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Abstract: Integrating novel technology in production systems for the upgrading and further use
of residual materials is a potential way of improving the resource efficiency. Assessing technology
integration prospects, by performing system analysis, assists in the forecasting of effects and
opportunities for different concepts. Based on pilot trials results, using Linde’s OXYFINES technique
for upgrading zinc containing blast furnace sludge, a system analysis was performed on the prospects
of integrating an OXYFINES concept in an iron and steel production route. The calculations were
made based on one option for a full-scale OXYFINES concept for indicating the effects on the blast
furnace zinc load, raw material consumption, energy use and carbon dioxide emissions from using
the OXYFINES sinter product as a raw material in blast furnace ironmaking or in the basic oxygen
furnace steelmaking. The summarised system analysis results showed that the most advantageous
metallurgical, environmental, and economic potential was realised in the calculations of using the
sinter in the basic oxygen furnace. However, the sinter was found as well suitable for use in the blast
furnace when considering mainly the metallurgical and the economic effects.
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1. Introduction

Decreased residual materials generation and extending the recycling and utilisation has
gradually become more important. The UN’s Sustainable Development Goals and the European
Commission’s Circular Economy Package are promotors of the further strive for increased resource
efficiency [1,2]. Avoiding landfill and making use of valuable contents of residual materials,
thereby reducing the use of virgin raw materials entails positive effects on economy, space,
and environment.

In ore-based steel production at the SSAB steel plant in Luleå, Sweden, blast furnace (BF) sludge
is one residual currently put on landfill or long-term storage. Although, BF sludge contains substantial
amounts of iron and carbon, all freshly generated sludge is deposited in settling ponds at the steel
production site. The main reason for this is the zinc content in the sludge which due to process related
restrictions makes it unsuitable for a direct recovery to the existing in-plant processes.

Zinc is an easily evaporated element, and therefore primarily follows with the process exhaust
gases and is enriched in the dust/sludge formed in the gas purification system. Recovered dust and
sludge is charged to the BF via a cold bonded briquette and by direct injection of recirculated BF dust
to the BF As a result of the increased recycling of fine particulate residues, such as dusts from the
in-plant off-gas purification systems, via the BF briquettes, the Zn content in generated BF sludge has
increased [3]. A limit has been set for the BF permissible Zn-load, today 150 g/tHM.
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Separate treatment of residuals is for some cases considered to be more favourable, based on
the prospects of more smooth-running primary processes and potential profits from higher-quality
products which contributes to cover the costs of the residues processing [4,5]. A further advantage of a
separate treatment is to consider the possibility to select a process option that produces material which
in turn are suitable to be fed to the optimal unit in the primary production route. Increased quality of
the residual materials is considered vital for improving the recovery rates whereby new technological
solutions are proposed for achieving higher by-product qualities and hence increasing their utilisation
in an environmental and economic sustainable way [6].

Linde has developed the OXYFINES technique which is suitable for upgrading fine particulate
materials containing zinc, i.e., dust and sludge, and thereby generating usable products [7,8]. In the
OXYFINES process the components such as zinc, sulphur and alkalis are vaporised at various degrees
to a generated dust phase, whereas other non-gasifiable contents in the BF sludge, such as iron, forms an
oxidic sinter phase in the bottom of the reactor.

In this research work, a system analysis was made based on promising results from performed
pilot trials using OXYFINES technique for the recovery of BF sludge [9]. The results of the pilot trials
showed a very stable, easily operated, and adjustable OXYFINES process with a zinc reduction rate of
up to 97%. The generated zinc dust was intended as a raw material in zinc production and the sinter
product was intended for use as raw material in steel production, i.e., BF or basic oxygen furnace (BOF).

The sinter produced in the pilot trials was tested in the BOF steel production at SSAB in Luleå
by charging the sinter to the BOF via the scrap chute as part of the cooling scrap. BOF steel and slag
samples were analysed against reference and showed no quality effects. Thus, the OXYFINES sinter is
considered possible for use as a raw material in the steel production (i.e., BF and BOF).

