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ABSTRACT

As the steel industry is intended to be carbon-neutral, transitional solutions are required before full-scale
hydrogen-based reduction becomes viable. One such strategy is the partial replacement of pulverized
coal injection (PCI) with high-quality biocarbon in blast furnace (BF) operations. Raw biomass presents
challenges, such as low grindability, high ash content, and low energy density, which can be mitigated
through torrefaction and carbonization. This study evaluates the combustion behavior and injection lim-
its of four biocarbon samples (mildly torrefied biomass (MTB), hard torrefied biomass (HTB), mildly car-
bonized biomass (MCB), and hard carbonized biomass (HCB)) using thermogravimetric analysis (TGA),
drop tube furnace (DTF), and laminar flow reactor (LFR) experiments. Results show that as biomass is car-
bonized, its combustion kinetics increasingly resemble those of PCI coal. Co-firing tests confirmed
improved performance at higher blending ratios, especially with highly treated samples, such as HCB,
due to enhanced fragmentation and char reactivity. Injection limits were determined based on combus-
tion performance, heating value (+5 wt% of PCI coal), and ash content (< 10 wt%). The MTB and HCB
exceeded these limits at approximately 27-30 wt% blending, indicating the need for an adjusted fuel
input. Overall, biocarbon shows strong potential as a PCI substitute, offering a feasible low-carbon path-
way for existing BF systems.
© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

emits approximately 1.8-2.0 tonnes of CO, per tonne of hot metal
produced [4]. Given this considerable emission intensity, the BF

The blast furnace (BF) process has long been recognized as the
principal source of CO, emissions in the iron and steel industry.
International Energy Agency reported that the global steel sector
has emitted approximately 2.8 Gt of CO, annually, accounting for
approximately 8% of the total anthropogenic greenhouse gas emis-
sions worldwide [1,2]. CO, is primarily generated during the
reduction of iron ore using coke and pulverized coal (PC) as well
as from the combustion of BF off-gases [3]. In particular, the
BF-basic oxygen furnace (BF-BOF) integrated steelmaking route
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process has become a major target for decarbonization strategies
in the ironmaking sector.

To reduce CO, emissions from BF operations, alternative iron-
making technologies, such as shaft-based direct reduction and
the FINEX process, developed by POSCO in Korea, have been
adopted as transitional solutions toward hydrogen-based steel-
making [2,5-7]. These technologies aim to gradually increase the
use of hydrogen as a reductant of CO, emission by fossil fuels.
The FINEX process utilizes a combination of carbon monoxide
(CO) and H; gases derived from a melter-gasifier to reduce iron
ore in a fluidized bed, with hydrogen accounting for approximately
25% of the reducing gas mixture [2,6,7]. However, the shift toward
fully hydrogen-based ironmaking remains challenging. The high
production cost of green hydrogen, currently estimated at 3-8
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USD-kg™!, combined with the substantial energy demands for stor-
age, liquefaction, and transport, poses significant limitations to its
economic feasibility [8,9]. Furthermore, the system optimization
and scaling of hydrogen-based reduction reactors, such as
HyREX or shaft furnaces, remain in the early developmental stages
[3,4,10]. Because of these technological and infrastructural
limitations, a direct transition to carbon-free hydrogen
reduction is currently impractical. Therefore, a stepwise approach
involving the partial replacement of PC with carbon-neutral
biogenic fuels such as biocarbon is considered a viable interim
strategy [3,7].

In recent years, biomass-based fuels, particularly torrefied bio-
mass and biochar, have gained global attention as transitional
alternatives for PC injection (PCI) in BF operations. In Japan,
Kobelco (Kobe Steel) announced plans to apply torrefied wood pel-
lets developed by MUCC to the Kakogawa Works BF as part of an
initial pilot-scale test [11]. In India, the state-owned SAIL company
conducted PCI co-firing trials using biochar and charcoal at BF-1 of
the Rourkela Steel Plant in August 2024, evaluating indigenous bio-
mass sources, such as bamboo and babul wood [12]. In Canada,
ONYM Energy is constructing a commercial-scale biochar plant in
partnership with ArcelorMittal to supply up to 15 000 tons per year
for use in BF operations, with an expected CO, reduction of approx-
imately 70 000 tons annually [13]. In the United States, the Natural
Resources Research Institute of Minnesota has actively developed
biochar briquettes for electric arc furnace (EAF) applications [14].
These efforts, ranging from Japan’s torrefied pellet initiatives and
India’s PCI co-firing demonstrations to Canada’s industrial biochar
production and the United States EAF-focused developments,
underscore the growing interest in biomass as a viable carbon-
neutral fuel in the steel sector.

However, all these studies emphasize the importance of pre-
treatment techniques such as torrefaction or pyrolysis to ensure
desirable fuel characteristics, including heating value, particle size,
moisture content, and flowability [15-17].

As shown in Fig. 1, in European countries, approximately 300-
400 kg of coke is consumed per ton of hot metal produced in
BFs, along with the injection of various supplemental fuels [17].
In addition to conventional PC, a significant portion of PC fuel is
being replaced by alternative fuels, such as bio-oil, wood pellets,
hardwood-derived charcoal, and torrefied biomass. When calculat-
ing the replacement ratios, wood pellets can substitute PC fuel at a
ratio of approximately 1:1.91, torrefied biomass ranges from 1:1.4
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to 1:1.7, and hardwood charcoal can replace PC at almost a 1:1
ratio. As biomass fuels undergo thermal treatment, their properties
become increasingly similar to those of PC fuels, enabling effective
substitution. Furthermore, stable combustion can be achieved
within a raceway in which PC combustion typically occurs.

Recent studies have approached biomass utilization from both
system-level carbon mitigation and process-level reaction mecha-
nisms. At the policy and resource management scale, municipal
solid waste classification has been evaluated in terms of its influ-
ence on carbon emissions and regional carbon-neutrality strategies
[18]. At the combustion system level, co-combustion of biomass
with anthracite in circulating fluidized bed (CFB) boilers has been
shown to affect ash thermomechanical behavior and operational
stability [19]. Under chemical looping environments, agricultural
biomass ash and phosphate-containing species have been demon-
strated to alter the surface structure and redox performance of
ilmenite oxygen carriers, indicating degradation pathways and
the need for regeneration or replacement strategies [20,21]. In par-
allel, combustion chemistry studies have compared NO and N,O
formation mechanisms across NHs/H, combustion regimes, pro-
viding insights relevant to integrating zero-carbon fuels into
biomass-based systems [22]. Beyond combustion, molten salt-
mediated biomass gasification with in situ CO, capture has been
proposed as a route to high-yield hydrogen production, positioning
biomass as a feedstock for low-carbon hydrogen systems rather
than solely as a supplemental solid fuel [23]. Collectively, these
works illustrate a continuum from waste-resource carbon account-
ing to fuel reactivity, material compatibility, and hydrogen-
oriented biomass conversion.

