This is a post-peer-review, pre-copyedit version of an article published in Journal of Sustainable Metallurgy.

The final authenticated version is available online at: https://doi.org/10.1007/s40831-026-01414-1.

Title:
Innovative Methods to Achieve Ultra-Low Coke Rate for Carbon-Neutral Blast

Furnaces

Authors:

Takeshi Sekiguchi

Affiliations:

SimpLE-labo Co., Ltd., Yokohama, Japan
Corresponding author:

Takeshi Sekiguchi

email: sekiguchi@simple-labo.co.jp

Abstract:

The blast furnace (BF) remains the most energy-efficient ironmaking route worldwide, yet
achieving deep decarbonization without compromising thermal efficiency is a critical
challenge. This study proposes “SimpLE” (Smart Ironmaking Process for Low Emissions),
an ultra-low coke rate (CR = 60 kg/thm) concept that redefines the BF from a conventional
reduction-gasifier to a high-efficiency melter coupled with a full-gas-based reduction shatft.
This paradigm shift is achieved by integrating three innovations: Smart Reduction
(confining reduction to the shaft for 100% gas-based reduction), Smart Charging
(maintaining permeability via the coke-slit-less cohesive zone), and Smart Combustion
(enabling nearly complete pulverized coal combustion without raceways). SimpLE BF
thermodynamically transforms a “black-box-like 3-dimensional” mixed-reduction process
into a “quasi-one-dimensional” gas-based reduction process, enabling the manipulation of
critical variables such as reduction temperature. Accordingly, thermodynamic analysis,
validated against industrial data, demonstrates that SimpLE reduces fossil-derived input
carbon by ~38—41% (or ~53% with green-Hz), with total CO: reduction reaching ~60—-68%
via carbon recycling. Also, the pressure-drop head is estimated to be ~1/10 in the cohesive
zone and decreases to ~43—-60% in total compared to conventional BFs. This work validates

the process-level feasibility of the concept and provides a scientific basis for future pilot-
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plant verification. Ultra-low CR BF will be a robust platform for carbon neutralization,

replacing fossil fuels with circular resources such as waste materials.
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1. Introduction
Blast furnaces (hereafter BF) have long played a central role in steel production because
of their superior productivity and excellent thermal efficiency. However, the global shift
toward a carbon-neutral (CN) society has heightened concerns over CO: emissions,
prompting numerous projects to reduce BF emissions [1-3]. For instance, the ULCOS-BF
in Europe [4,5] aimed to reduce input carbon (hereafter Input C) by over 20% and total
CO:2 by 50% using CO: capture, utilization, and storage (CCUS). However, the project
was discontinued before plant verification due to the rapid shift toward carbon neutrality.
Similarly, Japan’s COURSESO0 [2,6] targets only a 10% reduction in Input C, with a total
CO:2 reduction of 30% including CCUS.
Meanwhile, development is underway on hydrogen-based reduction technologies[2] to
replace the blast furnace process. However, hydrogen production and transportation are
energy- and cost-intensive, and constraints in energy supply and infrastructure have
hindered widespread adoption. Furthermore, the combined process of hydrogen-based
direct reduced iron (DRI) and electric melting (hereafter, H>-DRI+Melter) faces several
technical challenges, including DRI quality control, CO: emissions from electricity, and
issues inherent in hydrogen reduction, such as low gas utilization efficiency.
The BF is a highly thermally efficient process that enables continuous production of hot
metal from iron ore. If fuel and reducing agents such as coke and pulverized coal
(hereafter PC) are minimized and replaced with low-carbon sources such as municipal
solid waste (MSW)[7] toward carbon-neutrality (CN), it offers the potential for greater
thermal and economic efficiency than alternative processes. However, a large amount of
coke is considered indispensable in the conventional BFs and the reduction of coke rate
(hereafter CR: the amount of coke per 1 ton of hot metal) is subject to major limiting
factors: (1) a thermodynamic limit as a heat source required to maintain heat and mass
balance, (2) thermodynamic and kinetic limits coming from combustibility competition
with PC as a coke substitute, and (3) a lower limit as structural support and ventilation
material for furnace permeability. Furthermore, CR has another limit (4) of economy. Since
the supply of coal-derived gases such as coke oven gas (COG) and BF gas (BFG) has
3
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been economical for steelworks as a whole, little research has focused on drastically
reducing the CR. Historically, the lower limit of CR has been considered to be around
200-250 kg/thm[2,3, 8-10].

To address these challenges, this study proposes an innovative BF process—“SimpLE”
(Smart iron-making process for Low Emissions)[11]—redefined to enable ultra-low CR
operation based on four key perspectives:

1) Thermodynamics: Converting direct reduction—consuming coke and much heat— into
gas-based reduction by injecting sufficient reducing gas, which can be derived not
only from BF top gas—Ilike ULCOS BF— but also from external reforming-fuels
such as COG or natural gas (shown as NG or CHas in figures).

ii) PC Combustion Design: Achieving highly preferential PC combustion over coke to
get high PC combustion efficiency and ultra-low CR operation together.

iii) Furnace Permeability: Improving the permeability even in ultra-low CR operation
through burden-charging control and gas-flow control.

iv) Input C: Shifting the positive evaluation of a BF as a coal gasifier to minimizing
heat consumption and input C for ironmaking, shifting the fuel from coal—especially
coking coal—to internal surplus energy and low-carbon fuels such as natural gas
(hereafter NG; shown as CHa4 in figures) or MSW (in future)[7].

In particular, this study identifies the maximization of PC combustion efficiency under
ultra-low CR operation as a key technical challenge as follows.

In the small-scale experimental furnace of the ULCOS BF, a PC rate (hereafter PCR) of
170kg/thm, a CR of 230kg/thm were achieved[4]. However, the experimental PC
combustion efficiency (for high-volatile coal) was reported to be <50%][5], suggesting
that over 85 kg/thm of unburnt PC (UPC) may have been generated. Unburnt PC is
considered to be consumed in the conventional BF as direct reduction (FeO+C = Fe+CO) or
gasification (C+CO2 = 2CO)—the latter is equivalent to direct reduction coupled with gas-
based reduction (FeO+CO = Fe+CO2). However, since the direct reduction degree (hereafter
DRR) of ULCOS was 5 to 15%[4], it seemed that the operation far-exceeded the potential
limit of consumption via direct reduction (30 kgC/thm when DRR=10%). Therefore, it

4
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requires additional consumption via carburization, which also appeared to have nearly

reached the potential limit (Fig. 1). g 500 UPC: Unburnt PC
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Conventionally, it has been considered
essential to use high-volatile (HV) coals with high ignitability and combustibility, along
with a deep raceway (RW) formed by hot blast through the tuyere, as the PC combustion
zone [5,13-18]. However, the raceway primarily serves to crush and combust strong lump
coke, which inevitably generates a large amount of coke dust (CKD) [19,20]. Since coke
combusts more easily as its particle size decreases [14], this can lead to a decline in PC
combustion efficiency.
This study aims to maximize PC combustion efficiency under ultra-low CR conditions. We
propose a strategy to reduce blast velocity, thereby eliminating the raceway and deadman.
This “raceway-free” approach stabilizes the coke bed near the tuyere, suppressing coke
fragmentation and promoting PC preferential combustion.
In addition, to address concerns about the deterioration of furnace permeability associated
with the ultra-low CR, it was confirmed that permeability can be significantly improved
by suppressing coke dust accumulation in the dripping zone and coke bed through
innovations in charging method and enhancement of gas reduction.
[Structure of the Study] This study focuses on the technical feasibility and potential
impacts of SimpLE BF compared to conventional BFs, across four areas:
1) Process Concepts (Section 2),
1) Heat and Mass Balance and CO: reduction potential (Section 3),
1i1) PC Combustion/Consumption Dynamics (Sections 4.1-4.2), and
iv) Furnace Permeability (Sections 4.3—4.4).
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To ensure reliability, we employ a rigorous dual-approach: Theoretical concepts/models
are deductively derived and then inductively validated against conventional-BF baselines
and diverse industrial datasets. For ii) and iv), we apply direct validation using empirically
validated engineering models and operational/literature data. However, for iii) (PC
combustion) where direct data for raceway-free combustion is limited, we deductively
construct a widely applicable estimation tool that is verified to unify disparate and diverse
& seemingly-inconsistent industrial datasets like a Rosetta Stone, verifying the new concept.
[Future Scope] Plant-level engineering and industrial trials toward a reference plant will be
addressed in future phases. This study establishes the theoretical foundation of ultra-low CR
BFs (Step 1), while Step 2 [7] utilizes waste-derived fuels including MSW to enable near-

zero fossil carbon input and negative emissions.
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2. Concept of Ultra-Low CR BF and Associated Process Innovations

2.1 Overall Concept and Core Philosophy

SimpLE Innovation: SimpLE BF targets near-zero emissions and ultra-low coke rate
(CR). It innovates three core functions—charging, reduction, and combustion—to
comprehensively address the BF’s essential challenges: efficiently supplying reducing gas
and heat to the ore reduction zone while maintaining the permeability.

Three Synergistic Concepts:

1) Smart Reduction: Targets 100% gas reduction by concentrating the reduction in the
shaft under controlled temperatures, thereby preventing low-temperature ore
disintegration at and high-temperature coke degradation. Top gas recycling (hereafter
TGR) is essential; fully reusing top gas (in-furnace or as hot-stove fuel) eliminates
surplus gas discharge. This boosts gas utilization to nearly 100% and significantly
lowers Input C and COs.. The system is thermodynamically viable and ensures sufficient
permeability, offering a novel operation theory beyond the traditional black-box model.

ii) Smart Charging: Ensures high permeability in both the cohesive zone and shaft under
ultra-low CR operation. It also optimizes shaft gas distribution via burden control.

iii) Smart Combustion: Enhances PC combustion by reducing blast velocity to eliminate
the raceway. This suppresses coke fragmentation and prevents dust generation, which

improves gas flow and permeability in the lower furnace (from cohesive zone to hearth).

2.2 Characteristics and Configuration of SimpLE BF

Route Comparison (Fig. 2): Fig. 2 (adapted from Ref [7]) compares the conventional BF,
SimpLE BF, and a DRI+Melter system. In the DRI+Melter process, hot metal is produced
by high-ratio gas-based reduction (~96%) using reformed gas from CHa or external Ho—a
mechanism thermodynamically similar to Smart Reduction—followed by electric melting.

However, the DRI+Melter process itself faces logistical and operational challenges,
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including: handling/distribution of high-temperature DRI, melting/carburization efficiency,

productivity, refractory
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such as low thermal Figure 2. Schematic comparison of ironmaking routes:

) ) (a) conventional BF; (b) SimpLE BF; (c) DRI + melter.
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viability, H: availability, and high-temperature large electric heaters.
Integrated Process: In contrast, SimpLE BF maintains the continuous flow of a
conventional BF. Because “Smart Reduction” enables gas-based reduction by nearly
100% instead of 70% for conventional BF, the lower furnace effectively functions as a
melter. Consequently, SimpLE BF uniquely integrates DRI process and Melter function
within a unified thermodynamic and logistical system.
System Configuration: SimpLE BF features:

1) Smart Reduction: TGR with CO: separator (hereafter De-COz), fuel gas reformer,

and a three-stage tuyere system.
i1) Smart Charging: Full-mixed charging and a coke-slit-less cohesive zone.