A process integration model was used in this work to assess possibilities of implementing a
full-scale OXYFINES concept to recover and upgrade BF sludge at the steel production site from a
holistic point of view.

Generally, process integration is a term used for the application of system-oriented and integrated
approaches to improve and optimise design and sustainability of industrial process plants. It is an
effective tool used for systematic analyses and evaluations of potential process options and to provide
strategies for efficient and economic resource saving solutions [10,11].

Common methods used in process integration are mathematical programming [12–15],
pinch analysis, [16–18], material flow analysis [19–21] and lifecycle assessment [22–25]. The use
of process integration methods for analysis and optimisation of material efficiency and recycling in
steelmaking systems has expanded over the years promoting the use of a holistic view considering
the synergy effects on the total system opposed to studying isolated solutions or single process
view [26–33].

Methods like material flow analysis and lifecycle assessment is evolving with the increasing
demand for realising circular flows and sustainability targets, since these requires knowledge and
evaluations of total lifecycle impacts and overviews of the summarised effects in value chains.

Recent studies in the literature presents the application of combined process modelling, simulation,
and optimisation tools for analysing the prospects of different process integration solutions for
steelworks the integrated steelmaking cycle [34,35]. In one previous work, case studies with different
scopes for the ore-based iron and steel production routes were presented [36]. The objective of the
work was to exemplify how the use of process integration, through system analysis and optimisation,
can assist in assessing the effects and opportunities in view of residues handling and increased material
efficiency such as:

• Enhanced recovery of residual materials.
• Upgrading of residual materials to products.
• Specific elements recovery.
• Decreased use of virgin raw material.
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• Improved quality of residual materials.
• Decreased amounts of materials placed in long-term storage or landfills.

The prospects of a successful implementation of the OXYFINES concept are positive effects on
sustainability, mainly by improved material efficiency and by waste prevention. The recovery of BF
sludge decreases landfill and using the generated OXYFINES products contributes to the value chain
by reduced need for virgin raw materials additionally affecting the system energy use and carbon
dioxide (CO2) emissions.

The system analysis calculations were made based on one option for a full-scale OXYFINES
concept for indicating the effects on BF zinc load, raw material, energy and CO2 from using the
OXYFINES sinter product as a raw material in BF ironmaking or alternatively in the BOF steelmaking.
Furthermore, calculations were made for indicating a value of the OXYFINES sinter product when
used in BF or in BOF, as well as for presenting a perspective on the sustainability aspects from possible
effects on the system resource efficiency.

2. Materials and Methods

The process route in the SSAB Luleå system model is the ironmaking, consisting of BF and
desulphurisation (deS), and the steelmaking including BOF and ladle metallurgy. Other associated parts
essential in the specific analysis is the BF briquettes. The freshly generated BF sludge (i.e., with higher
zinc content) is put in sludge pond deposit, and lesser parts of the old sludge in the ponds (i.e., with lower
zinc content) is used in the BF briquette, Figure 1.
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The system analysis in this research work was made to indicate effects, both positive and negative,
from using the OXYFINES sinter product as a raw material either in the BF iron making or in the
steelmaking converter (BOF). The analysis included the effects on BF zinc load, on raw material
consumption, energy, and CO2 in the BF and the BOF process units and in the system.

The system analysis and assessment of the process chain of using the OXYFINES sinter product,
were carried out using a developed Excel spreadsheet model, “TOTMOD”. The model is based on
the spreadsheet model “Masmod”, developed at SSAB, Luleå in Sweden during the 1980s, and for
which the principles, design, and layout is previously presented in the literature [37]. The model is a
1-dimensional static model based on iterative heat and mass balances, including element distribution to,
dust, sludge, slag, and metal. The model is used for process simulation and studies of various operating
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conditions as well as of the influence of specific process parameters. The model simulates the holistic
effect on the process system considering raw materials use and quality of the final steel product, as well
as the quality of generated residual materials (i.e., slag, dust, and sludge).

