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ARTICLE INFO ABSTRACT

Keywords: The paper introduces a novel approach for mitigating CO2 emissions in blast furnaces by integrating top gas
Ironmaking recycling, an oxy-fuel regime, power to gas, and biomass pyrolysis. Various case studies were conducted,
Oxy-fuel involving the adjustment of pyrolysis temperatures (300 °C, 500 °C, 700 °C, and 900 °C) and varying the
f/[lz;::;zﬁon quantity of blast furnace gas directed to methanation for carbon recycling. Pinus radiata, abundant and cost-

effective in Chile and Spain, was chosen as the biomass source. The integration was modeled using the
extended operating line methodology and evaluated through 12 key performance indicators, such as flame
temperature, coke consumption, COy emissions, and specific primary energy consumption per unit of CO3
avoided. Optimal performance was observed with pyrolysis at 700 °C and no blast furnace gas recycled through
methanation. This configuration achieved a 58 % reduction in CO; emissions, with an energy consumption of 9.8
MJ/kgcoz, and obviated the need for geological storage. Comparing this innovative proposal with other oxygen
blast furnace approaches from the literature revealed a 13 percentage point improvement in CO5 reduction over
the second-best alternative. Additionally, the required electrolysis capacity, influencing capital expenditure, was
57 % lower, and energy consumption was reduced by 44 %.

1. Introduction

Iron and steel production are crucial for modern society, serving
diverse applications in construction, transportation, and manufacturing.
There are three primary routes for steel production: the blast furnace-
basic oxygen furnace route (BF-BOF), the scrap-based electric arc
furnace (Scrap-EAF), and the direct reduced iron-electric arc furnace
(DRI-EAF).

The BF-BOF route stands as the predominant process in steel
manufacturing, contributing to 70% of global production. It encom-
passes several key stages: the sinter strand, coke oven, blast furnace,
basic oxygen furnace, and casting and rolling (see Fig. 1). Sintering is
employed to agglomerate iron ore, while the coke oven facilitates the
production of coke from coal. In the blast furnace, iron ore undergoes
reduction by coke, yielding hot metal. Subsequently, the basic oxygen
furnace reduces the carbon content of the molten iron to generate crude
steel, which then undergoes casting and rolling to achieve the desired
end product. Throughout these processes, various exhaust gases are
generated and utilized as fuel within the integrated steel plant. This
route is characterized by high energy and carbon intensity, resulting in a

net energy consumption of 13-14 GJ/tyy and specific emissions of
2,000 — 2,200 kgcoo/ti [11.

The Scrap-EAF route involves the production of steel by melting
recycled scrap using electricity. While it constitutes 23% of global steel
production, its further expansion is constrained by the availability of
scrap [1]. An alternative to this is the DRI-EAF route, wherein scrap is
substituted with direct reduced iron, accounting for 7% of world steel
production. Direct reduced iron contains over 90% metallic iron and is
produced in combustion-free reactors that reduce iron ore using natural
gas, hydrogen, or coal-based syngas [2]. The energy consumption for
steel production through these routes varies from 4 to 10 GJ/tyy, and
the associated CO5 emissions range between 300 and 1,300 kgcoa/tums,
depending on the proportion of scrap and DRI utilized [1].

The European Union’s ambitious goal of reducing CO, emissions by
55% by 2030, with a further aim of achieving carbon neutrality by 2050
[3], has heightened interest in the development of low-emission tech-
nologies, particularly in industries responsible for 7% of global CO,
emissions [4]. Despite this, the BF-BOF route is expected to maintain its
dominance in the market as the global steel demand cannot be entirely
met through recycled scrap. Furthermore, it is anticipated that at least
20% of current blast furnaces will still be in operation by 2050, as they
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Nomenclature M Mid
OBF Oxygen blast furnace
Acronyms and abbreviations OR Ore
AFT Adiabatic flame temperature PCI Pulverized coal injection
ASU Air separation unit PtG Power to Gas
BF Blast furnace RED Reduction
BFG Blast furnace gas RG Reducing gas
BOF Basic oxygen furnace SNG Synthetic natural gas
BOFG Basic oxygen furnace gas SPECCA Specific primary energy consumption per unit of CO,
CARB Carburization avoided
CcC Charcoal / Carbon capture TGR Top gas recycling
COG Coke oven gas U Upper
daf Dry ash free
DECOMP Decomposition of coal Symbols
DIR Direct M Molar weight, kg/kmol
DRI Direct reduced iron n Mole flow, mol/tm
EAF Electric arc furnace Y Yield ratio (mass basis), -
EX Heat exchanger Subscripts and superscripts
HB Hot blast B Biomass
HHV Higher heating value BFG Blast furnace gas
HL Heat loss cc Charcoal
HM H(?t metal i Component i
INJ /J Injection SYN Syngas
IR Iron
KPI Key performance indicator
gas back into the process. This recycled gas serves as a reducing agent to
oG decrease coke consumption (Fig. 2). The typical composition of this gas
BOEG Coal is approximately 22% — 24% COs, 20% - 25% CO, 0% — 2% H30, 3% —
Limestone |COG Iron ore coe 4% Ha, and 47% — 53% N, by volume. However, injecting CO5 or HyO
Natg;asl directly into the blast furnace is undesirable, as it can increase fuel
i ﬁi consumption and impede the reduction of iron oxides by disrupting the
yyy 'y chemical equilibrium. To address this, a carbon capture stage is often
Lime kiln Sintering Coke oven incorporated before recycling the top gas, allowing for the removal of
Coke| [COG 90% to 100% of the CO5 [6-11]. The recirculated gas can be introduced
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Fig. 1. Typical process flow diagram of an integrated BF-BOF steel-
making plant.

are typically phased out during relining, a process that occurs every 20
to 40 years [5]. Consequently, there is a pressing need to innovate and
develop methods for reducing CO5 emissions in blast furnaces.

2. Literature review

One approach for reducing CO, emissions in blast furnaces is top gas
recycling (TGR), involving the recycling of the blast furnace’s exhaust

at various points, such as the tuyeres, the shaft, the preparation zone, or
a combination of these locations [4]. The CO; reduction achieved by this
method is limited to approximately 15% due to the presence of N5 in the
recirculated gas [12].

