 kg/tonne liquid steel (kg/tLS);

o Desirable maximum MgO content in BF slag 15%;

e Desirable maximum MgO content in BOF slag 12%;

o Desirable maximum P content in hot metal 0.035%;

o Desirable maximum P content in liquid steel 0.008%;

o BOF process P partition ratio, according to MgO content in slag for a tapping

temperature of 1720°C.

The limestone and burnt lime compositions used in the modelling are presented in
Table 4. The lime raw material currently used in the BF and BOF processes is
denoted as limestone “A” and burnt lime “A” with an MgO content of 1.0% and

1.72%, respectively.

The new lime raw material is denoted limestone “B” and burnt lime “B”, with an MgO
content of 5% and 8.62%, respectively. Consequently, due to a higher MgO content,
the CaO content in the new lime raw material will be considerably lower than in the

current lime raw material.
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Table 4. Compositions of limestone and burnt lime (%).

Limestone to BF Burnt lime to BOF
A (current) B (new) A (current) B (new)

CaO 53.0 49.0 CaO 91.34 84.45
MgO 1.00 5.00 MgO 1.72 8.62
SiO; 1.30 1.30 SiOz 2.24 2.24
Al>Os 0.80 0.80 Al>O3 1.38 1.38
TiO> 0.03 0.03 TiO2 0.05 0.05
V205 0.04 0.04 V205 0.07 0.07
Na.O 0.08 0.08 Na,O 0.14 0.14
K20 0.12 0.12 K20 0.21 0.21
S 0.07 0.07 S 0.12 0.12
P 0.03 0.03 P 0.04 0.04
Mn 0.04 0.04 Mn 0.07 0.07
Fe 0.21 0.21 Fe 0.36 0.36

Studied scenarios and variable factors analysed for the system are described in
Table 5. Investigations of the system effects of modelled strategies were performed
based on the results from analysis of using the high MgO lime raw material type B.
The scenarios are therefore denoted A or B depending on lime raw material used. In
scenario B the process parameters were held constant when compared with the
reference scenario to evaluate changes resulting from introduction of lime raw

material with increased MgO content.

Table 5. Case description and variables for the investigated scenarios
compared to the reference scenario (t =tonne, ™ = decrease, » =

increase).
(G o [T oo
= X = [&] <] ° o =
S Esm =5 =.§ =% I =8% Eup C2ES BoI
SO % e £e SES S 8 Eo=2 9= £53T 9=
§50£0 38S Q50 Bss =& S52F £0f zfeE Zwg
8-< SE SRPE 53 i 502 5282 Gm5E8 oLT
N [oRE—d = = £ QA E>= S = M © X rOLw
> @ | Q o = m O] o m
208 =
Reference A 1.0 1.72 1.35 0.035 31 32 148 8.2
Scenario B e 2 asref. asref. as ref. as ref. as ref. as ref.
Scenario B.1 e 2 asref. as ref. " 2 7 as ref.
Scenario B.2 e 2 asref. asref. None 2 as ref. as ref.
Scenario B.3 e 2 asref. asref. None 2 as ref. None
Scenario B.4 2 7 asref. asref. None 7 7 None
Scenario B.5 e 2 as ref. e None 2 as ref. as ref.
Scenario B.6 2 2 ~ as ref. N 2 as ref. as ref.
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Investigated strategies in scenarios B.1 to B.6 were:

e Increased BF slag rate to a maximum amount of 180 Kkg/tHM,
thereby diluting the MgO content (scenario B.1 and B.4).

e Decreasing the MgO input to the BF from recycled BOF slag
by eliminating the dolomitic lime addition into the BOF (scenarios B.2—-B.5).

e No BOF slag recycling to the BF (scenarios B.3 and B.4).

e Increased Pmax in HM from 0.035 to 0.050% (scenario B.5), in order to
increase recycling of BOF slag provided no dolomitic lime is added into the
BOF.

e Decreasing the MgO content in the iron ore pellet to the level

where the MgO limit in the BF slag is reached (scenario B.6).

2.2.2 Case study of slag use by vanadium recovery

This part of the work (Paper Il) is a case study based on the development of a
designated system simulation model to investigate scenarios for implementation of a
vanadium (V) enrichment and slag reduction concept in a Nordic steel production

system.

The enrichment of vanadium is achieved by a two-step BOF blowing procedure of
which the aim is to improve efficiency, reduce lime consumption and obtain a primary
BOF slag with high vanadium concentration. Hot metal from the BF, cooling scrap,
iron ore pellets and fluxing agents are charged to the steelmaking vessel, i.e., the
BOF, in the first blowing step, after which a part of the primary vanadium-rich slag is
tapped and processed in a reduction step. The remaining part of the primary slag is
kept in the BOF, new fluxing agents are added, and the second blowing step is
performed, after which liquid steel and slag is tapped as usual. However, the
extraction of vanadium from the primary BOF slag lowers the vanadium level in a
system where BOF slag is recycled to the BF. Additional vanadium input into the
system from, for instance, stored slag may be a way to keep the system for FeV
production in balance, thereby improving the total material efficiency in the

investigated system.
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The aim of the slag reduction research is to develop an environmentally sound,
technically feasible and cost-efficient industrial process for recovery of vanadium and
other minerals in the BOF slag. The investigated slag reduction procedure is
conducted according to two main principles: treating either hot slag or cold solid slag
with the additions of different potential reducing agents.

Results from the research project trials have shown that a reduction in vanadium to a
desired content of £0.3% in the reduced slag is possible to reach. High-vanadium-
containing BOF slag was used. Coke, anthracite and pet-coke were investigated for
comparison of the effect on the vanadium oxide reduction. The results showed
improved environmental compatibility and mechanical properties of the slags after
slag reduction, and construction materials such as clinker cement material, hydraulic
binder and metallurgical powders of good quality were successfully prepared. The

schematic of the system is illustrated in Figure 10.

BOF slag

BRd BOF

slag red.

-——>

BOF Slag FeV Slag

BOF slag

Figure 10. Schematics of the steel production system with vanadium
enrichment and slag reduction.

The objective of the study was to develop a Pl model and use system analysis to
investigate the prospects for the integration of a vanadium enrichment and slag
reduction concept in a steel production system (i.e., the BF and BOF processes).
Integrating the vanadium enrichment and slag reduction concept affect slag
compositions and internal material flows in the iron and steel production system,

especially when recycling BOF slag as flux in the blast furnace (BF).
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The model was calibrated to the reference scenario using production data from a

Swedish integrated steel producer. The modelling of the vanadium enrichment and

slag reduction concept was based on results from conducted research trials. General

specific and governing conditions and limitations set for the modelling were:

Annual hot metal production approximately 2,300 ktonnes;

Maximum BF slag rate180 kg/tonne HM (tHM);

Pellet mix with a V content of 0.12% and a P content of 0.015%;

Maximum P content 0.040% in HM from the BF at normal process operation;
Maximum P content 0.008% in LS from the BOF;

Minimum V content equivalent to 10% V205 in the enriched primary BOF slag;
Only burnt lime added as slag former in the first BOF blowing step, but normal
target compositions of liquid steel and BOF slag after the second blowing step;
55% of the generated primary (first) BOF slag is tapped;

Maximum CaO/SiO ratio of 2 in the V-enriched primary (first) BOF slag;

Scrap rate 157 kg scrap/tonne liquid steel (tLS) and iron ore pellet rate 8 kg
pellet/tLS to the BOF in the reference system altered to 86-87 kg scrap/tLS
and 23 kg pellettLS in the analysed scenarios due to changed BOF
operations;

Quartzite additions in the BF and BOF were made, when necessary, in the BF
to maintain basicity at high BOF slag recycling rate, and in the BOF mainly to
increase the slag volume to accommodate improved P refining;

Minimum 8 tonnes per heat secondary BOF slag rate (approx. 61.5 kg/tLS);
100% reduction of V20s and P2Os is set in the reduction process to find the
maximum possible V-yield in each of the analysed scenarios (primary BOF
slag V content needs to be reduced from 10% to a desired content of <0.3% in

the reduced slag).

Potential improvement of the material efficiency in the production through vanadium

recovery (as FeV alloy) and the use of slags was analysed. The main constraints in

the analysed system were maintaining a desired vanadium level in the vanadium-

enriched slag and ensuring the steel quality, here primarily threatened by elevated

phosphorous levels in the system.
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A case study with seven scenarios was conducted to analyse the system effects on

processes and raw material composition when implementing a V-enrichment and

slag reduction concept in the steel production system. The case study simulations

and the key alterations in the analysed scenarios are presented in Table 6.