A reference scenario is used to set the specific calibration constraints required in the
model. The model is calibrated for specific process conditions and a specific production period
i.e., reference period via collected data from the production system in regard. The case study scenarios
were evaluated against the reference scenario, based on average production data and operational
reports from SSAB Luleå works. Collected reference data of the BF includes:

• Iron ore pellet mix 100%.
• Pulverised coal injection (PCI) 135.5 kg/tHM and BF dust injection 6.5 kg/tHM.
• Scrap charged 33.9 kg/tHM and BF briquette amount 99.7 kg/tHM.
• 0.41% Silicon (Si) in hot metal (HM) (constant).
• 0.21% Manganese (Mn) (adjusted with Mn slag) in HM.
• 0.035% Phosphorus (P) (adjusted with BOF slag) in HM.
• BF slag rate 167 kg/tHM, slag basicity Bell’s ratio 1.3 (B2: CaO/SiO2 approx. 1.02).
• BF dust generation ca 20.9 kg/tHM and BF sludge generation (dry weight) ca 5.5 kg/tHM.

Collected reference data of the BOF includes:

• Addition of OXYFINES sinter product primarily made by reducing the charged amount of iron
ore pellet.

• Steel scrap 17.5% of liquid steel (LS) weight.
• Iron ore pellet 0.7% of LS weight.
• BOF slag rate 89.5 kg/tLS.
• Basicity: B2 (CaO/SiO2) in BOF slag, 3.84.
• Total BOF sludge (coarse and fine) generation (dry weight) ca 30.2 kg/tLS.

The system analysis calculations are on an annual HM production of 1993 ktonne and LS production
of 2100 ktonne, and OXYFINES processing of 24 ktonne BF sludge (wet weight, 50% moisture content)
resulting in 1.3 tonne sinter per hour and 0.231 tonne dust per hour.

The OXYFINES sinter production of 9360 tonne is in the system analysis evenly distributed during
the annual production time either to the BF with 4.697 kg/tonne HM i.e., Scenario BF or to the BOF
with 4.457 kg/tonne LS i.e., Scenario BOF, Table 1.

Table 1. System calculation basis with the integration of a full-scale OXYFINES unit.

Production

BF hot metal (HM) production (ktonne/a) 1993
BOF liquid steel (LS) production (ktonne/a) 2100
BF sludge, wet wt. (50% moisture) (ktonne/a) 24

OXYFINES Full Scale Unit

Annual operation time (h) 8000
90% available operation time (h) 7200
Sludge processing, (50% moisture) (tonne/h) 3.400
Carbon content in BF sludge (%) 24
Sinter product (tonne/h) 1.300
Sinter product (tonne/a) 9360
Dust product (tonne/h) 0.231

OXYFINES sinter to BF (kg/tHM)—Scenario BF 4.697
OXYFINES sinter to BOF (kg/tLS)—Scenario BOF 4.457
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The approach to the case study calculations carried out were as follows:

• The scenarios for the analysis were made according to one OXYFINES concept for full scale plant,
based on recovering and upgrading 12 ktonne of sludge/year (dry weight) corresponding to a
sinter amount to BF of 4.697 kg/tonne HM in Scenario BF, and to BOF of 4.457 kg/tonne LS in
Scenario BOF.

• Analysis were made of effects on the BF zinc load, on raw materials use and the total material
efficiency. Further the calculations were made for indicating energy, CO2, and cost effects.
The calculations of the OXYFINES sinter product value were based on average raw material prices.
In the analysis, the cost for the OXYFINES sinter has been given the value 0 in order to calculate
the sinter value at the point of addition (in Swedish currency, SEK per tonne) as a difference in
cost when compared to the reference.

• The chemical composition of the OXYFINES sinter used in the modelling were an average analysis
of two batches from previously performed pilot trials, Table 2.

Table 2. Chemical analysis of the OXYFINES sinter used in the system modelling and analysis.

Content (%)

CaO 15.39
MgO 2.19
SiO2 8.31

Al2O3 5.69
TiO2 0.45
V2O5 0.35
Na2O 0.12
K2O 0.10

S 0.02
P 0.11

Mn 0.35
Fe 55.13
C 0.09

Zn 0.04

3. Results

The system analysis results indicate the effects on BF zinc load, raw materials consumption, energy
use, and CO2 emission from using the OXYFINES sinter product as a raw material in BF ironmaking or
alternatively in the BOF steelmaking processes.