To utilize biomass as a viable PCI fuel, pretreatment is essential
due to its inherently low heating value, high ash content, and poor
grindability. As shown in Fig. 2, among the various carbonization
methods, torrefaction and biochar production (via pyrolysis or ash-
less treatment) can improve biomass characteristics to levels com-
parable to those of coal. Torrefaction, performed at 473-573 K in
an oxygen-deficient atmosphere, reduces moisture and volatiles,
enhances fixed carbon content, and improves grindability. Accord-
ing to Lee et al. [24], torrefied pine and kenaf show increased fuel-
N content, resulting in higher NO, emissions, particularly from
herbaceous biomass.

Although torrefaction improves energy density and hydropho-
bicity, its effect on emissions should be carefully evaluated. Alter-
natively, ashless treatment, as demonstrated in a follow-up study
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Fig. 2. Biomass characteristics and definition of torrefaction process.

[25], can significantly remove alkali and alkaline earth metals
(AAEMs) that contribute to slagging and fouling in high-
temperature furnaces.

In this study, ashless kenaf achieved 99.5% potassium removal,
reducing unburned carbon (UBC) by 75% and NO,/SO, emissions by
43%. These improvements address environmental concerns and
enhance combustion stability. In addition, torrefied biomass pro-
duced via pyrolysis shows potential as a substitute for coal. Tor-
refied biomass increases the higher heating value (HHV) from
16.9 to 26.1 MJ-kg~!, with improved grindability and thermal sta-
bility, which is a similar range of thermal coal [26]. Another study
on rubberwood-derived biochar reported hardgrove grindability
index (HGI) values similar to those of bituminous coal, confirming
its suitability for pulverized fuel injections [27]. Lee et al. [28] also
demonstrated that the deposition behavior of ash during combus-
tion is significantly altered by the type of pretreatment, indicating
that the choice of the pretreatment directly affects furnace fouling
and operational longevity.

Summarily, torrefaction increases energy density but may ele-
vate NO, emissions, whereas ashless and pyrolytic biochar treat-
ments provide holistic advantages, including reduced slagging
potential and improved fuel quality. These technologies lay the
foundation for biomass-coal co-firing in PCI systems.

To rigorously evaluate the combustion performance of
upgraded biomass fuels under conditions akin to industrial PCI,
we utilized three laboratory-scale techniques. O Laminar flow
reactor (LFR): LFR systems reproduce PCl-level flame environ-
ments, featuring diffusion-type flat flames at ~26% O,, peak tem-
peratures of 2000-2250 K, and rapid heating rates (~10° K-s71).
These setups enable detailed observations of ignition delay, vola-
tile combustion, flame structure, particle temperature, fragmenta-
tion, and UBC behavior under varying biomass blend ratios. For
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instance, Kim et al. [29] demonstrated that increasing the biomass
share intensifies volatile flame brightness but reduces particle
temperatures and fragmentation rates. @ Drop tube furnace
(DTF): The DTF offers a cost-effective method for simulating PCI-
like combustion, enabling high-temperature, short-residence time
testing. It is widely used to assess burnout behavior and often
reflects trends similar to those observed in pilot-scale PCI tests.
An excellent correlation exists between DTF burnout data and
actual PCI performance, validating its reliability for blend evalua-
tion [30,31]. @ Thermogravimetric analysis (TGA): TGA provides
insight into fuel devolatilization, ignition, and burnout kinetics
by tracking mass loss with increasing temperature. It is particu-
larly useful for deriving activation energies and combustion indices
across various coal and biomass types. For example, Stancin et al.
[32] and Zhai et al. [33] used TGA to determine the kinetic param-
eters of corn stalk and birch pyrolysis, emphasizing its importance
for understanding biomass reactivity.

Together, the LFR, DTF, and TGA form a robust analytical suite
for characterizing the combustion dynamics of upgraded biomass
fuels under PCI-compatible conditions. These methodologies sup-
port the development of optimized co-firing strategies by enabling
a detailed mapping of blend-dependent ignition and burnout
behaviors.

Hydrogen-based ironmaking, which is promising for decar-
bonization, currently faces critical challenges because of its high
cost, supply instability, and storage and transport difficulties. Addi-
tionally, the direct use of raw biomass in PCI systems is limited by
its low heating value, poor grindability (HGI), and high ash content,
making it an impractical direct substitute for PC. In response to
these limitations, a stepwise fuel replacement strategy that incre-
mentally introduces upgraded biomass fuels, such as torrefied, car-
bonized, or ashless biochar, into the PCI process is required. Among
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these potential routes, the PCI system offers the most technically
feasible and operationally compatible platform for biocarbon inte-
gration within existing BF infrastructure. Therefore, this study aims
to investigate the combustion behavior and injection limitations of
pyrolysis-based biochar within a PCI system, providing a system-
atic assessment of its potential application. We explore the poten-
tial of stepwise biocarbon integration into PCI system as a
transitional solution toward carbon-free ironmaking. Specifically,
this study has the following objectives: (D Characterizing the com-
bustion behavior of torrefied, carbonized, and ashless biomass;
@ analyzing combustion dynamics under varying co-firing ratios;
Q@ determining the maximum biocarbon injection limit during
PCI; @ assessing the operational and combustion effects of biocar-
bons on the raceway conditions of a PCI system.

To achieve these goals, combustion behavior was investigated
using established thermal analysis (TA) techniques, including
TGA, DTF, and LFR. The findings of this study are expected to pro-
vide valuable insights for the implementation of stepwise decar-
bonization strategies in BF ironmaking using biocarbons as a
transitional alternative fuel.