The top gas recycling technique, initially designed to valorize an
exhaust gas, shares similarities with oxy-fuel combustion processes. In
both cases, a gas stream is recirculated, and a carbon capture stage is
essential. Consequently, top gas recycling has evolved to the possibility
of integrating it with oxygen blast furnaces (OBF) (Fig. 2). Oxygen blast
furnaces utilize pure oxygen instead of air for coke combustion, reducing
the need for fossil fuel and improving energy efficiency. As a portion of
the blast furnace gas is recirculated in top gas recycling, it addresses the
nitrogen deficiency during oxy-fuel combustion, maintaining similar
fluid and thermodynamic behavior to air-blown combustion. This en-
ables a reduction in coke consumption by 14 — 150 kg/tym (a 5% — 34%
decrease compared to conventional BF) [4]. Prototype-scale oxygen
blast furnaces have demonstrated a minimum feasible coke rate of 200 —
230 kg/tym [13]. The associated decrease in CO, emissions falls within
the range of 100 to 500 kgcoa/tuwm, translating to a 10% — 40% reduction
compared to conventional BF [6,14-20]. Additionally, as CO; is
extracted from the recycled top gas through a capture stage during
recycling, a substantial amount of highly-concentrated CO2 gas becomes
available for underground storage [4].

An alternative approach to leverage captured CO, involves
combining oxygen blast furnaces with Power to Gas (PtG) technology
(Fig. 2) [21]. PtG technology utilizes renewable electricity for water
electrolysis, producing Hy, which is then combined with CO5 emissions
from the ironmaking process to generate synthetic natural gas (SNG)
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Fig. 2. Process flow diagram of conventional blast furnace (air-blown) and its
modifications for reducing CO, emissions.
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[22,23]. This synthetic fuel is employed in the blast furnace, establishing
a closed loop for carbon and obviating the need for geological storage
[24,25]. Approximately 70 — 90 kg/tyy of CO5 can be maintained in a
closed loop, preventing permanent storage, and accounting for 5% — 7%
of emissions from a conventional BF. Consequently, the integration of
OBF with PtG could potentially reduce emissions by around 45%
compared to air-blown blast furnaces. Additionally, the electrolysis
process in PtG produces O,, which can be utilized in the oxygen blast
furnace, thereby reducing the electricity consumption of the air sepa-
ration unit needed to enrich the hot blast in OBF [26,27]. Depending on
the technological advancement of the steel plant, the consumption of the
air separation unit may range from 260 to 400 kWh/toy [16,28].

Other strategy for CO, reduction in blast furnaces involves the uti-
lization of biomass resources. Without any pre-treatment, biomass could
only serve as a substitute for the pulverized coal injected at the tuyeres.
However, the poor grindability of raw biomass results in excessive en-
ergy requirements for grinding. Moreover, its low energy density ne-
cessitates a larger quantity of biomass compared to coal, leading to
increased ash content in the blast furnace and causing operational
challenges [29]. A common approach for incorporating biomass in
ironmaking is the production of charcoal, the solid product obtained
through the torrefaction or pyrolysis of biomass. This process upgrades
biomass for ironmaking, achieving comparable heating values and
similar O/C and H/C ratios to coal. Nevertheless, the low mechanical
strength of charcoal is insufficient to support the burden inside the
furnace, allowing it to replace only around 10% of the coke introduced
at the top. Therefore, the industry has adopted the injection of pulver-
ized charcoal at the tuyeres, replacing the pulverized coal injection.
Typical injection rates for charcoal range from 100 to 150 kg/tyy. Some
authors have proposed co-injecting charcoal with the syngas produced
during the pyrolysis process to enhance biomass utilization (Fig. 2) [29].

From this comprehensive literature review, it is evident that existing
solutions for conventional blast furnaces offer CO5 reductions in the
range of 30% — 45%, falling short of the ambitious European targets for
net zero emissions by 2050. Motivated by this gap, our study aims to
push the boundaries by integrating state-of-the-art solutions with
biomass pyrolysis to achieve further reductions in CO5 emissions. In this
research, we introduce and evaluate, for the first time, the integration of
all the previously mentioned alternatives for CO5 reduction in blast
furnaces: top gas recycling, oxygen blast furnace, power to gas, and
charcoal. This innovative system seeks to achieve the maximum possible
CO; reduction without relying on geological storage. We have chosen
pinus radiata waste as the biomass source, which is abundantly available
in Chile and Spain but is not currently valorized. The central hypothesis
we aim to test is whether the proposed system can significantly surpass
current solutions in reducing CO, emissions.

2.1. Integration of power to gas, biomass pyrolysis and oxygen blast
furnace

The innovative concept presented in this paper integrates top gas
recycling, oxygen blast furnaces, power to gas technology, and biomass
utilization (via charcoal and syngas from a pyrolysis process). Due to the
intricacies of this combination, there are various integration options that
warrant consideration.

For instance, with regard to top gas recycling, the recirculated gas
can be injected at various points: the tuyeres (lower part), shaft (middle
part), preparation zone (upper part), or a combination thereof. Injecting
the recirculated gas at the tuyeres facilitates effective interaction be-
tween the reducing gas and the solids but comes at the cost of decreasing
the flame temperature, which must not fall below 2000 °C for technical
reasons. Conversely, injections at mid-shaft avoid reducing the flame
temperature, but the injection becomes peripheral, limiting the pene-
tration and diffusion of the gas to the center of the descending burden,
resulting in poor solid-gas interaction [6]. In the case of upper in-
jections, the role of the recirculated gas is primarily to preheat the
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descending solids, addressing the lack of sensible heat no longer pro-
vided by Nj. As the gas is not intended to serve as a reducing agent, the
diffusion of the gas towards the center is not critical, and the presence of
CO> is not problematic [6]. However, the drawback of upper recycling is
the potentially excessively high temperature at the tuyeres if no other
gases are concurrently injected.

Regarding methanation, various gases can serve as the carbon source
for synthetic natural gas production. Options include pure CO5 from the
carbon capture stage (as illustrated in Fig. 2), the treated blast furnace
gas (sweet gas) from this stage, or the blast furnace gas itself (particu-
larly when it lacks N9 content under oxy-fuel regime). Utilizing pure CO,
simplifies the process as no other chemical species would influence
methanation. In the case of sweet gas methanation, this approach re-
serves pure CO; for geological storage while maintaining carbon from
CO in a closed loop. If blast furnace gas is used in methanation, the need
for a carbon capture stage is eliminated, and all the heat generated
during methanation becomes available for integration into other
processes.

In the existing literature, the integration of oxygen blast furnaces and
power to gas has received limited attention, with only a handful of au-
thors exploring this combination. Some studies have employed top gas
recycling at the tuyeres [21,24,25], others at the preparation zone
[30,31], and only one has investigated the dual recycling approach at
both the tuyeres and preparation zone [32]. Additionally, these authors
have considered methanation using various carbon sources, including
pure CO; from the carbon capture stage [21,25,30,32], sweet gas from
carbon capture [25], or the blast furnace gas itself [24,25,31]. In most
cases, synthetic natural gas was injected at the tuyeres, likely due to the
limited solid-gas interaction observed when the reducing gas is intro-
duced at the shaft. When comparing the outcomes from these studies
across potential integration options, the combination of upper recycling
with direct methanation of blast furnace gas under oxy-fuel regime
stands out for achieving the most significant reduction in CO5 emissions.
In this configuration, the CO, emissions of the blast furnace were re-
ported as 747 kgcoo/tum [ 311, representing a remarkable 44% reduction
compared to conventional air-blown blast furnaces [33]. Importantly,
this reduction in emissions does not necessitate geological storage.