1i1) Smart Combustion: Mild-blast tuyeres and a coke bed without raceway or deadman.

2.3 Process Innovation for Ultra-Low CR

(1) Innovations in Cohesive Zone Structure and Charging Control

At ultra-low CR, the coke slits in the cohesive zone become too thin to maintain
permeability. Since mixing coke into ore is known to enhance cohesive layer permeability
[21,22], Smart Charging adopts full mixing of coke and ore. Ultra-low CR is too small to
form slits but enough to form a coke-slit-less cohesive zone with enhanced permeability,

which is also within the well-industrialized mixing range[21]. Furthermore, approaching

8
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100% gas-based reduction raises the ore’s softening/melting points, suppressing FeO melt
formation and further improving permeability [23-25]. Additionally, alternating layers of
large (Or) and small (Os) ore optimize stable gas flow and improve the permeability in
the shaft.

(2) Shafts (Innovation in the Reduction Process)

Comparison of Shaft Systems (Fig. 3): Fig. 3 compares the shaft injection concepts: (a)
conventional shaft-injection, (b) Smart Reduction (three-stage tuyeres), and (c¢) DRI shaft
furnace. (a) Conventional shaft-injection suffers from reduction deficiency in the central—
physically inevitable due to poor gas penetration[2,9,26]. (¢) DRI shaft furnaces face
internal cooling-gas leakage that produces a central heat deficit, decreasing the central

reduction  degree [27]—
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Figure 3. Schematic comparison of shaft-injection systems:
(a) Conventional shaft-injection; (b) Smart Reduction
(three-stage tuyeres); (c) DRI shaft furnace

three-stage tuyere system
coupled with an internal
melter—creating a quasi-one-dimensional thermodynamic homogeneity without penetration
issue or cooling gas issue.

Gas Flows and Isotherms: The top gas after CO2 removal and the reformed gas are injected
through a three-stage tuyere system (Fig. 3(b)). Aside from penetration issues,
combustion gas (bosh gas) from the first-stage tuyeres flows through the furnace center,
while gases from the second- and third-stage tuyeres flow toward the intermediate and
wall regions. On the other hand, in blast furnaces, gas and material flows form isotherms,
where the cohesive zone is physically formed along the isotherms (Figs. 3(a), 3(b)) and the
injection-gas temperatures act as the rooting points. In SimpLE, the cohesive zone

9
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temperature is approximately 1350°C ~ 1450°C, therefore the zone is thermodynamically
held stably below the second-stage tuyere (=1300°C) and above the first-stage tuyere
(>2000°C). By eliminating coke slits and reducing the bosh gas rate, the isotherms of
SimpLE’s cohesive zone become much more gradual than the steep inverse-V shape of
conventional BFs’.

Quasi-one-dimensional Thermodynamic Homogeneity: In SimpLE BF, the reducing-gas
flow rate is adjusted by the recycling top gas and reformer fuels (COG, natural gas, etc.) so
that the ore’s reduction degree (RD) approaches 100% at the shaft bottom,
thermodynamically anchoring the Rist operating line at (x, y) = (1, 0). Meanwhile, all
tuyeres supply reducing gas with an oxidation degree (OD) ~ 0—=x = 1 in the Rist diagram.
Also, the bosh (OD = 0) gas from the first-stage tuyeres passes through the FeO-free
cohesive zone at OD = (. Consequently, all the gas and ore at the shaft bottom is
thermodynamically homogeneous (OD = 0, RD = 100%) across the furnace (Fig. 3(b)), even
without hydrodynamic gas-mixing. This forms a quasi-one-dimensional counter-current gas-
reduction field in the shaft, which practically harmonizes with one-dimensional analysis
such as heat/mass balance and equilibrium reaction models including the Rist diagram. This
is significantly different from conventional BFs which have 3-dimensional OD and RD
distributions in the shaft and cohesive zone, requiring 3-dimensional analysis and
complicated calibration. These differences determine the controllability of the process as
well.

Process Controllability: By regulating gas flows through the three-stage tuyeres, the quasi-
one-dimensional gas-reduction field can be controlled, thereby improving reaction
efficiency and suppressing low-temperature disintegration of ore and preventing coke
gasification—core objectives of Smart Reduction. Also, adjusting the flow-rate split
between the first- and second-stage tuyeres without changing the summation controls lower-

furnace heat parameters independently of shaft reduction conditions.

10
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Thermal Profile (vs. Conventional BF): Figs. 4 and 5[7] show the one-dimensional heat

transfer diagrams analyzed between burden and gas. In the conventional BF, the

temperature at point W (thermal reserve zone) reaches ~950 °C, and ore reduction—with

sub-generation of CO; /Ho—continues until melting in the lower furnace. Consequently,

the gasification of coke by COz /H: is inevitable. Further, the gas flows 3-dimensionally in

reality due to raceways and coke slits, making OD/RD distributions and the temperature

profile complex and difficult to control (Fig. 3(a)). In contrast, SimpLE BF forms a quasi-

one-dimensional gas-based reduction field (Fig. 3(b)). The start and end temperatures of ore

reduction can be selectively controlled via the three-stage tuyere system (Fig. 5), with the

point W temperature consequently adjusted in between. This allows full reduction, for

example, within the 600-900°C range, thereby suppressing low-temperature

disintegration of ore and preventing coke gasification. A 100% gas-based reduction ratio

is also thermodynamically feasible under such controlled conditions.
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Figure 4. Heat transfer diagram of Conventional BF ~ Figure 5. Heat transfer diagram of SimpLE BF
(Calculation results of Conv.BF in Table 3) (Calculation results of S.BF-1 in Table 3)

Unlocking the Black Box: This configuration enables, from a thermodynamic point of view,

quasi-independent control of the melting zone (lower furnace) and the gas-reduction zone

(shaft). Combined with the realization of a quasi-one-dimensional reaction field, Smart

Reduction successfully transforms the black-box-like blast furnace into a process that is

thermodynamically easier to adjust and control.

Kinetic Validity (Deductive approach): In addition to thermodynamic feasibility, the

kinetic validity of SimpLE BF has been deductively confirmed from reaction rate and heat

11
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transfer rate viewpoints.

e Reduction Reaction Rate: N2 and H: in a conventional BF are substituted for CO+H>
mixed gas reformed from COG and natural gas, while keeping the same CO partial
pressure as in the conventional BF. H: reduces iron ore faster than CO and does not
primarily compete with it in the reduction reactions [28], which is consistent with the
Rist diagram methodology for CO+H> mixed gas. Therefore, the gas-based reduction
ratio increases to close to 100% (approx. 70% by CO, 30% by H:) for the same reaction
time as the conventional BF’s.

o Reaction Time vs. Retention Time: Lowering the gas-based reduction temperature from
1000 °C to 900 °C to suppress coke gasification may decrease the wustite reduction rate
by approx. 25% [29,30]. However, under ultra-low CR operation, the ore-to-coke ratio
(O/C) increases, extending the ore retention time in the shaft by about 80% — when CR
is reduced from 300 to 60 kg/thm; sinter ratio=0.85; bulk densities(t/m>) =1.8(sinter),
2.5(lumpy ore), and 0.45(coke). Thereby, sufficient reduction time is ensured.

o Heat Transfer Rate: As shown in the heat transfer diagrams (Figs. 4 and 5), the total
heat transferred in the shaft (above the cohesive zone) is lower in SimpLE BF
(8.8 GJ/thm) than in the conventional BF (9.5 GJ/thm), confirming feasibility from a
heat transfer viewpoint for the same productivity.

Kinetic Validity (Inductive approach): We further validated this inductively against the

ULCOS BF’s experimental result. The productivity was 4.4 t/m3-day [2,4]—double that of

a conventional BF—with a direct reduction ratio (DRR) of =6% under a shaft-injection rate

of =670Nm?*/thm (CO+H>). It was implied that DRR could be lower with more gas injection

[4]. Therefore, kinetic speed will not be an issue in SimpLE BF at least for the conventional

productivity. Further, it verifies the possibility of the same productivity (4.4 t/m?-day) for

SimpLE BF considering the external-fuel reforming system and the quasi-one-dimensional

reduction field.

(3) Lower Furnace: Innovations in Thermal Load, Combustion, and Permeability

1) Thermal Load Reduction in the Lower Furnace via Elimination of Direct

Reduction

12
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The fully reduced, high-temperature metallic iron is melted by the combustion of fuel and
oxygen injected through the first-stage tuyeres (conventional tuyere level). Absence of
direct reduction in the lower furnace reduces the thermal load to one-third of that in a
conventional BF (see Fig. 5). Consequently, both the fuel rate and the volume of bosh gas
can be reduced to one-half to one-third of conventional levels (see Table 3).

2) Fuel Selection and Pre-treatment: External Management of Endothermic
Decomposition

To minimize cooling caused by endothermic decomposition, COG and natural gas are
reformed, and high-volatile coal is subjected to carbonization prior to use. Similarly, for
flame temperature control at the tuyere tip, preheated reducing gases (CO and H:) are
used in place of substances such as H20, CO:, and CHa, which clearly impose a cooling
load through decomposition.

3) Enhanced PC Combustion and Suppression of Coke Pulverization through
Raceway Elimination

The lower furnace is filled with high-strength, large-size, and low-reactivity coke with no
prior gasification history (hereafter, strong lump coke). Although the conventional PC
combustion zone is narrowed due to the elimination of the raceway by reducing blast
velocity, PC still combusts preferentially over strong lump coke even within the coke-
packed bed. This behavior was quantitatively validated in Section 4 in terms of PC
combustion efficiency, demonstrating that even under ultra-low CR conditions—with
high PC/O: ratios (oxygen excess ratio < 1)—high combustion efficiency can be achieved
(Smart Combustion concept).

4) Coke-slit-less Cohesive Zone

In SimpLE BF, the cohesive zone and the cohesive layer become effectively unified due
to the absence of coke slits—a structure formed by full-mixed charging. Consequently,
all ascending gas must pass through the cohesive layer, enhancing heat exchange
efficiency and leading to a thinner cohesive zone. Furthermore, the combination of full-
mixed charging and 100% gas-based reduction improves the gas permeability of the

cohesive layer itself, significantly reducing pressure drop. Additionally, coke fines and
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unburnt PC generated in the lower furnace cannot pass through the cohesive layer and are
thus re-consumed in the lower furnace, causing the apparent PC combustion efficiency to
asymptotically approach 100%.

5) Improvement of Lower Furnace Permeability

In conventional BFs, the surface strength of lump coke decreases to approximately one-
third of its initial value due to gasification reactions[31]. Consequently, coke tends to
undergo pulverization in the dripping zone—where shearing forces are generated by
burden weight and constricted coke flow—and in the raceway—where it is subject to
impact crushing by hot blast. This leads to coke fines accumulation on the surface and
within the deadman, thereby obstructing both gas and liquid permeability[10,31].

In SimpLE BF, (1) degradation of coke is suppressed by Smart Reduction, (2)
fragmentation and pulverization of coke is prevented by raceway elimination, and (3)
deposition of coke fines is avoided by the absence of deadman. Accordingly, the gas and
liquid permeability is substantially improved in the lower furnace, filled with strong lump
coke.