Table 6. Case study scenarios key alterations.

Scenario Description

Reference Normal process operation

Scenario 1 Introducing the two-step blowing procedure and slag reduction process

Scenario 2 Increasing the P tolerance in hot metal to maximise the secondary BOF slag
recycling to the blast furnace

Scenario 3 Recycling of V enriched first BOF slag to the blast furnace

Scenario 4 Recycling of stored BOF slag to the blast furnace

Scenario 5 Excluding the dolomitic lime addition in the BOF

Scenario 6 Recycling of secondary BOF slag fine fraction to the BOF

Scenario 7 Reduction of secondary BOF slag

The scenarios focused on improving the material efficiency in the system by

maximising the quantity of produced FeV and the slag utilisation. The reference

scenario was calibrated for the reference plant's normal process operation and

conditions. Investigated strategies in scenarios 1 to 7 were:

e In scenario 1, the concept with a two-step BOF blowing procedure and slag

reduction process was implemented in the system without any further process
alterations, resulting in a changed steady-state situation. Analyses of the
system effects of the process concept implementation and achieved vanadium
content in the vanadium-enriched primary (1st) BOF slag were performed. The
recycling rate of BOF slag to the blast furnace was limited due to its
phosphorous content and the target of a minimum 10% V.Os in the primary
BOF slag.

In scenario 2, the measure introduced to the system was to increase the set
maximum phosphorous content in hot metal from the blast furnace, hence,
maximising the recycling of a residual (2") BOF slag to the blast furnace,
increasing the vanadium content in the hot metal and, consequently, the
vanadium content in the first BOF slag, without exceeding the phosphorous
limit of 0.008% in liquid steel.
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e In scenario 3, the system analysis was performed with measures taken to
achieve the minimum of 10% V20s in the primary BOF slag by supplementary
recycling of a minimum possible part of the vanadium enriched primary BOF
slag to the blast furnace.

e In scenario 4, the measure taken to achieve the 10% V20s content in the
primary BOF slag was supplementary recycling of long-term-stored BOF slag
to the BF, thereby increasing the generation of FeV.

e Inscenario 5, the further measure taken to improve the total system efficiency,
by slag use and FeV generation, was elimination of the dolomitic lime in the
second BOF blowing step in order to improve the phosphorous refining
capacity and thereby decrease the necessary BOF slag rate.

e In scenario 6, the system effects of further improvement of slag use by
recycling of solidified non-recyclable fine-fraction secondary BOF slag (<5
mm) to the second BOF blowing step were analysed.

e In scenario 7, the improvement of slag use and the effects of taking the fine-
fraction secondary BOF slag to the slag reduction process were analysed.

A supplementary description of changes in the main variables for the investigated
scenarios, e.g., slag utilisation/recycling and phosphorous content in hot metal from

the blast furnace, are shown in Table 7.

Table 7. Scenario description and variables for the investigated scenarios
and the reference scenario (Generated (Gen.), Recycled (Rec.),
Reduction (Red.), 7~ = increase).

Rec. of
Gen.of V  Rec. of Red. of Rec. of Rec. of Red. of stored Pin
Scenario  enriched 15t BOF 15 BOF 2"¢ BOF 2"{BOF ond BOF BOF HM
1St BOF to BF sla to BF to BOF sla slag (%)
9 9 to BF
Reference None None None Yes None None None 0.040
Scenario 1 Yes None Yes Yes None None None as ref.
Scenario 2 Yes None Yes Yes None None None 2
Scenario 3 Yes Yes Yes Yes None None None Ve
Scenario 4 Yes None Yes Yes None None Yes Ve
Scenario 5 Yes None Yes Yes None None Yes 2
Scenario 6 Yes None Yes Yes Yes None Yes 2
Scenario 7 Yes None Yes Yes None Yes Yes 2
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Implementing the process concept in the steel production system may contribute to
sustainable development by increasing the use of BOF slag, exploiting its V, Fe, Mn
and slag-forming content, thereby reducing the landfilled/stored slag amounts and
the use of virgin raw material. The remaining reduced, low-vanadium or vanadium-
free slag, will thereby have an improved potential as a construction material to be

used for other civil engineering purposes.

2.2.3 Case study of a shared recycling system

In this part of the work (Paper lIll), the focus was on investigating, via a logistics
perspective, the potentials of a residual materials recovery strategy by integrating a

shared upgrading process for the Nordic ore-based iron and steel industry, Figure 11.

stepmap.de &

Figure 11. The logistics system and Nordic ore-based steel production sites
(red markings). Map acquired from stepmap.de.

Integrating a dedicated upgrading process in the system makes it possible to
reprocess and recycle dust and sludge otherwise discarded to landfills, thereby

minimising the landfilled amounts.

Making efficient use of logistics and shipping routes while at the same time ensuring

an appropriate material blend to the upgrading process with respect to generated
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amounts of material at each steel plant is essential in the system analysis. Further
aspects of the common recycling system presented are the analysis of required
storage of materials, shipping system, shipping frequency and logistics during a
limited shipping period and with restricted vessel size. The main objective of the
study was to develop a system optimisation model and investigate the logistics
perspective for a joint venture between four steel plants, to achieve material

efficiency improvements, by integrating a potential material upgrading process.

A mathematical optimisation model based on mixed-integer linear programming
(MILP) for the common system is presented from the work. The developed model
generally consists of steel production routes, generation of residual materials,
logistics for shipment and storage of materials, material mix to the upgrading process
and the resulting potential material recovery. Integrating a dedicated upgrading
process in the system makes it possible to upgrade and recycle dusts and sludge

that would otherwise be mainly long-term stored or landfilled.

The model includes the integrated production system, consisting of four Nordic ore-
based steel plants and a material upgrading process. The operating conditions for
the steel production plants are defined using data from one year’s production at the
four steel plants. The model, generated by modules of the sub-processes and their
interactions at the production sites, is developed and validated through close

cooperation with the steel industry.

An overall mass and energy balance were made, thereby defining individual
processes and the production chain, enabling a total system analysis of effects
caused by changes in operating practices. The use of materials and energy was
defined by process requirements concerning each sub-process related to the main
product. Residual materials are determined from the production in the defined sub-
processes. Process units included in the system are: coking plant, blast furnace,
basic oxygen furnace, continuous casting, rolling operation and the dedicated
material upgrading process located at one of the production sites. Consumed and
generated materials in the system model are based on the calculated production in

each unit. The driving force in the steel plant model modules is the production of
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steel from the system, which additionally determines the generation of residual

materials like dust and sludge.

Different options of material mixes for the upgrading process, and thereby alternative
shipping routes and storage requirements, are simulated regarding the quantities of
materials generated at the four steel production sites, as well as the material's
chemical composition. Dust and sludge from blast furnaces and the steelmaking
processes, Table 8, consists mainly of Fe oxides and fine particulate coke, as well as
low amounts of Si, Ca, Al and Mg. Zn is also present in dust and sludge in small

amounts, mostly from BF and BOFs.

Table 8. Amounts (tonne/year) and valuable contents (wt%) of dust and
sludge from the steel plants suitable for the upgrading process.

Dust

Filter Zilljt;r IZIS;I’ Filter dust Pickling
Material dust BOE BOE other ' BF Dust dust

BOF (coarse) (fine)
tonnel/year 2,440 4,500 8,000 1,150 3,000 | 16,870 5,400 6,000
Contents (wt%)
Fe tot. 46.0 30.0 50.1 36.6 41.0 25.0 25.2 68.5
Zn 0.5 15 3.0 0.7 35 0.1 0.4 0.0
C 1.6 - - 2.0 1.9 49.3 46.8 0.0
SiO; 21 14 14 3.7 7.0 5.0 5.0 1.0
CaO 24.2 25.0 15.8 28.6 185 5.1 6.5 0.1
Mn 0.9 14 14 2.2 24 0.4 0.5 0.3

Sludge
Rolling
Material BF Sludge BOF Sludge mill Sum
sludge

tonne/year 15,430 17,560 10,000 2,100 | 43,430 55,000 9,130 | 200,010
Contents (wt%) tonne/a
Fe tot. 35.0 243 47.2 35.0 55.6 62.3 72.5 97,939
Zn 0.7 0.3 0.6 0.7 0.2 1.7 0.0 1,726
C 28.0 33.8 21.6 28.0 1.9 0.7 0.0 25,158
SiO; 4.8 4.8 4.2 4.9 11 1.0 0.5 4,798
Cao 5.1 3.0 3.2 5.2 13.4 4.7 0.5 15,269
Mn 0.2 0.2 0.3 0.2 0.9 0.8 0.4 1,377
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The minimisation of landfilled materials is achieved by upgrading in the dedicated

process, generating a product possible to recycle in the blast furnace. Storage of the

materials, both at the production sites and on-site for the upgrading process, is

considered in the model. The model was developed to facilitate changes in the

conditions and limitations for the analysis of different scenarios. General specific and

governing conditions and limitations set for the modelling in the analysed case study

are:

Upgrading unit capacity of 200 ktonne materiallyear;

Fixed steel production rate in each scenario with a total generation of 193
ktonne/year (dry weight) of selected materials for the upgrading process (i.e.,
61 ktonne from steel plant A, 76 ktonne from steel plant B, 36 ktonne from
steel plant C and 20 ktonne from steel plant D);

Residual materials composition based on an annual average;

Seven alternative material mixes based on the seven material groups are set
up in the model;

Fixed shipping time between the steel production sites and the upgrading unit
(i.e., steel plant B = 60h, steel plants C and D = 144h, respectively);

Restricted shipping time i.e., May-November;

Shipping vessel capacity of 3.5 ktonne (wet material weight).

