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ARTICLE INFO ABSTRACT

Keywords: The decarbonization of the steel industry is critical for achieving global climate targets, as the conventional blast
Biomass‘ furnace-basic oxygen furnace (BF-BOF) route remains the dominant yet carbon-intensive production method.
Ironmaking This study evaluates the practical and economic viability of integrating oxygen blast furnace (OBF) technology
Isv([)iilfnanation with top gas recycling (TGR), biomass pyrolysis, and power-to-gas (PtG) methanation. Using the JFE Steel plant
Photovoltaics in Chiba, Japan, as a case study, the research specifically examines the impact of relying exclusively on on-site

rooftop photovoltaic (PV) systems to achieve electrical self-sufficiency for hydrogen production. Results show
that while this integrated configuration theoretically offers emission reductions of 65-70% with unlimited
renewable energy, the actual reduction is capped at 46.4% due to the 141 MWp capacity constraint of the
available rooftop area. This mitigation is driven primarily by the transition to OBF-TGR mode (15.4 percentage
points) and permanent carbon storage (29.2 percentage points), whereas the contributions from biomass and
synthetic natural gas (SNG) are limited to 1.8 percentage points. Economic analysis indicates a total CAPEX of
1,320 ME, largely attributed to carbon capture and electrolysis infrastructure. However, the system proves
commercially viable under current market trends; a green steel premium of 186 €/t or a combination of CO; tax
savings and lower premiums can achieve profitability. The Levelized Cost of CO2 Avoidance (LCCA) is calculated
at 126 €/tco2 when no green premium is applied. Ultimately, OBF-TGR integration represents a robust, finan-
cially feasible pathway for partial decarbonization and the certification of net-zero steel batches.

Blast furnace

routes varies from 4 to 10 GJ/tyy;, and the CO, emissions between 300
and 1,300 kgcoz/tum [11.

The BF-BOF route is the dominant process for steelmaking, ac-
counting for 70% of global production. It consists of a blast furnace, in
which the iron ore is reduced by coke to obtain hot metal. Then, the
basic oxygen furnace lowers the carbon content of the molten iron to
produce the crude steel. This route is highly energy- and carbon-intense,
resulting in 13-14 GJ/tyy net energy consumption and 2,000 - 2,200
kgco2/tum specific emissions [1].

The ambitious target of the European Union for achieving carbon
neutrality by 2050 [3] is increasing the interest in developing low-
emission technologies in the steel industry, as it is responsible for 7%
of global CO; emissions [4]. Since the global steel demand cannot be
covered through recycled scrap, the BF-BOF route will maintain its
dominance in the market. It is expected that at least 20% of today’s blast
furnaces will still be in operation by year 2050, because they will only
phase-out at relining, what typically takes places every 20 — 40 years [5].
Therefore, innovative methods for CO, reduction in blast furnaces must

1. Introduction

Iron and steel production is essential for modern society, providing
multiple applications in construction, transportation, and
manufacturing. There exist three main routes for the production of steel:
(1) BF-BOF, Blast furnace-basic oxygen furnace route; (2) Scrap-EAF,
Scrap-based electric arc furnace; and (3) DRI-EAF, Direct reduced
iron-electric arc furnace.

The Scrap-EAF route produces steel by melting recycled scrap using
electricity. It represents 23% of the global steel production, but the
expansion of this technology is limited because of the scrap availability
[1]. The DRI-EAF route is an alternative in which scrap is replaced with
direct reduced iron, and it represents 7% of the world steel production.
The direct reduced iron contains > 90% metallic iron, and it is produced
in combustion-free reactors that reduce the iron ore using natural gas,
hydrogen or coal-based syngas [2]. Depending on the share of scrap and
DRI, the energy consumption of producing hot metal through these
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Nomenclature

operating hours, h

Volume produced/consumed/available, Nm®
Electricity produced/consumed/available,kWh
Specific electricity consumption,kWh/Nm?®

.2 <&
= = é
&

Power, kW
Greek symbols
) calculation parameter,h
€ conversion efficiency, Nm3y; /Nm3,
n efficiency, —
T storage capacity in terms of nominal

operating hours,h

Subscripts and superscripts

Nominal load/full capacity
Partial load
Dropped/discarded

Interval of 1-hour duration
Li-ion battery

Electrolyzer

Hourjof the year
methanation

Peak power

Vv Photovoltaic panels

s H, storage/H, tank
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be developed.

One such method is top gas recycling (TGR), which consist on the
recycling of the exhaust gas of the BF back into the process (Fig. 1, b).
This gas acts as reducing agent and therefore diminishes the coke con-
sumption. The gas composition is typically 22%-24% CO3, 20%-25%
CO, 0%-2% H-0, 3%-4% H,, and 47%-53% N, in volume. However,
injecting CO5 or H»O to the blast furnace is not desirable as they actually
increase the fuel consumption and hinders the reduction of iron oxides
because of displacing the chemical equilibrium. Therefore, carbon
capture (CC) is included before recycling the top gas, in order to reject >
90% of the COy [6,7]. The recirculated gas can be injected at tuyeres
(lower zone), but also at the shaft (mid zone), at the preparation zone
(upper zone), or at a combination of them [4]. The CO3 reduction ach-
ieved by this method is < 15% because of the presence of N3 in the
recirculated gas [8].

The top gas recycling technique, which aimed for valorizing exhaust
gases, had similarities with oxy-fuel combustion processes, in the sense
that a gas stream is recirculated and a carbon capture stage is needed.
Thus, TGR evolved to the possibility of combining it with oxygen blast
furnaces (OBF, Fig. 1, ¢). Oxygen blast furnaces use pure oxygen instead
of air to burn coke, reducing the amount of fossil fuel required and
resulting in higher energy efficiency. Since part of the blast furnace gas
is recirculated in top gas recycling, it palliates the lack of nitrogen
during oxy-fuel combustion, keeping similar fluid- and thermo-dynamic
behavior than in air-blown combustion. This allows to reduce the coke
consumption up to 150 kg/tym (34% decrease with respect to conven-
tional BF) [4]. Prototype-scale OBF showed 200 - 230 kg/tyy as the
minimum feasible coke rate [9]. The decrease in CO, emissions is in the
range 100 to 500 kgcoa/tum, which means 10% — 40% reduction with
respect to BF [10,11]. Additionally, since CO is rejected from the
recycled top gas via a capture stage during recycling, a non-negligible
amount of highly-concentrated CO, is available for permanent storage
[4].

An alternative option to take advantage of the captured COs is to
combine OBF with Power to Gas (PtG) [12]. PtG technology consumes
renewable electricity to produce Hy via water electrolysis [13], which is
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then combined with the CO5 emissions of the ironmaking process to
obtain synthetic natural gas (SNG) [14]. This synthetic fuel is used in the
blast furnace to keep carbon in a closed loop and avoid geological
storage (Fig. 1, e) [12]. About 70 — 90 kgcoz2/tum could be kept in closed
loop and prevented from being permanently stored, which represents 5 —
7% of the emissions of a conventional BF [12]. Therefore, the combi-
nation of OBF with PtG might reduce emissions up to 45% with respect
to air-blown blast furnaces [12,15]. Moreover, the electrolysis in PtG
produces O, that can be used in the oxygen blast furnace, therefore
diminishing the electricity consumption of the air separation unit that is
needed to enriched the hot blast in OBF [16,17]. Depending on how
modern the technology of the steel plant is, the ASU consumption may
vary between 260 and 400 kWh/tpy [18,19].