6) Centralization of Bosh Gas Flow

In the lower furnace, gases are directed toward the shaft center by the effect of the three-
stage tuyeres. Meanwhile, gas dispersion caused by pressure drops in the cohesive and
lump zones moderates this flow, resulting in a gentle central stream (Fig. 3). Outside the
vicinity of the tuyeres, the bosh gas reaches an oxidation degree of OD =0, so no
gasification or direct reduction occurs, allowing hot gas to reach the furnace center more

easily.

3. Heat and Mass Balance, Heat Consumption and CO2 Reduction Potential

3.1 Heat and Mass Balance

(1) Calculation Method

14
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Calculation Model (Fig. 6): Supposing SimpLE BF is operated in practice under quasi-
one-dimensional thermodynamics, the heat and mass balance calculations have been carried
out using a one-dimensional blast-furnace model (Fig. 6). In this paper, unless otherwise
noted, temperatures are expressed in °C, and pressures are given in absolute units (MPa).

The temperature symbol 7 in equations represents the absolute temperature in K.

POi:'t M P()irllt w Cc;,lzel;jli::ai;ne pnly for conventional BF
Zone 1 Zone 2 . Zone3d . Zone 4 1 t‘;, Zone 5
l I =P
Top Dried 1/2Fe,0,= o 13Fe0= | o) FeO=Fe+1/20,| | FeO=Fe+1/20] Fe(S)=Fe(L) |  Hot metal
charge 2| Pre-heated || 1/3Fe;0,+1/120,[ P| FeO+1/60, [P] (Gas red) éfl (Directred) | C[C] Slag
25°C 0, | 1 I 0, | ™ I o, [ . o] c N C 1500 °C
W | Heat - v | Heat - v |Heat 1 7y | Heat | Vv
s \ H,+1/20,=H,0 | ! [H,+1/20,=H,0[,! |H,+1/20,=H,0| ; ! _rey [CH1720,=COL. .
Top gas€= Cooled [€~ 051150, =Co, $1C0+1120,-C0,[10+1/20,-C0, [ S 1297C0 (p 5 Mn) H. (Combustion
- AN
| Combustion fuel COHLOMLHCO, CO+H,05H,+CO, 1 /E\ Hame/? [ T
& B \L (Point M or 700 °C (Point W) ! Temp. ;| '
BN . . RS JEPU R Ll eg
E,D,C:I,]EQ r -)i De-CO; F-) Hot Stove [--------- > Syngas ------ SimpLE BE__ —)c: multi-stage tuyeres i—- -- ! g =
wternal fuel =======-=3 (Reformer) | ... _. _3 e L T I I T D I
External fuel . > Hot blast Conventional BF
NOTE 1. Top charged carbon is assumed to be preheated up to Zone 5, where it is combusted or dissolved into hot metal.

2. Si, P, Mn is assumed to be produced in Zone 5 by direct reduction.
3. Point W, M temperatures are decided by heat balance, although which affects boundary conditions as well.

Figure 6. Heat mass balance calculation of BF

Calculation Procedure: The furnace is divided into five zones (Zone 1-5) and a
thermodynamic balance is taken for each zone. The calculation proceeds as follows:
1. Top gas is first used for the hot stove (H/S) fuel ; the remainder is dried (De-H-0),
decarbonated (De-CO-) and recycled as TGR gas.
2. TGR gas is preheated and reformed together with the external fuel (Fig. 6) whose
amount is determined supplementarily from the heat and mass balance.
3. Gas supply conditions for the three-stage tuyeres are set as boundary conditions
for Zone 5, based on tuyere-tip combustion calculations.
4. Assuming fuel rates, TGR ratio, and distributions/temperatures of tuyere-gases, a
comprehensive heat and mass balance is calculated including the H/S.
5. Steps 1-4 are iterated; shaft efficiency and heat/mass balance errors are checked
on the Rist diagram, and the operating parameters are adjusted until convergence.
Uniqueness of the Solution: For SimpLE BF, which operates with 0% direct reduction,
a unique thermodynamic solution can be determined on the Rist diagram by specifying

raw material conditions and two process variables (e.g., shaft efficiency and top gas
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temperature). For conventional BFs, additional process variables—such as the direct
reduction ratio, moisture content, and oxygen enrichment—introduce multiple solutions,
complicating identification of an optimal one.
Benchmarking Conventional BF: However, the ratios of direct reduction (endothermic),
CO reduction (exothermic), and H: reduction (endothermic) mutually affect CR and PCR
but do not directly influence net heat consumption, as their associated reaction heats are
internally balanced by heat transfer within the furnace. Therefore, although conventional
BF was represented by Conv.BF in Table 3, it is considered acceptable in comparing heat
consumption and CO; emissions. Note that this also applies to the heat of fuel gasification
(endothermic reaction): when top gas is reused outside the system, the heat of gasification
must be accounted for as heat consumption on the heat-supply side (i.e., the BF).
(2) Cases to be evaluated

The comparison covers two main scenarios: (1) a conventional BF (Conv.BF;
CR =300 kg/thm) and (2) SimpLE BF—four cases: S.BF-1 (PC with LV coal), S.BF-2
(PC with HV coal char), S.BF-3 (no PC), and S.BF-4 (same as S.BF-3 with green Hz). All

cases are evaluated on the effects of energy 101 Compositions of ore and products

Pig iron Slag Sinter

Fe [94.8%| SiO, | 35% | T.Fe |57.2%
furnace volume, production rate, and internal C |4.5% [ALO,| 15% | FeO | 7.4%
Si | 0.4% | CaO | 45% |Fe,0,(73.7%
Mn | 0.2% | MgO | 5% |Others|18.9%
conditions are listed in Tables 1 and 2. P 10.1%

savings and CO: reduction under identical

pressure. Raw materials and operating

Table 2. Compositions of carbonaceous materials

Coking coal| LV coal HV coal Coke LV-Char | HV-Char
C 80.3% 80.2% 76.8% 87.5% 85.5% 92.1%
H 4.7% 3.8% 5.7% 0.1% 0.5% 0.5%
0) 4.8% 3.1% 12.2% 0.0% 0.0% 0.0%
N 2.1% 2.3% 2.0% 1.5% 2.3% 1.6%
Ash 8.1% 10.5% 3.4% 10.8% 11.7% 5.8%
FC 64.9% 74.5% 54.3%
VM 27.0% 15.0% 42.3%
LHVMJ/kg)| 32.10 31.58 30.85 29.73 29.52 31.75
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(3) Operational Feasibility
Table 3. Operation figures of blast furnaces; Conventional BF vs. SimpLE BF

Casel Unit |Conv.BF| S.BF-1 | S.BF-2 | S.BF-3 | S.BF-4
Top charge Sinter ratio % 85 85 85 85 85
burden Sinter + Ore | kg/thm 1663 1663 1663 1663 1663
Coke kg/thm 300 57 a2 167 167
Temperature °C 1200 25 25 25 25
Hot blast, Oxygen Nm?/thm 50 154 135 104 103
Oxygen Air Nm*/thm | 901 — — — —
Moisture g/Nm? 19 — — — —
Pulver. carbon| kind LV coal|LV coal |[HV char] — —
= Injection fuel | PC rate kg/thm 200 200 131 0 0
& Tar/light oil | kg/thm 0 10 26 16 16
> COG Nm’/thm | N/A 62 145 100 100
§ Gas reforming CHsor H, |Nm’/thm | N/A | CH449 | CH4;49 |CH4;108| H2;375
E fuel & agent Steam kg/thm N/A 39 40 0 0
Air Nm’/thm | N/A 0 0 38 0
Oxygen | Nm’/thm | N/A 7 19 46 14
oD - N/A | nearly 0 (H,0O, COs: nearly 0 vol%)
Nm?/thm 123 193 270 319
:Stage Tuyer 3rd stage °C NA 7900900 900 900
Blown-in gas | 2nd stage Nm'/thm N/A 4ld 450 612 697
°C 1300 1300 1300 1300
Nm?/thm 300 330 302 380
Ist stage 5C NA 1300 1300 11300 1300
Slag rate kg/thm 304 252 225 233 233
Heat loss (Furnace) MJ/thm 420 420 420 420 420
2| Bosh gas Flame temp. °C 2207 2440 2430 2483 2393
= Volume | Nm’/thm | 1348 | 500 500 500 550
o Volume Nm?/thm | 1540 1264 1289 1415 1626
% Top gas TGR ratio — N/A 0.76 0.75 0.78 0.80
g Temperature °C 164 125 151 137 181
& Point W °C 952 888 892 880 852
Process Point M °C 763 668 694 662 646
temperatures| Red. start °C 731 600 652 600 600
Red. end °C (1400) | 888 892 896 898
Direct reduction ratio % 33.0 0.0 0.0 0.0 0.0
CO reduction ratio % 60.2 63.7 62.8 58.4 40.0
H, reduction ratio % 6.8 36.3 37.2 41.6 60.0
Shaft efficiency % 90 93 95 95 79
Heat flow ratio at shaft top — 0.84 0.83 0.80 0.81 0.73

Heat and Mass Balance Results: Table 3 summarizes the operational figures for a
conventional BF (Conv.BF) and four SimpLE cases (S.BF-1 to -4). Smart Reduction (600—
900 °C reduction) proved applicable to all SimpLE cases to realize ultra-low CR operation
(CR =57-167 kg/thm), utilizing COG, NG (CHa4), and hydrogen.

Reforming Agent Selection: Reforming is adiabatic and thus not a heat loss, whereas CO2

separation is a heat loss. Therefore, reforming agents should be selected in order of
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priority based on their lower CO2 emissions: steam, oxygen, then CO:. Accordingly, steam
was applied in S.BF-1 and S.BF-2. Oxygen was chosen in S.BF-3 due to the high
reforming load on the hot stove. In S.BF-4 without methane reforming, the TGR ratio was
increased to compensate for the endothermic heat of hydrogen reduction.

Thermodynamic Verification (Rist Diagram): Fig. 7 presents the Rist diagram for
S.BF-1 alongside Conv.BF. The SimpLE operating line (ABPE line) is steeper than that

of Conv.BF due to the inclusion of recycled top

Y = (O+H,)/Fe
1.5
gas. However, the external fuel rate actually |, | Dbirect redudtion ratio =0 _Z |*
0'5 RS Top gas
. . - - {\j,
reduces greatly independent of shaft efficiency o, - P Iaterg heat
&
0.5 — =
. e . e -
(Table 3), because effective gas utilization .10 P\,«.’?,“/ - Internal use
15 i e , (Recycle gag
- - T e Hpt stove fuel|)
approaches 100% by TGR and hot-stove fuel 20 [ —=" ———Wline [P
25 F ‘S,Q(" A Point W
usage. This analysis demonstrates the 3° + PointM
-3.5 L

0.0 1.0 15 2.0

thermodynamic feasibility and distinct features X = (O+H,)/(CHH,)

of SimpLE BF. Figure 7. Rist diagram(S.BF-1)
Validation: These analyses demonstrate the feasibility of ultra-low CR operation and

highlight key structural differences compared to the conventional BF.

3.2 Evaluation of Heat Consumption and CO: emissions

This section compares the heat balance of the BF alone first, including the energy required
for CO: separation (De-CO:). Subsequently, the net heat consumption across the entire
ironmaking section is evaluated. This includes the coke oven (carbonization and gas
purification), the sintering machine with integrated denitrification, and the BF.
Preconditions for the comparisons are summarized in Table 4.