2. Analytical and evaluation approaches
2.1. Sample preparation and basic properties of biomass

Five fuel samples were selected to assess their suitability for use
in PCl-based ironmaking systems. Commercial PCI-grade bitumi-
nous coal (PCI A), which is commonly used in industrial BF opera-
tions, was used as the reference coal. In addition, four types of
upgraded biomass fuels were used: mildly torrefied biomass
(MTB), hard torrefied biomass (HTB), mildly carbonized biomass
(MCB), and hard carbonized biomass (HCB). Each biomass sample
was thermochemically pretreated the same wood pellet (Table S1
in Appendix A) under inert nitrogen conditions at different temper-
atures for 1 h to simulate varying degrees of devolatilization and
carbon enrichment using LECO TGA 701 (heating rate was
20 K-min~! up to each treating temperature): MTB (573 K for 1 h
under N, (mild torrefaction)); HTB (673 K for 1 h under N, (hard
torrefaction)); MCB (773 K for 1 h under N, (mild carbonization));
HCB (1073 K for 1 h under N, (hard carbonization)).

All samples were ground to a particle size between 75 and
90 pm, consistent with the standard PCI input particle range. To
minimize the influence of moisture, all materials were pre-dried
by placing them in an open atmosphere at 40 °C for 24 h before
analysis. Basic fuel properties, including moisture, volatile matter,
ash, and fixed carbon content, were determined through proximate
analysis using a thermogravimetric analyzer (TGA 01, LECO Co.,
USA) following American Society for Testing and Materials (ASTM)
standards [34-37]. Ultimate analysis was performed using a CHNS
analyzer (Leco-TruSpec Micro CHNS, LECO Co.) to quantify the car-
bon, hydrogen, nitrogen, and sulfur contents, following ASTM
D5373 [38]. Infrared spectroscopy was used to detect carbon,
hydrogen, and sulfur, and nitrogen was measured using thermal
conductivity. The oxygen content was calculated based on the dif-
ference. The calorific value (HHV) was determined using an adia-
batic bomb calorimeter (5E-C5500 Automatic Calorimeter,
Changsha Kaiyuan Instruments Co., China) following ASTM
D5865 [39]. Each dried sample was combusted in a pressurized
oxygen atmosphere, and the HHV was calculated from the
observed temperature increase in water.

Additionally, elemental ratios, such as H/C and O/C, were calcu-
lated from the ultimate analysis results to evaluate the degree of
aromatization and devolatilization. Vitrinite reflectance analysis
was conducted for PCI A (details of vitrinite reflectance results
show in Fig. S1 in Appendix A). These parameters are widely
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recognized as key indicators for fuel upgrading [40]. The basic fuel
properties are summarized in Table 1. The relatively higher mois-
ture content of HCB is attributed to increased pore development
after carbonization, which promotes moisture adsorption. (Fig. S2
in Appendix A).

2.2. Fixed bed combustion characteristics with TGA

A thermogravimetric analyzer was used to measure the mass
change in the samples as a function of temperature, enabling the
analysis of pyrolysis behavior and thermal stability. By observing
the rate and stages of decomposition, the TGA provides insights
into the reaction mechanisms of solid fuels. In this study, an
SDT-Q600 model from TA Instruments was used for TGA
measurements.

The samples analyzed included PCI A, MTB, HTB, MCB, and HCB,
which were ground and sieved to a uniform particle size within the
range of 75-90 pm. The sample mass was fixed at 20 mg for the PCI
A, MTB, HTB, MCB, and HCB. To minimize moisture influence, all
samples were dried under air-dried basis conditions by placing
them in an air atmosphere at 313 K for 24 h. To analyze single-
fuel combustion characteristics, the tests were conducted under
an air atmosphere (N, 79.0 vol%, O, 21.0 vol%) with a gas flow rate
of 100 mL-min~". The heating rate was set to 5 K-min™', ramping up
to 1323 K, and the temperature was maintained for 10 min before
cooling under ambient conditions. The experimental conditions are
listed in Table 2. TGA experiments were performed 5 times for each
case, and the average was used to discuss results. Thermogravi-
metric and derivative thermogravimetric (DTG) curves were calcu-
lated and used for kinetic analysis. The Coats-Redfern integral
method was employed to linearize the thermogravimetric data.
The activation energy (E,) and pre-exponential factor (A) were
determined from the slope and intercept of the fitted line,
respectively.

Before kinetic calculations, the extent of a reaction is defined
using the following equation:

_Wo— w(t)

x(t
O = —w

(1)
where wy is the initial weight, wy is the weight after reaction, x rep-
resents the conversion rate, and t denotes time. Therefore, the
extent of the reaction over time can be calculated by converting
the measured mass-loss data. The kinetic constant can be derived
from the reaction rate, which corresponds to the time derivative
of the conversion rate. The fundamental equations are as follows:

ks @
k:A~exp<—%> 3)
dx

a (4)

E
=A exp| —==) f(x
p( RT) fx)
where k is the kinetic constant, f(x) is the differential conversion
function, R is the universal gas constant, and T is the absolute tem-
perature. At a constant heating rate, the equation can be trans-
formed as follows:

dx dxdT dx E,
a:ﬁa:ﬁ‘ﬁ:*"e’“’(‘ﬁ) I8 ®
d a

df’;:ﬁexp<f%> f) ®

where B represents the heating rate, f(x) is commonly expressed as
(1 —x)", and x is conversion ratio of samples. In this study, n is
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Table 1
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Sample properties analysis (proximate, ultimate, calorific, and vitrinite-reflectance analysis).

Analysis PCI A Torrefaction biomass Carbonization biomass
MTB HTB MCB HCB
Proximate analysis (air dry basis, wt%)
Inherent moisture 1.01 1.74 1.83 1.63 6.84
Volatile matter 15.27 51.14 17.81 16.50 9.54
Fixed carbon 73.83 45.60 78.93 80.98 68.73
Ash 9.90 1.52 143 0.89 14.89
Ultimate analysis (dry and ash-free basis, wt%)
C 88.870 69.51 87.93 87.92 92.62
H 4420 4.78 2.79 2.64 1.57
N 1.890 0.23 0.51 0.43 0.8
(0] 4310 25.46 8.74 8.97 488
S 0.510 0.02 0.03 0.04 0.13
Vitrinite reflectance (%) 0.709 — - — —
Atomic ratio
H/C 0.5968 0.8252 0.3808 0.3603 0.2034
o/C 0.0364 0.2747 0.0745 0.0765 0.0395
Calorific properties (M]-kg™")
HHV 31.766 26.279 31.891 32.331 25.796
Table 2 1. Carrier gas
. . N, supply : 9
Experimental conditions of TGA. Fuel eqzuipment 2. Ambient gas (O, +N,)
Parameter Condition IEI = Fue! lnjectlon.
4. Vertical alumina tube
Particle size 75-90 pm Gas supply 5. Heating elements
Temperature 5 K-min~' to 1323 K equipment 6. Cyclone
Selected gas Air (N, 79.0 vol%, 0, 21.0 vol%) 7. Filter
Flow rate 100 mL-min~! 8. Pump
9. Gas analyzer
o o : Pum
assumed to be 1, which is a typical simplification. Accordingly, the P
equation can be revised as | '
dx A Ea) . (o]
7= EeXp —&7) (1-x) (7) Exhaust gas| -E
(6] e
By dividing both sides of the equation by (1 — x) and taking the Filter Gas analyzer
natural logarithm, the expression can be rearranged as follows: Unburned
carbon