An alternative method for CO5 reduction in blast furnaces is the
utilization of biomass resource. In fact, some studies showed that
biomass strategies are better than CO2 capture strategies [20]. Raw
biomass could only be considered as a substitute for the pulverized coal
that is injected at the tuyeres. However, the poor grindability of raw
biomass leads to excessive energy for grinding. In addition, its low en-
ergy density means requiring more biomass than coal, what in turn leads
to greater ash content in the blast furnace, causing operational problems
[21]. The common option adopted to use biomass in ironmaking is the
production of biochar, which is the solid product obtained after the
torrefaction or pyrolysis of biomass. This process upgrades biomass for
ironmaking, reaching similar heating values and ratios on O/C and H/C
than those for coal. Still, the low mechanical strength of biochar is not
sufficient to support the burden inside the furnace, so it can only replace
around 10% of the coke that is introduced at the top. Hence, the injec-
tion of pulverized biochar at the tuyeres, to replace the pulverized coal
injection, is the solution adopted by the industry (Fig. 1, d). Typical
injections rates of biochar are 100 — 150 kg/tyy. Depending on the
quality of the biochar, the CO, reductions vary from 17% to 30% for this
technology [21]. Some authors proposed to co-inject the biochar and the
syngas from pyrolysis process in order to increase the biomass utilization
[21].

At this point, further CO5 reductions required the integration of some
of the techniques mentioned. Thus, Bailera et al. proposed the combi-
nation of biomass utilization and power to gas in oxygen blast furnaces
(Fig. 1, f) [15]. This novel system was assessed for different pyrolysis
temperatures, what translates into different syngas compositions
entering in the methanation process. The best configuration found was
for pyrolysis at 700 °C, reaching 58% CO5 reduction in the blast furnace
emissions.

Currently, the most novel proposal found in literature is the inte-
gration of all the mentioned alternatives for CO, reduction in blast
furnace: TGR, OBF, PtG, and biomass pyrolysis (Fig. 1, g). Different
technical limitations may apply on this type of integration, what in turn
affects the amount of biomass, auxiliary fuels or TGR used, and therefore
to the potential for CO; reduction. In the analysis of Legaz et al. [22], the
biomass and PtG parts were constrained by the limitation of 220 kg/tym
of biochar injection [23], while the TGR part was constrained by the
requirement of consuming at least 190 kg/tyym of coke (for mechanical
stability) [9]. Under these conditions, the CO; emissions can be reduced
by 65% to 70% with respect to conventional blast furnaces. A summary
of all the decarbonization strategies is presented in Table 1 and Fig. 1.

Considering the recent advances in blast furnace decarbonization
systems, the novelty of this article relays on evaluating the integration of
the option with the greatest potential for emission reduction in a real
steel plant located in Japan (Fig. 1, g). Unlike previous assessments of
OBF-TGR and Power to Gas integration that rely on theoretical renew-
able energy supplies, this study introduces a land-constrained method-
ological framework. The novelty lies in quantifying the impact of
utilizing exclusively on-site available surfaces (rooftops) for PV gener-
ation within a brownfield steel plant. This approach shifts the focus from
'maximum technical potential' to 'realistic implementation capacity’,
providing a more robust benchmark for industry transitions where land
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a) Air-blown blast furnace b) Air-blown blast furnace with

top gas recycling
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c) Oxygen blast furnace with
top gas recycling

d) Air-blown blast furnace with
biomass utilization
BFG

Iron ore

Iron ore BFG Iron ore BFG_ Iron ore BFG_
Coke Coke H20
 —

CO2

e) Oxygen blast furnace with
top gas recycling and power to gas

BFG
H20
————

Iron ore

H20

f) Oxygen blast furnace with
biomass utilization and power to gas

BFG

Iron ore

BFG

lOZ

Biomass

Methanation

Grinding

Liquid

g) Oxygen blast furnace with biomass
utilization, top gas recycling and power to gas

Iron ore
Coke
B ]

Treated
BFG

SNG

Methanation

Charcoal

BFG
H20
0
j CO2
cC Biomass

‘
50 Liquid

Grinding
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Fig. 1. Process flow diagram of conventional blast furnace (a), and different strategies for decarbonization (b — g).

Table 1

Summary of decarbonization strategies for blast furnaces.
Decarbonization strategy TGR OBF PtG Biomass Diagram CO;, reduction Ref.
Air-blown BF with TGR v X X X Fig. 1b < 15% [8]
Oxygen BF with TGR v v X X Fig. 1c 10% — 40% [10,11]
Oxygen BF with TGR and PtG v v v X Fig. 1le 20% - 45% [12,15]
Air-blown BF with biomass utilization X X X v Fig. 1d 17% - 30% [15,21]
Oxygen BF with biomass utilization and PtG X v v v Fig. 1f 45% — 60% [15]
Oxygen BF with biomass utilization, TGR and PtG v v v v Fig. 1g 65% — 70% [22]

availability and grid dependency are major bottlenecks. These realistic
studies have been performed previously for lime kilns in ironmaking
plants but not for blast furnaces [24]. The study examines the effective
CO4 reduction under the specific assumption that the plant relies

exclusively on renewable electricity generated by photovoltaic (PV)
panels installed on its own buildings when it comes to produce the
hydrogen for methanation. This approach makes it possible to analyze
the decarbonization capacity while preserving the steel plant’s electrical



M. Bailera and A. Garcia-Mariaca

independence. The analysis is further complemented by an economic
assessment of the proposed integration. No studies on this type of inte-
gration are found in literature, to the authors knowledge. Furthermore,
the developed framework provides a transferable assessment tool for
other brownfield steelworks. It shifts the focus from theoretical decar-
bonization to a realistic, land-constrained evaluation that is applicable
to any industrial site with limited expansion area for renewable
infrastructure.

2. Case study

The selected case study is the steelmaking plant of JFE Steel in Chiba,
Japan. JFE Steel is one of the largest steel producers in the world and has
established strong decarbonization plans in order to reduce emissions by
30% by the year 2030 and become carbon neutral by 2050. The process
flow diagram to be analyzed consists of an oxygen blast furnace (OBF)
with top gas recycling (TGR), biomass utilization, and Power-to-Gas
(PtG) (Fig. 2). The PV panels for Hy production, which is required in
the integration concept, are set to be installed in the roof of the different
buildings of the steelworks. In the absence of solar-generated electricity
for Hy production, the integration is limited exclusively to the OBF with
TGR. When H,, is available, it is utilized to methanate the syngas derived
from biomass pyrolysis. Consequently, the resulting synthetic natural
gas (SNG) replaces fossil natural gas, while the pyrolysis charcoal is used
as a substitute for coal. The volume of available PV power determines
the amount of syngas that can be processed and, therefore, the quantity
of biomass to be pyrolyzed. This, in turn, dictates the substitution ratios
of fossil fuels. The integrated system is evaluated against a reference
case consisting of a conventional air-blown blast furnace.

3. Methodology
3.1. Sizing and management of the PV solar field

The buildings for PV installation were identified using satellite im-
ages from Google Earth (Fig. 3) [25]. Thus, by observing the position of
chimneys, the presence of emissions, as well as the orientation of roof-
tops and shadows, the rooftops were classified according to their con-
dition as follows:

m Type 1: Large roof surfaces suitable for the installation of solar
panels, with little impact from the surrounding conditions (shadows,
dust, etc.).

Reference case

Air-blown blast furnace When H, from PV is not available

BFG

Iron ore BFG Iron ore Ha0
Coke Coke I

cC CO2

Treated
BFG

Coal
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Fig. 3. A) satellite image for jfe steel site in chiba, japan (35° 34’ 23" N, 140°
05' 41" E), and b) roof area [25].

m Type 2: Roofs that, due to their location, size, or surface condition,
raise doubts about the technical and/or economic feasibility of their

Case study

Oxygen blast furnace with top gas recycling, biomass utilization and Power to Gas

When H, from PV is available

BFG
Iron ore H20
e
CO2
_IE‘_El_’ Biomass

Treated
BFG

SNG

Methanation

Grinding

Liquid

Fig. 2. Process flow diagram of the reference case (air-blown blast furnace) and of the case study (OBF with TGR, biomass and PtG).
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Table 2

Location and technical data of the PV solar field.
Parameter Data
Location Chiba, Japan

Latitude (dec) +35.57
Longitude (dec) +140.09
Type 1 roof

N° buildings 46

Roof area (m?) 938,889

Type 1 + Type 2 roof

N° buildings 109

Roof area (m?) 1,107,180

PV technology Crystalline silicon

PV system loss (%) 20
PV panel efficiency (%) 15
PV panel slope (°) 36

use. This category also includes surfaces where the presence of
emissions or shadows from nearby towers or chimneys makes solar
panel installation not recommended.

