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INTRODUCTION

Steelmaking is a carbon intensive activity and breakthrough technologies are being developed to address the steel industry’s
aspirations for carbon neutrality by 2050. As the industry develops new low emitting technologies, a more efficient operation
of existing assets will be critical to achieve the near-term CO; emission reduction targets set out in national and international
policies. Valuable lessons can be learned from the industry’s top performers and these best practices can be applied to the
existing Blast Furnace - Basic Oxygen Furnace (BF-BOF) operations. The BF-BOF method of steelmaking is responsible for
70% of global steel production and its related CO, emissions. This paper discusses the impact of best practices on CO, emission
rates from the BF-BOF value chain, with an emphasis on blast furnace raw material selection, and advanced technologies.
Potential strategies for reducing the cast steel CO, emission intensity are presented.

An important strategy for improving blast furnace efficiency is to improve the quality of the ferrous burden materials.
Maximizing the iron content of the ferrous burden minimizes the blast furnace slag and total fuel rates, resulting in a decrease
in ironmaking CO, emissions. This is not a novel approach to reduce fuel consumption; experience over the past half-century
has established that a higher quality ferrous burden improves blast furnace productivity and reduces fuel consumption.

A modern blast furnace grade iron ore pellet contains 62—65% Fe. Blast furnace sinter typically contains 58-60% Fe. In contrast,
a low gangue direct reduced (DR) iron ore pellet contains >67% Fe and <3% gangue minerals. DR grade pellets, with high Fe
content, are not ordinarily charged to the blast furnace for cost and availability reasons. Shifting to a higher-grade ferrous
burden, either from sinter to BF grade pellets or from BF grade pellets to DR grade pellets, could measurably reduce blast
furnace CO2 emissions. Similar benefits arise from using low-ash coal in coke production and as an injected blast furnace fuel,
as low-ash reduces the fluxing requirements to produce BF slag. Another strategy for improving blast furnace efficiency is to
use best-in-class equipment and related operating practices. Although this is not a novel concept, new equipment operated well
can reduce CO2 emissions.

In this paper, the authors investigated the potential to reduce CO- emissions from the blast furnace using higher quality raw
materials and/or using best-in-class equipment. Our goal is to illustrate the relative benefits of each approach and discuss how
these can be combined to reduce blast furnace CO; emission rates within a ten-year time frame with current assets.

OVERVIEW OF THE STEEL INDUSTRY’S CO: EMISSION INTENSITY

To understand the current CO; emission intensity of the BF-BOF steelmaking value-chain, data published by the World Steel
Association was analyzed (Janjua, 2019) . Performance of BF-BOF operations was grouped into three categories as described
below and shown in Figure 1:

1. Best-in-Class Producers: Steel producers with access to high grade iron ore pellets, low-ash coal or natural gas, and
advanced technologies resulting in an emission intensity of < 2.0 t CO»/t cast steel.

2. Median Producers: This represents a large group of steel producers that have an emissions intensity between 2.0 and
2.5 t COy/ t cast steel. A variety of efficiency improvements can allow this group to migrate towards the Best-in-
Class producer performance in the short to medium term. Several potential approaches are described in this paper.
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3. High Emitting Producers: These producers face major challenges or systemic disadvantages resulting in an emissions
intensity >2.5 t CO,/ t cast steel. Transformational, long-term changes are needed to substantially reduce CO,
emission rates from this group.
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Figure 1. CO; emission intensity profile for global steel producers. This distribution trend was reproduced from data
published by worldsteel (Janjua, 2019), and the emissions intensities of steelmakers from, India (IN), Japan (JA), North
America (NA), and Russia (RU) are also included based on public disclosures.

The emissions intensities of steelmakers from India, Japan, North America, and Russia included in Figure 1 are based on public
disclosures. These disclosures include downstream steelmaking activities not included in the present case studies, so are
moderately higher than the estimates developed in this paper.