The generated materials considered for utilisation in the upgrading process equal a

total of 193 ktonne/year (dry weight), of which 61 ktonne originates from steel plant

A, situated at the site for the upgrading process, 76 ktonne from steel plant B, 36

ktonne from steel plant C and 20 ktonne from steel plant D, Figure 12.

Figure 12. Shipping routes in the modelled system (i = material group, 1i =

shipping time for material group i). Figure adapted from Paper lIl.
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The materials are divided into seven material groups suitable for co-shipping, storage
and processing. The material groups 1 and 2 are materials generated at the
production site referred to as site A. Material group 3 is the material generated at the
production site referred to as site D, the material groups 4 and 5 are materials
generated at site C, and groups 6 and 7 are generated at site B. The material groups
are mixed before treatment in the upgrading process. In Table 9, different mixing
options are presented. The seven alternative material mixes are intended to provide
flexibility in optimising the system and simulate a possible material deficiency. The
mixing is based on the materials’ composition of iron oxides as well as carbon

content.

The ratio between Fe-oxides and C is vital in order to obtain the right conditions for
iron reduction in the upgrading process. The iron- and carbon-containing by-products
and additional reducing agents are mixed together to an appropriate chemical
composition considering total Fe content in the feed mix and molar ratio of C/O

depending on required degree of metallisation of the product.

Table 9. Material mixes for the upgrading process.

Material mix Comments

Material mix 1 Material mix using materials from all four steel plants (A, B, C, D) and all material
groups (1 to 7) with the addition of an iron source and carbon

Material mix 2 Material mix using materials from all four steel plants, as in material mix 1,
without the addition of extra iron or coal

Material mix 3 Material mix excluding material group 3
Material mix 4 Material mix excluding material group 6
Material mix 5 Material mix excluding material group 7
Material mix 6 Material mix excluding material group 4
Material mix 7 Material mix excluding material group 5

The shipping of materials is based on shipment by a single bulk carrier with a loading
capacity of 3.5 ktonne (wet material weight) and shipping during the ice-free season

(beginning of May to end of November).

The size of the ship is selected based on recommendations to obtain lowest possible

freight rates for separate shipment of the residual materials, i.e., dust and sludge,
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with existing ships in the region. Shipping the materials is possible only when a
sufficient quantity of material to fill the vessel has been generated. The shipping
routes are based on the time for the return journey between steel plant A (i.e.,

placement of upgrading process) and the production sites B, C and D.

Five simulation scenarios and one landfill optimisation scenario were studied for
evaluation of the system with respect to the “business as usual’ reference scenario.
The system simulations were made only allowing the use of material mix 1, whereas

in the landfill optimisation scenario all material mixes are available.

Scenarios were established with the intent to analyse the system requirements, like
storage capacity, materials utilisation and shipping frequency, to fully utilise the
upgrading process capacity and minimise landfill. The studied scenarios are
presented in Table 10.

Table 10. Case study description.

Scenario Comments

Reference Business as usual without the dedicated upgrading process implemented in the
system.

Scenario 1 Material mix 1 is used with boundary conditions on the shipping and with boundary

condition of storage at the production sites (i.e., sites B, C and D) set to <10
ktonne/material group (i.e., material group 3, 4, 5, 6, and 7). The initial stored
materials at the upgrading process site are set to 4 times the amounts generated
during one time-step.

Scenario 2 Material mix 1 is used with similar conditions as in scenario 1 except, in this
scenario, without boundary conditions on the shipping.

Scenario 3 Material mix 1 is used with similar conditions as in scenario 1 except, in this
scenario, without initial storage of materials at the upgrading process site A.

Scenario 4 Material mix 1 is used with similar conditions as in scenario 1 except, in this
scenario, without initial storage of materials at the production sites B, C, D.

Scenario 5 Material mix 1 is used with similar conditions as in scenario 1 except, in this
scenario, without storage restrictions.

Optimisation  Minimised landfill, similar conditions as in scenario 1 except, in this scenario, all the

material mixes 1 to 7 are available in the system.
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3 RESULTS

3.1 CASE STUDY RESULTS

3.1.1 Analysis of slag use from changed raw material composition

The slag recycling and use from changed raw material composition case study

results are summarised and presented in Tables 11 and 12.

Table 11. Summarised results from the case study on BF operations.

(OB w o
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SEM S0 E¢ Ex £ £g ggsps 205 25 95 o= S
Sz25 05 0E 0 0B o0& 3cfcf B82L &I of g T
o® oy DT Do Dy 2% 28T99%F Cos Nt 85 L9 c
58 =8 = =90 = Su S5808 >822 28 w2 ®Bx £
g TE TS5 T3 T8 T98z27EY §9% 8% =¥ 8T g
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N5 o O]
Ref. A 1 1.72 135 148 11.1 460 60 8 0 5) 148 0.035
B 5 862 135 165 133 459 62 8 0 5 149 0.035
B.1 5 862 135 150 104 463 85 5 9 5 169 0.035
B.2 5 8.62 135 16.1 4.2 460 63 7 0 5 149 0.035
B.3 5 8.62 135 16.3 4.2 460 68 0 0 6 148 0.033
B.4 5 8.62 135 150 42 463 88 0 8 6 167 0.034
B.5 5 8.62 135 151 4.0 459 35 45 0 2 155 0.050
B.6 5 862 119 150 104 460 65 8 0 5 149 0.035
Table 12. Summarised results from the case study on BOF operations.
Scenario . MgO .
and type DoII_omltlc Bl‘_urnt in Generated Recyc:ed BOF slag [P in (P)in
of lime raw ime me BOF BOF slag BOF slag to LS BOF
material to BOF to BOF slag (kg/tHM) to BF storage (%) slag
0,
(A or B) (kg/tLS)  (kg/tLS) %) (kg/tHM)  (kg/tHM) (%)
Reference A 31 32 111 109 8 101 0.008 0.29
B 31 32 13.3 109 8 101 0.009 0.29
B.1 21 42 10.4 110 5 105 0.008 0.30
B.2 0 58 4.2 101 7 95 0.006 0.35
B.3 0 58 4.2 101 0 101 0.006 0.33
B.4 0 58 4.2 101 0 101 0.006 0.34
B.5 0 58 4.0 105 45 60 0.008 0.46
B.6 21 42 10.4 110 8 102 0.008 0.30
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From comparison to the reference scenario, the following is noted:

In scenario B the processing parameters were kept constant when compared
with the reference to evaluate changes resulting from introduction of lime raw
material with increased MgO content. The results show that the MgO content
is raised from 14.8% to 16.5% in the BF slag and from 11.1% to 13.3% in the
BOF slag. The P content in the liquid steel is raised from 0.008% to 0.009%.
The BOF slag recycling rate to the BF is constant compared to the reference.
In scenario B.1 the dolomitic lime in the BOF process was decreased by
adjusting the ratio of dolomitic lime/burnt lime to achieve the maximum
tolerable P content in the liquid steel output. The recycling of BOF slag to the
BF is consequently slightly decreased due to its increase in P content and the
stored BOF slag is thereby increased by 4 kg/tHM. The BF slag rate was in
this scenario increased from 148 kg/tHM in the reference to 169 kg/tHM by
raised limestone addition to 85 kg/tHM and also a quartzite addition of 9
kg/tHM to the BF, counteracting the MgO increase by dilution.