The proposed novel concept adopts the best configuration identified
in the literature to enhance CO; reduction beyond the 44% achieved,
primarily through the incorporation of charcoal and syngas. Addition-
ally, the choice of combining upper recycling with direct methanation
eliminates the need for a carbon capture stage, enhancing the overall
simplicity of the system. The process flow diagram of the novel concept
isillustrated in Fig. 3. It is worth noting that the syngas derived from the
pyrolysis process may contain substantial Hy content, contributing to a
reduction in the power capacity and electricity consumption of the
electrolyzer—a significant advantage given that electricity consumption
is a major drawback in such systems.

Oxygen blast furnace with top gas recycling, power to gas and biomass pyrolysis

BFG
Iron ore
Biomass
BFG l
Methanationkmi Pyrolysis ’
'—o— T—Liquid

Fig. 3. Process flow diagram of a novel concept for the reduction of CO,
emissions in blast furnace ironmaking, combining top gas recycling, oxy-fuel
regime, power to gas, and biomass pyrolysis.
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3. Methods
3.1. Case studies

The process flow diagram depicted in Fig. 3 will undergo evaluation
for the pyrolysis of pinus radiata under various operating conditions.
The pyrolysis temperature plays a crucial role in determining the pro-
portions and compositions of solid, liquid, and gas products. These pa-
rameters, in turn, impact the required production of Hy in the
electrolyzer, the flow of blast furnace gas applicable in methanation, and
the quantity of fossil fuel that can be substituted. Consequently, these
factors will influence the amount of biomass that can be utilized, ulti-
mately shaping the final CO, emissions.

Pinus radiata was chosen due to its extensive availability in Chile,
with an estimated resource quantity of 1.3 — 2.3 million tons per year
[34-36]. The data for pinus radiata were sourced from the experiments
conducted by Solar et al. (Table 1) [37]. These experiments utilized
waste chips derived from forest thinning, specifically the rejected frac-
tion that was too small for boilers (i.e., <6 cm) [38]. Solar et al.’s
experimental setup comprised two connected reactors: a pyrolysis
reactor and a vapors treatment reactor operating at 800 °C. The pyrol-
ysis reactor, an externally heated tubular screw reactor (auger reactor),
allowed independent control of temperature and rotation speed of the

Table 1
Characterization of the biomass resource and the pyrolysis products for the
different case studies.

Case 1 Case 2 Case 3 Case 4
Biomass Pinus radiata  Pinus radiata  Pinus radiata  Pinus radiata
Proximate analysis (wt%)
Moisture 10.6 10.6 10.6 10.6
Volatile matter 70.7 70.7 70.7 70.7
Ash 0.6 0.6 0.6 0.6
Fixed carbon 18.1 18.1 18.1 18.1
Elemental analysis (wt% daf)
C 47.8 47.8 47.8 47.8
H 7.6 7.6 7.6 7.6
(0] 44.6 44.6 44.6 44.6
N 0.0 0.0 0.0 0.0
HHV (MJ/kg) 16.4 16.4 16.4 16.4
Pyrolysis process
Type Slow Slow Slow Slow
Temperature (°C) 300 500 700 900
Time (min) 30 30 30 30
Yield (wt.%)
Solid 53.8 31.4 24.3 19.3
Gas 9.6 31.8 50.8 70.0
Liquid 36.6 36.8 24.9 10.7
Solid phase
Proximate analysis (wt%)
Moisture 4.8 4.8 21 1.3
Volatile matter 47.6 20.3 10.6 7.3
Ash 1.8 3.3 4.2 5.1
Fixed carbon 45.8 71.6 83.1 86.3
Elemental analysis (wt% daf)
C 76.0 94.5 99.0 99.4
H 10.1 2.3 0.4 0.1
(0] 13.7 3.2 0.5 0.5
N 0.2 0.0 0.1 0.0
HHV (MJ/kg) 27.4 31.5 32.8 32.0
Gas phase
Compound (vol%)
H, 8.0 21.9 39.0 42.7
co 47.0 22.2 29.2 32.6
CO, 28.1 43.4 16.3 14.2
CH4 9.1 10.9 14.5 9.9
CoHy 7.1 1.1 0.7 0.5
CxHg 0.8 0.5 0.3 0.1
HHV (MJ/kg) 11.9 8.7 18.0 17.3
HHV (MJ/Nms) 14.3 10.0 13.8 12.7
Reference [371] [37] [37] [37]
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screws. The external electrical heating was divided into four individual
zones with separately adjustable temperatures. The biomass-feeding
rate was set at 0.65 g/min. Once the biomass reached the end of the
reactor, the resulting solid (charcoal) was collected into a closed heated
hopper, while the vapors were directed to the tubular vapors reactor. In
this subsequent stage, the produced vapors were separated into bio-oils
and pyrolysis gases. The vapor treatment process improved gas yields
and quality, thereby reducing the formation of liquids [37]. Given that
the primary resources in the blast furnace integration are solid and gas
products, this additional treatment holds particular significance for our
study. Bio-oils were collected in a glass fiber extraction thimble located
in the condensation system (metal vessel at 1 °C). The gases underwent
cleaning (activated carbon and silica gel columns, isopropyl alcohol

Table 2
Characterization of the pulverized coal used in Aspen Plus for the air-
blown blast furnace [41,42].

Pulverized coal

Proximate analysis (wt%)

Moisture 1.2
Volatile matter 17.2
Ash 10.8
Fixed carbon 70.8

Elemental analysis (wt% daf)

Energy Conversion and Management 300 (2024) 117916

bubbler, and particle filter) and were collected in gas bags. Steady-state
experiments had a duration of 150 min. The complete ash composition
of the produced charcoal can be found in [39]. For further details on the
plant setup used by Solar et al., refer to [40].

For the comparison with a conventional air-blown blast furnace, the
chosen coal was sourced from [41,42], and its composition is provided
in Table 2.

3.2. Aspen plus model

The utilization of various charcoals and syngas directly impacts both
the methanation stage and the blast furnace. Each case study will yield
different amounts and compositions of blast furnace gas, thereby influ-
encing the requirements in the methanation stage. However, the py-
rolysis process remains unaffected by variations in the blast furnace. Asa
result, the Aspen Plus model segregates the blocks of pyrolysis and
grinding, treating charcoal and syngas as inputs to the model (refer to
data from Table 1).

