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ABSTRACT

A new process concept integrating power to methane with top gas recycling in an oxygen blast furnace (BF) is
investigated to reduce the emission intensity of steelmaking. Power to gas produces synthetic methane using
hydrogen (Hy) generated by an electrolyser operated with renewable electricity, and CO; captured from the BF
gas by amine scrubbing supplied with heat from the methanation process. The clean gas from the amine
scrubbing is recycled and injected in the BF (via top gas recycling), together with synthetic methane. A para-
metric analysis is performed to vary the amount of top gas recycled (from 0 kg/tHM to 270 kg/tHM). Based on
the results, CO2 equivalent emissions can decrease by 34% using power to gas technology, and by 30% with
power to gas and top gas recycling (compared to conventional BFs). Nevertheless, if both integrations are pre-
sent, additional benefits on the specific energy consumption (12.0 MJ/tyy), and specific cost (130 €/tyy) are
achieved, compared to only applying power to gas (17.5 MJ/tyyv and 233 €/tyy). In all cases, the downstream
thermal energy needs of the steel plant are fulfilled, contrarily to conventional top gas recycling concepts. The
main conclusion is that top gas recycling should be considered together with PtG technology, and vice versa,
when integrated in blast furnace ironmaking, in order to both abate emissions while supplying downstream
energy needs.

Nomenclature

AFT Adiabatic Flame Temperature

ASU Air Separation Unit

AHF Air Heating Furnace

BF-BOF Blast Furnace-Basic Oxygen Furnace
BFG Blast Furnace Gas.

BOFG Basic Oxygen Furnace Gas
CcC Carbon Capture

CCS Carbon Capture Storage
COG Coke Oven Gas

DRI Direct Reduced Iron

EAF Electric Arc Furnace

GHG Green House Gas

HM Hot Metal

1&S Iron and Steel

IEA International Energy Agency

* Corresponding author.

LHV Lower Heating Value

MDEA  Methyldiethanolamine

PEM Proton Exchange Membrane
PtG Power to Gas

PCI Pulverised Coal Injection
PFD Process Flow Diagram

SNG Synthetic Natural Gas

tHM Ton of Hot Metal

tCS Ton of Crude Steel

TGR Top Gas Recycling

o,B,y Parameters for Economic Analysis

1. Introduction

Annual CO; emissions from the iron and steel (I&S) industry have
increased over the past decade by ~31% [1], primarily due to increased
demand for steel production, and currently represent almost 25% of all
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industrial emissions (~2.6 Gt of CO3) [2]. In order to limit global
warming to below 1.5 °C, the 1&S industry will require a portfolio of
low-carbon technologies, including renewable electricity, hydrogen
(Hy), and carbon capture (CC), especially in the medium term, when
direct abatement technologies not yet deployed at sufficient scales [2].

The blast furnace-basic oxygen furnace (BF-BOF) is the dominant
primary steel production route [3] and the most energy-intensive, uti-
lizing 20-30 GJ/tis [1]. Conventional coal/coke-based BF-BOF pro-
cesses utilize ~800 kg of coal and emit ~1.8-2.2 tcoa/trs [2], with two
thirds of these emissions incurred in the BF [4]. Molten metal is formed
in the BF through reduction of iron and accompanying elements from
their oxides, and refined in the BOF to produce crude liquid steel [5].
Typical reducing agents include coke formed after carbonization of coal
in coke oven, pulverized coal (PC), and natural gas (NG). Complete
reduction of iron ore (mainly hematite FeoO3 and magnetite Fe3gOy4) is
accomplished by a combination of indirect reduction with CO and Hy
and direct reduction with carbon [6,7] (Table 1).