In scenario B.2 the dolomitic lime was eliminated from the BOF process, which
further improved the liquid steel quality with regard to P content (lowered P
content to 0.006%). The BOF slag volume was at the same time reduced by
8kg/tHM compared to the reference. No improvement in BOF slag recycling
rate to the BF was achieved from this action due to the P limit value in HM.
However, a lower BOF slag rate of 101 kg/tHM resulted in a decreased
volume of BOF slag to storage (to 95 kg/tHM). The MgO content in the BF slag
exceeded the maximum value of 15%, as the already low recycling rate of
BOF slag, with lower MgO content, had no marked effect on the MgO content
in BF slag.

In scenario B.3 the BOF slag recycling to the BF was eliminated, as well as
the dolomitic lime from the BOF process, to evaluate the impact of these
actions on MgO and P flows in the system. The resulting P content in liquid
steel was 0.006% and P in hot metal was 0.033%. As in scenario B.2, less
BOF slag was generated with an MgO content of 4.2%. The MgO content in
the BF slag was in this scenario 16.3%. The results of scenario B.3 also
showed a slightly higher manganese slag addition to the BF of 5.8 kg/HM
compared to 5.1 kg/tHM for the reference, depending on the decreased BOF

slag recycling.
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e In scenario B.4 the BF slag rate was increased to dilute the MgO content to
meet the set maximum MgO in the BF slag without recycling of BOF slag. The
BF slag rate in scenario B.4 was increased from 148 kg/tHM in the reference
to 167 kg/tHM by raising the limestone rate to 88 kg/tHM and also by quartzite
addition of 8 kg/tHM and manganese slag addition of 5.7 kg/tHM. In this
scenario the BOF operation and results were similar to those of scenario B.3.

e Scenario B.5 resulted in an MgO content of 15.1% in BF slag and 4.0% in
BOF slag achieved from increasing the P tolerance level in HM from the BF
from 0.035% in the reference to 0.050%. By the strategy used in this scenatrio,
the BOF slag recycling rate to the BF was increased from 8 kg/tHM in the
reference to 45 kg/tHM. Hereby, the limestone consumption in the BF could be
decreased to 35 kg/tHM and the stored BOF slag amount decreased to 60
kg/tHM (101 kg/tHM in the reference). Eliminating the dolomitic lime in the
BOF, combined with a BOF slag rate of 105 kg/tHM, resulted in a P content of
0.008% in the liquid steel.

e In scenario B.6 the MgO content in the pellet mix to the BF was lowered to
meet the set limit value on the MgO content in the BF slag. In this scenario the
BOF slag recycling rate and the BF slag rate were similar to the reference. A
slight increase in limestone to 65 kg/tHM was noted. The ratio of dolomitic
lime/burnt lime to the BOF was similar to that in scenario B.1 (3/5), achieving

the maximum tolerable P content in the liquid steel output.

The maximum allowed MgO content of 15% in BF slag and 12% in BOF slag are
exceeded when the new lime raw material is used without any countermeasures
taken. The increased MgO content in burnt lime charged to the BOF will have a

strong negative effect on the P refining capacity of the slag.

Some approaches to maintain or improve the material efficiency i.e., slag utilisation
potential without compromising the liquid steel (LS) quality were identified and further
investigated. Analysed strategies were diluting the MgO content in the BF slag by
increased slag rate, decreased BOF slag recycling to the BF, increased P tolerance
in BF produced hot metal (HM), lower MgO content in pellet mix or decreased use of
dolomitic lime in the BOF.
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The most efficient approach to markedly increase the BOF slag recycling rate and
simultaneously maintain the prerequisite MgO content in BF slag and LS quality is by
increasing the tolerance of P in hot metal while at the same time excluding dolomitic
lime in the BOF.

The best strategies to achieve the objectives of maintained or decreased MgO levels
in the generated slags, based on the results of the scenario study, to preserve or
further improve slag use potential without compromising the liquid steel quality
include:

o Raising the maximum allowed P content in hot metal to increase BOF slag
recycling, thereby reducing BF limestone consumption;

o Eliminating the dolomitic lime in the BOF, as the lower MgO level in the BOF
slag will improve P refining capacity and thereby not compromising the steel
quality. However, with higher MgO in burnt lime, the lowest possible MgO level
in the BOF slag will be 4-5%, restricting further improvement in P refining

capacity.

3.1.2 Analysis of slag use by vanadium recovery

The case study results show the potentials for the concept of enriching and extracting
vanadium from steel slag in the steel production system. The summarised results
from analysed scenarios compared to the reference scenario are shown in Tables 13
to 16.

Table 13 shows the summarised results concerning vanadium input, flow and
withdrawal from the system on a yearly basis. The V.Os content in first BOF slag and
the V-reduced/V-free slag amount from the slag reduction are also shown in Table
13.
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Table 13. Summarised results from the case study on vanadium.
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Ref. 5,920 0 5,400 1,546 3,854 0 3,854 0.0 0
1 5,429 2,234 2,923 1,009 1,914 0 1,914 6.6 34,242
2 5,835 2,398 3,153 1,419 1,734 0 1,734 7.0 34,491
3 8,883 1,270 4,810 4,513 2,708 0 2,708 10.0 12,109
4 8,869 3,811 4,799 6,347 2,640 4,187 -1,547 10.0 35,075
5 8,854 3,750 4,677 6,307 2,572 4,203 -1,631 10.0 34,504
6 8,869 3,756 6,390 5,734 1,829 2,859 -1,029 10.0 34,587
7 8,854 6,349 4,677 6,307 0 4,203 -4,203 10.0 103,903

Table 14 shows the results on raw material consumption in the BF, BF slag rate, V

and P in HM as well as P in total BOF slag recycled to the BF.

Table 14. Summarised results from the case study on BF operations.
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Ref. 1361 44 0 30 152 458 0.245  0.040 0.02
1 1360 42 0 32 155 458 0.222  0.040 0.02
2 1356 30 0 46 157 458 0.238  0.044 0.03
3 1344 16 0 79 167 458 0.363  0.056 0.07
4 1340 3 5 97 179 458 0.361  0.056 0.07
5 1350 20 0 65 160 458 0.361  0.056 0.07
6 1348 17 0 69 161 458 0.361  0.061 0.08
7 1350 20 0 65 160 458 0.361  0.056 0.07

The summarised results on raw material consumption in the BOF, total BOF slag

rate, V and P in liquid steel from BOF are presented in Table 15.
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Table 15. Summarised results from the case study on BOF operations.
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Table 16 shows the results on BOF slag generation and recycling as well as stored

amounts and amounts used in the reduction process.

Table 16. Summarised results from the case study on BOF slag.
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The results from the slag utilisation by vanadium recovery case study, from a

scenario-by-scenario comparison to the reference scenario, are as follows:

Scenario 1 — Introducing the two-step blowing procedure and slag reduction

process

In scenario 1, vanadium is removed from the system via tapped primary BOF
slag for the slag reduction process. The consequence will be a decrease in V
in the secondary BOF slag to be recycled to the BF, hence decreasing the V
input to the BF. This results in a lowering of the V content in HM from 0.245 to
0.222%.

The lower V content in HM results in a steady-state situation with a V content
of 6.6% as V20s in the primary BOF slag; hence, the 10% target is not
reached.

The yearly produced FeV alloy in this scenario contains 2,234 tonnes V. The
total amount of V in secondary BOF slag to storage will be 1,914 tonne/year
compared to 3,854 tonnel/year in the reference scenario.

Also phosphorous is removed from the system via the primary BOF slag to the
slag reduction process. This lowers the P content in the residual slag, allowing
for a slight increase in recycling of secondary BOF slag to the BF (from 30 to
32 kg/tHM). As a consequence, the limestone consumption can be reduced
(from 44 to 42 kg/tHM), while the total slag rate in the BF increases slightly
(from 152 to 155 kg/tHM).

Total P content in recycled BOF slag in scenario 1 is 0.02 kg/tHM, i.e., the
same as in the reference (same maximum HM P content = 0.040%).

To improve P refining in the second BOF blowing step, hence, not exceeding
the LS P limit of 0.008%, the total addition of dolomitic lime is decreased (from
32 to 29 kg/tLS), combined with an increased consumption of burnt lime (from
33 to 42 kg/tLS). The quartzite addition needed is 5 kg/tLS.

The total BOF slag rate in this scenario is increased (from 105 to 121 kg/tLS).
However, the total quantity of stored BOF slag is decreased (from 75 to 62
kg/tLS).
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Scenario 2 — Increasing the P tolerance in hot metal to maximise the secondary

BOF slag recycling to the blast furnace

In scenario 2, the P tolerance in HM is increased enough to maximise
recycling of secondary BOF slag to the blast furnace (45% of the total
generated amount), thereby increasing the V content in HM. An increased
recycling of BOF slag to the BF results in a V content in HM of 0.238%.