Table 4. Preconditions of heat balance calculation

De-CO,| N, Plant | Sinteri )
Oxygep Hot blast € 2| N2 ant | Sintering Tar/oil Surplus gas*?
production| compressor | heat air, Water agent
Conv.BF 0.6%! 0.1 Fi K For sale, no |to downstream
nv. in

° KWh/Nm'| kWhNm' | 2 [Nocountin| - |count for CO,| /power plant

. 0.5%! depending GINCO, | the paper |Fine coke Tuyere
SimpLE BF KWh/Nm_ |as density*! Char injection No surplus gas

*1) Assuming outlet pressure is proportional to gas density
*2) All carbon in the surplus gas including BOF gas is counted as CO» emissions.

18




This is a post-peer-review, pre-copyedit version of an article published in Journal of Sustainable Metallurgy.

The final authenticated version is available online at: https://doi.org/10.1007/s40831-026-01414-1.

(1) Heat Balance of the Blast Furnace alone

Sinter & Ore Surplus gas to down stream A
Is A :
Iy  Coke N
e
0y €====

Air

Cy

Hot stove
| Scrubber Combustion fuel
5 .
& cooler Cn
Non co:\'iug Iy gﬁl Pulverizeg \ Hot air
coa = coal C
Pig & slag z
Conventional BF Hot stove « === Ts

Figure 8. Process/heat flow of Conventional BF

> (> Lo CH, (H
g e
| Sinter & Ore I, 'L""A (0
Coke Ovenf——— [1s CcO. %
- ) I
Coke Recovery : A
Char Oven
N
E ClZ’
C C -
E B = — 12 - Hot stove
HE E Scrubber ¢, DeCO; L (Reformer)
5 & & cooler Combustion fuel
i
¥ C, Hotreducing gas

Pig iron & slag

Reformer €——{ Steam boiler [€=== Ls

BF tuyere, Reformer €—— Oxygen plant [€=== I

Figure 9. Process/heat flow of SimpLE BF

SimpLE BF
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BF-Internal Energy Flows: The energy flow within the BF is illustrated in Fig. 8
(Conventional BF) and Fig. 9 (SimpLE BF). As shown in Fig. 8, conventional BF releases
surplus gas (Os) from the system. In contrast, Fig. 9 shows that SimpLE BF creates a
closed loop where top gas is decarbonated (I7) and recycled (Ci2), eliminating surplus gas
export. The symbols in the flow diagrams and net heat consumption values (O:—Os) are

summarized in Table 5.

Table 5. Heat balance in blast furnaces (Unit: GJ/thm)
Conv.BF|S.BF-1|S.BF-2|S.BF-3 |S.BF-4

Is Sinter 0.62 0.53 | 0.49 | 0.51 | 0.51
I, Top charge fuel 8.92 1.69 | 1.69 | 496 | 4.96
I Tuyere inject. fuel 6.32 6.70 | 5.12 | 0.59 | 0.59
I; Supplementary fuel 0 293 | 454 | 5.79 | 597

I31 | COG (Reforming) N/A 1.18 | 2.77 | 1.93 | 1.93

BF-Input I3 | CH4 or Hy(S.BF-4) N/A 1.74 | 1.76 | 3.86 [H»:4.04

Ly Main Blower - TRT 0.22 0.11 | 0.13 | 0.17 | 0.19
Is Dryer 0.23 0.23 | NJA | N/A | N/A
Is Humidifier/Boiler 0.03 0.12 | 0.13 | N/A | N/A
I; De-CO; heat N/A 097 | 0.94 | 091 | 0.64
Ig 0, plant (cryogenic) 0.11 0.29 | 0.28 | 0.27 | 0.21
SUM 16.4 13.6 | 13.3 | 13.2 | 13.1
Ci Top gas 5.52 7.93 | 815 | 8.02 | 11.67

Ci1_ | H/S comb. fuel 1.83 1.87 | 2.07 | 1.79 | 2.31

Ci2 | TGR/ Surplus-gas 3.70 6.06 | 6.08 | 6.23 | 9.35

BE-intemal e ™ot air/ reducing gas | 1.65 | 1.31 | 1.55 | 1.92 | 2.23

Cc Preheat of coke/char 0.55 0.12 | 0.12 | 0.36 | 0.36
Cr Generated gas s.heat 0.37 0.32 | 033 | 032 | 0.31

O, Pig iron & slag 11.17 [10.99 | 10.91 | 10.94 | 10.94

O] H.L.(BF body) 0.42 042 | 042 | 042 | 042

O3 H.L.(Burden water) 0.08 0.07 | 0.07 | 0.07 | 0.08

O4 H.L.(Top gas) 0.30 0.18 | 0.24 | 0.23 | 0.36

BF-Output 5 1T (Hot stove) 0.18 | 0.19 | 021 | 0.18 | 0.23
Os H.L.(Utility);I4 to Ig 0.58 2.10 | 190 | 1.85 | 1.53

Os Surplus gas 3.70 0.00 | 0.00 | 0.00 | 0.00

SUM 16.4 13.6 | 13.3 | 13.2 | 13.1

Net heat consumption of BF 12.7 13.6 | 13.3 | 13.2 | 13.1

Note) TRT: Top pressure recovery turbine

Net Heat Consumption Analysis (Table 5): The net heat consumption of SimpLE BF
appears higher due to CO; separation energy (I7) and oxygen production (Ig), which
accounts for the differences among S.BF-1 to -4. Excluding 17, however, lowers it below the
Conv.BF level. This reduction is attributed to: (1) lower sensible heat losses due to reduced
top-gas volume and slag generation, (2) lower blower power demand due to reduced gas

density, and (3) effective use of top gas latent heat offsetting the endothermic fuel
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decomposition.

(2) Net Heat Consumption of the Ironmaking Section

Comparison with Conv.BF: Fig. 10 compares the net heat consumption of the entire
ironmaking process (including coke making and sintering). SimpLE BFs achieve

comparable or lower net heat

S 18
. . I
consumption than Conv.BF. This = 16
o
indicates that the energy penalty for §
o 14
. . S
COz capture is effectively compensated 2
c 12
(&]
by the process efficiency improvements = 0
=
in the BF and the reduced energy =2 Conv.BF S.BF-1 S.BF-2 S.BF-3 S.BF-4
demand in upstream processes (coke OBlast furnace W Coke oven
@ Char oven O Sinter plant
ovens) due to the ultra-low coke rate. Figure 10. Net heat consumptions of ironmaking

Comparison among S.BF-1 to -4: In S.BF-2, the heat to carbonize HV coal causes a slight
increase of 2% (0.3 GJ/thm) from Conv.BF. In contrast, S.BF-4 shows the lowest net heat
due to enhanced H: reduction. However, H> production requires 5 kWh/Nm?, and
liquefaction, transport, and storage incur about 30% energy loss [32], leading to an
additional 5.6 GJ/thm (net) and 23 GJ/thm (gross) outside the main balance. Then, the
total gross heat consumption becomes approximately 2.4 times that of Conv.BF.

(3) Total Input C and CO: emissions

Fig. 11 shows the total CO: emissions including surplus gases, assuming utilities (e.g.,

oxygen and electricity) and _ 7% 1 20
= 600 s
downstream energy are replaced b £ 1200 %
< { 150 @
CN sources. § 400 ” z
[ ~
S 300 = = 100 &
In SimpLE cases (S.BF-1 to -3), = S e 2
3 200 = £
« = o' 0.50 «
ultra-low CR, surplus gas usage, 100 e
0 0.00
and low-C fuel (CH4)” reduce Input Conv.BF S.BF-1 SBF-2 SBF3 S.BF-4
o I from Coking coal A from Additives
C by 37-41% compared to Conv.BF. C— from Others —e— CO2 without CCUS
Si SimoLE i De.CO o- €02 with CCUS - -4+ - CO2* with CCUS
mnce Simp incorporates De-COa, *including CO2 from H/S & C/O
the total reduction reaches 58—62% Figure 11. Input C and CO» emissions of ironmaking
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with CO: recovery. In S.BF-4 (green H3), the reduction reaches 53% for Input C and 68%
for CO: emissions with CO: recovery. Furthermore, oxygen combustion of the N»-free hot
stove exhaust gas (Fig. 9; Ci1) allows for efficient capture of an additional ~15% of

emissions, potentially achieving a total reduction of ~75%.

4. Challenges of Ultra-Low CR Operation
4.1. Pulverized Coal (PC) Combustion Efficiency
(1) Combustion Rate of Solid Particles and Rate-Controlling Factors
Combustion Mechanism: For ultra-low CR operation, avoiding coke pulverization
(typical in conventional raceways) is essential to establish a preferential PC combustion
over coke. This study evaluates the concept introduced in Section 1: reducing the blast
velocity suppresses coke pulverization and thereby enhances preferential PC combustion.
Model Framework: Following Ohno et al. [14], the combustion and gasification rates of
solid particles in the raceway are described using an overall rate coefficient (Kai) that
aggregates the effects of chemical reaction (K¢), film diffusion (Kr) and turbulent diffusion
(K¢). The volumetric reaction rate R is governed by the particle-flow characteristics (Egs.
(1)—(2)), with rate coefficients defined in Egs. (3)—(6).
7 =KaiC o2 (1)
R=Ws/Vg -6/(ppDp) Kau *C o2 (2)

K. =6.5 % 10%-T%5 - exp(—22000/T) (4)
Ky =3.65x 10 *-(T/273)*75/(D, - P) (5)
Ke=3.6%x10 2-F. V- p,-D,- (Us/Dy) (6)

V="V/Ws (7)
(where Kuu: Overall reaction rate coefficient, C o2: Oxygen concentration, 7:
Temperature (K), P: Absolute pressure, Vy: Gas flow rate, W;: Particle flow rate, p,:
Particle density, D,: Particle diameter, K.: Chemical reaction rate coefficient, Ky Film
diffusion rate coefficient, K;: Turbulent diffusion rate coefficient, Fx: K; correction

factor, Ur: Flame speed, Dy Flame diameter, V: Gas volume per unit mass of particle
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mass.)

Assumptions: The analysis incorporates the following assumptions:

1. High-Temperature Kinetics: At temperatures of approximately 2000 °C or higher,
combustion is not limited by chemical kinetics (K.) [14,33].

2. Lump Coke Reaction: The reaction rate of lump coke is controlled by gas film
diffusion (Ky) both inside and outside the raceway [14].

3. PC Reaction within Raceway: The governing diffusion mechanism depends on
the furnace type [14]. PC particles are governed by turbulent diffusion (K;) in
oxygen BFs(SimpLE), whereas they are governed by a combination of film
diffusion (Ky) and turbulent diffusion (K;) in conventional BFs.

4. PC Reaction outside Raceway: In the packed bed, strong mixing caused by
repeated collisions with lump coke makes gas-film diffusion (Kf) dominant rate-
controlling factor for all BF types [34].