The evolution of the BF process, illustrated in Fig. 1, is characterized
initially by a decrease in coke rate utilization, followed by several
technology improvements, especially on the composition of the blast, to
reduce carbon consumption [8], [9]. In the early years (1960’s), the
traditional blast furnace (BF) employed a combined blast of hot air and
oil to supply energy for iron ore reduction reactions. Following the
subsequent oil crisis, the blast oil was substituted with PC and enriched
O, towards coke-only operation. During the transition period, ap-
proaches to reduce coke consumption using reducing gas produced by
reforming either oil or NG, or using coke oven gas were explored.
Although these process modifications did not lead to commercialization,
they enabled the development of various oxygen blast furnace (OBF)
variants during the 1980’s that sought to significantly reduce carbon
consumption. These variants employed a combination of pre-heat gas
and blast furnace gas (BFG) exhaust injection back into the BF after CO5
capture, using various process configurations. Subsequently, an
advanced OBF process utilizing intensified NG injection in a downsized
BF, was proposed to reduce carbon input and energy penalty. Among
notable OBF variants, the oxygen BF with top gas recycling (OBF-TGR)
using carbon capture and storage (CCS), and the advanced OBF, have
enabled a coke rate reduction to 200-300 kg/tyy, from 330 to
400 kg/tyy in the traditional BF process, and thus have been considered
a significant technological improvement for energy savings and emis-
sion reductions [10], [11]. Key research efforts that have addressed OBF
development, OBF integration with TGR, OBF integration with CCS, and
OBF integration with Power to Gas (PtG) are reviewed as follows.

The OBF involves injection of either medium Os-enriched (30-60%
0Oo) or full-oxygen (>90% O3) blast furnace, instead of slightly-rich Oy
blast in the traditional BF (<30%). The O,-enriched air enhances partial
combustion of coke and auxiliary fuels, thereby generating a N»-deficit
top gas, comprising mainly of CO, CO2, Hy and H0 [12]. A higher Oy
content in the blast enables injection of large amounts of PC [9], and
thus increases productivity. On the other hand, gas injection as a sup-
plementary reducing agent lowers the direct reduction ratio, and pro-
motes low carbon consumption. Among the different gaseous injectants
tested, NG has been found to be the most effective in significantly cur-
tailing coke rate for a specified injection volume [9]. Zhang et al. [11]

Table 1
Typical reduction reactions of iron ore in a blast furnace [6,7].

Reaction Equation No.

Indirect reduction by CO 3Fe203(s) + CO(g)—>2Fe304(s) + COz(g) )

Fe304(s) + CO(g)—3FeO(s) + CO2(g) 2
Fe304(s) + 4CO(g)—3Fe(s) + 4CO2(g) 3)
FeO(s) + CO(g)—Fe(s) + CO2(g) “4)
Indirect reduction by Hy 3Fey03(s) + Ha(g)—>2Fe304(s) + H20(g) 5)
Fe304(s) + Ha(g)—3FeO(s) + H20(g) 6)
FeO(s) + Ha(g)—Fe(s) + H20(g) )
Direct reduction of liquid FeO FeO(1) + C(s)—Fe(l) + CO(g) ®)
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Adapted from [8].

reviewed the evolution of OBF with particular focus on gas injection
point and process characteristics. OBF development has particularly
focused on minimizing spatial temperature gradients between the upper
and lower regions of the OBF.