3.1. Scenario BF Results—Effects on BF Zinc Load

The calculations on using the sinter in the BF (Scenario BF) resulted in a slight increase in the BF
zinc load, from 128 g/tHM in reference, to ca 130 g/tHM in the analysed scenario. The slight increase
in the BF zinc load in turn caused a minor increase in the zinc content of generated BF dust and
sludge, Table 3.

Table 3. Blast furnace (BF) zinc load, zinc content in sinter, briquette, dust, and sludge.

Scenario Reference Scenario BF

BF zinc load (g/tHM) 128 130

Zinc content (%)

OXYFINES sinter - 0.038
BF briquette 0.086 0.087
BF dust generated 0.250 0.256
BF sludge generated 1.175 1.201
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3.2. Scenario BF Results—Effects on Charged Raw Material Amounts, HM Quality and BF Slag Rate

The calculated results on charged BF raw materials from using the OXYFINES sinter product in
the BF, compared to the reference, Figure 2, were mainly:

• A reduced consumption of iron ore pellet of ca 3.3 kg/tHM or some 6.6 ktonne/a due to the sinter
Fe content.

• A minor increase in Mn slag use, ca 0.1 kg/tHM, due to less input from charged BOF slag.
• A decreased BOF slag use in the BF with some 1.6 kg/tHM or about 3.2 ktonne/a to prevent the

phosphorous content in the HM exceeding its maximum level of 0.035%.
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Other element contents such as sulphur in HM were unaffected by the sinter additions, only a
minor decrease in vanadium content were calculated because of less BOF slag to the BF. As there was
no effect on sulphur content in the HM, consequently HM desulphurisation was unaffected from the
use of OXYFINES sinter in the BF.

A BF slag rate increase of some 0.4 kg/tHM or 0.8 ktonne/a was calculated by the analysis. However,
the BF slag chemical composition was essentially unaffected by the sinter additions.

3.3. Scenario BF Results—Effects on CO2 Emission and Energy

The scenario of using the sinter in the BF resulted in a minor CO2 emission increase of some
0.2 kg/tHM or 0.4 ktonne CO2/a compared to the reference. Concerning the energy use, the total energy
required in the process system increased ca 0.2 GWh/a. These results are an effect of total raw materials
charge and by the relative input of coal contents.

3.4. Scenario BOF Results—Effects on Charged Raw Material Amounts, LS Quality and BOF Slag Rate

The calculated results on charged BOF raw materials from using the OXYFINES sinter product in
the BOF, compared to the reference, Figure 3, were mainly:

• A reduced consumption of iron ore pellet of ca 1.2 kg/tHM or some 2.5 ktonne/a due to the sinter
Fe content.

• A reduced HM input to the BOF of some 1.2 kg/tLS or some 2.5 ktonne/a due to the sinter
Fe content.

• A somewhat increased use of basic slag formers by ca 0.5 kg burnt lime/tLS and ca 0.4 kg dolomitic
lime/tLS (roughly 1 ktonne/a of each) due to the OXYFINES sinter basicity (i.e., basicity B2 ca 1.9)
and the sinter CaO content.
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The results showed virtually no effect on LS quality from using the OXYFINES sinter. However,
a BOF slag rate increase of some 3 kg/tLS or ca 6.3 ktonne/a was calculated. The use of the OXYFINES
sinter had though insignificant effects on the chemical analysis of the BOF slag.

3.5. Scenario BOF Results—Effects on CO2 Emission and Energy

Resulting effects on CO2 and energy from charging the OXYFINES sinter product in the BOF was
a decreased total system CO2 emission by some 3.2 ktonne CO2/a and a decreased total system energy
use of ca 3.6 GWh/a. This result was the effect mainly by the decreased HM demand in the BOF.