(2) Combustion Reactions Inside and OQutside the Raceway

Table 6. Competition for 1 mole of oxygen(O) between PC(C) and coke(C)

Unit Total (O) supply C(?nsumed © Coqsumed ©)
in raceway |outside raceway
PC mol/molO X+Zpe X1 Z1pc X2 Z2pc
Coke mol/molO y+Zek yi Y2t+Zack
Combustion . Npe =(x1+X2+2pe) | Nipe=(X1721) | H2pe=(X2F2Z2pc)
efficiency /(x+zpe) /(x+zpc) /(x+zpe)

Stoichiometry (Table 6): PC competes for combustion with lump coke, circulating coke,
and coke dust (CKD) in both the raceway and packed bed [16,20,35]. Table 6 summarizes
the molar carbon consumption of PC and coke per mole of blast oxygen (O),
distinguishing between the raceway and packed bed regions. The analysis relies on the
following definitions and assumptions:

1. Carbon Input (x, y): x and y denote the molar carbon input(mol-C/mol-O) from
PC and coke, respectively (x + y = 1). The subscripts 1 and 2 distinguish the
raceway and packed bed zones, respectively.

2. Extra-O (z) : z represents oxygen from non-gaseous sources per mole of O,

categorized by origin into z: (solid O in PC) and zz (O from Blast H.O/CO.), where
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z = z1 + z2. It is simultaneously classified by consumption into z,. (for PC) and zcx
(for coke), where z = zpe + zck.

3. Oxygen Distribution: Within the raceway, PC is assumed to fully consume z;. Outside
the raceway, z: is distributed based on the preferential combustion fractions {zpe
and {zck —defined as x2 / (x2 + y2) and y2 / (x2 + y2), respectively.

4. PC combustion efficiency (#pc): The PC combustion efficiency #pe is defined as
the ratio of combusted carbon in the PC. And the following equation applies:

Mpe=(x1+x2+2pe)/ (X +2pe )=(1-y1-y2+2pc)/(x+2zpc) (8)
Zpc = Z1+ope-z2 - (9)
Zack = (1-(2pe). 22 (10)
Cpe=x1/(x1+y1)  (11)
Gpe=(x2+Cpe-22)/( X2ty2tz2) (12)

Note: (zpc in Eq. (12) is determined iteratively. Eq. (8) implies that increasing #p. under
fixed conditions (x, z) necessitates reducing coke combustion (y1 + y2). This reflects the
long-standing concern over the combustibility of PC [35], and highlights the intrinsic
difficulty of improving 7, while maintaining raceway functions.
(3) Derivation of PC Combustion Efficiency Formula
Coke Fragmentation Mechanism: Coke fragmentation in the raceway is driven by
blasting energy. According to Yamaoka et al.[25], coke dust (CKD) generation within the
raceway is proportional to the kinetic energy of coke particles colliding with the raceway
wall. Based on this, the following assumptions are made:

1. Coke fragmentation is assumed to follow Rittinger's law, where grinding energy is

proportional to the generated surface area.
2. The impact energy of swirling coke scales with tuyere blast energy (pg -UP ) V1= [25].
3. Under constant blast conditions, increasing PCR (decreasing CR) from an all-coke
baseline increases the blast energy per unit of coke in proportion to 1/y.

Blast Energy: Defining E» as the blast energy per mole of oxygen atoms, the energy
balance yields:

(Ey /Y)Y = Co “(1/Dprate = 1/Dpag) = (P'/P -T/T" Wy /Upo)? Ep/y)"  (13)
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where C¢; is a material constant, and the right-hand side reflects the reference blast
conditions (Ep, Uy, p',T').
From the experimental results for all-coke operation (y = 1), the fragmented coke size in
the raceway is expressed as Dpick = w1-Dpek (w1= 0.5~0.7, P'=0.1, T'=1693) [16].
Substituting this relation into Eq. (13) determines Ce, yielding:
Dprai ~ Dpa/ (/g — 1) (0.1/P *T/1693 “(Upo/Up)?/y)"~ +1)  (14)
This equation indicates a strong correlation between tuyere blast velocity and fragmented
coke size. Although unobserved in Reference [18], this discrepancy likely stems from
measurement differences (swirling coke size vs. mean crushed coke size) and the
exclusion of coke dust. Consequently, w: is expected to be slightly lower than the
experimental value. These hypotheses are validated by the consistency between calculated
results and extensive actual measurements. The same validation approach applies to the
subsequent analysis.
Preferential PC Combustion in Packed Bed: Assuming adjacent PC and coke particles
share identical local gas conditions, the reaction rate ratio of PC to Coke (RR: = Rzpc
/Racx) 1s derived using Egs. (2) and (5), where Rzpc is PC combustion rate and Rack 1s coke
combustion rate. Applying the correction coefficient Crr2 yields:
RR, = Crry - (Py_ch/Py_zck) : (pp_ck/pp_pc) : (Dp2ck/Dp2pc)2 (15)
Here, p, (Ws/V;) is the particle density per unit gas volume, and p, 2pc denotes the local
PC density in the combustion zone within the packed bed. Per 1 Nm? of oxygen, the
average PC mass in the zone is approximated by (2—#1pc—7pc)/2-X, while the average gas
volume is approximated as: (P/Py) - (To/T) (N + 112" Cpc yy + 1/Cq,,) , Where 5i( =
Npe T 71ck) denotes oxygen consumption rate within the raceway. This yields:
Py_2pc & (2 = Npc=M1pc) /2 X = (P/Po) " (To/T)/(M1 + 11.2* Cye yn + 1/Crg 02) (16)
The local coke density p, ,c 1s derived from the coke particle density pp o« and bed void
fraction &:
Pyrce = Ws2ck/Vg = ppo - (X —8) /e (17)
The mean coke size in the packed bed near the raceway, Dpac , is defined as the average
of raceway coke (Dp;ck) and dispersed coke dust (w2 *Dpick, where w2=0.1[36]):
25



This is a post-peer-review, pre-copyedit version of an article published in Journal of Sustainable Metallurgy.

The final authenticated version is available online at: https://doi.org/10.1007/s40831-026-01414-1.

Dpzck = (1 + w2)/2 “Dpy ek (18)
Preferential Combustion Fraction (PC to Coke): Using the definition of RR> and Eq.
(12), the preferential combustion fraction of PC in the packed bed ({p¢)is:
Sope =¥ Cope =¥ / (1 +1/RR;) (19)
where y (< 1) denotes the PC-O: distribution efficiency at the raceway boundary; y= 1
indicates stoichiometric distribution.
For the raceway, the preferential fraction (7, is estimated assuming the reaction rate ratio
in the raceway (RR;) is proportional (coefficient Crr;) to that in the packed bed (RR:):
RRi= Crri * RR> (20)
(ipe =1/ 1+ 1/RRy) (21)

Egs. (8) through (21) thus allow the calculation of PC combustion efficiencies across
both zones.
(4) Validation of PC Combustion Rate Estimation Formula
Egs. (8)—(21) constitute a novel deductive formulation derived from reaction principles (Egs.
1-7, Table 6). Given the underlying assumptions, the model is validated inductively against
extensive experimental data obtained from previous research reports. Table 7 summarizes
the results for Cases 1-13, detailing experimental conditions (X to Dpck), calculation
parameters (¢ to ¥), and the comparison between calculated (#pc caL) and measured
(1pe_Acwual) efficiencies.
Assumptions and Parameter Settings:

1. Physical properties: Standard values are applied

- Dppe=50x10"° m, pp x=1000 kg/m?, pp-pc= 400 kg/m?

- Void fraction ¢ = 0.45 without raceway shell

2. Coefficient settings: determined via model calibration

- w1 = 0.5, Ubo / Ubo' = 1 (Eq. (14)), Crr2 = 1 (Eq. (15)), Crri = 4 (Eq. (20))

- ¥ = 0.8 (atmospheric pressure), 0.9 (pressurized conditions: P/Po= 1.5)

- Void fraction ¢ = 0.30 under raceway shell is present

3. Coke dust (CKD) generation:

- Pitch Coke (Cases 1-3, 9—11) [19]: CKD generation is neglected.
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- BF Coke (Cases 4-8, 12, 13): Generation is proportional to x [17,20], with dust
combusting preferentially in the packed bed.
4. Combustion parameters:
- i.pe: Reported values are adopted for Cases 9—11; others are estimated based on
consistency.
- Flame Temperature:
Cases 4—11: Based on reported values
Case-13: Calculated as all-coke operation (minimum PC combustibility)
Others: theoretical adiabatic flame temperature is applied.
- Coal to oxygen ratio X:
Cases 1-8: Based on reported values
Cases 12,13: Ditto. X~ 0.48 is applied as PCR=200 kg/thm [17].

Cases 9—11: Estimated so as to fulfill the experimental conditions [18]

Table 7. Verification of the PC combustion efficiency calculation with various experimental results

Operating conditions Calculation variables |Validation Note

X | Xo |P/Po|Cig02| T (K) Dpet o ZECL_ /:7 It)c_l

x1073 & Mipe % 14
Case-1]0.8 |1.57|1.0] 0.6 [2373 135.0]0.45| 0.20 | 0" | 0.8 | 0.84 |0.84|HV

Case-2| 1.2 [ 1.57 | 1.0 | 0.67 [ 2373 |135.0{0.45) 0.20 | 0"" | 0.8 | 0.52[0.51|X 1

Case-3| 1.2 [1.57 | 2.5 [0.67 | 2373 135.0]0.45/ 0.31 | 0"" 1 0.9 ]0.93 [0.93 |Pressure 1

Case-410.55]1.59 | 2 10.25]2072(22.5]103 021 | 21 [{0.9]0.92[0.92|HV

Case-50.7511.59 | 2 10.27]2027 225103 1021 | 27 [0.9]0.79[0.82]X 1

Case-61 0.9 [ 1.59 ] 2 10.27][1979 1225103 ] 0.21 | 32 |0.9]0.71[0.69]X 1

Case-7] 0.5 | 1.64 | 1.0 |0.74 2573 20.0]0.45]| 0.44 | 21 | 0.8 ]0.80[0.80|HV

Case-8] 0.7 | 1.64 | 1.0 |0.76 | 2573 |20.0]0.45| 0.41 | 25 | 0.8]0.65]0.65|X 1

Case-9 |0.75|1.57 | 2-5]0.29 | 2423 135.0[0.45/0.782| 0" | 0.9 | 0.98 [0.96 |[PCR=200, HV

Case-10] 1.0 [ 1.57 | 2-5]0.34 | 2423 35.0]0.45/0.64™ 0" [ 0.9 ]0.96 |0.94|PCR=300, HV

Case-11]0.75[1.41 | 2-5]0.29 | 2423 1 35.0]0.45/0.50™ 0™ [0.9]0.95]0.94|PCR=200, LV

Case-12]0.48|1.63 | 1.0 |0.21 | 2273 |17.0]1 0.3 | 0.47 | +20 | 0.8 | 0.49 [0.49|HV

Case-13]0.48 | 1.22 | 1.0 | 0.21 [ 2643 | 17.0]0.45] 0.00 | +23 | 0.8 1 0.12 |0.02|LV, Ash=0.5%

Case-14]1.47| 3.6 | 1.0 10.33[1773™3/50.0] 0.3 | 0" | 0" [0.99] 0.99 |0.99|Direct melting furnace