It was decided to proceed only with the buildings classified as Type 1
as available for panel installation, since the investment required for
installing panels on Type 2 buildings was considered too risky (Table 2).

The electricity production from the PV panels was calculated
through the PVGIS tool from the European Commission (version 5.2),
using the PVGIS-SARAH3 data base [26]. The mounting type was
assumed fixed, and the slope and azimuth of the panels were optimized
by the PVGIS tool. The PV technology was crystalline silicon, and the
system loss was fixed at 20%, which is higher than the default value of
14% because of the expected ambient dust in the steelworks (it must be
noted that this loss does not include losses related to the angle of inci-
dence and temperature, which are already estimated and taken into
account by the PVGIS tool according to the satellite data). The data on
electricity production were retrieved in an hourly basis for 1 kWp of
power capacity at latitude + 35.57 and longitude + 140.09. This elec-
tricity production was then scaled up to the total peak power that can be
installed in the available solar area by assuming 15% efficiency [27,28]
of the PV panels (Eq.(1)) [29].

Peak power [kWp] = Solararea [m*] x PV panel efficiency [] (€]

Additionally, a Li-ion battery was included to mitigate variations in the
electricity production from the PV panels, which might occur due to

cloud coverage. The nominal power of the battery (W;) was assumed to

be 5% of the total peak power of the PV solar field (0.05W;V_p) [30], the
efficiency of the battery (1,) was set at 85% [31,32], and its energy
capacity equal to 4 h of nominal operation (z;) [30,31]. The electricity
available in the Li-on battery at hour j (Wp;) depends on the PV elec-
tricity production (Wpy;_1) and the charge of the battery (W;_;) at the
preceding hour j—1, and on the electrolyzer consumption at nominal
load for 1 h (W, ;) (Eq.(2)).
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It should be noted that the available electricity in the battery is
accounted after losses. At full capacity (W,), it is equal to its nominal

power capacity (W;) multiplied by the equivalent hours of energy

storage (tp), accounting for losses (i.e., WI’; = T, W;).

3.2. Sizing and management of the power to gas plant

The electricity consumed by the electrolyzer, W,;, was computed
through Eq.(3) by knowing both the electricity produced by the PV
panels, Wpy; (data from PVGIS scaled by Eq.(1)), and the electricity

provided by the Li-ion battery (W;;, Eq.(2)). In Eq.(3), W,, is the
nominal electricity consumption of the electrolyzer in 1 h (W,; =

1W)).

W, if Weyj > W,
Wej = W, if Woy; < W,y and (W + Wy) > W, (3
Wy + Wy, if (Wevy + Woy) <W,,

In order to select W:,l (i.e., the size of the electrorlyzer), it was used the
load duration curve (LDC) (Fig. 4). This curve relates the nominal

operating load of the electrolyzer (WZ) with the maximum operating
hours that it might work at that load (tW~ , Eq.(4)). The product of the two
values (W:~tw«) is a measure of the electrical energy that could be pro-

cessed by the electrolyzer at nominal load (W,, gray area in Fig. 4).

0 ifWe <W,
tW;:ZzS,- where 6]»—{ fWej ol

J

i @
1 ifWEJ = Wel

The main criterion (criterion 1) for selecting the nominal power

Electrolysis power We (kW)

19=8,760 h

Operating hours tv've(h)

Fig. 4. Load duration curve methodology (blank area: energy discarded; gray
area: energy processed at nominal load; pattern area: energy processed at
partial load).

A if Wpy; 1 > W,, and ((WPV_,-,1 - We_l)nb + Wi ) > W,

W, = (WPVJ—l - WZJ)% + Wy

(Woyjo1 + Wpjoa) = W,,

if WPV.jfl > W;,l and <<va_j,1 — We.l)”b + Wb_j,1 ) < Wb
if va‘]‘,l < Wel and (WPVJ—I + Wb\j—l) > Wel

(2)

0 if Whpyj1 < W;l and (WPV.j—l + Wb\jfl) < WZ,1
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capacity of the electrolyzer was to maximize the energy processed at
nominal load (i.e., maximization of W, the grey area under the LDC, in
Fig. 4) [33]. In some cases, large variations in the selected nominal load

(e.g., W:ilS%) only produced small changes in the energy processed at
nominal load (W, + 0.1%), although the total energy processed
remarkably changed (W, + W) & 6%). Hence, in these cases, a second
criterion (criterion 2) was added to avoid ambiguity: the nominal load
derived from the maximization process was increased by progressively
decreasing W, at —0.25% intervals until the relative increment in the
total processed energy dropped below 1%. Graphically, this means that

the grey area (W,) was diminished at —0.25% intervals by increasing W:
in Fig. 4, until the total area composed by W, + W7 stopped increasing
beyond 1% in a single step. This way, we had an electrolyzer with a very
similar operational optimization (nearly the same amount of energy
processed at nominal load), but with a notable greater total energy
processed (i.e., the blank area of discarded energy W, notably
decreased, the pattern area of energy processed at partial load W7
increased in the same amount, and the grey area of energy processed at
nominal load W, barely changed).

The amount of Hy produced by the electrolyzer was calculated by Eq.
(5), being directly dependent on the electricity consumed. The specific
consumption, w,, was set at 4.5 kWh/Nm?, corresponding to a com-
mercial containerized PEM electrolyzer in the MW scale [34].

VHz.eJ = e,j/we (5)

This Hy was either sent to storage or to methanation. The Hj available in
the tank at each hour was calculated by Eq.(6), as the sum of the Hy
produced by the electrolyzer (Vy, ¢j-1) plus the Hy already available in
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the tank (V,sj-1), minus the Hy consumed by the methanator
(Vi, mj-1), at the previous hour. Then, the H, consumed by methanation
was calculated by Eq.(7), corresponding to the Hj available (Vi +
Vh, 54) or to the limit of the methanator (V;Ig,m.l)'

Vi sj = Viejo1 + Vipsj-1 — Viymj1 (6)
V;Ig.m.l lf (VH2~€J + VHz,SJ) 2 V;lgm,l

)

Vi mj = . .
ij VH2~9J + VHNJ lf (Vﬂz‘evj + Vﬂzvsj) < VHz.m,l

The Eq.(6) assumes no limit for the Hy storage, so the size required for
the H, tank would be max(Vy, ;). This value is completely dependent
j

on the methanation size (V;Iz,m.l) through Eq.(7), which determines the
Hj consumed in methanation, and therefore the surplus sent to the tank.
The smaller the methanation plant, the larger the H; tank and the higher
the capacity factor of the methanation plant. Larger tanks are unsuitable
for techno-economic viability, while higher capacity factors are suitable
for steady operation. Hence, we minimized the methanation plant size in
order to increase its equivalent operating hours, but at the same time it
was constrained by the criterion: mjax(VH2 s j) < 66,740 (constrained

minimization solver). This limit is intended for a storage of 6,000 kg of
H; (i.e., 66,740 Nm3), which corresponds to the Hj storage installed in
Puertollano (Spain) by Iberdrola, at a 100 MW PV solar plant aimed for
the production of green Hj. The Hj is stored at 60 bar in 11 tanks of 133
m? each (23.5 m in height, 2.8 m in diameter and 4.5 cm in thickness)
[30]. In the Japanese industrial context, where land for large-scale
pressurized storage is limited, this 6,000 kg constraint represents a

compact, high-pressure buffering solution that balances system
e oR 010N b
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Fig. 5. Process flow diagram of the blast furnace in Aspen Plus.
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autonomy with the footprint limitations of a brownfield site.

The SNG production (Eq.(8)) will depend on the composition of the
syngas used in methanation, through variable €,,; (gas conversion effi-
ciency).

V;lz,m,lem lf (Vsze-j + VszSJ) > V;lz,m,l

. . ®
(Vitgej + Vitgsj)€m  if (Vingej + Vinysi) < Vi, m1

Vsngmj =
The parameter €,,;, which quantifies the amount of SNG produced per
Hy consumed, was calculated in Aspen Plus by simulating the metha-
nation plant.