dx 1 A E,
ﬁm:ﬁe"l’<‘ﬁ> ®)
dx 1 A E,

In this study, a first-order reaction model, f(x) = (1 — x), was
applied uniformly to all samples to ensure consistent comparison
of activation energy and pre-exponential factors. This simplified
mechanism is commonly adopted in biomass and coal combustion
studies and enables direct evaluation of relative combustion reac-
tivity based on the conversion-temperature profiles.

2.3. Dynamic combustion characteristics analysis with DTF

The combustion behavior of the samples was investigated using
a DTF system (Fig. 3) consisting of injection, reaction, and collec-
tion modules. To ensure a consistent comparison across samples,
all fuels were tested under the following uniform conditions: gas
flow rate, temperature, and residence time.

The injection system comprised a vibrator, syringe pump, and
double-tube assembly, designed to steadily deliver pulverized fuel
into the reactor. The gap between the feed tube and particle reser-
voir was carefully maintained to ensure stable feed rates. A mass-
flow controller regulated the flow of carrier and reaction gases over
the duration of the test. The reactor zone was heated to 1800 K to
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Fig. 3. Schematic of DTF.

simulate combustion environments relevant to PCI operations. The
system provides extremely fast heating rates on the order of 10*-
10° K-s7!, closely resembling the thermal conditions in BF injection
systems [7]. The length of the high-temperature reaction zone was
adjusted 50-200 mm, depending on the experimental
requirements.

After combustion, UBC was collected using a cooling-integrated
unit comprising a sampling probe, cyclone, and filter holder. Con-
tinuous water cooling was applied to prevent secondary reactions
after sampling. Although actual PCI operations often involve pre-
heated air and oxygen-enriched environments, the DTF setup
employed ambient air because of limitations in hot-air feeding
capabilities. The oxygen concentrations were selected to mimic
the BF operating conditions. In the previous research [41], despite
the variation in oxygen enriched condition (21.0-26.0 vol%) in PCI-
like tests, the relative burnout trends among different fuels remain
consistent, indicating that a DTF experiment conducted at 21 vol%
0, is sufficiently representative for comparing combustion behav-
ior. Detail conditions of DTF experiments are presented in Table 3.

To assess combustibility, the UBC content was quantified using
an ash tracer method, as shown in Eq. (10) [7]:
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Table 3

DTF experimental conditions for BF.
DTF Parameter BF
Experiment temperature (K) 1573
Sample particle size (pm) 75-90
Coal feeding rate (g-min~") 03

Total gas flow (L-min~1) 5

Residence time (s) 0.75
Oxygen concentration (vol%) 21.0
Ao(100 — Achar)}
UBC= | ————==| x 100% 10
{Achar(IOO —Ao) (10)

where Ag and Acha: are the ash contents of the original fuel and col-
lected char, respectively. The derived UBC values were used to ana-
lyze the relationship between fuel blend ratio and combustion
efficiency in PCI dynamic system. Also, the DTF experiments were
performed 5 times for each case, and average of UBC was used to
discuss results.

2.4. Analysis of biomass contribution in UBC after co-firing

To evaluate the contribution of biomass to the UBC content in
co-firing experiments, radiocarbon dating was employed to quan-
tify the proportion of biomass-derived carbon remaining in the col-
lected UBC. The analysis was conducted by a certified laboratory
specialized in radiocarbon measurements (Carbon Analysis Lab
Co., Ltd.). The procedure was as follows: approximately 5-10 mg
of the collected UBC sample was dried, pulverized, and purified
using chemical or physical methods to eliminate impurities.

Then, the refined sample was combusted in an elemental ana-
lyzer (EA) to convert all carbon into CO,. The evolved CO, was cap-
tured and subsequently reduced to graphite in a carbon reduction
furnace.

The graphite was mounted onto the sample target of an acceler-
ator mass spectrometer, where the ionized carbon beam was sep-
arated by mass, and the '4C/'2C ratio was precisely measured. This
radiocarbon ratio is used to differentiate between fossil-derived
carbon (e.g., PCI coal) and modern carbon (e.g., biocarbon) in a
sample [42,43]. Using this approach, the biomass-derived fraction
of UBC in the DTF co-firing tests was quantitatively determined
and compared across the test conditions.

2.5. Observation of flame behavior using LFR

In this study, the ignition delay and char combustion behavior
of each fuel type were evaluated through direct visualization using
an LFR system [44,45]. This apparatus generates a laminar diffu-
sion flame over a flat burner, providing a controlled high-
temperature environment for observing coal particle ignition and
subsequent flame dynamics.

The combustion behavior of the injected fuels in the LFR was
analyzed using charge-coupled device (CCD)-based flame imaging.
Approximately 200 images were acquired for each test, and a sub-
set of representative frames was used to construct time-averaged
images. The average images were converted to grayscale (0-255
intensity range), and the ignition onset position was defined at
50% of the maximum intensity threshold. Based on the spatial dis-
tribution of intensity along the particle trajectory, the ignition
delay region, volatile combustion cloud, and char combustion zone
were distinguished. The pixel-to-length calibration enabled quan-
titative extraction of ignition delay length and char combustion
length, allowing direct comparison of combustion characteristics
among the biocarbon samples. A schematic of the system and
image processing method are shown in Fig. 4.
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The LFR setup includes a flat-flame burner, gas supply system,
and fine coal feeding unit, all mounted on a two-axis positioning
platform. The burner uses a stainless-steel capillary honeycomb
to generate a flat laminar diffusion flame, with the post-flame oxy-
gen maintained at 21 vol% to simulate ambient air. A rectangular
quartz tube stabilizes the flame during operation. Consistent feed-
ing of PC (<100 pum) is challenging due to electrostatic effects;
therefore, a custom syringe-based feeding system with a vibrator
and syringe pump was developed. The actual feed rate was verified
by measuring the mass of coal delivered over time to ensure a
stable fuel supply [45].