The CO, emission intensity per tonne of cast steel (CS) shown in Figure 1 represents the entire integrated steel value chain
including the upstream emissions from iron ore agglomeration (sintering and pelletizing), cokemaking, blast furnace
ironmaking, oxygen steelmaking, and the related downstream emissions from casting and hot and cold rolling. In Figure 1,
publicly available information for several reference steel companies were overlaid on the worldsteel data. Details on the
reporting methodology for these reference companies are opaque, the authors took the reported CO, emission intensities at face
value. Pelletizing CO, emissions are notable in that they can be either Scope 1 or 3 depending on the pellet sourcing strategy.

While the blast furnace is the largest source of direct emissions in the steel value chain, the ability to reduce CO, emission rates
across all parts of the value chain must be considered. The Best Available Techniques (BAT) reference document prepared by
the European Commission (Remus, 2013) and a report on Iron Making in Western Europe (Luengen, 2010) were used to
establish the CO, emission intensity for various parts of the value chain (see Table 1).

Table 1. Industry Benchmarks for CO, Emission Intensity in the BF-BOF Value Chain (Luengen, 2010, Remus, 2013)

Percentile Pelletizing Sintering Cokemaking Ironmaking Steelmaking
[kgCOz/ tPellet] [kgCOz/ tsmter] [kgCO;/ tCoke] [kgCOz/ t HM] [kgCOz/ t CS]
10th% 35 191 330 1,475 108
50th% 105 251 441 1,630 140
90th% 175 350 605 1,914 172

While these benchmarks are 10 years old, they are the latest comprehensive benchmarking data available. Table 1 shows
emission intensities producers can work toward and the information can help producers identify where in the value chain CO,
emission rates can be reduced.

Opportunities in BF ironmaking to reduce CO, emissions while minimizing any impacts these changes may have on upstream
and downstream emissions are identified in this paper. The authors focused on opportunities applicable to median producers
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identified in Figure 1, as incremental improvements to these operations can contribute a 10-15% reduction in steel industry
CO; emission rates in the near term. High emitting producers may also benefit from the suggestions made in this paper. That
said, these producers face significant challenges external to the ironmaking process, such as use of local low-cost burden
materials with low quality. In such cases, long-term transformational changes are needed to meet future decarbonization targets.

BLAST FURNACE PROCESS ANALYSIS USING A TWO-STAGE HEAT AND MASS BALANCE

The blast furnace operation was modeled using a modified two-stage heat and mass balance (Cameron, 2020). Figure 2
illustrates the two-stage balance for a standard blast furnace configuration and Table 2 describes model parameters that form
the base case for this analysis.
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Figure 2. Two-stage blast furnace heat and mass balance concept used to assess the scenarios (Cameron, 2020).

Table 2. Base Case Blast Furnace Model Parameters for a Representative Median Blast Furnace Operation

Parameter Unit Base Case Parameter Unit Base Case
Sinter/pellet/lump ratio % 75/25/0 Flame temperature °C 2,243
Total oxide burden kg /t HM 1,591 Top gas temperature °C 125
Coke rate kg /t HM 330 EtaCO % 48.0
Pulverized coal rate kg /t HM 180 Hot Metal Yield tLS/tHM 0.97
Slag rate kg /t HM 261 Liquid Steel Yield tCS/tLS 0.98
Blast temperature °C 1,200 Scrap Rate in BOF % 8
O, in blast % 28.5

Modifications to the base case were made to illustrate the impact of changing raw material quality as well as different blast
furnace equipment improvements to promote a low CO; emitting operation. The total emission rate per tonne of cast steel was
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then estimated using the 50" percentile CO, emission intensity for the upstream (iron ore agglomeration and cokemaking) and
downstream (oxygen steelmaking) processes outlined in Table 1. The resulting base case CO, emission intensity was
2.15t CO»/t CS. This classifies the base case producer as a median producer; the emission intensities for the base case integrated
steel plant operation are shown in Table 3.