The V content in HM results in a steady-state situation, with a V content of
7.0% as V205 in the primary BOF slag, hence, not reaching the 10% target.
The yearly produced FeV alloy in this scenario contains 2,398 tonnes V. The
total amount of V in secondary BOF slag to storage will be 1,734 tonne/year
compared to 3,854 tonnel/year in the reference scenario.

The P content in the HM is increased, i.e., 0.044% compared to 0.040% in the
reference scenario, which allows for an increased recycling of secondary BOF
slag to the BF (from 30 to 46 kg/tHM). As a consequence, the limestone
consumption can be reduced (from 44 to 30 kg/tHM), while the total slag rate
in the BF increases slightly (from 152 to 157 kg/tHM).

The total P content in recycled secondary BOF slag is slightly increased in
scenario 2 to 0.03 kg/tHM from 0.02 kg/tHM in the reference scenario.

To improve P refining in the second BOF blowing step the slag rate is
increased (from 95 kg/tLS in scenario 1 to 104 kg/tLS) by a total addition of
dolomitic lime of 32 kg/tLS, combined with an increased consumption of burnt
lime of 45 kg/tLS. The required quartzite addition is 6 kg/tLS.

The total BOF slag rate in this scenario is increased (from 105 in the reference
scenario to 131 kg/tLS). However, the total quantity of stored BOF slag is
decreased (from 75 to 57 kg/tLS).

Scenario 3 — Recycling of V-enriched first BOF slag to the blast furnace

In scenario 3, in order to reach the 10% target of V2Os in the primary BOF
slag, the required amount of V-enriched first BOF slag is recycled to the blast
furnace in addition to recycled secondary BOF slag. This results in V content
in HM of 0.363%.

The yearly produced FeV alloy in scenario 3 contains 1,270 tonnes V. The
total amount of V in secondary BOF slag to storage will be 2,708 tonne/year

compared to 3,854 tonnel/year in the reference scenario.
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The P content in the HM is further increased in scenario 3, i.e., 0.056%
compared to 0.040% in the reference scenario, increasing the total recycling
rate of BOF slag to the BF (from 30 to 79 kg/tHM). Thereby, the limestone
consumption can be reduced (from 44 to 16 kg/tHM), while the total slag rate
in the BF increases (from 152 to 167 kg/tHM).

The total P content in recycled secondary BOF slag is increased in scenario 3
to 0.07 kg/tHM from 0.02 kg/tHM in the reference scenario.

To improve P refining in the second BOF blowing step the slag rate is
increased (from 95 kg/tLS in scenario 1 to 141 kg/tLS) by an increased total
addition of dolomitic lime to the BOF of 43 kg/tLS, combined with consumption
of burnt lime of 56 kg/tLS. The quartzite addition needed is 10 kg/tLS.

The total BOF slag rate is increased (from 105 kg/tLS in the reference
scenario to 170 Kkg/tLS); also, the total quantity of stored BOF slag is
increased (from 75 to 80 kg/tLS).

Scenario 4 - Recycling of stored BOF slag to the blast furnace

In scenario 4, in order to reach the 10% target of V.Os in the primary BOF
slag, an increased recycling of BOF slag to the BF is achieved by additional
recycling of stored coarse fraction (>5 mm) BOF slag (35 kg/tLS) together with
secondary BOF slag (64 kg/tLS). This results in V content in HM of 0.361%.
The yearly produced FeV alloy in scenario 4 contains 3,811 tonnes V. The
total amount of V in secondary BOF slag to storage will be 2,640 tonne/year
compared to 3,854 tonnel/year in the reference scenario.

The P content in the HM in scenario 4 is 0.056% compared to 0.040% in the
reference scenario, and the total recycling rate of BOF slag to the BF is 97
kg/tHM compared to 30 kg/tHM in the reference scenario. Thereby, the
limestone consumption can be reduced (from 44 to 3 kg/tHM), while the total
slag rate in the BF increases (from 152 to 179 kg/tHM). In this scenario, a
quartzite addition of 5 kg/tHM is required in the BF in order to keep the slag
basicity.

The total P content in recycled secondary BOF slag in scenario 4 is 0.07
kg/tHM compared to 0.02 kg/tHM in the reference scenario.

To improve P refining in the second BOF blowing step the slag rate is

increased (from 95 kg/tLS in scenario 1 to 142 kg/tLS) by an increased total
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addition of dolomitic lime to the BOF of 44 kg/tLS, combined with consumption
of burnt lime of 56 kg/tLS. The quartzite addition needed is 10 kg/tLS.

The total BOF slag rate is increased (from 105 kg/tLS in the reference
scenario to 171 kg/tLS). However, the total quantity of stored BOF slag is
decreased (from 75 to 44 kg/tLS).

Scenario 5 — Excluding the dolomitic lime addition in the BOF

In scenario 5, the dolomitic lime addition in the secondary BOF blowing step is
excluded, thereby improving the P refining and, hence, decreasing the
secondary BOF slag rate (from 95 kg/tLS in scenario 1 to 69 kg/tLS). The total
consumption of burnt lime in this scenario is 49 kg/tLS. The quartzite addition
needed is 3 kg/tLS.

The total BOF slag rate is decreased (from 105 in the reference scenario to 97
kg/tLS) and the total quantity of stored BOF slag is decreased (from 75 to 3
kg/tLS).

Recycling of BOF slag to the BF in this scenario is achieved by additional
recycling of 35 kg/tLS of stored BOF slag together with 31 kg/tLS of the
secondary BOF slag in order to reach the 10% target of V.Os in the primary
BOF slag. This results in V content in HM of 0.361%.

The yearly produced FeV alloy in scenario 5 contains 3,750 tonnes V. Due to
higher V level in the total system, the total V amount in secondary BOF slag to
storage will be 2,572 tonnelyear compared to 3,854 tonnelyear in the
reference scenario.

The P content in the HM in this scenario is 0.056% compared to 0.040% in the
reference scenario, and the total recycling rate of BOF slag to the BF is 65
kg/tHM compared to 30 kg/tHM in the reference scenario. Thereby, the
limestone consumption can be reduced (from 44 to 20 kg/tHM), while the total
slag rate in the BF increases (from 152 to 160 kg/tHM).

The total P content in recycled secondary BOF slag in scenario 5 is 0.07
kg/tHM compared to 0.02 kg/tHM in the reference scenario.

Scenario 6 — Recycling of secondary BOF slag fine fraction to the BOF

In scenario 6, the effects from recycling secondary BOF slag fine fraction (27

kg/tLS) to the secondary BOF are investigated (in addition to the exclusion of
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dolomitic lime addition studied in scenario 5). Recycling of secondary BOF
slag fine fraction increases the secondary BOF slag rate to 102 kg/tLS
compared to 69 kg/tLS in scenario 5 and the total consumption of burnt lime in
this scenario is 54 kg/tLS. The required quartzite addition is 4 kg/tLS.

The total BOF slag rate is increased to 131 kg/tLS compared to 97 kg/tLS in
scenario 5 and 105 kg/tLS in the reference scenario.

Recycling of BOF slag to the BF in this scenario is achieved by additional
recycling of 24 kg/tLS of stored BOF slag together with 46 kg/tLS of the
secondary BOF slag, reaching the 10% target of V20s in the primary BOF
slag. The total quantity of stored BOF slag is thereby decreased (from 75 to 6
kg/tLS). This results in V content in HM of 0.361%.

The yearly produced FeV alloy in scenario 6 contains 3,756 tonnes V. The
total amount of V in secondary BOF slag to storage will be 1,829 tonne/year
compared to 3,854 tonnelyear in the reference scenario.

The P content in the HM in this scenario is 0.061% compared to 0.040% in the
reference scenario, and the total recycling rate of BOF slag to the BF is 69
kg/tHM compared to 30 kg/tHM in the reference scenario. Thereby, the
limestone consumption can be reduced (from 44 to 17 kg/tHM), while the total
slag rate in the BF increases (from 152 to 161 kg/tHM).

The total P content in recycled secondary BOF slag in scenario 6 is 0.08

kg/tHM compared to 0.02 kg/tHM in the reference scenario.

Scenario 7 — Reduction of secondary BOF slag

In scenario 7, the reduction of secondary BOF slag fine fraction (38 kg/tLS) in
addition to the V-enriched first BOF slag reduction increases the yearly
produced FeV alloy (6,349 tonnes V). In this scenario no BOF slag and,
hence, no V will be sent to storage, compared to 3,854 tonnes V/year in the
reference scenario (provided that the V-reduced slag can be used in some
external application).