3.3. Sizing and management of the pyrolysis plant

The syngas plant is dimensioned to ensure continuous availability for
the methanation process. Consequently, production capacity (Eq.(9)),
combined with strategic storage (Eq.(10)), must be sufficient to meet
total methanation demand (Eq.(11)). The production changes from

nominal capacity, V,

syns 1O minimum partial load (80%), or shutdown.

The tank capacity, Vg,
gases in steelworks at ambient pressure).

The syngas production decision tree has 9 different possibilities (Eq.
(9)). The first 8 take place if the available storage space is sufficient,
while the ninth occurs if it is about to fill up (at which point production
stops). When space is available, a distinction is made between the sit-
uation in which the tank is filling (the first 3 cases) and when it is
emptying (cases 5 to 8). If the tank level is unchanging (case 4), pro-
duction remains constant, equal to the previous hour. If the tank is in the
process of filling, production varies between 80 and 100% of the nom-
inal capacity, depending on the methanation demand and how empty
the tank is (the goal is for the tank not to fill so quickly, so that the
pyrolysis plant can operate for more hours, even if at partial load). In
cases 5 to 8, in which the tank is discharging, production depends on
whether the pyrolysis plant is in operation or not (if it is on, it will
continue producing even if the tank is discharging, and if it is off, it will
not start producing until the tank is practically empty).

is assumed 150,000 Nm? (typical for buffering

) and Vsyn,x.j—l < Vsyn,x.j—2 and Vsynj—l > 0and Vsyn.sj—l > 02VJ
) and Vsyn,s,j—l < VSyn,s,j—Z and Vsyn.j—l > 0and Vsyn.s.j—l < 02V;
— V:yn) and Vsynysjfl < Vsyn,s,j—z and Vsyn.j—l < Oand Vsyn‘s_jfl >

) and Vsyn,s,j—l < Vsyn,s,}‘—Z and Vsynj—l < Oand Vsyn.sj—l <
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Table 3
Summary of model input and output data regarding the streams crossing the
boundary of the blast furnace.

Stream Description Flow Composition ~ Temperature

IR-OR-01 Iron ore Input Input Input

COKE-01 Coke Output  Input Input

HB-01 Air + moisture Output  Input Input

COAL-01 Pulverized charcoal Input Input Input
injection at tuyeres

J-02-01 O, injection for Input Input Input
enrichment at tuyeres

J-H2-01 H, injection at tuyeres Input Input Input

J-RG-01 Gas injection at tuyeres Input Input Input

TGR-01 Top gas recirculation Input Input Input
injected at tuyeres

M-INJ-01 Gas injection at mid Input Input Input
shaft

U-INJ-01 Gas injection at upper Input Input Input
part

HM-01 Hot metal Output  Input Input

SLAG-01 Slag Output  Output Input

BFG-01 Blast furnace gas Output  Output Output

HL-01 Heat removed by the Input - -

staves

(1.58 Nmsyn/ngNG in our study).

3.4. Modelling the integrated concept for blast furnace decarbonization

The blast furnace model is built upon the extended operating line
methodology, a recent development by Bailera et al. [35]. This meth-
odology serves as a generalization of the operating line initially pro-
posed by Rist in 1967 [12,36]. It enables the prediction of blast furnace
behaviour when operating conditions are altered, even in scenarios
involving oxy-fuel regimes and multiple gas and solids injections at
different zones. The model's ability to accurately replicate the thermo-
chemical state of the furnace and the operating-line shifts has been
thoroughly benchmarked in our previous studies [12,35].

The implementation of the extended operating line methodology is

) and Viynsj-1 > Vg2 and Vignmj < 0.8V,

) and Vygnj 1 > Vignsj-2 and Vigamy > 0.8V, and Vigngj > 0.2V,

syn

and Vsyn_sj—l < 02V:yn

yn

©)

syn

yn
*
Vsyn

v

syn

v,)

carried out in Aspen Plus, with individual models for the upper, mid, and
lower zones of the blast furnace, the latter encompassing the raceways
(see Fig. 5). The model involves 10 inlet mass streams, three outlet mass

0.8V, i Viynj1 < (Vigns = Vi
0.8V5 if Viynsj 1 < (Vigns = Vipn
Vin i Vinsj1 < (Vign = Vign) a0 Vignj 1 > Vignsj 2 and Viyas > 0.8V,
Vi1 if Vignsj1 < (ijn_s - vjyn) and Vagns; 1 = Vgnsj 2
Vonj =2 08Von  if Vi1 < (Voms = Vign
Ve if Vignsj1 < (V:yn.s Vi
0 if Vignsj1 < (V:yn_s
Vo if Vi 1 < (Vigns = Vo
0 if Vopnsj-1 = (V:yn,x
Vaynsi = Veynj + Veynsj-1 — Vaynmj (10)
Voynmj = Vsngmilm an

The parameter v, quantifies the syngas consumption per SNG produced

streams, and one outlet heat stream that traverse the blast furnace
boundary. It calculates the mass flow of coke, air, hot metal, slag, and
blast furnace gas as a function of the temperature of the thermal reserve
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zone, chemical efficiency, heat removed by the staves (in both the
preparation and elaboration zones), and the inputs specified in Table 3.
The blocks and manipulators, with the specified chemical reactions are
provided in Table 4 and Table 5. Moreover, to accurately represent the
co-processing of traditional pulverized coal and biomass-derived bio-
char, the simulation architecture was modified to handle two indepen-
dent solid streams. This allows for the differentiation of the chemical
compositions and enthalpy balances of each fuel type during the injec-
tion process. By avoiding the common simplification of 'equivalent fuel
properties,' the model provides a more robust prediction of the OBF’s
response to varying biomass substitution ratios. Detailed descriptions of
the model can be found in the author's previous papers [35,37].

This Aspen Plus model is the basis to simulate the blast furnace
integration of Fig. 2. To this model, the methanation plant is added. The

Fuel 427 (2027) 139540

methanation plant is based on the technology developed by Hitachi
Zosen Corporation. Their technology comprised two shell-and-tube
typed exchange reactors, operating at 5 bar and 250 °C, with an inter-
mediate condensation stage. The final CH4 content of the synthetic
natural gas was 98.5 vol%, and the H; content was 1.3 vol%, in dry basis
[38]. The corresponding Aspen Plus model (Fig. 6) consisted of two 2-
stage compressors for the inlet syngas and Hy (compression ratios of
2.5:1 and 2:1, with intermediate cooling at 60 °C), two RGibbs equi-
librium reactors for the methanation stages (at 250 °C and 5 bar), two
Flash reactors for water condensation after each methanator (at 50 °C
and 35 °C), and two preheating exchangers before each methanator (at
250 °Q).

Regarding the pyrolysis process, it is not affected by upstream
equipment. Thus, the Aspen Plus model does not include the blocks of