The blast furnace model is built upon the extended operating line
methodology, a recent development by Bailera et al. [43]. This meth-
odology serves as a generalization of the operating line initially pro-
posed by Rist in 1967 [21,44]. It enables the prediction of blast furnace
behavior when operating conditions are altered, even in scenarios

E 87.2 involving oxy-fuel regimes and multiple gas and solids injections at
o g'; different zones. The implementation of the extended operating line
N 1.8 methodology is carried out in Aspen Plus, with individual models for the
S 0.5 upper, mid, and lower zones of the blast furnace, the latter encom-
HHV (MJ/kg) (Aspen Plus) 33.6 passing the raceways (see Fig. 4). The model involves 10 inlet mass
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Fig. 4. Process flow diagram of the blast furnace in Aspen Plus.
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Table 3
Summary of model input / 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 injection at Input  Input Input
tuyeres
J-02-01 O injection for enrichment at Input Input Input
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 injected at Input Input Input
tuyeres
M-INJ-01 Gas injection at mid shaft Input  Input Input
U-INJ-01 Gas injection at upper part Input Input Input
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 staves Input - -

streams, three outlet mass 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 tempera-
ture of the thermal reserve zone, chemical efficiency, heat removed by
the staves (in both the preparation and elaboration zones), and the in-
puts specified in Table 3. Detailed descriptions of the model can be
found in the author’s previous papers [33,43], and all simulation files
are available as supplementary material.

The methanation plant is based on technology developed by Hitachi
Zosen Corporation (Fig. 5). Their technology involves two shell-and-
tube type exchange reactors operating at 5 bar and 250 °C, with an in-
termediate condensation stage. The resulting synthetic natural gas has a
final CHy4 content of 98.5 vol% and an H, content of 1.3 vol%, both in
dry basis [45]. The corresponding Aspen Plus model includes two 2-
stage compressors for the inlet CO, and Hg, with compression ratios of
2.5:1 and 2:1, along with intermediate cooling at 60 °C. It also features
two RGibbs equilibrium reactors for the methanation stages (at 250 °C
and 5 bar), two Flash reactors for water condensation after each meth-
anator (at 50 °C and 35 °C), and two preheating exchangers before each
methanator (at 250 °C).

Syngas
BFG
H2

] SNG
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3.3. Key performance indicators

To characterize and compare the four case studies, we have defined
12 key performance indicators (Table 4). These indicators encompass
various aspects, including the flame temperature inside the blast
furnace, fuel consumption, the sizing of the power to gas plant, required
top gas recycling, and environmental and energy performance. These
parameters are parametrized based on the biomass consumed in the
pyrolysis process (providing an indication of the level of integration)
and the blast furnace gas sent to methanation (highlighting the signifi-
cance of the carbon loop).

KPIO1 to KPIO7 are derived directly from the Aspen Plus simulation
based on the extended operating line model. KPIO1 represents the flame
temperature, a critical factor that determines the maximum integration
potential. The temperature decreases when methane and charcoal are
injected into the blast furnace, but it should never fall below 2000 °C for
technical reasons [46]. Consequently, there is a maximum limit on the
amount of biomass that can be used in blast furnaces. KP102, KPI03, and
KPI04 indicate the fuel consumptions of the blast furnace, representing
synthetic natural gas, charcoal, and coke, respectively. A lower KP104
implies reduced fossil fuel usage in the blast furnace. KPIO5 and KPI06
are related to the power to gas plant, indicating the installed power
capacity and the amount of O, that can be saved in the air separation

Table 4
Parametric variables and key performance indicators for assessing the novel
integration of Fig. 3.

Type Description Units
Parametric Biomass consumed in pyrolysis kg/tum
Parametric BFG recirculated through methanation kg/tum
KPIO1 Flame temperature °C

KPIO2 Synthetic natural gas injected at tuyeres kg/tum
KPIO3 Charcoal injected at tuyeres kg/tum
KPI104 Coke consumption kg/tum
KPIO5 Electrolysis power MW/ (tum/h)
KPIO6 O, from the air separation unit kg/tum
KPIO7 Energy available in BFG for downstream processes MJ/tam
KPIO8 Gross CO, emissions kg/tum
KPI09 Net CO, emissions (deducting CO, from biomass) kg/tum
KPI10 Electricity consumed MJ/tam
KPI11 Thermal energy consumed MJ/tum
KPI12 Specific primary energy consumption per unit of CO; ~ MJ/kgco2

avoided (SPECCA)

H20

Fig. 5. Process flow diagram of the methanation plant in Aspen Plus.
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unit through electrolysis. We assumed an electrolysis consumption of
4.5 kWh/Nm?, corresponding to a commercial containerized PEM in the
MW scale [47]. Finally, KPI0O7 quantifies the energy contained in the
blast furnace gas exiting the system, which can be utilized for down-
stream processes in the steel plant.

KPIO8 to KPI12 are calculated using the results from the Aspen Plus
simulation. KPI08 and KPI09 pertain to the environmental performance
of the novel integration, providing gross and net CO2 equivalent emis-
sions. These values are computed under the assumption that the CO
content of the blast furnace gas will ultimately be converted to CO, after
combustion. The stream used to quantify emissions is the BFG not uti-
lized in either top gas recycling or methanation (see Fig. 3). The only
distinction between gross (Eq.(1)) and net CO; emissions (Eq.(2)) is that
the latter deducts the carbon originating from biomass since it is
considered COy-neutral (i.e., the carbon from the syngas and the
charcoal).

KPIO8 = Z nerG,iMcoz (€9)

i=C0,,C0

nsyn,i +

KPI09 = KPIOS — ( Z

i=C0,,CO,CHy

Z 2nsyn; + ”cc.c) Mcox  (2)
i=C,Hy,CoHg

KPI10 and KPI11 are associated with the electricity and thermal
energy consumption of the system. The electricity consumption is the
sum of the electrolyzer and air separation unit consumptions (Eq.(3)),
with the expectation that electrolysis will significantly contribute to the
overall consumption. We assume a specific consumption of 380 kWh/tg2
for the air separation unit [48].

380
KPI10 = (KPIOS + 108 KPIOG) 3600 3)

Regarding thermal consumption, it is solely attributed to the pyrol-
ysis process. Typical estimates from the literature range from 6% to 15%
of the higher heating value (HHV) of biomass [49]. In this study, we
adopt the less optimistic value of 15%, ensuring that the energy pen-
alties we derive correspond to the worst potential scenario (Eq.(4)).

KPIO3
S
Lastly, KPI12 is the SPECCA, which stands for Specific Primary En-

ergy Consumption per unit of CO, Avoided. For the calculation of
SPECCA, we use the net CO2 emissions (Eq.(5)).