Table 3. Breakdown of Scope 1 and 2 Emissions for the Base Case Producer by Process Area

Process Area Units Base Case

Sintering kg CO,/tCS 300
Pelletizing kg CO,/tCS 42
Cokemaking kg CO,/tCS 146
Blast Furnace kg CO,/tCS 1,522
Steelmaking kg CO,/tCS 140
Electricity kg CO,/tCS 0
Total Scope 1+ 2 CO, Emissions kg CO,/tCS 2,150

The data presented in Table 2 and Table 3 form the base case and will be used to quantify and compare the impact of making
different process changes to the blast furnace operation on the related CO, emission intensity of cast steel. To help quantify the
potential impact across the steel industry, the potential CO, emission reduction will be expressed in terms of the equivalent
number of cars taken off the road. For this calculation the authors assumed that 70% of the 2021 global steel production of
1,910 Mtpa was made using the BF-BOF process route (World Steel Association, 2022) and a car’s emission intensity is 4.6 t
CO; per car per year (EPA, 2018).

IMPACT OF RAW MATERIAL QUALITY ON CAST STEEL CO: EMISSION INTENSITY

Impact of the Iron (Fe) Content of the Ferrous Burden

A higher iron (Fe) content in the ferrous burden has a significant impact on the CO, emission intensity of cast steel. A higher
Fe content reduces the total ferrous burden needed to produce hot metal in the blast furnace, this reduces the gangue minerals
entering the blast furnace and the related energy needed to melt and remove these minerals as molten slag. Higher Fe in iron
ore concentrates and sinter fines also reduces upstream energy consumption and the CO» emissions associated with the iron ore
agglomeration processes.

Increasing the Fe content of the ferrous burden can be accomplished by substituting:

»  Sinter with higher grade iron ore pellets charged to the blast furnace, or
*  lower grade sinter fines with higher grade iron ore concentrate in the sinter mix to increase the sinter Fe content.

Further improvements can be made by using fluxed pellets to minimize limestone calcination in the blast furnace using
metallurgical coke.

To estimate the impact on the CO, emission intensity, the sinter quality and ferrous burden mix was varied to achieve a range
of ferrous burden compositions. These changes are summarized in Table 4 with the related impacts on the CO, emission rates.

Table 4. Blast Furnace Modifications Regarding the Impact of the Ferrous Burden Fe Content

Comprehensive Ferrous Sinter / Pellet Sinter Pellet Ferrous PCI / Coke Scope 1 G
Burden [% of Burden] Grade Grade Burden (kg / t HM] Emissions
Fe Content [%] ° [Fe%] [Fe%] [kg / t HM] g [tCO:2/tCS]

58% Fe 75/25 56 64 1,650 180/334 2.17
60% Fe (Base Case) 7517125 59 64 1,591 180/330 2.15
62% Fe 35/65 59 64 1,544 180/ 328 2.07
64% Fe (Acid Pellet) 0/100 - 64 1,505 180/ 325 2.00
64% Fe (Fluxed Pellet) 0/100 - 64 1,493 180/319 1.92

Increasing the Fe content of the ferrous burden reduces the cast steel CO, emission rate. Our modeling indicated that for every
+1% increase in the ferrous burden Fe content, between 28-57 kg CO,/t CS can be avoided, depending on the iron ore pellet
chemistry. This would represent approximately 8 to 17 million cars being taken off the road if every BF-BOF steel producer
were to increase their comprehensive ferrous burden iron content by +1% Fe.
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Increasing the ferrous burden Fe content can be accomplished in mineral processing, where electricity is largely used to
eliminate gangue minerals. Higher Fe containing concentrates require less fluxes and reduced energy consumption/CO»
emissions in pelletizing and sintering.

Impact of Coal and Coke Ash

The ash contained in the fuels, specifically coke and injected coal (PCI), has a significant impact on the emission intensity of
cast steel. Like the ferrous burden gangue, ash entering the blast furnace requires energy for melting and removal as slag. The
lower the coke ash content, the lower the total coke mass needed as a blast furnace fuel/reductant, reducing the upstream CO,
emissions associated with cokemaking.

Decreasing the ash in blast furnace coke and PCI can be accomplished by either purchasing higher quality, low-ash coal, for
both injection and coking coal, or by substituting PCI with natural gas. Natural gas has an advantage over PCI on a CO,
emission intensity basis as the methane in natural gas decomposes in the raceway, generating hydrogen that replaces some of
the carbon required to reduce the ferrous oxide minerals to iron.

The impact of ash on CO2 emissions was assessed by adjusting the PCI and coke ash and fixed carbon contents across a range
observed in the global steel industry. Natural gas injection was evaluated to provide a lower ash input then can be achieved
using PCI, as natural gas is ash-free. These changes and the impact on the CO, emission intensity of the resulting cast steel is
shown in Table 5.