3.6. Cost Effects Calculations

From the resulting effects, mainly on raw material use, the potential value in use of the sinter
product in the separate BF and BOF processes, and on the total production system, were calculated.
Decreased HM, iron ore pellet and oxygen use were the main influencing factors on the costs in the
BOF scenario. Some added values are from considering the process route (i.e., BF, deS and BOF) with
the summarised effect mainly from the decreased HM demand in BOF.

Based on raw material prices and the calculated process effects mainly from the raw materials
quantities used, resulted in the following approximate values for using the OXYFINES sinter:

• 669 SEK/tonne regarding the separate BF unit and 712 SEK/tonne considering the process route
(BF, deS and BOF) in the BF scenario.

• 668 SEK/tonne regarding the separate BOF unit and 676 SEK/tonne considering the process route
(BF, deS and BOF) in the BOF scenario.

For the comparison with the today’s BF sludge deposit in settling ponds, based on a sludge
pond deposit capacity of 50 to 70 ktonne sludge, the investment cost in a new pond is approximately
25 to 50 MSEK. If calculated for a BF sludge generation of ca 12 ktonne per year, this equals 60 ktonnes
over five years production. The related sludge handling cost is estimated to some 6 MSEK per year.
This results in a total cost between 916 and 1333 SEK/tonne BF sludge.

The investment costs for the separate OXYFINES process unit, based on a capacity for the recovery
of 4 tonne BF sludge per hour, are roughly estimated to some 40 to 60 MSEK. The costs are, depending
on the desired moisture content of the BF sludge feed for treatment, and the equipment required thereof.
However, these costs are not including any surrounding buildings, pipelines for BF sludge and media
or construction costs etc. Three scenarios of different moisture contents of the BF sludge feed were
considered regarding a full-scale OXYFINES process for the annual upgrading of 12 ktonne BF sludge
(dry weight), Table 4. All three scenarios require sedimentation down to about 50 wt. % moisture
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content. However, for dewatering to 35 wt. % moisture in the sludge in scenario 2, a press filter is
required. For further dewatering of the sludge, down to a moisture content of 10 wt. % in scenario 3,
a drying furnace is additionally required.

Table 4. Scenarios of BF sludge dewatering options, moisture contents (wt. %) and related OXYFINES
consumption of LPG and O2 (Nm3/t).

Scenario Dewatering Options Moisture (wt. %) LPG (Nm3/t) O2 (Nm3/t)

Scenario 1 Sedimentation 50 28 222
Scenario 2 Sedimentation + press filter 35 10 145
Scenario 3 Sedimentation + press filter + drying furnace 10 17 108

The related calculations of LPG and O2 consumption in the OXYFINES process, based on the BF
sludge moisture content, is presented in Table 4. The cost of LPG and O2 are some 4 and 1.3 SEK/Nm3

respectively and hence the consumption costs of LPG and O2 per tonne BF sludge are ca 400 SEK in
scenario 1, ca 228 SEK in scenario 2 and 208 SEK in scenario 3.

Scenario 1 results in the lowest costs per tonne upgraded BF sludge i.e., from lesser handling and
investments. However, feeding a drier sludge enables lower LPG and O2 consumption and possibilities
for using excess energy e.g., for recirculating dust for zinc accumulation, and or the recovery of other
iron-rich and zinc-containing, but low-coal materials.

3.7. Summarised Material Efficiency

The main effects on material efficiency identified from the system analysis results are summarised
in Table 5. The potential for improvement in the material efficiency of the system is from the utilisation
of the OXYFINES sinter, produced from the annually generated BF sludge amounts, and thus reducing
the iron-ore consumption in the BF or in the BOF. In the BOF, further the HM demand was decreased as
a result of the sinter use. Negative aspects in terms of the material efficiency are mainly from decreased
use of BOF slag in the BF and from an increased use of basic slag formers in the BOF and hence,
an increased BOF slag rate. From these results, the total material efficiency perspective is dependent
on the opportunities for slag utilisation.

Table 5. Summarised results of potential material efficiency from the system analysis.