KPIll = HHV30.15 4)

KPI10 + KPI11
KPI2 = 1336 — KPI09 ®
The value of 1336 kgcoo/tum corresponds to a conventional air-
blown blast furnace with pulverized coal injection. This value was ob-
tained in previous articles by the authors [33]. The same base case

simulation is used in the present paper for comparison purposes.

4. Results and discussion

All results are presented as a function of biomass consumption and
the blast furnace gas directed to methanation. The integration analysed
is the one depicted in Fig. 3, assuming no pulverized coal is injected.
Subsequently, these results are compared with those of the conventional
air-blown blast furnace and with other oxygen blast furnaces from the
literature.

4.1. Maximum potential of integration, limited by the flame temperature
(KPIO1)

The initial stage of the parametric analysis assumes no biomass
consumption and no blast furnace gas sent to methanation. Since pul-
verized coal is also excluded, the flame temperature starts at an
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Fig. 6. Flame temperature (KPIO1) vs. biomass consumption in pyrolysis
(Table 1) and BFG consumed in methanation, for the novel integration of ox-
ygen blast furnaces with pyrolysis and power to gas (Fig. 3).

exceptionally high level (3,125 °C). This aligns with an oxy-fuel regime
where no input material serves as a heat sink at the tuyeres. As biomass
is introduced, the flame temperature gradually decreases. The steepest
decline is observed for charcoals derived from pyrolysis at 300 °C,
resulting in a reduction rate of approximately 4.2 °C per kilogram of
biomass consumed in pyrolysis (Fig. 6). This is primarily due to the
elevated H:C and O:C ratios of this charcoal. The subsequent charcoal,
obtained from pyrolysis at 500 °C, lowers the flame temperature by
2.1 °C per kilogram of biomass consumed. This charcoal exhibits H:C
and O:C ratios more akin to those of fossil coal (Table 2). With pyrolysis
at 700 °C, the H:C and O:C ratios of the charcoal continue to decrease,
allowing for more substantial charcoal injections (flame temperature
decreases by 1.9 °C per kilogram of biomass used in pyrolysis). Further
elevating the operating temperature of pyrolysis (900 °C) does not
significantly alter the composition of the charcoal but yields notably
higher gas product outputs. Consequently, more renewable fuel is
injected into the blast furnace per kilogram of biomass, leading to a
faster decrease in the flame temperature. With 2000 °C as the lower limit
for the flame temperature, the maximum biomass consumption is 194
kg/tum, 370 kg/tum, 532 kg/tym, and 408 kg/tym for Cases 1 to 4,
respectively (Table 1). Assuming a typical blast furnace production of
500 tgm/h [25], the required biomass supply falls within the range of 97
to 266 t/h, corresponding to an annual consumption of 0.81 — 2.23 Mt/y.
The annual availability of Pinus radiata in Chile ranges from 1.3 to 2.3
Mt/y, potentially providing renewable fuel for 1 — 3 blast furnaces each
year.

In situations where biomass availability is limited, the novel concept
facilitates carbon recycling through methanation. It introduces synthetic
natural gas, produced by utilizing blast furnace gas and hydrogen
derived from renewable electricity. The injection of synthetic natural
gas results in a reduction of flame temperature by 2.3 — 3.3 °C per ki-
logram of blast furnace gas sent to methanation. For instance, when
consuming 200 kg of BFG, biomass requirements are only 0.34 — 1.03
Mt/y, at the limit of a 2000 °C flame temperature.

4.2. Fuel consumptions in the blast furnace (KPI02, KPIO3 and KPI04)

In the simulations, we assume that all the charcoal and syngas ob-
tained from pyrolysis are utilized in the integration. However, as the
syngas is mixed with blast furnace gas for methanation, the final solid/
gas ratio injected into the blast furnace may not necessarily match the
pyrolysis solid/gas yield ratio. Concerning the synthetic natural gas
injected at the tuyeres, its increase with biomass consumption is more
rapid for pyrolysis at higher temperatures due to the higher syngas yield
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ratio (Fig. 7). However, the SNG injected increases uniformly for all
cases with the BFG sent to methanation (around 40 kgsng/kgprg). In the
case of charcoal, its amount increases with biomass but decreases at
higher pyrolysis temperatures because the solid yield ratio is lower. In
terms of the quantity of charcoal injected, the BFG sent to methanation
has no influence (Fig. 8). For the technical limit of 2000 °C, the charcoal
injection ranges between 36 and 129 kg/tyy, and the SNG injection
between 10 and 148 kg/tyy, depending on the case study. Considering
both reducing agents together, the mass flow of injected renewable fuel
ranges between 114 and 273 kg/tyy. The lower value corresponds to
Case 0 (pyrolysis at 300 °C) with no BFG sent to methanation, and the
higher value corresponds to Case 3 (pyrolysis at 700 °C) with no BFG
sent to methanation.

Regarding fossil fuel, coke consumption varies based on the amount
and type of reducing agent injected at the tuyeres (Fig. 9). To analyze
this behavior, it is useful to compute the fossil fuel replacement ratio,
which is the quotient between the avoided coke and the material used to
replace it. Focusing on the reducing agents from the pyrolysis process,
the replacement ratios are —0.38 kgcoke/kgsiomass, 0.10 kgcoxe/
kgpiomass, 0.61 kgcoke/kgpiomass, and 0.65 kgcoke/kgpromass for Case
1, 2, 3, and 4, respectively. Differences arise from the gas/solid yield
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Fig. 7. Synthetic natural gas injected at tuyeres (KPI02) vs. biomass con-
sumption in pyrolysis (Table 1) and BFG consumed in methanation, for the
novel integration of oxygen blast furnaces with pyrolysis and power to
gas (Fig. 3).
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Fig. 8. Charcoal injected at tuyeres (KPIO3) vs. biomass consumption in py-
rolysis (Table 1) and BFG consumed in methanation, for the novel integration of
oxygen blast furnaces with pyrolysis and power to gas (Fig. 3).
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Fig. 9. Coke consumption (KPIO4) vs. biomass consumption in pyrolysis
(Table 1) and BFG consumed in methanation, for the novel integration of ox-
ygen blast furnaces with pyrolysis and power to gas (Fig. 3).

ratio and the charcoal composition. Higher gas yield ratio and higher
carbon content in charcoal result in better replacement ratios. Consid-
ering the reducing agent from the recycling of BFG, the ratios are 0.44
kgCOKE/kgBFG: 0.43 kgCOKE/kgBFG: 0.41 kgCOKE/kgBFQ and 0.41 kgCOKE/
kgprg for Case 1, 2, 3, and 4. These values are very similar because all
correspond to SNG injections with CH4 contents above 95 vol%. The
only situation where coke consumption might increase is for Case 1 with
high biomass consumption and/or low BFG recycling. This is related to
the excessively drop in flame temperature shown in Fig. 6, originated by
the lack of heat in the lower zone, which must be palliated by intro-
ducing more coke at the top. In all other situations, coke is expected to
decrease, to a greater or lesser extent according to the mentioned
replacement ratios. It can be observed that for Case 2 (pyrolysis at
500 °C), it is better to prioritize BFG recycling, contrary to Case 3 and
Case 4 (pyrolysis at 700 °C and 900 °C) where biomass consumption
leads to greater coke savings.