Case-15|1.38 | 1.38 | 4 | 0.6 |[2773 135.0]0.45] 0 | 07 | 0.9]0.89 |N/A|S.BF-1,LV
Case-16[1.16 | 1.16 | 4 | 0.6 [2773 135.0/0.45 0% 02 0.9 ]0.89 [N/A|S.BF-2, HV char

Case-1’]0.80] 1.49 | 1.0 1 0.62 | 2973 135.0]0.45] 0.20 | 30 | 0.8 | 0.60 [N/A |Scrap melter

Note) *1: Pitch coke effect, *2: Pitch coke effect (measured values), *3: Raceway-free effect
*4: Measured
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Verification Cases:

1) Cases 1-3 (Yamaoka et al. [15,37])

Atmospheric/pressurized oxygen combustion tests using pitch coke (25—-50 mm). Note that
PC combustion efficiency (#pc), originally evaluated on a volatile matter basis, was
converted to a carbon basis in Table 6 (and for Cases 4—6, 12, 13). Calculated results match
the experimental trends: #pc > 80% at atmospheric pressure (X < 0.8) and #pc > 90% at

0.25 MPa (X < 1.2). In Fig. 12, calculated results for P = 0.1 and 0.25 MPa are shown as

Cy . 1.00
solid lines. These curves effectively — _ |
T 09
capture the central tendency of the 2 os0 ]
. . 2 070
extensive experimental scatter plots 2
£ 060
reported in [15,37]. Table 7 exemplifies g 0.50 P—0.25 Mpa.(Yamaoka)
. . S 040 ----P=0.20 Mpa.(Tamura)
specific data points from these datasets, o —a—P=0.10 Mpa.(Yamaoka)
0.30
. o 04 06 08 I 12 14 16
further confirming the quantitative PC/O, X (ke/Nir®)
agreement. Figure 12. PC combustibility against X (Coal/O-)

2) Cases 4-6 (Tamura et al. [13])

Pressurized (0.2 MPa) hot air tests using BF coke (20-25 mm). The experimental
conditions—coke type and size, oxygen concentration, combustion temperature, etc.—
differ significantly from Cases 1-3. Crucially, a low-permeability shell was observed near
the raceway, so ¢ = 0.30 was applied. ¥ was set to 0.9, as with Case 3 (P = 0.25 MPa).
The calculated results, shown as the dotted line in Fig. 12, exhibit excellent agreement
with the extensive experimental data reported in [13] across a wide range of X = 0.39—
0.9. Table 7 lists three representative cases (Cases 4—6) to exemplify this quantitative
consistency. Comparisons used measurements (#pc_4cuar) at 700 mm above the raceway to
exclude errors from gasification by CO; in the oxygen-excessive zone (X < 0.63).

3) Cases 7-8 (Ohno et al. [14])

Atmospheric oxygen combustion using BF coke (15-25 mm). Calculations assume a
burner configuration (Type D) that enhances PC-O2 mixing. Despite differences in coke
type and the use of CO> for tuyere-tip temperature control, calculated results align well

with experimental values.
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4) Cases 9—11 (Yamagata et al. [18])
Pressurized hot air tests using BF coke (20—50 mm)— conditions inferred from the timing,
affiliation, and pressurized vessel usage. #1,c adopts experimental measurements, while 7.
Actual Tefers to simulation values from the report. Calculated results align well with literature
values.
5) Cases 12-13 (Ariyama et al. [17])
Atmospheric hot air tests with BF coke (=17 mm). Case 12 and Case 13 correspond to HV
coal (Coal-A) and LV coal (Coal-D), respectively. Assumptions include ¢ = 0.30 for Case
12 (with raceway shell) and ¢ = 0.45 for Case 13 (without shell). The model accurately
captures the sharp efficiency drop with LV coal. Furthermore, applying pressure conditions
to these models yields improvements (89% and 67%) comparable to actual BF operations
[38,39].
(5) Evaluation of the Estimation Formula and Application to SimpLE BF
Model Accuracy and Consistency: The proposed model (encompassing Eqs. 8-21)
reproduces both the trends and absolute values of PC combustion efficiency across diverse
conditions (Fig. 12, Table 7). Deviations are mostly within +3%, and the error is limited to
10% even under the extreme condition of Case 13 (#,c = 0.02). This confirms the model's
high consistency.
Parameter Sensitivity: Although #.,c was estimated for cases without reported data (except
Cases 6-8), its influence is minor. For example, a +10% change in 7. alters 7pc by only
+2%, +4%, and +1% in Cases 1, 2, and 3, respectively. Therefore, the consistency across a
wide range of X in Fig. 12 results from the model’s validity, not from arbitrary parameter
tuning.
Validation of Reducing Blast Velocity (Case 14): The blast velocity is not evaluated in
Cases 1-13 due to “Assumptions and Parameter Settings 2. (Ubo / Ubo' = 1)”. But the effect
of low blast velocity—raceway-free operation—is strongly supported by Shibaike et al. [40].
Fine carbonaceous dust (=0.06 mm) combusted in an atmospheric 300 mm-bed-height BF-
coke (40-60 mm) without raceway (blast velocity=28 m/s) achieved #,c of 98.5% for X =
1.47 (equivalent to X = 0.6 as PC [14]). Despite stoichiometry more severe than Case-12
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(where X~=0.48, 1, = 49% with unburnt carbon of 51%), the unburnt ratio in Case-14 (1.5%)
was reduced to 1/34. This serves as direct evidence that eliminating the raceway drastically
improves PC combustion.
Governing Mechanism without Raceway: In Case-14, the kinetic reaction rate ratio (RR2)
is calculated as =~ 68 (Eq. 15), implying that #,. should kinetically approach 100% before
coke consumption. The measured 7, of 98.5% thus indicates that physical distribution, not
kinetics, is the limiting factor. The efficiency 98.5% can be interpreted as a direct measure
of the PC-O»> distribution efficiency (¥ =~ 0.985) under low-velocity blast conditions. This is
reinforced by other results in the same study [40]: carbon consumption rates correlated with
dispersibility—LPG (gas, 99.5%) > Dust (98.5%) > Plastics (0.7 mm, 95.7%). These
findings strongly imply that physical mixing and fuel's physical properties are the dominant
rate-limiting factors in low-velocity packed-bed combustion.
Theoretical Basis of ¥: PC-O; distribution efficiency ¥is determined primarily by pressure
(affecting velocity u) and not by the geometry of the tuyere or PC lance. This is explained
phenomenologically by the Peclet number (Pe = u-L/D., where u: actual gas velocity, L:
representative length, D.: mixed diffusion coefficient) as in the following equation:

Y =1/(1+ ap *Pe) (22)
, where a,: correction factor, Pe <« 1 under strong forced mixing by the packed bed. Given
that mixed diffusion D. = D;=u'"-L (where u' is fluctuation velocity of turbulence) [34,41,42],
Pe becomes a function of u/u’. Considering u o« 7/P, ¥ improves (approaches 1) under high
pressure or low velocity, independent of particle size L or any other factors—secondary
dependence via u' remains a subject for future study.
Avoidance of Raceway Shell: Table 7 infers that the theoretical combustion temperature
above 2373 K (2100 °C) can prevent the formation of a raceway shell, which depends on the
ash content of PC and the melting point of coke fines [13].
Application to SimpLE BF: Applying these findings, #pc for SimpLE (Cases 15-16) is
estimated at the PC gasification limit (X = X¢). Shell formation is prevented by maintaining
T>2373 K (¢ =0.45). Low-velocity blast (e.g. Ur =100) realizes raceway-free combustion,
which means y = 1 (no swirling/crushing), CKD = 0%, nipc = 0, and high ¥. Adopting ¥ =
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0.9—very conservative under pressurization compared to 0.99 under atmospheric pressure
in Case-14—still achieves 7, = 0.89 with unburnt PC < 9 kg/thm. Conversely, assuming

raceway formation with the same U0 would drop 7, to ~2%.

4.2 Mechanism of Unburnt PC Consumption Under Ultra-Low CR Conditions

(1) Conventional Unburnt PC consumption mechanism

In conventional BFs, unburnt PC (C) is prevented from discharging by the following

two main mechanisms:

[A] Direct reduction by liquid FeO (FeO + C — Fe + CO);

[B] Gasification reactions by CO: or H20O (e.g., CO2 + C — 2CO) generated through
gas-based reduction (e.g., CO + FeO — COx+Fe) [12,43].

However, in SimpLE BF, where the gas-based reduction ratio reaches 100% (OD = 0),

these mechanisms are inoperative. This necessitates a "third mechanism" to suppress

unburnt PC discharge.

(2) The third Unburnt PC consumption mechanism

Evidence from Pilot-Scale Scrap Melting (Fig. 13): The existence of the third mechanism

is strongly supported by the pilot-scale scrap-melting test by Kamei et al. [44]. They

converted the experimental blast furnace used in Case-1 into a scrap-melting furnace (Fig.

13) and operated it with BF coke under conditions analogous to SimpLE: CR = 150 kg/thm,

PCR = 140 kg/thm (X = 0.8), and a bosh gas rate Scrap, Coke

of 550 Nm?/thm with OD = 0. As illustrated in Fig.

13, coke (20—50 mm) was charged in a fully mixed

state with scrap. Although the original report did

not explicitly discuss the "cohesive zone
Cohesive zone/layer

structure,"  this  full-mixing  configuration it (§°f‘e"'"9/ TarOg scep)
}' N

inevitably forms a coke-slit-less cohesive layer - Coke bed

effectively identical to Smart Charging. Figure 13. Scrap melting furnace (Image)

Evidence of In-Furnace Filtration: As shown in Table 7 (Case-1"), the use of BF coke—

instead of pitch coke in Case-1—resulted in a lower 7pc =60% (instead of 84%), theoretically
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generating significant unburnt PC (40%, or 44 kgC/thm). Since conventional consumption
mechanisms [A] and [B] were inactive (Scrap RD=100%, Bosh gas OD=0), this unburnt PC
should have been emitted as top dust. However, the actual dust emission, calculated from
the carbon balance shortage, was less than 4 kgC/thm (1-2 wt% of fuel rate)—obviously
less than that of all-coke operation. This rationally identifies the dust as coke fines rather
than unburnt PC, implying unburnt PC emission was negligible. This discrepancy serves as
experimental proof that unburnt PC—having a terminal velocity < 0.1 m/s—was entrained
by the bosh gas (~4 m/s) or washed by dripping metal, and subsequently filtered (trapped)
within the mixed-burden cohesive zone.

Consumption Balance and Stability: Carbon balance analysis confirms that the trapped
unburnt PC (44 kgC/thm) was fully consumed within the furnace. Based on the estimated
npe = 0.60, the carburization rate ratio (unburnt PC to coke) is calculated as RR; = 0.5,
implying that the trapped PC was consumed 50% by carburization and 50% by re-
combustion. The operation remained stable regarding permeability and tapping [ 44], proving
that unburnt PC—unlike coke dust—does not impair the gas or liquid permeability of the
lower furnace [36,45,46].

Thermodynamic and Physical Advantages: Furthermore, this consumption mechanism
facilitates hot gas flow to the furnace center. This is because (1) the heat required for
carburization or combustion is significantly lower than that for direct reduction or
gasification, and (2) unburnt PC does not degrade coke bed permeability unlike coke dust.
Applicability to SimpLE BF: These findings directly apply to the lower furnace of SimpLE
BF, where a coke-slit-less cohesive zone is formed via Smart Charging (full-mixed charging)
and the thermal load is minimized (only melting metallic iron) via Smart Reduction. This
configuration realizes a functional dust filter to utilize unburnt carbon effectively and a

mechanism to allow hot gas to reach the furnace center.