The supplied gases were categorized based on their functions:
either for flat flame generation (fuel and oxidizer) or coal particle
transport. The burner design allows for flexible adjustment of the
fuel-oxidizer mixture to achieve the desired combustion atmo-
sphere required for burning coal particles. Each gas stream was
regulated using a dedicated mass flow controller (MFC), with all
MEFCs integrated into a centralized control interface for precise
flow management. Carbon monoxide and hydrogen served as pri-
mary fuels to produce a flat laminar flame, and nitrogen was used
to dilute concentrations and serve as a carrier gas during coal injec-
tion. Oxygen and nitrogen were used as oxidants to establish speci-
fic combustion atmospheres. The flow conditions for each gas
stream are listed in Table 4. PC particles were injected into the flat
flame under 21 vol% O, (ambient air), which simulated the BF and
BF PCI environments. Under these conditions, the flat flame exhib-
ited peak temperatures between 2000 and 2250 K [45].

To validate the applicability of the LFR in PCl-related studies,
Lee et al. [45] performed a conceptual comparison between the
LFR setup and a real BF tuyere system. In both systems, finely pul-
verized fuel was injected through a lance, forming a flame zone
known as raceway. In the LFR, the premixed gases form a flat dif-
fusion flame, into which pulverized fuel is introduced, closely
mimicking the raceway behavior in actual PCI operations. There-
fore, the LFR apparatus effectively replicated the flame formation
zone of PCI systems, justifying its use in this study. Thus, the com-
bustion mechanism of PC was visualized and analyzed with a focus
on the injection region to simulate raceway phenomena under con-
trolled laboratory conditions [45].

2.6. Maximum injection limit of biocarbon in PCI

The BF has been continuously improved to enhance productiv-
ity and reduce operating costs. Particularly, efforts to increase pro-
ductivity and reduce coke and fuel consumption in steel plants are
being pursued to maintain competitiveness in the global steel mar-
ket. One representative improvement strategy involves a shift in
fuel sources. Conventionally, petroleum has been the primary fuel
used in BFs. However, rising international oil prices have led to a
decline in cost competitiveness, prompting the exploration of
alternative fuels. Natural gas and coal, which are abundant, widely
distributed, and easier to manage, have been proposed as substi-
tutes. Currently, most steel plants employ PCI technology and
use coal as the main fuel. Although the initial adoption of coal
was driven by high oil prices, increasing PCI rates today are moti-
vated by the need to reduce raw material costs and lower air pol-
lutant emissions.

The application of PCI in BFs offers the following advantages
[46]: It improves furnace productivity, that is, the quantity of hot
metal produced by the BF; it allows the substitution of expensive
coke with cheaper coke or steam coal, thereby reducing the coke
consumption and associated costs; it helps maintain furnace sta-
bility; it enhances the quality of the hot metal and reduces the sil-
icon content in pig iron. An increase in the PCI rate can result in up
to a 6.7% reduction in CO, emissions.
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Fig. 4. Schematics of LFR and image processing method. Thurouc: time for burnout; Tignition detay: time for ignition delay.

Table 4
Experimental condition of LFR.

Condition Actual flow rate (L-min~')
0, 21% (BF)
N> (que) 15
N, (car) 0.367
Fuel
Cco 3.04
H, 0.74
N, 2.64
Oxidizer
0, 6.20
N, 3.54

Due to these benefits, efforts to increase PCI rates continue to
pursue enhanced productivity and cost savings through reduced
coke usage. This has led to the development of technologies for
coal pulverization, storage, and transport. In addition, innovations
such as uniform coal distribution in the tuyeres, lance design opti-
mization, and oxygen enrichment control for combustion regula-
tion have been actively developed.

A correlation between PCI and coke rates has been demon-
strated, indicating that as the PCI rate increases, the coke rate
decreases. Thus, higher PCI injection rates are directly related to
cost reduction. Fig. 5 illustrates the phenomena occurring at the
tuyere as the PCI rate of high-volatile coal increases. This observa-
tion is similar to that of biocarbons [47]. Generally, as the carbon
content of PCI coal increases up to approximately 91% on a dry
ash-free (daf) basis, the coke replacement ratio increases. However,
beyond this point, further increases in carbon content do not lead
to additional replacement benefits. Moreover, when the carbon
content exceeds 85% (daf), the blast momentum decreases; this
finding is closely related to the depth of the raceway. In such cases,
oxygen-enriched operations can be used to maintain combustion
temperature. The findings illustrated in Fig. 5 indicate that increas-
ing the injection rate of high-volatile coals increases blast pressure
and momentum, resulting in an enlarged and unstable raceway

221

zone. This instability is accompanied by the increased formation
of fine coke particles, potentially affecting the furnace stability
and overall productivity. Nonetheless, when assessing the maxi-
mum allowable PCI rate, the foremost factor to be considered is
system capacity. As previously mentioned, evaluating whether
parameters such as pulverizer throughput, excess air supply, pre-
heated air temperature, and ash-handling capacity inside the BF
fall within the feasible injection limits is necessary.

The theoretical air requirement, dry flue gas volume, and
combustion-generated water vapor can be calculated using the
ultimate analysis of the fuel, typically represented by the elemen-
tal composition (C, H, O, S, and N). These parameters are essential
for evaluating the combustion burden imposed on the BF system
and serve as the foundation for determining the maximum injec-
tion limit of pulverized fuels in PCIL.

Theoretical air requirement:

Airy, = 0.0889 x Mc + 0.2667 x My + 0.0333 x Ms — 0.0333 x Mo
(11)
Theoretical dry flue gas volume:
Gasgry = 0.0187 x Mc¢ +0.0667 x My + 0.0187 x Ms — 0.0071 x Mo
(12)
Combustion-generated water vapor:

HaOuapor = 0.623 x My (13)

Here, Mc, My, Mo, and Ms are the mass fractions (kg-kg™! of fuel)
obtained from the ultimate analysis. All constants are derived from
stoichiometric combustion equations under standard conditions
(0 °C, 10° Pa). The flue gas volume per unit of fuel is estimated
based on the theoretical combustion outputs. By comparing the
total flue gas generated at various injection rates with the gas han-
dling and ash processing capacities of the furnace, the maximum
feasible injection limit of each fuel can be determined. This
approach ensures stable raceway operation, minimizes overburden
on the blower system, and avoids excessive slagging due to ash
content.
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Fig. 5. Combustion mechanism of high-volatile coal in tuyere.