BF Material Efficiency Result kg/tHM ktonne/a

Positive
BF sludge upgrading and recovery in BF via OXYFINES sinter 4.7 9.4
Decreased iron-ore pellet consumption 3.3 6.6

Negative Decreased BOF slag use in BF 1.6 3.2
Increased BF slag rate 0.4 0.8

BOF kg/tLS ktonne/a

Positive
BF sludge upgrading and recovery in BOF via OXYFINES sinter 4.5 9.4
Decreased iron-ore pellet consumption 1.2 2.5
Decreased HM demand in BOF 1.2 2.5

Negative Increased basic slag former use in BOF 1 2
Increased BOF slag rate 3 6.3

3.8. Sustainability Impact Potentials

From the system analysis results in general, the impact potential on sustainability from
implementing the OXYFINES process is mainly of improved material efficiency and by the
environmental perspectives of reduced need for new sludge settling ponds at the production site.
The viable decrease in BF sludge to landfill or long-term storage, and thereof no need of new sludge
ponds, is an essential aspect for sustainability improvement. The resulting improvements in the system
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are from upgrading and recovery of the BF sludge, by using the sinter product and thereby reducing
the need of virgin raw materials, i.e., in this case mainly iron-ore pellets. However, in view of the
decreased need of HM in the BOF, also limestone, coal and coke would be reduced.

From the system analysis calculations, the use of 1 tonne of sinter would decrease the iron ore
pellet use with some 0.7 tonne in the BF and some 0.3 tonne in the BOF. In the BOF also a decreased
use of HM of some 0.3 tonne is estimated.

Nevertheless, the separate OXYFINES unit process results in increased energy use and CO2

emissions through the utilisation of the BF sludge’s coal content and the use of propane or coke oven
gas for energy.

The risks of increased energy use and emissions by implementing the OXYFINES process are
however outweighed by the overall positive effects in a life cycle perspective of the steel production
and related raw materials value chain. Based on calculated heat and mass balance for BF sludge with
50 wt. % moisture content, the resulting CO2 emissions from OXYFINES processing (i.e., from propane,
and coal in BF sludge) is ca 1.5 tonnes of CO2 per tonne of product, Table 6.

Table 6. Potential CO2 effect in a holistic view from OXYFINES sinter use in the steel production.

Estimated CO2 Emissions Effects CO2

OXYFINES unit sinter production (tonne CO2/tonne sinter product) +1.5

HM production including production of iron ore pellets (tonne CO2/tonne HM) 1.7 to 2.0

Total from produced HM and production of other raw materials used in HM and LS
production (tonne CO2/tonne total) 2.5 to 2.8

Reduction in production of raw material from sinter replacing iron raw materials
(tonne CO2/tonne sinter product) −1.0

Reduction by using the sinter product in the BOF (tonne CO2/tonne sinter product) −0.3

Total CO2 reduction (tonne/tonne sinter product in BOF) −1.3

Hypothetically, if considering a CO2 emission of 1.7 to 2 tonnes per tonne of HM produced,
including CO2 from production of iron ore pellets [38], and from this, assuming a total CO2 emission
of some 2.5 to 2.8 tonnes of CO2 per tonne of raw material, i.e., from the production of HM together
with the CO2 for the production of other raw materials used for HM and LS production. Replacing one
tonne of this total CO2 of HM and raw material production, with one tonne of OXYFINES sinter,
thereby would result in a reduction in CO2 of some 1.0 tonnes. By using the sinter product in the BOF,
further a CO2 emission reduction of ca 0.3 tonnes per used tonne of sinter is calculated whereof a total
reduction in CO2 would be about 1.3 tonne.

From this perspective, if charging the OXYFINES sinter, generated from a total of 24,000 tonnes
BF sludge per year (i.e., 50% moisture) to the BOF, this correspond to a potential annual reduced CO2

emission in the value chain by about 12,200 tonnes.

4. Discussion

In this research work, a system analysis case study was made based on promising results from
performed pilot trials using OXYFINES technique for the recovery and upgrading of BF sludge.
The approach of the study was to use process integration and a developed system analysis model with
the aim to assist in the assessment of the prospects from integrating an OXYFINES concept in the steel
production route. The developed system analysis model was used for indicating effects of using the
OXYFINES sinter product as raw material in the iron and steel production, i.e., blast furnace or BOF.