The concept of integrating the OBF with TGR has been studied
comprehensively in recent years [8,9,11,13-19]. The primary goal of
TGR is to decrease the carbon input by partially substituting PC with
unused CO and/or Hj in the top gas after CO, capture. In this context,
different OBF-TGR process designs have been proposed depending on
the point where recycled gas is introduced into the BF, or whether CO; is
captured from the exhaust before recycling the top gas [8,9,11,15,16,
19]. The recycled gas could be introduced back into the BF either
through the hearth tuyeres, mid shaft, upper tuyeres, or a combination
of these [20]. The first industrial trial of the OBF process (NKK-OBF)
employed TGR without CO5 sequestration [11]. In this process, a part of
the recycle stream was split between hearth tuyeres and mid-shaft, and
the remaining exported for utilization. The results demonstrated a sig-
nificant decrease in coke rate (and thus total fuel rate) due to the in-
crease in the amount of PC injected [11]. Another industrial Tula-OBF
process employed CO» capture before a part of treated blast furnace gas
(BFG) was preheated and introduced into the hearth tuyeres along with
full Oy blast [11]. Although successful in reducing the coke injection
rate, technical difficulties were encountered in the process due to pro-
longed operation of the OBF with low coke flowrate and low O5 blast
velocity. In a more recently developed TGR-OBF process within ULCOS
project, recycling of CO»-deprived top gas at both hearth and shaft
sections of the BF was considered, after preheating the recycled gas to
different temperatures using a blast mixture of cold Oy and PC [11],
[18]. The results showed that combined injection of recycle gas into
hearth led to lower coal and coke consumption compared to injection at
hearth alone. Also, 76% reduction in CO; emissions (24% mitigation by
gas recycling, and 52% by CO. extraction) was found to be potentially
achievable using the proposed configuration [21]. Other studies that
have investigated similar process designs have proposed combusting a
part (~10%) of raw BFG to supply heat for pre-heating the recycled shaft
or tuyere gas stream [19], [22], [23]. Some alternative OBF design
features include a pre-heated injection stream, wherein a fraction of raw
BFG is pre-heated to ~1000 °C and introduced into the upper shaft of
the BF [24]. The results showed that the auxiliary stream assisted in
improving the heat distribution throughout the upper shaft, and the
pre-heating gas composition and flow had minimal impact on the
reduction reactions in the lower shaft [24].

Integration of the OBF and TGR can synergetic act towards carbon
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mitigation. For instance, an integrated steel mill operated with the OBF-
TGR process was found to significantly curtail CO2 emissions (ca. 43%)
relative to a traditional BF steel mill [22], [23]. Other benefits over the
OBF-TGR include: high productivity, reduced fuel rate (due to increase
in indirect reduction degree), improved top gas calorific value (and thus
reduced energy demand), improved bed fluidization (and thus produc-
tivity), reduced environmental impact, and improved PC injection rate
(and thus reduced dependence on metallurgical coke) [11], [21], [24],
[25]. Although O consumption in the OBF is significantly higher than in
the traditional BF process (220 Nm®/tiy vs. 70 Nm®/tyy [22]), the
additional O2 supply could be sourced from the existing air separation
unit in traditional BF. One of the main challenges in deploying TGR in
OBF is unavailability of sufficient energy for downstream processes due
to top gas recycling and subsequent reduced carbon input [9], [14].
Depending on the recirculating ratio of the top gas, which typically
ranges between 30% and 100% [20], the process would incur a thermal
energy penalization of 1.5-4 GJ/tygy [9]. Integrating the TGR process
with a low-carbon source such as NG instead of PC has been found to
increase the calorific value of the BFG by ~2 times relative to traditional
BF [8], and thus has been recommended as a potential solution [9].

It should be noted that recycling part of the BFG exhaust with high
CO4 and H30 content into the tuyeres would not be desirable, as this
tends to increase coke consumption and impedes reduction reactions of
iron oxides [20]. Thus, the TGR process is usually accompanied by CC
and steam condensation prior to recycling the gases into the furnace.
The benefits of integrating CCS with an OBF-TGR steel mill has been
realized in industrial trials [19], [22], [23]. In comparison to the
traditional BF, the overall CO5 emissions reduction was estimated to
reach ~88%, and thus the integration has been envisaged as the only
technological pathway for reducing on-site emissions from integrated
steel mills [22]. Quader et al. [13] evaluated different criteria for CCS
technology selection for a specific iron and steel process, and identified
energy for capture and storage, and CO, removal efficiency as the two
key factors. Vacuum pressure swing adsorption (VPSA) and amine
scrubbing are the most common CO5 capture techniques employed in
BF-BOF processes based on previous works by [26-34]. The primary
drawbacks of amine scrubbing are degradation of the solvent (which
thus requires replacement), and the need for a significant amount of
steam for solvent regeneration, ~2-4 GJ/tcoz of thermal energy
(equivalent electricity penalty of ~0.7-1.4 GJ/tcoz) [9], [35]. However,
as the BFG contains minimal amounts of Oy, the amines would be less
susceptible to degradation, making amine absorption technique suitable
for CO; capture from the BF top gas. Among the solvents tested for CO5
absorption performance, monoethanolamine (MEA) has been found to
be the ideal candidate, despite the high regeneration energy [26,28].
This is due to the ability of MEA to regenerate at a lower temperature
using low exergy heat that is widely available in steel site. Moreover, the
differences in CO; recovery ratio between MEA and advanced solvents
were not found to be significant. Although some solvent blends have
been found to exhibit improved performance [32], the results have been
limited to simulation studies.