Table 5. Impact of Solid Fuel Ash Content on Blast Furnace Operating Parameters

Comprehensive Total Fuel Scope 1 2

Fuel Ash Content PCI /NG / Coke PCI ?sh CokeoAsh Rate Emissions

(%] [kg / t HM] [wt.%] [wt.%] (kg / t HM] [tCO2/t
CS]
13.3 180/0/359 12 14 539 2.20
11.3 180/0/344 10 12 524 2.17
Q 9.3 (Base Case) 180/0/330 8 10 510 2.15
7.3 180/0/317 6 8 479 2.13
53 180/0/305 4 6" 485 2.11
8.1 0/100/387 - 10 487 2.08
% 6.3 0/100/377 - 8 477 2.07
4.7 0/100/368 - 6" 468 2.06

*A coal/coke quality not typically available and included to show a trend across a wider range of ash compositions.

Our modeling results indicated that for every 1% decrease in the comprehensive blast furnace fuel ash content, 11-18 kg
CO,/t CS less CO; was emitted to the atmosphere. This would represent 3 to 5 million cars being taken off the road if every
BF-BOF steel producer was able to decrease their comprehensive blast furnace fuel ash content by 1% ash.

IMPACT OF BEST AVAILABLE BLAST FURNACE TECHNOLOGY/PERFORMANCE ON CO: EMMISIONS

Impact of the Fuel Injection Rate

Another important factor which impacts blast furnace CO, emission rates is the injected fuel rate. The complete impact of
changing injected fuel usage is not fully observed in the blast furnace itself. As carbon in coke is substituted for carbon in
injected fuel, an emission reduction is also realized in cokemaking as less coke is required. This impact is magnified if natural
gas is the injected fuel since natural gas is ash-free and has an advantage regarding its CO, emission intensity due to the
hydrogen natural gas contributes to the blast furnace process.

The impact of blast furnace injected fuel rate was assessed by varying PCI and natural gas injection rates across a wide range
of possible operating parameters, and to a maximum rate that aligned with best-in-class BF operations. The changes are
summarized in Table 6 and the impact on the CO, emission intensity per tonne of the cast steel produced is shown in Figure 3.
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Table 6. Impact of the injected fuel practice on the blast furnace fuel rates.

Injected Fuel Rate Total Fuel Rate Scope 1 + 2 Emissions
[kg / tHM] [kg / t HM] [t CO:2/tCS]
100 507 2.19
120 508 2.18
5 140 508 2.17
A~ | 160 509 2.16
180 (Base Case) 510 2.15
200 511 2.14
60 488 2.14
60 486 2.12
S |80 483 2.09
100 481 2.06
120 479 2.03
2.5
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Figure 3. Impact of the blast furnace injected fuel practice on the CO, emission intensity of the cast steel produced.

Our modeling indicated that for every +10 kg more fuel injected, CO, emissions were reduced by 5-15 kg CO,/t CS. Natural
gas had a strong absolute and relative reduction of CO, emissions compared to injected coal. These reductions would represent
1 to 4 million cars being taken off the road if every BF-BOF steel producer was able to increase their fuel injection rate by
+10 kg/t HM.

Impact of Using Metallized Alternative Iron Units (AIU)