3. Experimental results and discussion
3.1. Combustion kinetics of biocarbon

TGA was performed to evaluate the combustion characteristics
of PCI coal and upgraded biomass fuels (MTB, HTB, MCB, and HCB).
TG and DTG curves were used to assess mass loss and reaction
rates at different temperatures. Each sample exhibited characteris-
tic combustion behavior, including ignition temperature, peak
reactivity, and residual ash. Biomass samples generally showed
lower ash residues and earlier ignition than coal, whereas car-
bonized samples demonstrated higher reaction rates. These obser-
vations reflect the effect of thermal treatment on combustion
dynamics.

As shown in Fig. S3 in Appendix A, PCI coal exhibited a typical
two-stage combustion profile with an initial moisture loss and a
slight mass increase due to oxygen adsorption. The main combus-
tion phase occurred between 714.3 and 847.6 K, with a peak reac-
tion rate of 4.862% min~! at 789.3 K and 8.21% ash residue. MTB
displayed two distinct DTG peaks at 581.6 and 705.7 K, indicating
separate devolatilization and char combustion phases, with a min-
imal ash content of 1.52%. HTB, which was treated at a higher tem-
perature, exhibited combustion from 636.4 to 775.6 K and a peak
reactivity of 5.124% min~'. Further carbonization increased the
combustion intensity. MCB reacted between 635.6 and 773.4 K
with a peak DTG of 5.313% min~' and the lowest ash residue
(0.89%), indicating complete combustion. Despite having the high-
est ash content (14.89%), HCB exhibited the fastest reaction
(6.651% min~' at 713.7 K), probably because of the increased fixed
carbon concentration and structural modification during high-
temperature carbonization. These results show the influence of
pretreatment temperature on fuel reactivity and burnout behavior.

The reaction rate and temperature data derived from the TG/
DTG curves were used to calculate kinetic parameters using the
Coats-Redfern method. The results are illustrated in Fig. 6 and
Table 5. The activation energy (E.) of PCI coal was 1.4353 x 10°
kJ-kmol~!, serving as a baseline for comparing the single-
combustion characteristics of biocarbons. For biocarbons, E, ran-
ged from 6.706 x 10* to 1.5890 x 10° kJ-kmol~!, which is generally
lower than that of the other samples. This indicates that biocar-
bons are less thermally stable and can initiate reactions at rela-
tively low energy thresholds. Notably, MTB exhibited the lowest
E, (6.706 x 10* kJ-kmol™!), probably because of its low degree of
carbonization and remaining volatile content. The pre-
exponential factor (A) of biocarbon ranged from 0.193 x 10° to
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Fig. 6. Kinetic analysis of each sample using the Coats-Redfern method.

Table 5
Activation energy and pre-exponential factors of each sample.

Sample Kinetic constant
E. (x10* kJ-kmol™1) A(x10°s71)
PCI coal 14.353 5517.221
MTB 6.706 0.193
HTB 11.479 374919
MCB 12.471 2115.829
HCB 15.890 5.275 x 10°

5.275 x 108 s7!, indicating that although thermal stability increases
with higher pretreatment temperatures, once ignition occurs, the
reaction proceeds more rapidly. The Coats-Redfern kinetic fitting
showed high agreement with the experimental data, with R? values
of 0.9938, 0.8993, 0.9920, 0.9992, and 0.9621 for PCI A, MTB, HTB,
MCB, and HCB, respectively.

3.2. Co-firing combustibility of biocarbon

The results of the co-firing combustion tests on the PCI coal and
biocarbon samples (MTB, HTB, MCB, and HCB) are presented in
Figs. S4(a)-(d) in Appendix A. At a blending ratio of 3 wt%, MTB,
HTB, and MCB exhibited a slight reduction in combustibility, as
indicated by the increased UBC compared with that of only PCI
coal. Despite the higher intrinsic combustibility of the biocarbon
samples, this early-stage blending led to less favorable combus-
tion. As the blending ratio increased to 5 wt%, combustion
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performance generally improved, especially in HTB and MCB, with
UBC values comparable to those of PCI coal. For MTB, combustion
improved further by 10 wt%, exceeding the performance of the
single-coal case. However, MCB at 10 wt% blending still exhibited
slightly lower combustibility than HTB, probably because of its
moderate devolatilization characteristics.

HCB, which underwent the highest heat treatment, exhibited
the most consistent improvement in combustion with increasing
blending ratio (Fig. S4(e) in Appendix A). Its UBC values decreased
steadily from 3 to 10 wt% blending, outperforming PCI coal at all
levels. This trend shows that the higher thermal stability and fixed
carbon content of HCB contribute significantly to its better com-
bustion behavior. Overall, although the low-ratio blending of bio-
carbons may initially hinder combustion because of particle
interaction or flame instability, higher ratios, particularly with
more thermally treated samples, enhance performance and
demonstrate potential for use in co-firing strategies.