Combining OBF and PtG has been recently proposed to promote
carbon recycling within steel production facilities [36]. Rosenfeld et al.
[37] and Medved [38] analysed different configurations of PtG with
biomass methanation, and Hisashige et al. [39] studied a combination of
TGR with a SOEC electrolyser. Other authors injected pure Hy in the
furnace, either from a low temperature electrolyser (PEM or Alkaline)
[40] or from a high temperature electrolyser (SOEC) [41]. Utilizing
renewable energy for water electrolysis, PtG technology generates Hy
that is combined with either carbon-rich exhaust gases [42], [43] or
treated BFG [17], [20], [44] from the ironmaking process to generate
synthetic methane or SNG and effectively replace NG. Following a
comprehensive analysis of various PtG options, it has been concluded
that PtG using treated BFG offers the highest CO, reduction potential
[42]. The amount of CO, emissions that can be avoided by PtG inte-
gration is limited by the maximum volume of SNG that can be injected in
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the BF, which depends on the flame temperature. Approximately, up to
200-500 kg/tym of COy (equivalent to 15-40% of the emissions of a
traditional BF) could be retained in closed loop recycling and avoided
from being permanently stored [42], [45]. However, this approach
implies an additional electricity penalization of ~1.3-2.1 GJ/tyy for the
production of renewable Hy [36].

In previous work, we developed and validated a reference model for
the conventional iron and steel plant [43]. Building on this foundation,
in this paper, we present a novel integration model that combines Power
to Gas technology in the iron and steel industry. Specifically, while our
previous work focused on Power to Gas in an air-blown blast furnace
(9.4% of carbon avoidance and 283 €/tcos of carbon avoidance cost)
[43], and on the influence of the oxygen enrichment and its temperature
in the hot blast (34% of carbon avoidance and 352 €/tgos of carbon
avoidance cost) [45], the new integration model operates with Top Gas
Recycling in an oxygen blast furnace, to achieve lower energy con-
sumption and costs while maintaining a high carbon avoidance rate.

Therefore, the present work seeks to assess the performance and cost
of a power to gas installation in an oxygen blast furnace ironmaking
plant and its coupling with top gas recycling technology. The novelty of
the study relies on the synergetic injection of CO»-free top gas (clean-
BFG or TGR gas) and intensified SNG in an advanced OBF process, which
has not been explored earlier. Moreover, the effects of complete sub-
stitution of the PC with SNG on the techno-economic performance of an
OBF, for which understanding is at present limited, are investigated.
Accordingly, through the present investigation, we intend to develop an
improved “closed-loop” strategy for carbon recycling within BF opera-
tion based on an integrated PtG and OBF-TGR process model. The
outcome of this study will detail the significance of integration and
assess the influence of the top gas recycling ratio, and recycling gas
composition on the specific energy consumption and cost of steel
production.

2. Process configurations

In this study, a new process configuration that integrates Power to
Gas technology with the steelmaking process is investigated having the
potential to lead to significant reductions in energy consumption and
costs, without compromising the high carbon avoidance rate. This
configuration is compared with a reference case that serves as a baseline
for comparison, and has been previously detailed, modelled and vali-
dated [43].