Another strategy that has been successfully used to reduce blast furnace fuel rates is the addition of metallized AIUs such as
steel scrap or hot briquetted iron (HBI). Using metallized iron reduces the amount of reductant needed per tonne of hot metal,
since less ferrous oxide burden is required. The quantity of AIUs that can be charged into the blast furnace is limited by blast
furnace heat balance constraints. With less ferrous oxide minerals to reduce to Fe; less fuel and oxygen is needed, and less
reducing gas is generated in the furnace. This in turn reduces the amount of nitrogen in the blast furnace; nitrogen plays an
important role carrying sensible heat to preheat the burden in the upper stack. The heat balance challenges can be partially
mitigated by adjusting the oxygen enrichment rate to provide more nitrogen at the tuyeres. As more AlUs are added, a point is
reached at about 150 kg of AIU/t HM where there is not enough energy available in the ascending gases to satisfy the required
heat balance and the top gas temperature decreases below its dew point, typically 110 °C. Hatch proposed an innovative way
to further increase AIU addition rates beyond 150 kg of AIU/ t HM by using plasma torches to inject hot gas into the blast
furnace stack to correct the heat balance challenges (Cameron, 2022).
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The impact of adding AIUs on the blast furnace injected fuel rate was assessed by increasing the scrap and HBI rates up to a
maximum rate where the heat balance within the blast furnace was no longer viable (i.e., top gas temperature <110°C). The
changes and the impact on the CO, emission intensity per tonne of the cast steel produced are shown in Table 7. For the cases
with an HBI addition, an emission intensity of 0.66 t CO,/t HBI was used (Cameron, 2022).

Table 7. Impact of Partially Substituting the Ferrous Oxide Burden With AIUs on Cast Steel CO, Emission Rates

Scrap Addition HBI Addition

T e N e e e e
kg / tHM] HM] [kg/tHM] | [tCO./tCS] kg /tHMI | 0 mmM) | [t CO2/tCS)
0 (Base Case) | 1807330 1,591 2.15 1807330 1,591 2.15

50 180/313 1,508 2.0 1807312 1511 212
100 1807296 1,424 2.03 1807295 1,430 2.10

150 1807279 1,341 1.97 1807277 1,349 2.08

200 180 /261 1257 1.91 1807259 1,268 2.05

For every +10 kg of scrap addition, our modeling results indicated that CO, emissions were reduced by 12 kg CO,/t CS. With
HBI, every +10 kg of HBI added, CO, emissions were reduced by 5 kg CO,/t CS. These substitutions represent 4 and 2 million
cars respectively being taken off the road if every BF-BOF steel producer was able to increase their AIU rate by +10 kg/t HM.
The impact scrap and HBI have on the emissions within the blast furnace are very similar; however, when the extra emissions
generated to produce the HBI addition are accounted for, a scrap addition provides a larger CO, reduction benefit (Cameron,
2022).

Impact of the Injected Fuel Temperature

In blast furnace fuel injection, there is a significant energy demand to heat the injected fuels from ambient up to the raceway
temperatures required for hydrocarbon decomposition. This energy demand is provided by combusting hot coke at the tuyere
elevation; the energy demand and hence hot coke required can be reduced by preheating the injected fuels prior to injection
into the blast furnace. Preheating can be accomplished using direct electrical heating or repurposing process fuels like coke
oven gas to preheat the injected coal or natural gas. New equipment would be needed, especially to preheat injected coal.
Possibilities include:

* In-line heating of natural gas using resistive electrical heating elements.

»  Particulate solids heating equipment, such as a fluid bed reactor, to preheat the coal before injection through the
tuyeres; heat could be supplied electrically or by combustion of the excess in-plant gases that would otherwise be
combusted for on-site power generation.

The approach with lowest CO, emission rates is when green electrical power is used directly for heating the injected fuel. Using
in-plant process gases may be a better use of the available energy contained in these gases compared to on-site power
generation. In this case, steel plants will need to buy-in more grid power using strategies such as virtual purchased power
agreements (VPPAs) to get the greenest power possible.

To understand the impact of increasing the injected coal and natural gas temperature on CO, emission rates:

*  The temperature of the injected coal was varied from 25 to 500°C.

e  When natural gas was used as an injected fuel; the injection temperature was varied from 25 to 500°C. The
temperature was limited to 500 °C max, as the authors were concerned about methane decomposition and its impact
on resistive heater performance via soot formation.

* In both cases, the higher sensible energy of the injected fuels would raise the raceway adiabatic flame temperature
(RAFT); to maintain RAFT either more fuel can be injected, or oxygen enrichment can be reduced.

*  Injecting more fuel would be preferred as it allows for a larger amount of coke to be replaced.

The impact of heating the injected blast furnace fuel is summarized in Figure 4.
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Figure 4. Impact of the injected fuel temperature on the CO, emission intensity of the cast steel produced. Fig. 4 (a) shows
the effect of increased natural gas temperature while Fig. 4 (b) shows the effect of PCI.