Considering the technical limitation of a 2000 °C flame temperature,
the minimum coke consumption is 223 kg/tyy, observed in Case 3
without sending BFG to methanation (i.e., the scenario with the highest
injection of reducing agents at the tuyeres, consisting of 274 kg/tyy of
charcoal plus SNG). This signifies a 23% reduction in coke consumption
compared to air-blown blast furnaces and a 54% decrease in fossil fuel
consumption (conventional air-blown BF consumes 288 kg/tyy of coke
and 200 kg/tyy of pulverized coal).

4.3. Power to gas plant (KPIO5 and KPI06)

Characterizing the power to gas plant is crucial in these integrations,
given that a significant portion of the capital expenditure is associated
with the electrolyzer, and the primary operating expenditure is linked to
electricity consumption [30]. The electrolyzer size required for metha-
nation increases with higher syngas production in pyrolysis, which is
influenced by factors such as biomass consumption and gas yield rates
during pyrolysis, varying notably between different case studies
(Fig. 10). The electrolysis capacity grows in the range of 0.8 to 3.6 kW/
(tgm/h) per kg of biomass consumed, depending on the case. Similarly,
when BFG is sent to methanation, the required H; for the process in-
creases. However, as the BFG composition remains consistent across
most cases, the increment in electrolysis size per kg of BFG sent to
methanation is approximately 9 kW/(tgm/h) in all case studies.
Assuming a typical blast furnace with a production rate of 500 tyy/h
and considering the 2000 °C flame temperature limitation, the required
electrolysis capacity ranges from 100 MW to 1200 MW, depending on
the case. Case 1 (300 °C pyrolysis) without BFG sent to methanation
demands the least electrolysis capacity, while Case 4 (900 °C pyrolysis)
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Fig. 10. Electrolysis power (KPIO5) vs. biomass consumption in pyrolysis
(Table 1) and BFG consumed in methanation, for the novel integration of ox-
ygen blast furnaces with pyrolysis and power to gas (Fig. 3).

with 200 kg of BFG sent to methanation requires the highest capacity.
These electrolyzer capacities align with some of the largest planned
green hydrogen projects worldwide.

One advantage of integrating electrolysis is the availability of O,
which helps to reduce the electricity consumption of the air separation
unit providing the oxy-fuel regime. However, in Case 1 and Case 2,
despite Oy being available from the electrolyzer, ASU production had to
be increased under certain operating conditions (Fig. 11). Similar to
KPIO4 (coke consumption), we examine the fossil fuel replacement ra-
tios to understand this behavior. In this case, replacement ratios are
computed based on the actual mass flow of reducing agents entering the
blast furnace. Considering charcoal and SNG from pyrolysis, the
replacement ratios are —0.64 kgcoke/kgccrsng, 0-22 kgcoke/kgccisNGs
1.18 kgcokr/kgcc+sngs and 1.17 kgcoke/kgecsng for Case 1, 2, 3, and 4,
respectively. Cases with replacement ratios below 1 (increasing total BF
fuel consumption) require an increased Oy production in the ASU at a
faster rate than saved by the electrolyzer. Looking at SNG from recycled
blast furnace gas, the replacement ratio is 1.03 kgcoke/kgsng for all
cases. Thus, increasing BFG recycling helps saving O in the ASU, as
illustrated in Fig. 11. At the technical point of a 2000 °C flame tem-
perature, the configuration with the lowest ASU consumption is Case 4
with 200 kg/tim of BFG sent to methanation. This requires only 107 kg/
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Fig. 11. O, from the air separation unit (KPI06) vs. biomass consumption in
pyrolysis (Table 1) and BFG consumed in methanation, for the novel integration
of oxygen blast furnaces with pyrolysis and power to gas (Fig. 3).
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tym of O produced by the ASU, equivalent to 146 MJ/tyy of electricity.

4.4. Energy available in BFG for downstream processes (KPI07)

Blast furnace gas, also known as top gas, is a valuable fuel extensively
utilized downstream in integrated steel plants, providing approximately
5,000 MJ/tym of thermal energy to various processes and ensuring in-
dustry self-sufficiency. However, the novel proposal, like any oxygen
blast furnace, reduces the availability of BFG as TGR concepts consume
part of the BFG to maintain proper temperatures within the furnace. The
proportion of blast furnace gas recirculated in the upper zone is depicted
in Fig. 12 as a percentage of the total BFG produced in the blast furnace.
This percentage decreases with biomass consumption and BFG recy-
cling. The injection of reducing agents in the tuyeres enhances the flow
of ascending gas inside the blast furnace, reducing the lack of sensible
heat in the upper zone and consequently decreasing the necessity for top
gas recycling.

Considering the limitation of a 2000 °C flame temperature, the
available energy proves sufficient for the self-sufficiency of downstream
processes in all cases (ranging from 5,752 to 7,771 MJ/tyy) (Fig. 13),
despite the utilization of BFG in the integration. Furthermore, the sur-
plus thermal energy available in the form of BFG could potentially cover
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Fig. 12. BFG recirculated in the preparation zone (%) vs. biomass consumption
in pyrolysis (Table 1) and BFG consumed in methanation, for the novel inte-
gration of oxygen blast furnaces with pyrolysis and power to gas (Fig. 3).
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Fig. 13. Energy available in the form of BFG for downstream processes (KPI07)
vs. biomass consumption in pyrolysis (Table 1) and BFG consumed in metha-
nation, for the novel integration of oxygen blast furnaces with pyrolysis and
power to gas (Fig. 3).
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the thermal requirements of pyrolysis. However, this self-sufficiency
does not extend to covering the electricity consumption for the elec-
trolyzer. The case that provides the least energy in the form of BFG is
Case 4 with 200 kg of BFG sent to methanation, while the case with the
highest energy as BFG is Case 1 with no BFG sent to methanation.