Recycling of BOF slag to the BF in this scenario is done by additional recycling
of 35 kg/tLS of stored BOF slag together with 31 kg/tLS of secondary BOF
slag in order to reach the 10% target of V20s in the primary BOF slag. This
results in V content in HM of 0.361%.
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e The P content in the HM in this scenario is 0.056% compared to 0.040% in the
reference scenario, and the total recycling rate of BOF slag to the BF is 65
kg/tHM compared to 30 kg/tHM in the reference scenario. Thereby, the
limestone consumption can be reduced (from 44 to 20 kg/tHM), while the total
slag rate in the BF increases (from 152 to 160 kg/tHM).

e The total P content in recycled secondary BOF slag in scenario 5 is 0.07
kg/tHM compared to 0.02 kg/tHM in the reference scenario.

e The dolomitic lime addition in the secondary BOF blowing step is excluded,
thereby improving the P refining and, hence, decreasing the secondary BOF
slag rate (from 95 kg/tLS in scenario 1 to 69 kg/tLS). The total consumption of
burnt lime in this scenario is 49 kg/tLS. The quartzite addition needed is 3
kg/tLS.

e The total BOF slag rate is decreased (from 105 kg/tLS in the reference
scenario to 97 kg/tLS) and the total quantity of stored BOF slag is decreased
(from 75 to -35 kg/tLS), thereby reducing the stored volumes.

From the results of the slag utilisation by vanadium recovery case study, it is evident
that, without taking any process measures, the vanadium oxide content in the
primary BOF slag will be considerably lower than the required 10%. Increased
recycling of BOF slag to the BF is necessary in order to increase the V level in the
total system and, hence, achieve the required V content in the primary BOF slag.
However, increased BOF slag recycling is only possible by increased hot metal P
tolerance. As a consequence, a higher P content in hot metal requires an improved P
refining capacity in the BOF to maintain the liquid steel quality. Eliminating the
addition of dolomitic lime in the second BOF blowing step may be necessary (if a
lower BOF tapping temperature is not an option) in order to achieve the required
phosphorous removal and thus maintain the quality of the liquid steel. However,
eliminating the dolomitic lime in the BOF will possibly have a negative effect on the

durability of the refractory lining material.

Different measures were tested in order to increase the V level in the system and,
hence, V content in the primary BOF slag. One option is to recycle a minimum
amount of the primary BOF slag to the BF. However, this will significantly decrease

the total amount of V-rich slag and vanadium to the slag reduction process.
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Maximised generation of FeV is achieved by recycling a maximum amount of the
coarse fractions of generated secondary BOF slag together with supplementary long-
term-stored BOF slag to the BF. In addition, this action will improve the total material

efficiency in the system by decreasing the stored amounts of BOF slag.

Utilising solidified fine fraction of secondary BOF slag in the second BOF blowing
step, as analysed in scenario 6, only slightly increases the FeV generation compared
to scenario 5, in which otherwise similar processing modifications were made.
However, recycling fine-fraction BOF slag decreases vanadium to slag storage,
although the total BOF slag rate and, hence, the BOF slag to storage, is somewhat

increased by the P refining requirements and increased P content in hot metal.

The optimum prerequisites considering total material efficiency by slag use and
generated amount of FeV alloy are achieved by utilising the secondary BOF slag fine
fraction in the reduction process in addition to the V-enriched primary BOF slag. This
will significantly increase the slag amount generated in the reduction process.
However, provided that the reduced, vanadium-free slag can be used externally, no
amount of generated BOF slag will be sent to storage. Instead, the total amount of
stored BOF slag will decrease by 35 kg/tLS. Further outcomes from the optimum
scenario are decreased limestone consumption in the BF (by 55% compared to the
reference scenario) as well as increased total BOF slag recycling rate (by 54%). The

amount of extracted vanadium (as in a FeV alloy) is 6,349 tonne/year.

Analysis of integrating the process concept in the steel production system shows
increased BOF slag use, exploiting its V, Fe, Mn and slag-forming content, thereby
reducing the landfilled/stored slag amounts and the use of virgin raw material. The
remaining reduced, low-vanadium or vanadium-free slag, will in addition have
improved potential as a construction material to be used for civil engineering

purposes.
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3.1.3 Analysis of a shared recycling system

The results from the common recycling system study demonstrate that it is possible
to achieve a common upgrading and recycling solution for the four steel producers
within the frames of the logistics system. It is possible to meet the demands of the
material upgrading process concerning material mix and quantity to maintain a
constant output with an acceptable composition of the product. A constant output of
residual materials from the steel producers is assumed. However, in reality, the
generated materials from the steel production may vary over time; hence, different

material mixes are required in the upgrading process.

Seven different combinations of the material groups are set up in the model i.e.,
seven alternative material mixes to provide flexibility in the optimisation of the system

and to simulate a possible material deficiency.

The process capacity of 200 ktonne material/year is fully utilised in scenarios 1, 2
and 5 using all the generated dust and sludge (i.e.,193 ktonne/year), with the addition
of extra coal and iron sources, Table 17. In these scenarios 132 ktonne material/year
is shipped. In the scenarios 3 and 4 the total material amounts utilised in the
upgrading process are 134 and 167 ktonne/year, respectively, of which 130 and

161ktonnel/year are dust and sludge and the rest is additional coal and iron sources.

Shipped amount/year is 88 ktonne in scenario 3 and 110 ktonne/year in scenario 4.
In the optimised landfill scenario, 100% of the generated materials are recovered in
the upgrading process. However, the process capacity of 200 ktonne material/year is
not fully utilised in the optimised scenario, depending on the main selection of
material mix 2 (without available supplements of coal and iron sources) by the

system optimising function.
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Table 17. Total material amounts/year and dust and sludge/year utilised in
the upgrading process and shipped material amounts/year in the
studied scenarios (ktonne).

Total material amount  Dust and sludge used in Shipped material
Scenario to upgrading the upgrading amounts to the upgrading
processlyear (ktonne) processlyear (ktonne) process/year (ktonne)
Reference - -
Scenario 1 200 193 132
Scenario 2 200 193 132
Scenario 3 134 130 88
Scenario 4 167 161 110
Scenario 5 200 193 132
Optimisation 193 193 132

There are obvious advantages with the joint recycling system due to the ability to
upgrade larger amounts of materials and utilise the capacity of the upgrading process
during the whole year. By implementing the dedicated upgrading process it is
possible to utilise all of the selected materials and thereby prevent landfill. The
material efficiency in the system is improved, as valuable resources in the materials,
like iron and carbon, are recovered in the product from the upgrading process and
recycled back into the steel production system. In scenarios where the upgrading
process capacity is not fully utilised, it may be improved by adding carbon and/or iron

sources like pellet fines in suitable proportions.

The analysed scenarios in this study show an almost full utilisation of available
shipping time. The study demonstrates that it is possible to engage a 3.5 ktonne
vessel during the ice-free season, e.g., beginning of May to late November, for the
shipping of materials from the steel production sites to the upgrading process site.
This study has exemplified the number of shipments required for the system,
utilisation of available shipping time, as well as the shipping frequency for the
different material groups, indicating a possible schedule for shipping of the material

groups.
The study demonstrates the necessity of storage and required storage sizes to fully

utilise the capacity of the upgrading process over the whole year. Additionally, the

need for storage space is efficiently decreased to a maximum of roughly about 30

58



ktonne per year and material group to be compared to present-day required landfill

space.

The results of the system optimisation analysis show a system in balance regarding
the materials generated and processed in the upgrading unit. Generated material
amounts suitable for the upgrading process, of 193 ktonne/year (dry weight) (i.e., 61
ktonne from steel plant A, 76 ktonne from steel plant B, 36 ktonne from steel plant C
and 20 ktonne from steel plant D) can be fully recovered, thereby significantly

decreasing the landfilled amounts from the four steel production sites.

3.2 MATERIAL EFFICIENCY ANALYSIS

3.2.1 Material efficiency analysis of slag use from changed raw material
composition

The analysed scenarios present possibilities to improve the material efficiency by:
. Enhanced recovery of residual materials;
. Upgrading of residual materials to products;
. Specific elements recovery;
. Decreased use of virgin raw material;
. Improved quality of residual materials;

. Decreased amounts of materials put on long-term storage or landfills.