With every +100 °C increase in injection temperature, our modeling indicated that CO, emissions would decrease by
19 kg CO»/t CS for PCI and 6 kg CO,/t CS for natural gas. This would represent 6 and 2 million cars respectively being taken
off the road if every BF-BOF steel producer was able to increase fuel injection temperature by +100 °C.

The difference in the CO, reduction benefit is due to the large amount of energy required to decompose natural gas. While it
would be challenging to handle the soot generated, heating the natural gas further to partially or fully pyrolyze the natural gas
exterior of the blast furnace would provide further benefits.

Impact of the Hot Blast Temperature

Another significant energy demand in blast furnace ironmaking is the energy required to heat the enriched blast air from hot
blast temperature to raceway temperature. This energy demand is provided by combusting hot coke or injected fuel and can be
reduced by heating the hot blast air to a higher temperature before it enters the furnace at the tuyeres. State of the art stoves can
provide a hot blast temperature of 1,300 °C, +100 °C higher than our base case blast temperature. Hatch proposed a novel
approach to use plasma torches to increase the overall hot blast temperature by 50-100 °C by injecting hot mixer air into the
main hot blast air flow (Sukhram, 2017).

The impact of using hotter blast air was assessed by varying the blast temperature of the base case model. The changes and the
impact on the CO» emission rates for the cast steel produced is shown in Table 8.
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Table 8. Impact of Increasing Hot Blast Temperature on the Blast Furnace Fuel Rate and Scope 1+2 CO, Emission Rates

Hot Blast Temperature Total Fuel Rate (Incl. 180 kg PCI) | Scope 1 + 2 Emissions
[°C] [kg / t HM] [t CO2/t CS]
1,100 520 2.19
1,150 515 2.17
1,200 (Base Case) 510 2.15
1,250 505 2.13
1,300 501 2.11

Modeling indicated that for every +100 °C increase in the hot blast temperature, steel CO, emissions decrease by
36 kg CO»/t CS. This would represent 10 million cars being taken off the road if every BF-BOF steel producer was able to
increase their hot blast temperature by +100 °C.

Impact of the Blast Furnace Gas Utilization

Another important factor which impacts blast furnace CO, emission rates is the efficiency at which the blast furnace operates.
This is expressed as the blast furnace gas utilization, known as Eta CO, a simple measure of the efficiency of the carbon
utilization calculated from the top gas composition (Cameron, 2020). Increasing EtaCO relies on increasing the contact time
of the ascending reducing gases with the descending ferrous burden in the blast furnace. This can be accomplished by increasing
the pressure inside the blast furnace, or through optimization of the ferrous and coke layer distribution patterns to maximize
contact of the reducing gases with the ferrous burden.

The impact of increasing gas utilization was assessed by varying the EtaCO of the base case model from 45 to 51%. The
changes and the impact on the CO; emission intensity of the cast steel produced is shown in Table 9.

Table 9. Impact of EtaCO on the Blast Furnace Fuel Rate and CO, Emission Rates

EtaCO Total Fuel Rate (Incl. 180 kg PCI) | Scope 1 + 2 Emissions
[%] [kg / t HM] [t CO2/tCS]
45 527 2.22
46 521 2.19
47 516 2.17
48 (Base Case) 510 2.15
49 505 2.13
50 499 2.11
51 494 2.09

For every +1% increase in the EtaCO, our modeling indicated that CO, emissions would be reduced by 21 kg CO»/t CS. This
would represent 6 million cars being taken off the road if every BF-BOF steel producer was able to increase their gas utilization
(EtaCO) by +1%.

THE COMBINED IMPACT OF RAW MATERIALS AND BF EQUIPMENT ON COz: EMISSION RATES

Our model now allows for exploration of the interplay of raw material quality and blast furnace equipment performance on the
cast steel CO, emission rates. Presented in Table 10, these emission reduction drivers enable the blast furnace operator to
develop a pathway to reduce CO; emission rates and approach the lowest emitting steel plants in the global steel industry.
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Table 10. Blast Furnace CO, Emission Reduction Drivers.