4.5. Environmental performance (KPIO8 and KPI09)

The primary objective of researching new blast furnace concepts is to
reduce CO; emissions. Initially, we examine gross emissions, encom-
passing all the CO; released due to the BFG exiting the system as
depicted in Fig. 3. This includes both CO5 and CO, the latter of which
transforms into CO5 when using BFG as fuel (Eq.(1)). Gross CO; emis-
sions are closely linked to the coke replacement ratios discussed in
section 4.3, and thus, the Oz required from the ASU (notably seen in the
similar trends of KPIO8 in Fig. 14and KPIO6 in Fig. 11). Configurations
with replacement ratios below 1 result in higher fuel consumption in the
blast furnace, leading to increased CO5 emissions. This is evident in Case
1 and Case 2, where pyrolysis plays a significant role in the integration
(i.e., high biomass consumption and low BFG recycling). However, since
biomass (a COy-neutral fuel) is utilized to replace coke, we can calculate
net COy emissions (Eq.(2)), deducting the carbon from biomass from
gross emissions. This allows us to observe that Case 3 and Case 4 quickly
reduce their emissions below the typical emissions of conventional air-
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Fig. 14. Gross CO, emissions (KPIO8) vs. biomass consumption in pyrolysis
(Table 1) and BFG consumed in methanation, for the novel integration of ox-
ygen blast furnaces with pyrolysis and power to gas (Fig. 3).
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Fig. 15. Net CO, emissions (KPI09) vs. biomass consumption in pyrolysis

(Table 1) and BFG consumed in methanation, for the novel integration of ox-
ygen blast furnaces with pyrolysis and power to gas (Fig. 3).
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blown blast furnaces (i.e., below 1336 kg/tyy) (Fig. 15). In contrast,
Case 1 and Case 2 cannot compete with well-established air-blown BF,
either because net CO, emissions increase compared with conventional
BF or because the CO2 reduction is limited (4.3%) and not justifiable.
Considering the flame temperature limitation (2000 °C), the maximum
CO, abatement in Case 3 is 58%, and in Case 4 is 45%, both scenarios
occurring when no BFG is sent to methanation.

4.6. Energy performance (KPI10, KPI11 and KPI12)

When targeting CO2 reduction, a crucial factor is the energy penal-
ization. In the proposed integration, there is additional electricity con-
sumption for the production of green Hy used in methanation and for O
production for the oxy-fuel regime (Fig. 16). Additionally, there is extra
thermal energy consumption for the pyrolysis process (Fig. 17). Elec-
tricity consumption increases more rapidly with the rise in BFG recy-
cling (25 - 31 MJ/tym per kg of BFG sent to methanation) compared to
the increase in biomass consumption (4 — 15 MJ/tyy per kg of biomass
used in pyrolysis), mainly due to the higher demand for Hy in the former
case. In terms of thermal energy consumption, the assumption was to
consider 15% of the higher heating value of the biomass as the energy
required for pyrolysis. Due to this assumption, all cases exhibit the same
energy consumption, growing at a rate of 2.5 MJ/tyy per kg of biomass
consumed in pyrolysis. Therefore, in terms of efficiency, it is preferable
to prioritize biomass consumption over carbon recycling.
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Fig. 16. Electricity consumed (KPI10) vs. biomass consumption in pyrolysis
(Table 1) and BFG consumed in methanation, for the novel integration of ox-
ygen blast furnaces with pyrolysis and power to gas (Fig. 3).
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oxygen blast furnaces with pyrolysis and power to gas (Fig. 3).
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Fig. 18. Specific primary energy consumption per unit of CO, avoided (KPI12)
vs. biomass consumption in pyrolysis (Table 1) and BFG consumed in metha-
nation, for the novel integration of oxygen blast furnaces with pyrolysis and
power to gas (Fig. 3).

Cross-referencing these results with the corresponding CO5 avoid-
ance, we can calculate the SPECCA (Specific Primary Energy Con-
sumption per unit of CO avoided). As illustrated earlier (Fig. 15), there
is a significant CO; avoidance only for Case 3 and 4, at biomass con-
sumptions above 200 kg/tym. This explains why reasonable values for
the SPECCA are only observed in these situations, as depicted in Fig. 18.
The SPECCA rapidly decreases up to biomass consumptions of 250 kg/
tum, after which the drop rate slows down. This occurs because the
amount of CO, avoided appears in the denominator of Eq.(5), and it
diverges as the denominator approaches 0. Considering the limitation of
a 2000 °C flame temperature, the lower SPECCA for Case 3 is 9.8 MJ/
kgco2, and for Case 4 is 13 MJ/kgco2, with no BFG sent to methanation
(no carbon recycling).

To identify the optimal configuration among all the case studies, we
depict net CO, emissions against energy consumption at the technical
limit of a 2000 °C flame temperature (Fig. 19). As elucidated in the
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Fig. 19. Net CO, emissions (KPI09) vs. energy consumption (KPI10 + KPI11),
for the novel integration of oxygen blast furnaces with pyrolysis and power to
gas (Fig. 3). Each case is plotted at the maximum biomass consumption, i.e., at
the technical limit of 2000 °C flame temperature.
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discussion of the KPI, only Case 3 and Case 4 result in substantial CO5
reductions compared to conventional air-blown blast furnaces. For these
two cases, prioritizing increased biomass consumption over BFG con-
sumption leads to lower energy consumptions and greater CO; abate-
ments. The most favorable configuration is Case 3 (pyrolysis at 700 °C)
with no BFG sent to methanation, yielding 559 kg/tyy net COy emis-
sions while consuming 7,612 MJ/tyy.

5. Discussion on benchmarking

After an analysis of the novel proposal that integrates oxygen blast
furnaces, biomass pyrolysis, and methanation, it has been determined
that optimal performance is achieved when pyrolysis is set at 700 °C,
and no BFG is directed to methanation. Subsequently, we compare this
integration with other OBFs found in the literature, using categories
such as CO4 abatement, Low investment, Efficiency, Downstream self-
sufficiency, and Low fossil dependence. These categories are scaled on
a 0 — 1 range, utilizing data from Table 5, and are presented in radar
plots (Fig. 20). CO4 abatement is tied to the amount of CO, avoided,
ranging from a minimum of 0 kg/tyy to a maximum of 1336 kg/tyw,
which corresponds to the emissions of a conventional air-blown blast
furnace. The Low investment category is linked to the required elec-
trolysis power capacity, with O in this category corresponding to the
highest capacity required and 1 corresponding to the lowest (i.e., the
lowest investment). Efficiency is directly derived from SPECCA, with the
radar plot’s 0 — 1 range equivalent to 17.8 — 0.0 MJ/kgco2. Downstream
self-sufficiency indicates the availability of BFG for downstream pro-
cesses, with the 0 — 1 range in this category equaling 0 — 6,730 MJ/tyy,
the highest value found during benchmarking. Lastly, Low fossil
dependence provides an idea of the total fossil fuel consumed. A Low
fossil dependence of 1 corresponds to no fossil fuel consumption, while a
Low fossil dependence of 0 corresponds to 488 kg/tyy, the consumption
of the conventional air-blown blast furnace.