The optimal scenario from the case study analysis of changed MgO content in lime
raw materials is scenario B.5. By decreasing the dolomitic lime use in favour of burnt
lime, potential gains in consumed raw materials as well as in recycled and stored
BOF slag can be achieved. The main improvement in material efficiency compared
with the reference scenario is the increased BOF slag recycling to the BF by 37
kg/tonne HM, (from 8 kg/tonne HM in the reference to 45 kg/tonne HM in scenario
B.5.) A total decrease in stored BOF slag amounts by 41 kg/tonne HM was shown
from the increased BOF slag recycling to BF and less use of lime raw materials in the
BOF. The calculated changes in consumed raw materials and slag are presented in
Tables 18 to 20. The calculations were based on an annual blast furnace hot metal

production of approximately 2,200 ktonne, showing in main a considerable decrease
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in the consumption of iron ore pellet and limestone by 12 kg/tonne HM and 25

kg/tonne HM, respectively). BF slag generation is increased by 7 kg/tonne HM.

Table 18. Changes in materials consumed in the blast furnace.

(kg/tHM) Reference Scenario B.5 Difference
Iron ore pellet 1,368 1,356 -12
Limestone 60 35 -25
BOF slag 8 45 +37
Mn addition 5 2 -3
Coke rate 329 328 -1

Table 19. Changes in materials consumed in the basic oxygen furnace

(kg/tLS) Reference Scenario B.5 Difference
Dolomitic lime 31 0 -31
Burnt lime 32 58 +26

Table 20. Changes in generated BF- and BOF slag, recycled and stored BOF

slag.
(kg/tHM) Reference Scenario B.5 Difference
Generated BF slag 148 155 +7
Generated BOF slag 109 105 -4
Recycled BOF slag to BF 8 45 +37
BOF slag to storage 101 60 -41

3.2.2 Material efficiency analysis of slag use by vanadium recovery

The best scenario in the analysis of slag utilisation by vanadium recovery, scenario 7,
presented in Tables 21 and 22, shows a potential decrease in the consumption of
iron ore pellet and limestone of 11 kg/tonne HM and 24 kg/tonne HM, respectively).
Recycling BOF slag to the BF in this scenario is done by additional recycling of 35
kg/tonne HM of stored BOF slag together with 31 kg/tonne LS of secondary BOF
slag. Based on an annual hot metal production of approximately 2,300 ktonne the
total recycling rate of BOF slag to the BF is increased from 30 kg/tonne HM in the
reference scenario to 65 kg/tonne HM in scenario 7. Thereby, the limestone
consumption can be reduced by from 44 to 20 kg/tonne HM, while the total slag rate
in the BF increases from 152 to 160 kg/tonne HM. The dolomitic lime addition is

considerably reduced in favour of burnt lime, thereby decreasing the overall BOF
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slag rate. The amount of stored BOF slag is decreased by a total of 110 kg/tonne LS
(from 75 to -35 kg/tonne LS), thereby, in this scenario, even reducing the stored
volumes. Results from the system analysis imply a yearly produced FeV alloy of
6,349 tonnes V. In this scenario no BOF slag and, hence, no V will be sent to
storage, compared to 3,854 tonnes V/year in the reference scenario (provided that

the V-reduced slag can be used in some external application).

Table 21. BF hot metal (HM) production: Consumed raw materials.
BOF liquid steel (LS) production: Consumed raw materials.

BF (kg/tHM) Reference Scenario 7 Diff.
Limestone 44 20 -24
BOF slag 30 65 +35
Iron ore pellet 1,361 1,350 -11
BOF (kg/tLS) Reference Scenario 7 Diff.
Burnt lime 33 49 +16
Dolomitic lime 32 2 -30
Steel scrap 157 86 -71
Quartzite 0 3 +3
Iron ore pellet 8 23 +15

Table 22. Generated BF slag and BOF slag generated, consumed, stored
and the related V contents.

Reference Scenario 7 Diff.
BF slag generated, (kg/tHM) 152 160 +8
BOF slag to BF, (kg/tHM) 30 65 +35
BOF slag generated, (kg/tLS) 105 97 -8
Stored BOF slag, (kg/tLS) 75 -35 -110
(tonnelyear) Reference Scenario 7 Diff.
V to BF 5,920 8,854 +2,934
Vin produced FeV 0 6,349 +6,349
V in generated BOF slag to storage 3,854 0 -3,854
V in recycled BOF slag from storage 0 4,203 +4,203
V in BOF slag storage 3,854 -4,203 -8,057
V reduced/V-free slag from slag reduction 0 103,903 +103,903
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3.2.3 Material efficiency analysis of a shared recycling system

The case study analysis of the shared material upgrading system was based on the
extended use of approximately 200 ktonne annually generated and in most cases
long-term stored or deposited materials. Calculation of the materials’ valuable
contents is presented in Table 23, showing the potential material benefits. Roughly
50% of the material amount is Fe, 15% is C and 10% is CaO.

Table 23. Valuable contents in residual materials for the common material
upgrading system (tonne/year).

Content tonnelyear
Fe tot. 97,939

Zn 1,726

C 25,158
SiO; 4,798

CaO 15,269

Mn 1,377

4 DISCUSSION

The steel industry is one of the industries with the highest recycling rate of materials.
Metals are part of the technological cycle and steel can be circulated with retained or
even improved quality and technical properties. In general, residual materials are
generated in all processes within iron and steelmaking, including raw material
preparation and handling to the finishing lines of the final product. The generation of
residues follows the amount of produced product in the industrial process, i.e., it is
dependent on business cycles. The residual materials typically contain valuable
elements and resources and their utilisation is continuously increased. The iron and
steelmaking industry aim at making use of the majority of the materials currently
placed in landfill or storage. From the case study results, potential means and gains
from three different approaches for enhanced material efficiency are presented. None
of the approaches has been implemented; however, they are still of relevance for the

Nordic steel industry.
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The best scenario from the case study analysis of changed MgO content in lime raw
materials shows potential for enhanced material efficiency by improved recycling of
basic oxygen furnace (BOF) slag to the blast furnace (BF) by 37 kg/tonne HM (from 8
kg/tonne HM in the reference to 45 kg/tonne HM in scenario B.5.) and a total
decrease in stored BOF slag amounts by 41 kg/tonne HM. The calculated increase in
BOF slag recycling enables a calculated decrease in the consumption of iron ore
pellet and limestone with 12 kg/tonne HM and 25 kg/tonne HM, respectively) when
compared with the reference scenario. BF slag generation is increased by 7 kg/tonne
HM. The presented improvements in material efficiency are, however, dependent on

the possibility of obtaining BOF slag of acceptable size for charging to the BF.

MgO has positive operational effects on both blast furnace and basic oxygen furnace
operation. In the blast furnace, MgO in pellet improves reduction/melting
performance, thereby also having a positive effect on the fuel rate. In the BOF, MgO
in slag reduces lining wear at high temperatures. However, MgO affects the BOF
process negatively by reducing the BOF slag P-refining capacity. Also, MgO has a
negative effect on the utilisation of process slags e.g., for BF slag use in cement,
where MgO content is restricted and, for BOF slag, MgO limits the BOF slag

recycling rate to BF due to its contribution to increased slag disintegration.

The MgO issues are unchanged since the case study in 2012, especially concerning
MgO in BOF slag and the slag recyclability to BF. Limited lining manufacturers and a
high lining price for the specific BOF lining requirements are incentives for increasing
MgO in BOF slag to extend lining life. This increase will, however, result in decreased

P-refining capacity in BOF and decreased BOF slag utilisation.

A shortage of good quality (i.e., in relation to this study, low MgO contents) limestone
could be the result of the recent (September 2018) court decision to limit mining of
limestone on Gotland, Sweden. The court decision would affect both Nordkalk and
SMA Mineral as lime suppliers and, as a result, this could have an impact on all
SSAB steel plants.
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The best scenario in the analysis of slag utilisation by vanadium recovery shows that
in order to achieve a vanadium oxide content of 10% in the primary BOF slag, the
calculated recycling rate of BOF slag to the BF was increased by 35 kg/tonne HM (to
65 kg/tonne HM compared to 30 kg/tonne HM in the reference scenario). The BF
slag rate was thereby increased from 152 to 160 kg/tonne HM. Decreased
consumption of iron ore pellet and limestone by 11 kg/tonne HM and 24 kg/tonne
HM, respectively, was calculated. Additionally, the stored BOF slag was decreased
by some 110 kg/tonne LS (from 75 to -35 kg/tonne LS), thereby even reducing stored

volumes.

The calculated potentials of the case study are provided that stored BOF slag is
acceptable for BF charge (size-dependent) and that V-reduced slag is to be used in
some application. By the scenario a yearly production of FeV alloy from 6,349 tonnes
V was calculated as possible. In the reference scenario 3,854 tonnes V per year was
stored. Less recirculated BOF slag in the steel production system would in turn
benefit BOF operations in relation to improved viscosity of BOF slag. This on-site
vanadium recovery concept may, however, be limited by issues like extended

management possibly delaying the constricted time schedule at the steel plant.