Parameter Unit Change CO; Emission Intensity Impact
[kg CO2/t-CS]
Blast Temperature [°C] +100°C -36
Comprehensive Ferrous Burden Iron Content [%Fe] +1% -28 to -57
EtaCO +1% 221
Comprehensive Fuel Ash Content [%Ash] -1% -11to-18
Injected Fuel Temperature [°C] +100°C -6to -19

Compared to our base case emission rates, four cases were compared, with the details presented in Table 11:

*  Raw material quality was inferior and superior to the base case ferrous burden, coal and coke used.

»  Blast furnace equipment and performance provided either best-in-class performance (BAT) or inferior operational
performance compared to the base case values.

* Natural gas injection was not included as many global steel producers do not have access to natural gas for blast
furnace injection purposes.

Table 11. Cases Comparing the Impact of Raw Material Quality and BF Equipment Technologies on CO, Emission Rates

Sinter / Pellet Sinter Pellet PCI/ PCI Coke Blast
. Raw EtaCO
Case | Equipment Material [% of Grade Grade Coke Ash Ash Temp. %]
Burden] [Fe%] [Fe%] [kg/t HM] | [wt.%] | [wt.%] [°C]
A Inferior Inferior 75725 56 64 (Acid) 100 /447 10 12 1,150 45
B BAT* Inferior 751725 56 64 (Acid) 140 /363 10 12 1,300 50
Base Base Case 75725 59 64 (Acid) 180 /330 8 10 1,200 48
C Inferior Superior 0/100 - 64 (Fluxed) 165/ 345 8 9 1,150 45
D BAT* Superior 0/100 - 64 (Fluxed) | 205/266 8 9 1,300 50

* BAT — Best Available Technology

The Scope 1 and 2 CO, emission rates per tonne of cast steel produced are presented for each case in Figure 5.
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Figure 5. Impact raw material quality and blast furnace equipment technologies on cast steel CO, emission intensity.

The comparison in Figure 5 illustrates the powerful effect that superior low-ash coal and low gangue iron ore has on the steel
CO; emission rate. The advantage of using iron ore pellets over sinter is also clear when comparing cases C and D to the other
cases. A blast furnace with BAT equipment is unable to provide the lowest emission rate when compared to a furnace with
typical equipment but using superior raw materials, both coal and iron ore.
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Plotting these results on the global benchmarking curve presented in Figure 1 now shows the impact that advanced equipment
and raw material can have on our base case blast furnace compared to its global peers (Figure 6).
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Figure 6. Impact of raw material and advanced blast furnace equipment on the CO, emission rates for the base case blast
furnace compared to global steel producers.

Implementing the best available blast furnace technologies was not able to overcome the challenges of using inferior raw
material as illustrated by Case B shown in Figure 6. The base case blast furnace can only reduce its CO, emission rate by using
superior raw materials, as illustrated in Cases C and D. The base case blast furnace was able to drop from 27" to the 15%
percentile when superior raw materials were deployed. Only when BAT equipment and superior raw materials were combined,
could the base case blast furnace reach the best-in-class performance reaching the 7% percentile of global producers.

CONCLUSIONS

By exploring the impact of raw material quality and blast furnace technology in a systematic manner, the relative impact of
each on steel CO, emission rates was established. The use of superior raw materials with low-ash and gangue content was
essential to reduce the steel CO, emission intensity to the lowest 10% percentile of the global steel industry experience.
Deploying the best available blast furnace technologies and practices was only able to maintain the base case blast furnace as
a median producer per the definitions presented in Figure 1. The use of iron ore pellets with their high Fe content is an
opportunity and challenge for the steel industry and its raw material suppliers. Improved performance is clear but to achieve
this, major expenditures on iron ore beneficiation and new pellet plants is required. This will be a multi-year process to realize
significant change from a global perspective.

For North American producers, many of which have access to low-ash coal, high Fe containing pellets and natural gas, further
investments in blast furnace process equipment to achieve best-in-class metrics offers a strong possibility to move to the lowest
10% percentile and have the greenest blast furnace produced steel in the world. Although this is not a path to net zero CO,
emission rates, it does offer a transitional strategy to meet 2030 goals published by many steel producers as new steelmaking
technologies become technically and economically viable in the longer term.
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