The use of process integration, such as by system analysis and optimisation modelling, is useful
for different evaluations as a complement to traditional analysis and practical tests. Nonetheless,
it is important to mind that the results of the analyses are based on the inputs given to the model and
is valid under the specific conditions set for the study.
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The results of the performed analysis in this work indicate the effects on BF zinc load, raw material
consumption, CO2, and energy from using the sinter in the iron and steelmaking. The calculations of
effects on raw materials consumption resulted mainly in a reduced iron-ore use and, regarding the BOF,
a decreased demand of HM. As the OXYFINES treatment produces a virtually zinc-free sinter product,
the calculations of using it in the BF showed only a minor increase in the BF zinc load. No negative
effects were observed on the steel quality. However, not to exceed the maximum allowed phosphorus
content in the HM required a decrease in the BOF slag recycling to the BF. An increased use of basic
slag formers in the BOF were calculated and hence, an increased BOF slag rate for which the total
material efficiency perspective is dependent on opportunities for slag utilisation. From the outcome
of this study, the overall material efficiency and sustainability in the production system would be
enhanced by the upgrading of the BF sludge and using the OXYFINES sinter in the iron and steel
production route, thus reducing the BF sludge to deposits.

The summarised system analysis results showed that the most advantageous metallurgical,
environmental, and economic potential was realised in the calculations of using the sinter in the BOF.
However, the sinter was found also to be suitable for use in the blast furnace when considering mainly
the metallurgical and the economic effects.

For the improved understanding and for optimising the metallurgical properties of the sinter,
a more fundamental study is required, focusing on material characteristics and thermodynamic
calculations linked to the control parameters of the OXYFINES process. Through this, a deeper
understanding and knowledge can be obtained to identify optimal process conditions for efficiently
generating specified products for their intended use.

The results of this study are based on a BF sludge moisture content of 50%. However, the OXYFINES
unit process energy use and CO2 emissions can be improved e.g., by optimising the moisture content
in the BF sludge prior to feeding, optimising the OXYFINES process efficiency, and using coke oven
gas alternatively natural gas or hydrogen as energy source for the process. Further possibilities are
by utilising the heat in the cooling water used for the OXYFINES process, and the hot exhaust gases,
e.g., for drying material (sludge), which would further benefit the sustainable aspects of the concept.

The prospects of a full-scale OXYFINES concept are motivated by sinter product value and by
comparing costs and environmental effects with the todays deposit of the BF sludge in settling ponds.
The investment costs per tonne of BF sludge depends on desired moisture content of the BF sludge
feed and is decreased with less dewatering. However, considering a BF sludge feed of lower moisture
content, this would in addition generate an excess energy which is possible to utilise for an extended
treatment also of other iron-rich and zinc-containing, but low-coal materials, thereby further improving
the CO2 mitigation perspective.

5. Conclusions

The performed system analysis case study aimed to assist in the assessment of the prospects
from integrating an OXYFINES concept in the steel production route by indicating effects of using the
OXYFINES sinter product as raw material in the iron and steel production. From the results of the
study the following conclusions were drawn:

• Implementation of the OXYFINES concept has positive effects on sustainability mainly by
improved material efficiency and by waste prevention.

• The recovery of blast furnace sludge decreases landfill and using generated OXYFINES products
contributes to the value chain by reduced need for virgin raw materials.

• The risks of increased energy use and CO2 emissions by implementing the OXYFINES concept can
be outweighed by the overall positive sustainability effects in a life cycle perspective. In view of a
holistic perspective, the effects on CO2 emissions and energy use in the steel production system,
also in the production of raw materials should be considered.
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• An industrial implementation contributes to a sustainable energy and material supply
by developing the technology to optimally utilise and refine valuable components in
residual materials.

• The holistic system analysis results showed that the most beneficial metallurgical, environmental,
and economic potential was found when using the sinter in the BOF. However, the sinter was
found as well suitable for use in the blast furnace when considering mainly the metallurgical and
the economic effects.
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