Table 4
Main blocks of the Aspen Plus simulation.
Block Type Process and reactions Manipulator
UPZONE Stoichiometric 3Fe303 + CO—2Fe304 + COy CHEM-EFF
reactor Fe304 + CO—3FeO + CO, UPA
CO; + H,—CO + H,0
EX-BFG Heater It sets the outlet temperature of the blast furnace gas, and returns the excess heat to the upper zone. UPB
STAVE1 Heater It sets the temperature at TRZ for the solids descending to the mid zone, and provides the excess heat to the staves. -
MIZONE Stoichiometric Fe304 + CO—3FeO + CO, YDR
reactor FeO + CO—Fe + COy XR
CO; + H,—CO + H,0
STAVE2 Q-Mixer It gathers all the heat streams of the mid and lower zone and provides the net value to the staves. —
STAVES Q-Mixer It gathers the net heat streams of the upper, mid and lower zone. The output is the total heat removed by the staves. -
SULF-SEP  Separator It diverts the Sulphur to the block STOSLAG. -
SEPARATE Splitter It gathers all the gases produced in the lower part and the ashes from coal combustion. It separates the gases (sent upwards to the mid —
zone) and the solids (sent downwards).
BURN Gibbs reactor It calculates the chemical equilibrium for combustion and the flame temperature. -
DECOMP Yield reactor It decomposes the coal (non-conventional solid) into C, Ha, O, Ny, S, SiO,, Al,03 and CaO to perform calculations. COMBUST
STOSLAG  Stoichiometric Fe 4 S—FeS -
reactor FeS + CaO + C—Fe + CaS + CO
RED-DIR  Stoichiometric FeO + C—Fe + CO -
reactor
RED-SIMN  Stoichiometric SiO; + 2C + 3Fe—Fe3Si + 2CO HM-SI
reactor MnO + C—Mn + CO HM-MN
CARBURIZ Separator It separates solids into slag (SiO,, Al,03, CaO, MgO, MnO, CaS) and hot metal (Fe, C, Fe3Si, Mn). The remaining C is sent to the HM-C
burner.
EX-SLAG  Heater It sets the outlet temperature of the slag. -
EX-HM Heater It sets the outlet temperature of the hot metal. -
Table 5
Manipulators of the Aspen Plus simulation.
Manipulator ~ Type Description Modifies
CHEM-EFF Design It modifies the extent of Fe3O, reduction according to the chemical efficiency, in order to set the oxidation state of the burden UPZONE
spec descending to the mid zone equal to Yg (extended operating diagram).
UPA Design It modifies the extent of reverse water-gas shift reaction according to the heat removed by the staves in the upper zone. The UPZONE
spec temperature of the BFG is assumed to be known (when UPA is used, UPB is deactivated).
UPB Design It modifies the outlet temperature of the BFG according to the heat removed by the staves in the upper zone. The H, utilization is ~ EX-BFG
spec assumed to be known (when UPB is used, UPA is deactivated).
YDR Design It modifies the extent of FeO reduction in the mid zone according to the percentage of indirect reduction calculated by the RIST MIZONE
spec block.
XR Design It modifies the extent of reverse water-gas shift reaction in the mid zone according to the chemical efficiency and the equilibrium of =~ MIZONE
spec the Fe-O-H system at Tg.
COMBUST Calculator It calculates the mass flow of C, Hy, O, N», S, SiO», Al,03 and CaO obtained after the decomposition of the coal, as a function of the DECOMP
ultimate analysis, the moisture and the ash composition.
HM-SI Design It modifies the extent of SiO, reduction according to the composition of the hot metal. RED-SIMN
spec
HM-MN Design It modifies the extent of MnO reduction according to the composition of the hot metal. RED-SIMN
spec
HM-C Design It modifies the C diverted to HM-01 stream according to the composition of the hot metal. CARBURIZ
spec
QMELT Design It sets the heat used for melting the hot metal and slag according to their mass flow and composition. Q-MELT
spec
QCARB Design It sets the heat used for carburization according to the C content in the hot metal. Q-CARB
spec
QCTOCOKE Design It sets the heat required to consider C as coke instead as graphite in the energy balances, as a function of the mass flow of coke CTOCOKE
spec entering the blast furnace. Aspen provides C as graphite by default.
RIST Calculator It calculates the mass flow of coke and hot blast (air + moisture) according to the extended operating line methodology. COKE-01, HB-
01
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Syngas

H2

SNG

H20

Fig. 6. Process flow diagram of the methanation plant in Aspen Plus.

pyrolysis and grinding but considers the charcoal and the syngas as in-
puts to the model. The pyrolysis process is assumed at 700 °C, according
to previous studies (details in biomass, charcoal and syngas composition
and yields can be found in [15]). Regarding carbon capture, it is
assumed a 90% carbon capture ratio, with a 2.67 MJ/kgco2 energy
penalty [39]. The thermal energy required for solvent regeneration is
supplied through the recovery of waste heat from the integrated plant,
particularly from the cooling of the recycled top gas and the exothermic
methanation process.

A distinction is made between CO; generated by the Blast Furnace
based on its final destination: a portion is permanently stored via Top
Gas Recycling, while the remainder is emitted into the atmosphere.
Within the latter, a specific fraction is classified as carbon-neutral,
corresponding to the use of biomass-based sources such as charcoal or
SNG. Total final emissions account for the Blast Furnace Gas released,
adjusted for net-zero biogenic contributions and the eventual conversion
of CO into CO, during combustion.

3.5. Methodology for techno-economic analysis

The economic analysis follows a ‘factored estimated’ methodology,
which is based on the knowledge of major items of equipment (this
methodology has a typical accuracy of + 30%). The CAPEX comprises
the PV panels, the electrolyser, the H storage tank, the pyrolysis plant,
the methanation plant, the amine scrubbing and the air separation unit,
as well as other direct and indirect costs (Table 6). The OPEX considers
the catalyst renovation for methanation, the amine renovation, the
required water, the biomass, and the operation and maintenance. The
incomes are the savings in fossil natural gas and coal, and the benefits
from green premium for steel. The latter follows the Mass Balance
Approach, which concentrates the yearly-round CO; savings into a
specific “Green Steel” batch. The loan amortization is 20 years, with
8000 h per year of operation [40].

4. Results and discussion
4.1. Renewable electricity and Hy production

Following the methodology described previously, the PV field was
sized as a function of the available roof area (Table 7). Then, the elec-
trolyzer was sized as a function of the load duration curve. Therefore,
the results regarding the electricity and Hy production were independent
of the size and management of the methanation and pyrolysis plants.

The total solar area for the buildings that are ready for PV installation
was 0.94 km?, which was the equivalent to 140.8 MWp of PV capacity.
With this installation size, the yearly electricity production of the PV
field was 185 GWh, presenting 1313 equivalent operating hours
(Table 7). The auxiliary Li-ion batteries that were installed had a round-
trip electricity storage capacity of 23.9 MWh (4 h x 7.04 M x WO0.85).
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Table 6
Equations for the economic analysis.
Cost Parameters o, §, v Ref.
equation
CAPEX (M€)
Amine Plant 0.06772-a CO,, captured (t/d) [41,42]
Air separation unit 0.01980-a O, produced (t/d) [43]
Solar
PV panels 0.22803-a Power (MW) [44]
Batteries 500-10%-« Battery size (kWh) [45]
Electrolysis 650-10°-« Power (kW) [46]
H, storage
H, storage tank 563-10%-a H, mass (kgu2) [47]
H; compressor 0.267- Power (kW) [48]
(/445)%¢7
Pyrolysis plant 0.65609-0t Biomass consumption (t/h) [49]
Methanation
CO, compressor 0.267- Power (kW) [48]
(/44507
Reactors 300-10%« SNG power (kWsnc) [50]
Catalyst 0.1875-a Volume of catalyst (m3) [48]
Shaft bustle pipe 0.06-a Shaft injection (kg/tim) -
Other direct costs
Installation 7%-a CAPEX (M€) [51]
Instrumentation & 5%-o CAPEX (M€) [51]
control
Piping 8%:-a CAPEX (M€) [51]
Electrical 4%-a CAPEX (M€) [51]
Building 8%-a CAPEX (M€) [51]
Yard improvements 2%- CAPEX (M€) [51]
Service facilities 11%-o CAPEX (M¢€) [51]
Land 1%-a CAPEX (M€) [51]
Indirect costs
Engineering 6%-o CAPEX (M€) [51]
Legal expenses 1%-a CAPEX (M€)
Construction 8%« CAPEX (M€) [51]
expenses
Contingency 6%-o0 CAPEX (M€) [51]
OPEX (ME€/y)
Amine renovation 1.1236:10*« CO,, captured (t/d) [52]
Catalyst renovation 15%-a Initial catalyst cost (M€) [40]
Electricity 10.a-p Electricity cost (€/MWh), -
Electricity purchased (MWh/y)
Water 1.47-10C Water consumption (m3/y) [53]
Biomass 51.76:10%a Biomass consumption (t/y) [54]
CO, transport & 60-10°« CO;, stored (t/y) [55]
storage
O&M 3%-a Total CAPEX (M€) [56]
INCOMES (M€/y)
Saved pulverized 178.4-10.a PCI saved (t/y) [571
coal
Saved fossil natural 32.5.10%a NG saved (MWh/y) [58]
gas
Green premium 108 Zero-emissions steel (t/y), —
(Steel) premium tariff (€/t)
CO,, tax 10°°a-p CO, avoided (t/y), CO, tax -
(€/0)

These batteries processed 34.2 GWh, which lead to the recovery of 29.1
GWh of electricity after accounting losses (yearly-average charge of
13.8%).