Fig. 7 illustrates the UBC composition results based on radiocar-
bon dating, showing the respective contributions of PCI coal and
biocarbons in the collected UBC. For MTB, more than 99% of the
UBC originated from coal, with a slight increase in the overall
UBC as the blending ratio increased. This is probably owing to
the high reactivity of MTB, which retains significant biomass char-
acteristics, as it is produced at a relatively low treatment temper-
ature (300 °C), allowing most of the biocarbons to combust
completely. For HTB, biocarbon-derived UBC accounted for approx-
imately 1% at a blending ratio of 3 wt%, decreased to 0.43% at 5 wt%,
and increased to 2.06% at 10 wt%. MCB exhibited a similar trend:
at 3 wt% blending, biocarbon-derived UBC was 0.53%, which
decreased to 0.16% at 5 wt%, and then rose again to 0.39% at 10
wt%. For HCB, the overall UBC decreased with an increasing blend-
ing ratio, indicating that most of the injected HCB was combusted.
Therefore, radiocarbon analysis was not conducted for HCB.
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The co-firing behavior observed in the DTF experiments can be
interpreted in relation to general solid-fuel combustion mecha-
nisms. In pulverized fuel combustion, the ignition and early flame
development are primarily governed by volatile release, whereas
the subsequent char burnout stage is controlled by the fixed-
carbon structure and the accessibility of oxidizing gases to internal
reaction sites. Accordingly, samples with relatively high volatile
content, such as MTB, exhibited increased UBC at low blending
ratios because rapid devolatilization can induce transient flame
instability. As the carbonization severity increased (HTB - MCB —
HCB), structural ordering of the carbon matrix and the development
of internal pore networks enhanced oxygen diffusion and char oxi-
dation, which is consistent with the progressive reduction in UBC at
higher blending ratios. Although ash is generally associated with
the formation of surface diffusion barriers that hinder gas-solid
contact, the highly carbonized HCB showed continuously improved
burnout performance. This behavior is attributed to particle frag-
mentation during combustion, which exposes fresh reactive sur-
faces and mitigates ash-induced mass transfer resistance; the
fragmentation mechanism and its influence on flame structure
are discussed in detail in Section 3.3. Therefore, the co-firing com-
bustibility trends are governed by the combined effects of
volatile-driven ignition characteristics, fixed-carbon burnout reac-
tivity, and the degree to which ash accumulation is counteracted
by fragmentation-induced pore exposure during char oxidation.

3.3. Combustion mechanism identification with PCI flame visualization

LFR experiments were conducted to visually investigate the
combustion characteristics of PCI coal and each biocarbon (MTB,
HTB, MCB, and HCB) under single- and co-firing conditions. The
analysis focused on ignition delay, char combustion length, frag-
mentation, and formation of flame clouds.
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Fig. 7. UBC blended ratio of PCI coal and (a) MTB, (b) HTB, (c) MCB, and (d) HCB.
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In co-firing experiments, for MTB, increasing the blending ratio
led to larger flame cloud areas, reduced fragmentation, and
extended combustion lengths. However, due to its high reactivity,
the overall combustion length under co-firing was still shorter than
that of PCI coal. For HTB and MCB, the combustion length
decreased to 3 wt% co-firing but increased to 5 wt% and above
owing to intensified fragmentation, which also contributed to a
longer ignition delay. When fragmentation occurred, the resulting
coal and biocarbon particles tended to fragment along the laminar
flow direction because of the conservation of internal momentum
within the coal structure. Consequently, the particle velocities
increased, leading to an extended trajectory. This phenomenon
contributed to a longer combustion path, thereby increasing the
overall char combustion length. Despite this observation, the DTF
results showed a decrease in UBC, indicating improved overall
combustibility. For HCB, both flame brightness and cloud forma-
tion increased with blending ratio, and combustion length was
extended owing to its lower heating value.

Overall, MTB is most suitable for co-firing at up to 3 wt%,
whereas HTB and MCB can be effectively co-fired at 5 wt% or
higher without deteriorating combustion performance. HCB,
because of its lower heating value, may increase the total fuel input
under high co-firing ratios and thus requires careful optimization.
All visual results are illustrated in Fig. 8.

The combustion mechanism within the PCI system was clarified
based on previous DTF and LFR experimental results, as illustrated
in Fig. 9. For MTB, the UBC increased up to a co-firing ratio of 5 wt%
but decreased below that of coal alone at 10 wt%. This behavior is
attributed to the competing effects of char combustion enhance-
ment due to coal fragmentation and the high volatile content and
intrinsic combustibility of biocarbons. Notably, MTB exhibited sig-
nificantly higher volatile matter content than other biocarbons,
leading to early combustion of volatiles and thus shifting the
inflection point to a relatively higher co-firing ratio.
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For HTB and MCB, unlike MTB, the dominant effect was com-
bustion enhancement due to biocarbon fragmentation rather than
volatile combustion. Consequently, the inflection point appeared
earlier than expected, at a co-firing ratio of 3 wt%, and the UBC con-
tinued to decrease with a further increase in the co-firing ratio. For
HCB, both coal and biocarbons exhibited active fragmentation,
resulting in a consistent reduction in UBC as the co-firing ratio
increased. This trend shows that the moderate volatile content
and high fragmentation behavior of HCB contribute to improved
combustion performance.

3.4. Maximum injection limit evaluation of biocarbon

Among steelmaking processes, the ironmaking stage accounts
for approximately 82% of the total carbon emissions, rendering it
the primary target for decarbonization. Global strategies to achieve
carbon neutrality include transitioning from conventional BF oper-
ations to EAF and utilizing hydrogen and biomass as alternative
fuels. As a transitional solution, replacing PCI coal with biocarbons
has emerged as a viable, low-carbon bridge technology. This study
quantitatively evaluates the applicability and injection limitations
of biocarbon materials (MTB, HTB, MCB, and HCB) as substitutes for
PCI coal in a BF-PCI system. To determine the maximum feasible
injection rates, the operational conditions of the BF and the physic-
ochemical and combustion properties of the biocarbon samples
were considered. As presented in Table 6, the baseline BF operation
was set to 500 kg-tHM™! (here HM refers hot metal) of the total
injected fuel, comprising 350 kg-tHM™! of coke and 150 kg-tHM™!
of PCI coal [48]. In this study, the coke input remained fixed while
PCI coal was partially substituted with biocarbons. Combustion
behavior derived from the DTF and LFR experiments was used to
determine suitable blending ratios. The calorific value was
restricted to within +5 wt% of PCI coal, and the total ash content
after blending was limited to below 10 wt%. Table 7 presents the
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Fig. 8. Flame visualization of (a) MTB, (b) HTB, (c) MCB, and (d) HCB on co-firing with PCI coal (maximum intensity of 20 images for each case). VM: volatile matter.
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Fig. 9. Combustion mechanism of coal and (a) MTB, (b) HTB, and (c) co-firing with LFR.
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calculated optimal injection limits for each sample, and Fig. 10
shows graphs derived from a numerical evaluation of the heating
value and ash content constraints. The HHV and ash content of
the blended fuels were calculated based on the mass mixing ratio
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of PCI coal and biocarbon. The maximum injection limits were
determined by identifying the blending level at which the mixed
HHV remained within +5 wt% of PCI coal and the total ash content
did not exceed 10 wt%. MTB and HCB exhibited lower calorific val-
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Table 6
Operation target of the BF.
Indices Design
Production 2.0 Mt-a~!, 5500 t-d~!
Coal rate kg-tHM™! 500
Coke 350
PCl 150 (|)
Table 7

Limitation of MTB/HTB/MCB/HCB co-firing in PCI system based on
combustibility.