The study of vanadium extraction is still very relevant, as there has been no change
since 2013. No vanadium extraction process has been implemented. One reason has
been a pending V-extraction facility which was planned for Raahe. The global
demand for vanadium is growing due to increasing high-strength steel consumption
and, not least, due to the need for new energy storage solutions in which vanadium is
to be used for vanadium redox flow batteries. The crucial obstacle with current
alternative energy production (wind and solar) is the lack of storage capability which
is required for off-peak usage. Vanadium is regarded as a future metal in batteries
due to its low self-discharge, long lifespan and ability to provide grid-level electricity

storage.

The study of a common Nordic concept for residual materials upgrading and use
included technical evaluation of RHF (Rotary Heart Furnace) technology, system
analysis and an economic evaluation of the business concept. The study

demonstrated the potential for upgrading the materials to a direct reduced (DRI) iron
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product for blast furnace recovery, thus reducing raw material consumption (coke,
pellets and limestone). The concept showed high potential for significantly reducing
the amount of material being long-term stored or deposited to landfill and thus a

major step towards achieving the aims of a zero-waste philosophy.

The case study analysis of the shared material upgrading system was based on the
extended use of approximately 200 ktonne (i.e., 50% of total ca. 400 ktonne)
annually generated and in most cases long-term stored or deposited materials. The
key to the concept was the investment cost and profitability of the produced DRI,
which was primarily balanced against market prices for raw materials, but also costs

for transportation and landfill.

The installation of RHF technology in a Nordic climate requires buildings for the
equipment, which further increases the calculated investment costs. The calculated
income and estimated investment pay-back time for the concept is strongly
dependent on the fluctuating market prices, whereby the 2008 recession affected the
possibilities for the business concept. Other issues with the shared concept were the

questions of ownership, investment and profit sharing.

Today, the Nordic ore-based steel production is limited to one company, SSAB,
which operates in both Sweden and Finland. Therefore, common recycling solutions
should be of interest. Developed system analysis models could be used to
investigate and describe relevant scenarios in regard to:
e V-extraction from BOF slag by new potential concepts;
e Optimising the utilisation of SSAB in-plant residual materials between the
three SSAB plants in BF (and perhaps in BOF) cold-bonded briquettes;
o Study the effects on recycling of residual materials (sludge, dust and slag) by
converting from ore- to scrap-based steelmaking at SSAB in Oxelésund, and

eventually from BF-/BOF-based process to hydrogen-based steelmaking.

Material efficiency by improved use of residual materials can reduce CO, emissions
when they substitute resources in other industries and contribute to the conservation
of natural resources, energy as well as costs savings. In the future, options such as

landfill disposal are expected to be economically unfeasible. Decreasing the amount
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of landfilled materials will prolong the remaining time for landfills and reduce the need
to construct new ones. Cooperation and synergies, e.g., industrial symbiosis, with
other industrial sectors are essential not only for utilising existing residual materials

but also for new ones which may be generated in future processes.

New technologies and future economic models provide new incentives and potentials
which are driven by demands from environmental perspectives. Currently, incentives
are driven foremost by fossil CO2 emissions decrease targets. Other enforcements
are from circular economy packages as well as UN 2030 Agenda for Sustainable
Development, which will be of great importance for the future economics and
competitiveness of the steel industry. Changes in relation to this may be
redistribution of values through changed economic models, markets and taxes, etc.
Circularity as a contrast to linear flows will enhance the need for analysis possibilities
e.g., material- and element flow analysis and lifecycle perspectives are required to
evaluate effects and establish the most environmentally sound and resource-efficient

performance.

In order to enforce and enable conversion to circular flows by recycling and use of
residual materials, it is important that supporting instruments for this action are
available. Regulations with clarity and consensus are required both in the work
internally within Sweden and in collaboration with other countries. Creating a
regulatory framework covering all materials, whether they are raw materials, products
or waste, to be used in accordance with law, would enable the conditions for new

material flows and business.

The use of Pl in integrated steel production systems by system analysis and
optimisation modelling is useful as a complement to traditional analysis and practical
tests for evaluating material efficiency. The potential is considerable and there are
numerous opportunities to evaluate and optimise different variations, procedures and
processes. However, it is important to keep in mind that the results of analyses and
optimisations are generated based on the inputs given to the model whereby the
results only are valid under the specific conditions set for the study. Developed
models and results from studies should be validated against real process data with

support from process- and technically knowledgeable personnel. There are

66



differences in the modelling possibilities and results from using different methods and
tools. Further analysis requirements may be met by combining tools for establishing
methods for improved information gain and more effective evaluations in relation to

targets of e.g., sustainability.

Finally, the analyses made within this thesis work show that the amount of material
landfilled can be significantly reduced depending on processing options. However,
the studied possibilities and process concepts could be further evaluated and
compared against other options, as well as other important perspectives, such as
technical issues and expanded visions that have further impact on sustainability,

costs and energy use, etc.

5 CONCLUSIONS

From the work performed in this thesis the following conclusions can be drawn:

° Material efficiency in the steel industry is continuously increased and further
improvements are also expected due to incentives like the UN sustainability
goals and the circular economy targets.

° Incentives for improved resource efficiency are driven by targets on national
as well as worldwide levels, mostly focusing on decreasing the fossil-based
CO. emissions. The utilisation of residual materials can contribute to reduced
CO> emissions, energy as well as costs but also conservation of natural
resources when residual materials substitute resources in other industries.

° There are different means and possibilities for achieving improved material
efficiency and making use of the residual materials’ valuable contents.
However, the utilisation of material and resultant decreased landfilled amounts
must be economically viable and efficient in regard to its potential use.

° Aspects from case studies of this work are still in question for the steel
industry, though certain conditions have changed over time. For example,
SSAB is today the sole Nordic company for ore-based steel production.

° Valuable elements and resources in residual materials could be profitable and

create new business opportunities.
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Developed material handling and pre-treatment by upgrading and or
separation techniques, etc. may be even more important to produce
secondary raw materials or intermediate materials for further use.

Process integration can be a complementary and effective method for making
evaluations with a holistic perspective, of effects in process routes and
assessing different options and possibilities, in relation to resource/material
efficiency.

Circularity, in contrast to linear flows, will prompt the need for analysing further
possibilities. For example, material- and element flow analysis and lifecycle
perspectives are required to evaluate effects and establish the most

environmentally sound and resource-efficient performance.

FUTURE WORK

As the in-plant recycling of residual materials generated in steelmaking successively

is increased it may be more difficult to find site-internal recycling options. This is

mainly due to process-related restrictions on levels of impurities (e.g., phosphorus

and sulphur) in the refined crude steel. However, the secondary raw materials

markets are expected to be improved and expanded.

Possible system analysis and optimisation studies in relation to this thesis could be

the studies of further potential of different Nordic common recycling and material use

solutions. Developed system analysis models could be used to investigate and

describe relevant scenarios on:

V-extraction from BOF slag and/or the extraction of other valuable elements in
residual materials;

Optimising the utilisation of SSAB in-plant residual materials between the
three SSAB plants in BF (and perhaps in BOF) cold-bonded briquettes and /or
the possibilities for enhanced residual materials use in other industries and
markets;

Study of the effects on recycling of residual materials (sludge, dust and slag)

by converting from ore- to scrap-based steelmaking at SSAB in Oxelésund,
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and eventually conversion from a BF-/BOF-based process to hydrogen-based

steelmaking.

New research projects based on compiled knowledge of old and novel research
about techniques and methods in the work for further improved resource efficiency

and sustainability would be beneficial for evolving best practise and techniques.

Examples of continued work generally through system-perspective-based research
are: the continued work with reduction of fossil CO2 emissions, new processes and
systems, alternatives to fossil energy carriers, gas use (CCUS, CCS) and increased
resource efficiency (energy- and material efficiency). Further, the process-integration
research work would fall within the future scope of digitalisation (Industry 4.0) by
linking process Integration modelling to digitalisation and systems control (IoT, M2M,
Big data, model-based systems). Concerning material efficiency, the research work in
general will have increased focus on circular economy concepts, industrial

symbioses and sustainability targets.

Development of system analysis methods and tools for analysis in combination with
lifecycle perspectives will be useful for evaluation and comparison of sustainability
aspects of circular flows and industrial symbiosis, etc. by including analyses from
aspects of product design, use, reuse and recycling to the end of life. Effective policy
instruments, new and developed economic models and business systems will be

crucial to the creation of enhanced conditions for furthering circularity concepts.
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