The size of the electrolyzer was determined by constrained maxi-
mization of the energy stored at nominal load, W, (Fig. 7). The elec-
trolyzer capacity was 64.2 MW. The percentage of energy processed at
nominal load, with respect to the total energy processed by the elec-
trolyzer, was 61.4%. This point corresponds to a steeper change in the
slope of the curve of Fig. 7 (right), beyond which the percentage of
energy stored at nominal load decreases faster.

The 90% of the PV electricity was used in the electrolyzer (Fig. 8),
and the rest for Oy production in the ASU (which is necessary for the
OBF). The yearly H, production was 37 million Nm>. The capacity factor
of the electrolysis was 29.6% (2596 equivalent operating hours).
Consequently, the electrolyzer could triple its hydrogen production by
utilizing grid electricity or surplus power derived from the facility's flue
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System / Parameter Value
PV pancls plant can be sized as described in the methodology section. A small
501;; area (m2) 938,889 methanation size allows for a higher capacity factor, but it increases the
Average system loss* (%) 35.6 Hy tank that is needed for buffering. Therefore, we minimized the
Peak power (MWp) 140.8 methanation plant size constrained by a maximum reasonable Hy tank
EHX- power Prgduﬁﬂm(ll\;l‘\;l\;/h\’/) ) 122381 size of 66,740 Nm®. Under this condition, the nominal consumption of
ectr1c1ty production V. 5 . 3 .
Equivalent operating hours (h) 1313 the methanatl;)n plant was 6,656 Nm~/h 9f hydrqgen (1.e.,.20 MWH?)
Li-ion battery and 5,762 Nm”/h of syngas (Table 8). Despite the high capacity factor in
Round-trip efficiency (%) 85.0 the methanation plant (63.5%, corresponding to 5,560 equivalent
Power capacity (MW) 7.04
Energy capacity (in time) (h) 4
Electricity processed (MWh/y) 34,239
Electricity provided (MWh/y) 29,103 Table 8
Average charge (%) 13.8 Location and technical data of the methanation and pyrolysis plant.
Electrolyzer
Consumption (KWh, /Nm3) 4.50 System / Parameter Value
Power capacity (MW) 64.2 H, tank
Nominal H, production (Nm®/h) 14,256 Maximum capacity (Nm>) 66,740
Nominal O, production (Nm®/h) 7,128 Yearly average capacity (%) 23.1
Usage of PV electricity (%) 90.0 Methanation
Electricity processed (MWh/y) 166,535 Nominal H, consumption (Nm>/h) 6,656
H, production (Nm®/y) 37,007,755 Nominal syngas consumption (Nm®/h) 5,762
0, production (Nm®/y) 18,503,877 Nominal SNG production (Nm®/h) 3,635
Equivalent operating hours (h) 2,596 Gas conversion efficiency, € (Nmgye/Nmi,) 0.5461
Average capacity factor (%) 29.6 Specific syngas consumption, v (Nm3jngas/Nmine) 1.5853
Average H, production (Nm®/h) 4,225 Equivalent operating hours (h) 5,560
N . L. Average capacity factor (%) 63.5
Including effects related to the angle of incidence and temperature. Yearly SNG production (Nm®/y) 20,209,935
Pyrolysis plant
gases. However, this study focuses exclusively on the utilization of Nominal syngas production (Nm®/h) 5,762
electricity derived from the facility's photovoltaic panels for the Nominal charcoal production (kg/h) 2,086
h . . . Biomass consumption (kg/h) 8,584
methanation integration. Equivalent operating hours (h) 5,581
Average capacity factor (h) 63.7
Syngas tank
Maximum capacity (Nm?) 150,000
Yearly average capacity (%) 43.9
° —_
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Table 7

Location and technical data of the PV solar field and electrolyzer.

Electrolyzer nominal power capacity (MW)

125
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4.2. Synthetic natural gas and charcoal production

Once the operation of the electrolyzer is known, the methanation

Operating hours at nominal load (h)

Fig. 7. Sizing of the electrolyzer.

Electrolysis nominal power capacity (MW)
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Time (h)

Fig. 8. PV electricity production and Electrolysis electricity consumption vs. time.
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operating hours), its operation presents daily start-stop cycling (Fig. 9).
The H, tank only facilitates shifting surplus production from midday to
the evening of the same day (Fig. 10). Since hydrogen shortages typi-
cally last six hours or less, this could be mitigated by increasing elec-
trolyzer output during these windows, either by utilizing plant surplus
or purchasing grid power. In any case, this study will focus exclusively
on utilizing PV-generated electricity for hydrogen production.

Since the pyrolysis plant is less flexible than the methanation plant,
efforts have been focused on minimizing its downtime (Fig. 11). A
150,000 Nm? syngas storage tank at atmospheric pressure (typical for
buffering gases in steelworks) was assumed for this case (Fig. 12). This
ensures the methanation plant has a continuous syngas supply whenever
operational. In practice, both plants share similar operating hours and
average capacity factors (Table 8), as the pyrolysis plant is operated
solely to meet methanation demand. While their shutdown profiles
differ due to the larger syngas tank, both systems are sized to balance
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syngas supply and demand throughout the year. In practice, the pyrol-
ysis plant is assumed to operate strictly between 80% and 100% load,
with full capacity required only during start-up procedures.

The reliance on on-site PV generation introduces significant opera-
tional dynamics. Daily start-stop cycles in the methanation and pyrolysis
units can lead to thermal fatigue and accelerated catalyst deactivation.
To mitigate this, the proposed system architecture should assume a 'hot
standby' strategy, where reactors are maintained at a minimum
threshold temperature during nocturnal periods. While this prevents
extreme thermal cycling, it slightly increases the internal energy de-
mand, a factor that should be optimized in future dynamic simulations,
and that could be covered with surplus off gases from the steel plant. For
pyrolysis, the unit is assumed to have sufficient thermal inertia to
decouple its operation from the variability.

4000
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Fig. 9. Synthetic natural gas produced vs. time.
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Fig. 10. H, stored in the tank vs. time.
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Fig. 11. Syngas produced vs. time.
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Fig. 12. Syngas stored in the tank vs. time.
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Table 9