The proposed PtG-steelmaking integration with top gas recycling
(TGR) and oxy-BF is presented in Fig. 2, where the dashed lines repre-
sent the additional streams and blocks needed to carry out the PtG
integration. This case includes several blocks, such as the PEM electro-
lyser for Hy production, amine scrubbing for CO5 capture, and metha-
nation plant for synthetic natural gas (SNG) production. Moreover, it
modified the BF to an oxy-BF (i.e., pure oxygen is supplied instead of
air). The Hy is produced in the electrolyser, and diverted to the metha-
nation plant, while the O5 co-produced is used to alleviate the ASU
demand, that feeds the BOF and the oxy-BF. The amine scrubbing stage
captures CO5 from the BFG, and sends it to the methanation plant, while
the clean-BFG is presented with two options (TGR-Split block): it can be
blended again with the remaining BFG, or be injected in the tuyeres of
the oxy-BF as reducing agent. The methanation plant produces SNG
from CO3 and H», and injects it as reducing agent in the oxy-BF. The BF
now operates under oxy-fuel conditions, which means that pure oxygen
is injected instead of air. Other heating blocks were represented with the
conventional heat exchanger icon (e.g., Oz, Clean-BFG or SNG heating),
together with the required temperature and the fuel used. The modelling
details and methodology for the PtG-steelmaking blocks, as well as for
the conventional 1&S blocks, were fully explained in Section 3. The main
differences between the conventional I&S plant, OBF with SNG injec-
tion, and OBF with SNG and TGR injection are shown in Table 2.
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Fig. 2. Process flow diagram for conventional iron and steel plant (solid lines)
(dashed lines).

Table 2

and the integration of power to gas and top gas recycling in an oxygen blast furnace

Main data for the description of the conventional I1&S plant, OBF with SNG injection, and OBF with SNG and TGR injection.

Conventional 1&S, serving as
benchmark and for Aspen validation

OBF with SNG injection (no TGR)

OBF with SNG and TGR injection

[43]
Blast furnace Conventional BF Oxygen BF Oxygen BF
Hot blast Air at 1200 °C 021200 °C 051200 °C
Auxiliary fuels -Coal -SNG: fixed to have 2000 °C AFT -TGR: varied from 0 kg/tyy (base case) to 270 kg/tyy (maximum clean-
(tuyeres) BFG available, which depends on the amine plant size)
-SNG: fixed to have 2000 °C AFT (as more TGR is injected, less SNG can
be injected)
Additional n/a -Methanator: sized to produce the SNG -Methanator: sized to produce the SNG required in the OBF (the higher
equipment required in the OBF the TGR injected, the lower the SNG, and the smaller the methanator)

-Electrolyser: sized to produce the H,
required in the methanator

-Electrolyser: sized to produce the H, required in the methanator
-Amine scrubbing; sized to capture the CO, required in the methanator

-Amine scrubbing; sized to capture the

CO,, required in the m

ethanator

3. Methodology

The process models for both the conventional 1&S and the PtG-
steelmaking integration were modelled in Aspen Plus v11. Fig. 2
shows the hierarchy blocks for both case studies, where each block
consists of different sub-models and works with its own Aspen property
method [46], in order to faithfully reproduce each process. Mass and
energy balances of the system are calculated by the software Aspen Plus.

3.1. Conventional I&S plant

Solid lines in Fig. 2 represent the conventional I1&S plant. The con-
ventional I&S plant serves as a reference model, which has been previ-
ously detailed in [43]. The reference case includes several hierarchies,
such as the sinter strand, coke oven, blast furnace, basic oxygen furnace,
and power plant hierarchies, and the model considers a simplified
version of the process (table Table 3). Additional parameters, such as
BFG composition and air and coke flow rates, are externally calculated
using the extended operating line methodology [36], [44]. CO and Hy
utilization are computed using Egs. (9) and (10), respectively, with each
component representing the content present in the blast furnace gas. The
utilization of Hy varies widely in the literature, with reported values
ranging from 0.3 to 0.54 [47], [48]. In our study, we have opted for a
value of 0.47 (if we do not take into account in Eq. (10) the steam from

Table 3
Input data for the conventional 1&S plant modelling.