These categories are defined in a manner that the optimal integration
would achieve a score of 1 in each category, streamlining the visuali-
zation and comparison of radar plots for the reader. The radar plots
clearly illustrate how the conventional air-blown blast furnace excels in
low investment, efficiency, and self-sufficiency, given its well-
established technology. Naturally, its performance in fossil depen-
dence and CO5 abatement is inferior when compared to any alternative
(Fig. 20). Oxygen blast furnace integrations from the literature utilizing
top gas recycling at the tuyeres tend to have lower average investment
requirements (0.6 — 0.8 score), maintaining a favorable balance across
the remaining categories (0.3 — 0.5 score). Generally, OBF integrations
from the literature incorporating top gas recycling at the upper zone
exhibit greater self-sufficiency for downstream processes (0.6 — 0.9
score) but lower efficiencies (0 — 0.3 score). In contrast, the novel pro-
posal showcases a notable improvement over any integration previously
studied in the literature, excelling in every category. It achieves even
higher self-sufficiency than the conventional air-blown blast furnace
(without accounting for electrolysis consumption, scoring 1.0), and solid
scores (0.5 - 0.6) in every other aspect. Consequently, the integration of
biomass charcoal and oxygen blast furnaces may result in superior CO»
reductions with lower energy penalties than comparable alternatives.
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Table 5

Comparison of the performance of the novel proposal with all the OBF integrations found in literature, and with conventional air-blown blast furnaces.

Net CO, emissions (Kg/tum)

Electrolysis power (MW/(tym/h))

SPECCA (MJ/kgco2)

Fossil fuel (kg/tum)

BFG available downstream (MJ/tym)

Ref.

Air-blown blast furnace

o Pulverized coal at tuyeres
Oxygen blast furnace

o TGR at tuyeres

e SNG (from pure CO,) at tuyeres
Oxygen blast furnace

o TGR at tuyeres

o SNG (from sweet gas) at tuyeres
Oxygen blast furnace

o TGR at tuyeres

o SNG (from BFG) at tuyeres
Oxygen blast furnace

o TGR at tuyeres

e Hj at tuyeres
Oxygen blast furnace

e TGR at preparation zone

e SNG (from pure CO,) at tuyeres
Oxygen blast furnace

o TGR at preparation zone

e SNG (from BFG) at tuyeres
Oxygen blast furnace

o TGR at preparation zone

e Hj at tuyeres
Oxygen blast furnace

e TGR at tuyeres and preparation zone

o SNG (from pure CO,) at tuyeres
Oxygen blast furnace

o TGR at preparation zone

o SNG (from pyrolysis syngas) at tuyeres

e Charcoal at tuyeres

1336

925

925

905

738

747

833

811

559

1.50

0.98

1.18

1.22

3.96

3.03

2.90

2.32

17.8

10.1

12.5

13.6

17.5

14.0

12.0

9.8

488

345

351

350

346

279

280

307

300

223

5084

3566

2239

2740

3451

4470

3966

6147

1143

6730

[33]

[30]

[31]

[31]

[32]

This study
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Fig. 20. Radar plot comparing the conventional air-blown blast furnace, the novel proposal, and the eight oxygen blast furnaces integrations found in literature.

Categories are explained in the text.
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6. Conclusions

This paper introduces an innovative approach to mitigate COy
emissions in blast furnaces. The proposed method involves a combina-
tion of top gas recycling in the upper zone, an oxy-fuel regime, power to
gas technology, and biomass pyrolysis (see Fig. 3). The study encom-
passes different case scenarios, wherein the temperature of pyrolysis is
changed (300 °C, 500 °C, 700 °C, and 900 °C), and the quantity of blast
furnace gas directed to methanation for carbon recycling is varied. Pinus
radiata waste, readily available at a large scale and low cost in Chile and
Spain, was selected as the biomass for this analysis.

The innovative proposal underwent assessment through the
extended operating line methodology, which was implemented in Aspen
Plus. It is important to note that this model has been previously vali-
dated in other studies. All simulations are presented here for the first
time, accessible in open access as supplementary material accompa-
nying this paper. The characterization is grounded in 12 key perfor-
mance indicators, encompassing factors such as flame temperature, coke
consumption, net CO, emissions, and SPECCA.

To ensure that the flame temperature remains above 2000 °C, the
maximum biomass consumption for a 500 tgy/h blast furnace should
range between 0.34 and 2.23 Mt/y. This variation depends on the py-
rolysis temperature and the quantity of BFG methanized. Considering
this technical constraint, the consumption of renewable fuel in the blast
furnace falls between 114 and 273 kg/tyy (charcoal plus SNG), allowing
for a reduction in coke consumption. When the pyrolysis temperature is
set at 300 °C or 500 °C, coke consumption decreases more rapidly with
the recycling of BFG through methanation. On the contrary, if the py-
rolysis temperature is 700 °C or 900 °C, it is more efficient to use
charcoal to decrease coke requirements and consequently reduce CO5
emissions. Indeed, only utilizing pyrolysis at 700 °C — 900 °C leads to
actual COy savings compared to conventional air-blown furnaces.
Nevertheless, high-temperature pyrolysis may yield substantial CO; re-
ductions of up to 58% without the need for geological storage, sur-
passing any other OBF concept found in the literature. Furthermore, the
lowest SPECCA is 9.8 MJ/kgco2, corresponding to the case that achieves
the maximum CO, avoidance. This is accomplished with the novel
proposal operating the pyrolysis at 700 °C and without recycling BFG
through methanation.

When incorporating the optimal configuration of the novel proposal
into a benchmarking analysis, it emerges as superior in every category
compared to any other oxygen blast furnace integration found in the
literature. The CO5 reduction is notably higher, surpassing the second-
best alternative by 13 percentage points. The required electrolysis ca-
pacity, a significant driver of capital expenditure, is 57% lower than that
of the alternative with the highest CO5 reduction. Additionally, the
specific primary energy consumption per unit of CO» avoided is 3%
lower than the alternative with the lowest SPECCA and 44% lower than
the alternative with the highest CO, reduction. Furthermore, the novel
proposal yields more energy in the form of blast furnace gas for down-
stream processes compared to the conventional air-blown blast furnace.
Given these compelling factors, the integration of biomass pyrolysis with
oxygen blast furnaces should be prioritized whenever feasible.

The outcomes of this study are constrained by the employed meth-
odology (extended operating line), fundamentally reliant on energy and
mass balances along the blast furnace. More intricate simulations would
offer enhanced insights into the impact of introducing biochar through
the tuyeres. Additionally, it is imperative to conduct experimental
research to substantiate these simulations, particularly focusing on
characterizing the combustion of biochar at the tuyeres. This is crucial to
ensure that the reactivity and burnout align with those observed for
pulverized coal.
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