Mass flows (kg/tam) of the process flow diagrams of Fig. 2 for air-blown blast furnace and for OBF-TGR with charcoal and SNG. Results from Aspen Plus simulation. *H and O accounts for fuel moisture.
Material T(°C) Total C H (o] N S Fe;03 FeO FesSi Fe Al,O; SiO, CaO CaS MgO MnO Mn CH; GCyHy CyHe¢ CO CO, H, Oy H0
Air-blown BF
Iron ore 25 1,594 - - - - - 1,272 67.0 - - 122.7 84.6 275 - 16.5 3.7 - - - - - - - - -
Coke 25 318.2 2844 — - - - 1.9 - - - 10.3 20.3 0.9 - 0.4 0.0 - - - - - - - - -
Coal* 25 213.0 1703 7.7 97 51 0.0 - - - — 8.3 11.5 0.4 - — — — - — — — - — — —
Air 1179 1,181 - - - - - - - - - - - - - - - - - - - - - - 270.8 18.2
0O, 25 113 - - - - - - - - - - - - - — - - - - - - - - 113.0 -
Hot metal 1510 1,000 49.3 - - - - - - 34.9 9133 — - - - - - 25 - - - - - - - -
Slag 1550 293.1 - — — — — — — — — 141.3 1056 287 0.1 16.9 0.5 — — — — — — — — —
BFG 155 2,126 - - - - - - - - - - - - - - - - - - - 506.3 6899 6.8 - 26.1
OBF-TGR
Iron ore 25 1,595 — — — — — 1,273 67.0 — — 122.7 84.6 275 — 16.5 3.7 — — — — — — — — —
Coke 25 196.6 175.7 — - - - 1.2 - - - 6.3 12,5 0.5 - 0.2 0.0 - - - - - - - - -
NG 25 52.7 - - - - — - - - - — - - - - - - 52.7 - - - - - - -
SNG 35 7.3 - — — - — - - - — — - - - — - — 7.2 — - - 0.0 0.0 — 0.1
Coal* 25 207.8 166.1 75 94 50 00 - - - - 8.1 11.2 0.4 - — - — — — — - - - — —
Charcoal* 25 5.2 4.8 00 01 00 - - - - - 0.1 0.1 0.0 - - - - - - - - - - - -
O, 25 416.0 — - - - - - - - - - - - - - - - - - - - - - 414.8 0.0
Air - - - - - - — — - - — — - - - — - — - - — - - - — —
Treated BFG 800 500.0 - - - - - - - - - - - - - - - - - - - 427.7 48.1 156 — -
Hot metal 1510 1,000 49.3 - - - - - - 34.9 9133 — - - - - - 25 - - - - - - - -
Slag 1550 280.8 — - - - — — - - — 137.3 97.8 284 0.0 16.8 0.5 — - - — - - - — —
BFG 137 1,700 — - - - - - - - - - - - - - - - - - - 7325 8232 268 — 102.6
BFG (Atm.) 137 707.3 - - - - - - - - - - - - - - - - - - - 304.8 3425 11.2 - 42.7
€O, (CC) 35 4326 — - - - - - - - - - - - - - - - - - - - 4326 - - -
H,0 (CC) 35 59.9 — - - - - - - - - - - - - - - - - - - - - - 59.9
Syngas 25 136 - - - - - - - - - - - - - - - - 17 01 01 59 5.2 0.6 - -
Hy (meth.) 25 17 - - - - - - - - - - - - - - - - - - - - - 17 - -
H,0 (meth.) 50 8.0 - - - - - - - - - - - - - - - - - - - - - - - 8.0

0¥S6€T (£L202) LTk 1ond
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4.3. CO, emissions

To quantify CO, emissions, we utilize the Aspen Plus blast furnace
simulation. In this case, Top Gas Recycling is adjusted to maintain a
constant injection of 500 kg/tyy into the shaft (this keeps the percentage
of direct reduction inside the furnace around 10%). Additionally, 60 kg/
tum of natural gas is injected via tuyeres to control the adiabatic flame
temperature (at 2190 °C), which would otherwise be excessive under
oxy-fuel operation. The top gas temperature was maintained in the
range of 130-140 °C, which is achieved by assuming a hydrogen utili-
zation efficiency of 30%, consistent with industrial benchmarks for OBF-
TGR systems. This configuration reduces the coke consumption close to
the technical minimum of 190 kg/tyy (Table 9), so no further shaft in-
jection or tuyere injection is recommended.

The studied case aims for replacing the fossil auxiliary fuels injected
in the tuyeres by carbon-neutral fuels (pulverized coal by charcoal, and
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Fig. 13. Carbon-neutral CO, emissions as a function of charcoal and SNG
replacing fossil fuel in OBF-TGR of 320 tyy/h size.
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natural gas by SNG). Depending on the time of the year, the extent of
fuel replacement is different. In Table 9, the results for the most common
case are provided, in which pyrolysis is operating at 80% load (1,668
kg/h of charcoal production) and methanation is operating at full load
(2,336 kg/h of SNG production). Due to the similarities between the
original and replacement fuels, and due to the low substitution rate,
furnace operation remains largely unaffected despite of the replacement
(adiabatic flame temperature only increases by 7 °C at most). The pri-
mary change lies in the net emission balance, as a portion of emissions
now originates from biomass and can thus be considered
carbon-neutral.

The availability of these replacement fuels is independent. Charcoal
is sourced directly from the pyrolysis plant (which operates more
continuously than the methanation unit) and is consumed as it is pro-
duced. Conversely, SNG production depends on H; availability, fluctu-
ating daily. The resulting neutral emissions for a blast furnace producing
320 tyym/h are shown in Fig. 13 for different fuel replacements. In the
case of coal, replacement may reach the 3% temporarily, while for
natural gas the replacement may rise to 12% at some hours. This
replacement is notably limited, and not always taking place, as it is
constrained by the Hy available for methanation. This availability is, in
turn, dictated by the PV installation area, which ultimately determines
also the volume of biomass to pyrolyze.

When comparing the studied case with conventional air-blown blast
furnace, the CO, reductions come through multiple pathways. First,
operating in OBF-TGR mode yields a 15.4 percentage point reduction.
Furthermore, if the CO5 captured during TGR were permanently stored,
emissions would decrease by an additional 29.2 percentage points.
Finally, an extra 1.8 percentage point reduction is achieved using
charcoal and SNG during the year, limited by the capacity of the PV
panels (green band in Fig. 14). Readers should note that the scope of this
paper is specifically to evaluate the extent to which this integration can
be achieved using only electricity generated on-site (rooftop PV). This
does not imply that a full substitution of natural gas and pulverized coal
is impractical, provided sufficient hydrogen and biomass are available (a
scenario which, as noted in the introduction, theoretically yields CO,
reductions of up to 70%).

4.4. Levelized cost of COz avoided and green premium for net-zero steel

This economic analysis quantifies the additional cost of an OBF-TGR
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400 OBF-TGR: 400.9 t/h (15.4% CO, reduction)
__ 300 —
= OBF-TGR + CCS: 262.7 t/h (44 6% CO reductlon)
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Fig. 14. Blast furnace CO, emissions vs. time (BF producing 320 tiy/h).
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Table 10 compared to a conventional blast furnace, and evaluates offsetting this
Results of the economic analysis for BOF-TGR with charcoal and PtG (PV). cost through green steel premiums and CO, tax savings. The savings in
Electricity price: 70 €/MWh; CO; tax: 70 €/tcoo; Green premium (steel): 150 replacing fossil fuel are notably lower due to the small replacement
e ratio, which is limited by the PV capacity. The total CAPEX is 1,318 ME,
Parameter Value driven mainly by the CO, capture and storage process, followed by the
CAPEX (M€) electrolyzer, PV and shaft bustle pipe. The total equipment cost repre-
CO, capture & storage plant 225.0 sents 33% of total CAPEX.
Air separation unit 63.3 Regarding the OPEX, the two major contributors are the cost asso-
PV Pa{“’lsf 1 fii ciated to CO, transport and storage, and the electricity for the ASU. For
g;ﬁ:ﬁ;gr PV panels g the latter, we used the unused PV electricity (10% of total PV produc-
H, tank 3.4 tion), but it only represented the 4.2% of the total ASU’s electricity
H, compressor 0.3 consumption (at 380 kWh/toy [59]). In the OPEX, the cost of the elec-
Pyrolysis plant 5.6 tricity purchased from the grid was set at 70 €/MWh, the cost of biomass
Syngas compressor 02 at 51.8 €/t [54], and the cost of CO, transport & storage at 60 €/t [55].
Methanation reactors 9.6 di hei h ified at 178.4 €
Methanation catalyst 95 Regarding the incomes, the save PCI was quantified at 4 €/t [57]
Shaft injection bustle pipe 30.0 and the NG at 32.5 €/MWh [58]. For the data presented in Table 10, the
Other direct cost: Installation 92.2 green premium for net-zero steel was 150 €/t, and the CO, tax 70 €/t.
Ot:er direct cost: Instrumentation & control 65.9 Under this favorable scenario, the integration is profitable. The reader
Other direct cost: Piping 105.4 should note that although the overall emission reduction is partial, the
Other direct cost: Electrical 52.7 X K
Other direct cost: Building 105.4 avoided carbon can be aggregated annually to certify 46.4% of the
Other direct cost: Yard improvements 26.4 output as net-zero steel. This approach assigns the total CO5 avoided by
Other direct cost: Service facilities 144.9 the integrated plant to an equivalent fraction of the final steel output.
?tdh_er dt‘re“t“;St:_La“d, d B ;gf This linear attribution is consistent with the 'mass balance' chain of
ndirect cost: Engineering and supervision . . . .. . e
Indirect cost: Leggal expeises P 13.2 custody defined in ISO 14067. The remaining tonnage is classified as
Indirect cost: Construction expenses 105.4 residual production with an emission profile consistent with a conven-
Indirect cost: Contingency 79.1 tional air-blown blast furnace. Consequently, the green premium is
Total: 1317.7 applied only to the certified batch.
OPEX (ME/y) Additionally, some sensitivity analyses were performed over the
Amine renovation 0.4 . i .
Catalyst renovation 1.4 green premium and the CO; tax (Fig. 15). In Japan, for instance, the
Electricity (for ASU) 29.7 carbon market is still emerging with prices around 5 €/tcoz. Without
Water 0.0 significant carbon tax savings, a green premium of 186 €/t would be
Biomass 25 required to achieve profitability (a figure well within current market
CO,, transport & storage 72.7 . .
0&M 39.5 expectations for green steel). At carbon prices of 50 €/t, the necessary
Total: 146.3 green premium drops to 112 €/t. Since both scenarios align with current
INCOMES (M€/y) market trends, OBF-TGR stands as a commercially viable decarbon-
Saved PCI 21 ization pathway for the steel industry. This specific study integrated
Saved NG 7.6 . . . . . . .
. biomass and methanation; however, given their marginal contribution
Green premium (steel) 195.1 i ] A . .
Saved CO, tax 134.7 to total CO reduction, it is difficult to isolate their specific impact on
Total: 339.5 these economic outcomes.
Finally, the Levelized Cost of CO, Avoidance (LCCA) (i.e., the carbon
tax rate required to achieve a cumulative NPV of zero) was analyzed
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Fig. 15. Cumulative net present value, 20 years (M€). Sensitivity analysis on Green premium for net-zero steel (€/t) and CO, tax (€/t).
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Fig. 16. Levelized cost of CO, avoidance (€/tco2) vs. Green premium for net-
zero steel (€/t).