4.3 Coke Bed Structural Integrity (Carburization Effect on Coke Size)
(1) Concern of Coke Size in the Lower Furnace

In SimpLE BF, Smart Reduction and Smart Combustion (raceway-free) ensure the supply

32



This is a post-peer-review, pre-copyedit version of an article published in Journal of Sustainable Metallurgy.

The final authenticated version is available online at: https://doi.org/10.1007/s40831-026-01414-1.

of strong, large-sized coke to the lower furnace by preventing gasification and shear-
induced degradation. However, in ultra-low CR operation, coke is primarily consumed by
carburization. As 10—-20 wt% of coke is carburized in the hearth [47], significant size
reduction in the coke bed (dripping zone) is a potential concern.

(2) Impact of Carburization

Ilg 14 compares the ini 1a1 coke
16mm p t
100% J<i k

9 size distribution above the
]
S 80% | L . . .
2 cohesive zone (solid line) [48]
o .
5 60%
g with the estimated distribution
S 40% —s— Coke above cohesive zone
3 - & = Coke in hot metal (-90wt%) after 90% carburization (dashed

20%

o line). The estimation assumes

0 20 40 60 80
Coke size (mm) uniform surface reaction, where

Figure 14. Change in coke size distribution by carburization the carburization rate dm/dt is

proportional to the surface area mD,”. Since mass m « D,’, differentiating with respect to
time yields dm/dt < D,* -dD,/dt. Equating the reaction rate to the mass change (D,> « D,* -
dD,/dt) reveals that the diameter reduction rate dD,/dt is constant, independent of particle
size. This "uniform shrinkage" implies that smaller particles disappear faster, while larger
ones lose only a constant diameter increment.

(3) Resulting Permeability Improvement

Even with 90% mass consumption (corresponding to a uniform diameter reduction of ~16
mm), the arithmetic mean size decreases only slightly (27 mm — 25 mm). Crucially, the
harmonic mean size—which governs bed permeability based on specific surface area—
actually improves (18 mm — 20 mm). This counter-intuitive result arises because uniform
shrinkage eliminates the fine fraction. Additionally, the resulting narrower particle size ratio
(max/min) leads to an increase in the void fraction.

Furthermore, if coke is simultaneously consumed by combustion, the consumption time is
proportional to the square of the diameter (D,?). This accelerates selective consumption of
smaller particles, narrowing size distribution and enhancing permeability. Thus,

permeability in the coke bed is maintained or improved.
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4.4 Gas Permeability in the Furnace Under Ultra-Low CR Conditions
This section evaluates the gas permeability (i.e., pressure drop) inside the furnace after
implementing ultra-low coke rate (CR) operations.
(1) Permeability Resistance Coefficient and Pressure Drop in the Shaft
Evaluation Model: Pressure drop AP in the shaft (transitional Reynolds number regime)
is evaluated using the modified Carman equation (Eqgs. 23—-26) [21,23,24], which are well
applied to practical operations. The permeability resistance coefficient K is a key index,
sensitive to particle size D, and porosity &.
AP=1x10"%-g K ] -uy*># AL (23)
J=pgF b (24)
K =K; - 10%° (25)
K; =Cp *(® .Dp)—(1+ﬁ) ‘(1—e)1+P) g=3 (26)
(g: gravitational acceleration, uo: superficial gas velocity, : correction exponent = (.3,

pq: Gas density, u: Gas viscosity; see Appendix A for expanded nomenclature)

Particle Size Control: Smart Charging minimizes 4P via size segregation (controlling the
particle size ratio). For example, separating sinter (6—24 mm, avg. 15 mm) into small (6—
12 mm) and large (12-24 mm) layers controls the particle size ratio to <2. This technique
increases porosity ¢ from 40% to approximately 47% [49], significantly reducing K in the

lumpy zone (Table 8).

Pressure Drop Reduction (Table 8): Table 8 shows advantages of this control,
comparing Conv.BF and S.BF-1 in Table3. K increases without size segregation,
increasing AP/AL by 6% compared to Conv.BF, even though the top gas volume is 18%
lower. However, once the layers are separated into small and large ore layers (Smart
Charging), the improved porosity significantly lowers the resistance. Consequently, 4P
drops by 24% (at a layer thickness ratio of 1:1) or 34% (at 2:1) compared to the conventional
baseline, confirming that strict particle size control is essential for maintaining permeability

in ultra-low CR operation.
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Table 8. Permeability resistance index and pressure drop in the shaft (lumpy zone)
Kci(Coke layer)| Koi(Ore layer) |Thickness ratio | Kz(Lumpy zone)| AP/AL

Conv.BF 600231 3000123 O(W)/C(v)=1.5 2020 Base
N/A 3000 (layer-less) mixed 3000 +6%
S.BF-1 1242 (L), 3057 (S)| (L)Y/(S)=1 2150 -24%

(No coke layer)

1242 (L), 3057 (S)| (L)Y/(S)=2 1860 -34%
Note) Kc;: K of coke layer, Ko;: K of ore layer, K;: K of lumpy zone

(2) Pressure Drop in the Cohesive Zone

Permeability Resistance of Cohesive Layer (Kcr): According to load-softening tests by
Kawashiri et al. [25], the conventional K¢z (=100xKo;) decreases to ~1/10 (=10xKo;) for
a highly-reduced cohesive layer (RD = 100%), which is derived from suppressing FeO melt
formation [23-25]. This applies directly to SimpLE BF. Furthermore, mixing 10-15% coke
reduces resistance to < 1/10 [21], attributable to the formation of gas flow paths around coke
particles caused by localized carburization and melting of the surrounding metal [22]. Smart
Charging (mixing of 4-12 wt% coke) alone lowers K¢z to 1/3 to 1/10. Combining both
effects, the composite resistance coefficient K'cy is expressed: K'cr =1/(1/K1 +1/K3) =
(1/13 to 1/20) xKcr (Kcr of conventional BF) [Factor (1)].
Cohesive Zone Thickness (7): The layer thickness t is determined by the balance between
the heat transfer rate O and the thermal requirement of the burden. The heat transfer
equation yields:

0= h-a(Act) ‘40 = p4H (27)
Rearranging for ¢, and assuming constant productivity p and specific surface area a:
t=pAH/ (h*a*A-460) =(p/a) ‘AH/(h*Ac-40) x AH/ (h-A:40)  (28)

Thickness ¢ depends on enthalpy difference AH (incoming vs. outgoing ore), heat transfer
coefficient A, gas flow cross-sectional area 4., and mean temperature difference 46.
AH Reduction: 4H includes sensible heat, melting heat, carburization heat, and reduction
heat. As shown in Table 9, SimpLE BF reduces A4H to 1/2.8 [Factor (2)] by eliminating
direct reduction heat, even assuming 50% of the direct reduction heat for Conv.BF. The total

AH aligns well with the heat flux observed across the cohesive zone (1200-1400 °C) in

Table 9. Heat differences of ore entering and exiting cohesive zone (Unit: kJ/kgFe)

Sensible Melting Carburizing | Reduction Total AH
Conv.BF | 224 (200°C) 303 31 2%C) 1000 1558
S.BF-1 224 (200°C) 303 31 (2%C) 0 558
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Fig. 4.
Ac Enlargement: Next, the structural shift from "cohesive layers and coke slits"
(Conv.BF) to "single cohesive layer" (S.BF-1) is respectively simplified to Model (a)

and Model (b) in Fig. 15. The gas flow cross-sectional area Acz in the cohesive zone is

V¢ + Coke slit gas velocity

Ve, - Cohesive layer gas velocity
Veo/ Ve =20

t : Cohesive zone thickness

Tes - Coke slit thickness

T, . Cohesive layer thickness
Vg @ Bosh gasvelocity 1 _
Cs CcL

Figure 15. Cohesive zone models for pressure drop calculation
(a) Cohesive zone with coke slit; (b) Cohesive zone without coke slit

geometrically derived as follows, relative to the bosh cross-sectional area Ag: (a) AcL=
0.87:Ap, (b) Act=1.15-A4p [Factor (3)].

(h-46) Enlargement: In Model (a), the permeability ratio between cohesive layer and
coke slits—round 1/150 [49]—gives Vcs/Ver=20 (see Fig.15). So, the gas velocity in the
cohesive zone V¢, relative to the bosh gas velocity Vpis: (a) Ve =0.055-Vp, (b) Vo=
0.87- Vg [Factor (4)]. Considering the flow rates, Model (a) is a laminar flow (4 o< %)
and Model (b) is a transitional flow (& & V%%). To estimate AP simply and conservatively
for S.BF-1, both are regarded as transitional flow. Accordingly, using the bosh gas flow
rates shown in Table 10, the heat transfer coefficient 4 for (b) (S.BF-1) is calculated to
be 2.9 times greater than that of (a) (Conv.BF). Additionally, the gas temperature in the
lower furnace of S.BF-1 is higher than in Conv.BF, resulting in a larger 4. Thus, it is
regarded that (h-46) is 3 times greater in (b) (S.BF-1) [Factor (5)].

Thickness () Reduction: Substituting the above Factors [(2)3)(5)] into Eq. (28), it was

concluded that ¢ in S.BF-1 becomes 1/11 that of Conv.BF [Factor (6)].
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Pressure Drop (4P) in Cohesive Zone: The pressure drop is determined by integrating
the improvements in resistance coefficient [(1)], gas velocity [(4)], and zone thickness [(6)].
As shown in Table 10, 4P in S.BF-1 is reduced to 1/10 of Conv.BF. This theoretical
estimation aligns with the stable operation of the scrap-melting test [44] (Fig. 13) despite
>4 times higher bosh gas velocity than S.BF-1 due to atmospheric pressure and higher fuel

rate.

Table 10. Pressure drops at cohesive layer

Bosh gas | Passage Kerx1073 AL AP
(Nm?3/thm) | area |(Cohesive layer) [(Thickness)|(Cohesive zone)
Conv. BF 1348 Base 300 Base Base
S.BF-1 500 x1.33 | 215" x1/13"? x1/8.4 x1/10

Note) *1: 100xK;, (Table 8), depending on dressing;  *2: in case of S.BF-1

(3) Pressure drop of Dripping zone

Zone Definitions and Resistance: In this analysis, the lower furnace is defined as the
region below the cohesive zone. Depending on the presence of liquid (slag and metal), it
is subdivided into the "upper"” zone* (solid only) and "lower" zone* [50]. According to
Fukutake et al. [50], the pressure drop in the lower* zone accounts for > 50% of the total
furnace pressure drop under high-pressure operation (absolute top pressure > 0.28 MPa).
Stability Assessment: In S.BF-1, the pressure gradient in the dripping zone is estimated to
be only 1/5 of the conventional level, based on empirical formulae for gas-liquid counter-
current flow[51]. This significantly lower gradient suggests the avoidance of operational
instabilities such as flooding or coke fluidization[52]. This theoretical stability is consistent
with the smooth operation observed in the pilot-scale scrap-melting test[44], verifying the
robustness of the lower furnace design.