Sample Maximum injection limit with
combustibility (wt%)

MTB <3

HTB >5

MCB >5

HCB <3

ues, exceeding the acceptable range when the blending ratio sur-
passed approximately 27-30 wt¥%, requiring adjustment of the total
fuel injection rate to maintain the heat input. In addition, due to its
high ash content, HCB must be blended in a low ratio to ensure
operational stability.

The economic feasibility of biocarbon injection is increasingly
influenced by the global expansion of emission trading systems
(ETS) aimed at achieving carbon neutrality. According to Intergov-
ernmental Panel on Climate Change (IPCC) guidelines and most
national ETS accounting frameworks, CO, produced from biogenic
carbon is considered carbon-neutral and is therefore excluded
from net emission calculations. Consequently, replacing a portion
of fossil-based PCI coal with biocarbon results in a proportional
reduction in net CO, emissions. Assuming that full oxidation of
1 t of carbon generates approximately 3.67 t of CO,, substituting
10 wt% of PCI carbon with biocarbon corresponds to an estimated
reduction of ~0.09 t CO, per ton of PCI fuel.

Applying recent European Union (EU) ETS carbon credit prices
(~ 78 EUR(t CO,)™!, ~ 85 USD-t™!) [49], this emission reduction
translates to an economic benefit of approximately 7 USD per
ton of PCI. Beyond direct fuel substitution, this credit-based cost
reduction contributes to lowering overall carbon compliance
costs and strengthens the economic viability of sustainable BF
operation. Therefore, biocarbon injection provides not only a
practical pathway for immediate CO, mitigation, but also a quan-
tifiable economic advantage under carbon trading markets, rein-
forcing its role as a feasible transition strategy for low-carbon
ironmaking.
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4. Conclusions

This study assessed the applicability of biocarbons in the PCI
system of the BF process and investigated their combustion behav-
iors and flame characteristics under co-firing conditions. Further-
more, based on the experimental results, the maximum feasible
injection limits of biocarbon materials, such as torrefied biochar,
which are currently gaining attention, were analyzed. The evalua-
tion was conducted using TGA, DTF, and LFR experiments to char-
acterize combustion and flame behavior, and the injection limits
were determined by assessing the influence of the HHV and ash
content. The major results can be summarized as follows.

As torrefied biomass underwent further carbonization into bio-
carbon, the E, values gradually approached those of PCI coal. This
indicates that the combustion behavior of biocarbons is increas-
ingly similar to that of conventional PCI coal.

Co-firing tests showed that low blending ratios (3 wt%) of the
biocarbon samples slightly reduced combustibility, but higher
ratios improved performance, especially with thermally treated
samples such as HCB. Radiocarbon analysis confirmed that most
of the UBC originated from PCI coal, with minimal contribution
from biocarbons. For HTB and MCB, combustion improvement
was mainly due to biocarbon fragmentation, leading to reduced
UBC from a 3 wt% blending ratio. HCB, owing to its moderate vola-
tile content and active fragmentation, consistently exhibited
enhanced combustion as the blending ratio increased, indicating
its strong potential for PCI co-firing applications.

A fixed coke rate and varying biocarbon injection ratios were
assessed based on combustion behavior, heating value (5 wt% of
PCI coal), and ash content (< 10 wt%). MTB and HCB exceeded
the heating value threshold at approximately 27-30 wt% blending,
indicating the need to reduce total injection to maintain thermal
balance. HCB also required a lower blending ratio because of its
high ash content, which may affect its operational stability.

These findings show the strong potential of biomass as a PCI
substitute, offering a feasible low-carbon pathway for existing BF
systems.

In addition, the co-firing combustion behavior observed in this
study is consistent with previously reported LFR-based raceway
visualization research. Lee et al. [45] demonstrated that fuels with
higher volatile content exhibited pronounced volatile-cloud flame
regions and shorter char combustion lengths, whereas highly
carbonized fuels tended to show extended burnout zones with lim-
ited flame luminosity, particularly under oxygen-enriched condi-
tions. These trends agree with the present observation that MTB
and HTB promote early volatile-driven ignition, while biocarbon
samples subjected to higher carbonization severity (e.g., HCB)
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Fig. 10. Limitation of BCs co-firing in PCI system based on (a) HHV and (b) ash contents.



M.-W. Kim, M.-]. Ku, J. Kim et al.

exhibit improved char oxidation owing to increased internal pore
accessibility and combustion stability at elevated blending ratios.
Furthermore, the progressive reduction in UBC with increasing
blending ratio for HCB aligns with the enhanced burnout efficiency
reported for alternative solid fuels showing fragmentation-assisted
exposure of fresh reactive surfaces during char combustion. Taken
together, the findings of this study reinforce and expand upon
existing literature by clarifying how the degree of biomass car-
bonization influences co-firing dynamics in PCI conditions.

However, the influence of alkali and trace metallic species (e.g.,
K, Na, and Zn) present in biocarbon ash on coke reactivity, slag
behavior, and hot-metal quality should be considered in practical
PCI applications. Although these effects were not addressed in
the present study, which focused on combustion characteristics,
previous work suggests that alkali recycling and mineral-induced
phase changes may play non-negligible roles during long-term fur-
nace operation. Therefore, further research involving ash fusion
behavior, slag-metal interaction, and alkali circulation dynamics
will be required to evaluate the metallurgical compatibility of bio-
carbon at industrial injection levels.

Although hydrogen-based direct reduction is widely regarded as
a long-term solution for achieving near-zero carbon ironmaking, its
industrial implementation is currently limited by renewable hydro-
gen supply, infrastructure availability, and the need for major pro-
cess transitions. In contrast, most operating BFs are expected to
remain in service over the next several decades, particularly in
regions where large-scale capital replacement is difficult. In this con-
text, biocarbon injection into existing PCI systems can function as a
bridge technology, providing immediate and incremental CO, reduc-
tion without requiring substantial modifications to furnace opera-
tion. Therefore, the present findings highlight the role of biocarbon
co-firing as a practical transitional pathway that complements,
rather than replaces, future hydrogen-based ironmaking strategies.
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