relative to the green steel premium for the OBF-TGR (Fig. 16). Fig. 16
provides a direct calculation of the 'break-even' point for any combina-
tion of market premiums and regulatory carbon costs, demonstrating the
conditions under which the OBF-TGR-PtG-Biomass integration remains
commercially viable. The LCCA starts at 125.9 €/tco2 with no premium
and decreases linearly to zero at a green premium of 186 €/t steel.

While the CAPEX of the ASU, electrolyzers, and PV system consti-
tutes a relevant part of the initial investment, these parameters were not
included in the sensitivity analysis. The rationale is that the system's
scale is physically capped by the available rooftop area (141 MWp).
Unlike unconstrained projects where a drop in technology costs might
lead to larger installations, in this case study, the technical configuration
remains static. Consequently, the economic feasibility is much more
sensitive to external market incentives, such as CO5 taxes and the Green
Steel Premium, than to the capital cost of the equipment itself.

Despite the promising results, this study has certain limitations that
define its scope. First, the rooftop area constraint represents a physical
ceiling for on-site decarbonization; however, future work could explore
the integration of off-site power purchase agreements to supplement this
capacity. Second, the model assumes a constant top gas recycling rate,
whereas in a real industrial environment, this could be dynamically
adjusted based on gas quality and furnace stability. Third, the absence of
grid interaction was a deliberate choice to assess maximum self-
sufficiency, but hybrid operations (grid + PV) could potentially lower
the levelized cost of CO4 avoidance by increasing the electrolyzer's ca-
pacity factor. These factors represent the next steps in refining the
techno-economic assessment of integrated OBF-TGR-PtG systems.

5. Conclusions

Innovative methods for CO5 reduction in blast furnaces are still
under development. Oxygen Blast Furnaces and their various in-
tegrations represent one of the most promising pathways. Literature
suggests the highest emission reduction potential lies in integrating OBF
with Top Gas Recycling, pyrolyzed biomass, and syngas methanation.
This study analyzes the practical viability of this integration when
powered by on-site rooftop PV systems. The JFE Steel plant in Chiba,
Japan, serves as the case study for this research. Renewable resource
management is governed by an hourly decision-making methodology
that utilizes load operating curves to maximize the electrolyzer’s full-
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load energy consumption from rooftop PV. The blast furnace was
modeled in Aspen Plus using the extended operating line approach.
Finally, the economic feasibility was assessed via a 'factored estimate'
methodology based on major equipment costs, providing an accuracy of
+30%.

The available roof area for PV installation was determined by clas-
sifying structures via visual inspection in Google Earth. Type 1 roofs are
immediately suitable for installation, with minimal interference from
shading or dust. Type 2 roofs require structural rehabilitation or dust
mitigation, necessitating additional capital expenditure. For this study,
the scope was limited strictly to Type 1 surfaces. These primary roofs
cover 0.94 km?, providing a peak capacity of 141 MWp. This configu-
ration yields an annual electricity production of 185 GWh (1,310
equivalent operating hours). With a selected electrolyzer capacity of 64
MW, approximately 90% of the generated power is directly utilized,
resulting in an annual green hydrogen yield of 37 million Nm® at a 30%
capacity factor.

The methanation plant was optimized for a maximum Hj storage of
66.700 Nm®>. This setup results in a nominal hydrogen consumption of
6,660 Nm>/h and a 63% capacity factor. Despite the storage, the plant
still undergoes near-daily start-stop cycles. The pyrolysis plant uses a
larger 150,000 Nm? storage due to its lower flexibility. In practice, both
plants share similar operating hours because the pyrolysis unit runs
strictly to meet methanation syngas demand. The pyrolysis unit con-
sumes 8.6 t/h of biomass to produce 5,760 Nm®>/h of syngas and 2.1 t/h
of charcoal.

Compared to a conventional air-blown blast furnace (1481 kgcoa/
tym), the studied case achieves CO, reductions through three primary
drivers: transitioning to OBF-TGR mode provides an initial 15.4 per-
centage point decrease, while permanently storing the captured CO5
adds a further 29.2 percentage point reduction. An additional 1.8 per-
centage point saving is realized by integrating charcoal and SNG, a
figure currently scaled to the year-round capacity of the supporting PV
infrastructure. In practice, while this integration could potentially
reduce emissions by 65-70% with unlimited renewable energy, the
actual reduction is capped at 46.4% when syngas methanation relies
solely on rooftop PV electricity. This demonstrates that total self-
sufficiency is unattainable under PtG integrations; consequently, emis-
sion savings remain largely dependent on OBF and TGR contributions,
aligning well with literature benchmarks of 10-40% depending on
whether CO;, is stored. Consequently, unless off-site renewable energy is
sourced, a simplified OBF-TGR configuration is recommended as the
most cost-effective and immediate decarbonization strategy for existing
steel plants.

The economic analysis confirms that while the OBF-TGR integration
involves a significant CAPEX of 1,320 M€ (driven primarily by carbon
capture and electrolytic processes), the system achieves commercial
viability under current market trends. Although the 46.4% emission
reduction is partial, it allows for the certification of a proportional batch
of net-zero steel, making the project profitable through a combination of
green premiums and COs tax savings. Sensitivity analysis reveals a
Levelized Cost of CO5 Avoidance starting at 126 €/tco2, which can be
fully offset if green steel premiums reach 186 €/t. Ultimately, despite the
limited contribution of biomass and methanation due to PV constraints,
the OBF-TGR pathway stands as a robust and financially feasible
decarbonization strategy for the steel industry.

This study also highlights the role of industrial symbiosis through
biomass integration, showing how regional bio-waste can be valorized
as a reducing agent in the steelmaking process. Future work could apply
this PV-constrained model to different geographic regions to quantify
how local solar irradiance and regional biomass availability dictate the
decarbonization limits of the OBF-TGR-PtG route. Finally, it is important
to acknowledge the boundaries of the present study. This research fo-
cuses on the direct operational CO5 emissions of the integrated steel
plant. Future work should also expand this analysis into a full Life Cycle
Assessment to account for the embodied carbon emissions associated
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with the manufacturing of photovoltaic panels and large-scale battery
systems, as well as the carbon footprint of biomass collection and
transportation. These factors will be essential to further refine the net
decarbonization potential of the OBF-TGR-PtG route as the technology
moves toward commercial maturity.
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