(4) Total Furnace Pressure Drop

Comparison of Pressure-Drop Head (Fig. 16): Fig. 16 compares the total pressure-drop
head (i.e., pressure drop divided by gas density) between Conv.BF and SimpLE BFs under
identical furnace geometry and production rates (Table 3). Assumptions include: Top
charging is set as O/C of 5.4 for Conv.BF and large/small layer thickness ratio of 1 for
SimpLE BFs. In Conv.BF, 30% of total 4P occurs in the cohesive zone and 50% in the

lower* furnace (including 2/3 of cohesive zone). For SimpLE BFs, the lumpy zone volume
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is increased by 15% (due to thinner 100%

>
(]
. . . _D
cohesive/dripping zones). The results £ 80%
©
18]
show that the total pressure drop of & 60%
o
. (@]
SimpLE BFs reduces to 43-60% T 40%
Q
compared to Conv.BF. The variations in é 20%
[}
P
SimpLE BFs are derived primarily from & 0%
Conv.BF S.BF-1 SBF-2 S.BF-3 S.BF-4
the differences in top gas volume (Table e ,
J Dripping zone B Cohesive zone
3). Lumpy zone(expanded) O Lumpy zone(original)

Considerations: Notably, the Figure 16. Pressure-drop heads of SimpLE BFs

resistance in the lower furnace (including the cohesive zone) is reduced to 1/7 of the
conventional level. Consequently, the dominant resistance shifts to the lumpy zone. This
characteristic implies that gas distribution is governed primarily by stock-line profile
control (Smart Charging) rather than complex, hard-to-control lower-furnace phenomena.
Furthermore, since Fig. 16 compares pressure-drop head, the actual pressure drop is

likely an additional 20-30% lower in SimpLE BFs due to lower gas density by CR reduction.

5. Discussion

5.1 Synergistic Mechanism for Near-Complete PC Combustion

Limitations of the Filtering Mechanism: While the coke-slit-less cohesive zone
functions as an in-furnace filter (Section 4.2), relying solely on this "third mechanism" is
insufficient for ultra-low CR operation because the capacity to consume unburnt PC via
carburization is inherently limited. Under standard conditions (hot-metal [C] = 4.5%, hearth
carburization ratio = 10-20%, and reaction rate ratio RRs = 0.5), the maximum capacity for
unburnt PC consumption via carburization is estimated to be only 20-23 kgC/thm.
Necessity of Smart Combustion: If the primary combustion efficiency (primary-#pc)
remains at conventional levels, the amount of unburnt PC generated would far exceed this
consumption capacity, leading to accumulation in the lower furnace or emission from the
top. Therefore, Smart Combustion is not optional but essential to suppress unburnt PC

generation to a level that falls within the consumption limit of the "third mechanism".
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Conclusion on Integration: SimpLE thus integrates Smart Combustion (minimizing
unburnt PC) and Smart Charging (consuming residual PC) to enable near-zero unburnt PC

operation.

5.2 Additional CO: Reduction and Future Prospects

In the preceding sections, the technical feasibility of ultra-low CR BF was examined in
detail. Based on these findings, this section discusses the additional CO: reduction
potential and explores future prospects for achieving carbon-neutrality (CN).

Surplus Gas Substitution: In Fig. 11, Input C includes carbon derived from fuels used
for gas reforming or combustion, such as natural gas. Converting one of a few BFs to an
ultra-low CR allows surplus gas from remaining furnaces to replace natural gas. This
substitution alone can reduce Input C by an additional 10%.

Metallic Burden Integration: Similarly, if 44% (as Fe) of the burden materials are
replaced with metallic feedstocks such as scrap or direct reduced iron (DRI), the reliance
on natural gas can be eliminated. This approach yields CO2 reduction benefits comparable
to those achieved through surplus gas utilization.

BOF Gas Recovery: In addition, separate from the measures above, BOF (Basic oxygen
converter) gas—which contains relatively low nitrogen—can be treated by oxygen
combustion with flue gas recirculation to increase CO: concentration. This enables an
energy-efficient and facility-compact method to capture an additional 5% of CO..
Consequently, the total CO: reduction illustrated in Fig. 11 can reach as high as 80%.
Pathway to Carbon Neutrality: Furthermore, replacing coal with alternative fuels such
as e-fuels, biomass (including waste-derived sources such as MSW), or using plasma
heaters may help achieve a fully carbon-neutral or even negative-emission ironmaking
process. As noted in Section 1, a novel scheme to utilize municipal solid waste (MSW)
as metallurgical reductants is proposed as Step 2 of the SimpLE process [7], reinforcing
the long-term potential of the SimpLE process as a sustainable ironmaking solution.
Comparative Advantage vs. Hydrogen-Based Routes: While hydrogen-based DRI (Ha-
DRI) combined with an electric melter is often cited as a deep-decarbonization route, it
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faces significant challenges in energy efficiency. As indicated in our related study [ 7], Ha-
DRI processes generally require substantially higher gross energy input (more than 3
times that of conventional BFs) due to the energy intensity of hydrogen production. In
contrast, SimpLE BF maintains gross energy consumption comparable to conventional
BFs while achieving deep Input C reduction through process efficiency and internal gas
recycling. This suggests that SimpLE BF offers a more energy-rational and more
economical transition pathway, particularly in regions where green hydrogen supply is

constrained or costly.

5.3 Technology readiness and Industrial-scale verification

Technology readiness: Fundamentally, the technology readiness level is inherently high
because the thermodynamic complexity of the conventional BF—often viewed as a “black-
box-like 3-dimensional” mixed-reduction process—is resolved and transformed into a
“quasi-one-dimensional” gas-based reduction process consistent with the sophisticated
thermodynamic analysis models used for this study. Further, the individual key technologies
are already mature or verified: almost-fully gas-based reduction [4, 27], raceway-free PC
combustion [40] , and coke-slit-less cohesive zone [44]. Accordingly, while an industrial trial
at CR = 60 kg/thm has not yet been conducted, the convergence of the proposed model-based
analysis with available industrial datasets within the stated ranges provides sufficient
technical justification.

Industrial Feasibility and Verification Strategy: While the feasibility of the theoretical
limit (CR = 57 kg/thm) is considered high, concerns may inherently arise simply because it
remains an uncharted territory. A significant strength of SimpLE, however, is that it is not
constrained to this single operating point (Cases S.BF-1 and -2); rather, it offers the
flexibility to continuously select any intermediate value up to CR = 167 kg/thm (Cases S.BF -
3 and -4). Within this spectrum, operations comparable to cupolas (CR = 80 kg/thm) [53]
and scrap melting furnaces (CR = 140 kg/thm) [44] have already been industrially verified.
Therefore, the practical verification challenge is determining how closely industrial

operations can approach the 57 kg/thm target. We consider this fully attainable through
40
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engineering optimization, utilizing the conservative analysis margins identified in this study

(e.g., conservative parameter settings compared to experimental potentials) if needed.

6. Conclusions
(1) Process Validation and Novelty
This study validates the process-level feasibility of the SimpLE BF (CR = 60 kg/thm),
redefining the blast furnace from a "reduction-gasification reactor" to a "high-efficiency
melter coupled with a full-gas-based reduction shaft." This paradigm shift is achieved by
integrating three operational concepts:
e Smart Reduction (temperature-controlled, 100% gas-based reduction via
three-stage tuyeres)
e Smart Combustion (raceway-free, mild-blast operation; higher primary PC
combustion efficiency)
e Smart Charging (full-mixed burden with particle-size layering; coke-slit-less
cohesive layer)
Smart Reduction thermodynamically transforms a “black-box-like 3-dimensional”
mixed-reduction process into a “quasi-one-dimensional” gas-based reduction process,
enabling the deductive manipulation of critical variables such as reduction temperature and
shaft efficiency. Smart Combustion and Smart Charging serve as indispensable enablers that
synergistically support this transformation.
(2) Practical takeaways on permeability
Contrary to prior conventional concerns regarding ultra-low CR, the synergistic effects of
the three concepts are estimated to reduce the pressure-drop head in the cohesive-zone to
~1/10 of the conventional value. Consequently, total furnace pressure-drop head decreases
to ~43-60%, shifting gas-distribution control from the cohesive zone to the lumpy zone,
where permeability is controllable via stock-line profile control (Smart Charging).
(3) System-level implications and Competitiveness
Relative to conventional BFs, SimpLE BF offers significant advantages:
* Decarbonization: Input carbon is reduced by ~38-41% (fossil-based) and up to ~53%
41
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(green-Hz). With CO: capture, total emission reduction reaches ~60—68%.

* Energy Efficiency: Net heat consumption for the entire ironmaking process remains
comparable to or lower than conventional BFs.

* Resource Priority: Considering energy-system constraints—gross energy demand,
availability and economics, the practical priority of fuels for reducing input carbon
is identified as: "recycling surplus gas" > CHa4 > Ha.

* Advantage over Hydrogen-based Routes: Unlike hydrogen-based routes (e.g., such
H:-DRI+Melter), which requires over 3 times the gross energy for conventional BFs
and rely heavily on green hydrogen infrastructure, SimpLE offers a robust pathway
achievable with significantly lower energy penalty. It enables deep decarbonization
even in regions where green hydrogen supply is constrained or costly.

(4) Technology readiness

While an industrial trial at CR = 60 kg/thm is yet to be conducted, the technical feasibility
is supported by both the robustness of the “quasi-one-dimensional” gas-based reduction
process and the maturity of the individual constituent technologies—namely, gas-based
reduction, raceway-free combustion, and coke-slit-less cohesive zones—separately verified
in industrial environments. With intermediate operations (CR = 80 kg/thm) proven in
cupolas, the logical next step will be an industrial-scale verification to bridge the gap toward
the theoretical limit (CR = 57 kg/thm).

(5) Future Outlook

Future work will focus on plant-level engineering, including geometric design and scale-up,
and exploring the integration of circular carbon resources such as MSW to achieve carbon

neutral and even negative emissions.
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Nomenclature --- See Appendix A for expanded nomenclature

CKD
CR
De-CO;
Dy
DRR
Input C
K

OD

P

AP

PC
PCR
primary-#pc
Q

RD

RR

X, Xc

X,y

Coke dust

Coke rate (kg/thm)

CO: separation/treatment facility

Particle diameter (m)

Direct reduction ratio (%)

Input carbon (kgC/thm)

Permeability resistance coefficient

Oxidation degree, OD = (CO: + H20)/(CO + CO2 + Hz + H20)
Gas absolute pressure (MPa)

Pressure drop (MPa)

Pulverized coal (or char)

PC rate (kg/thm)

#pe by the oxygen from PC or tuyere blast (=)

Heat transfer rate (kJ/s)

Reduction degree (of iron ore; %)

Reaction rate ratio of PC to Coke (Rpc/Rck)

Gas temperature (K)

Top Gas Recycle

Cohesive zone average thickness (m)

Gas actual velocity / superficial velocity (m/s)
Unburnt PC

Gas flow rate (m’/s)

PC-to-oxygen ratio and its gasification limit (kgPC/Nm>0>)
Molar ratio of PC/Coke(C) to oxygen(O) (molC/molO)

Greek characters

&

fpc

Void fraction (=)

PC combustion efficiency (=); Carbon-based standard
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