Variable Value Units
Coke oven temperature 1100 °C
H, utilization (Eq. (10)) 0.47 -
Carbon content in hot metal 4.5 wt%
Carbon content in final steel 0.267 wt%
Power plant size 100 MW

the upper injection, because this HoO does not come from the reduction
of iron oxides, the utilization of Hy is 0.42).

feo = CO,/(CO, + CO) 9)

Uy = H,0/(H,0 + H,) (10)
3.1.1. Model validation

The results and validation of the reference case were previously
performed in [43] and can also be found in the supplementary data. The
plant was assumed to have a 320 tygy/h production rate and the total
CO4 emissions of the plant were found to be 1943 kgco2/tym. The main
mass flow rates for the conventional I&S plant simulated in Aspen were
compared to typical values from bibliography, and all results agreed
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with the literature data, validating the conventional I1&S plant model.
3.2. PtG-steelmaking integration with TGR

Following subsections show the assumptions made for the oxygen
blast furnace (3.2.1), the modelling methodology for the PtG plant
(3.2.2), the distribution of combustible gases (3.2.3), the sizing of the
PtG plant (3.2.4), the techno-economic indicators (3.2.5).

3.2.1. Oxy-BF

When injecting pure O instead of air in the BF, the total bosh gas
volume decreases due to the absence of nitrogen, what causes an
insufficient preheat of the burden and a low BFG temperature. If the BFG
temperature decreases below 100 °C, problems regarding water
condensation and oxidation may appear. To solve this problem, a pre-
heating gas injection in the upper part of the furnace was necessary. As
preheating gas, it is commonly used BFG which is burned with pure
oxygen at 1000 °C [8], [9].

The temperature at which the Oz should be injected in the oxy-BF
was already discussed in [45], concluding that hot oxygen injection
(1200 °C) obtains greater benefits than cold oxygen injection (25 °C),
both technical and economically.

3.2.2. PtG modelling

The power to gas plant considered in this integration consists of a
PEM electrolyser, an amine scrubbing and a methanation plant. The
amine scrubbing model captures 90% of the inlet CO3, using methyl-
diethanolamine (50 wt% MDEA and 50 wt% water) as solvent. The
absorber column was modelled with 15 stages, and the stripper column
with 19 stages. There is also a heat exchanger to recover heat between
the lean and rich streams, and a condenser in the CO; stream exiting the
stripper to recover water and solvent dragged in the gas. For the PEM
electrolyser, water was fed at ambient conditions and the energy con-
sumption was set to 3.8 kWh/Nm? [49]. PEM technology was chosen
over SOEC (solid oxide electrolysis cell) due to its higher level of com-
mercial development (TRL-7 vs. TRL-5). Additionally, PEM technology
was preferred over AEL (alkaline) because it offers greater flexibility in
load-following operations with renewable sources [50]. The methana-
tion plant was supplied with green Hy from the electrolyser and CO5
from the amine scrubber, in stoichiometric proportion (Hy/CO; ratio of
4). Two isothermal fixed-bed reactors worked at 350 and 300 °C
respectively, and at constant pressure of 5 bar [51], [52]. An interme-
diate condensation removed the water at 100 °C. The final SNG was
delivered at 25 °C and 5 bar. Additional information on the methodol-
ogy and validation of the PtG system can be found in [43].

3.2.3. Distribution of combustible gases

The distribution for the combustible gases (BFG, BOFG and COG)
remained almost the same, compared with the base case. However, there
were noticeable differences, especially for the BFG, as its energy content
increased when shifting from BF to oxy-BF.

First, part of the raw BFG was diverted to the preheating gas burner,
where it was combusted with pure oxygen and injected at 1000 °C in the
upper part of the oxy-BF. Then, part of the BFG passed through the
amine scrubbing stage, where the CO; that feeds the methanation plant
is captured. The clean-BFG is divided into two streams (TGR-split block,
see Fig. 2): the first one was used as reducing agent in the oxy-BF (i.e.,
TGR), and the second one was blended with the remaining BFG. The
latter was used to feed the remaining thermal needs (sinter strand, Oy
heater, clean-BFG heater and SNG heater).

The distribution of the remaining combustible gases, the COG and
BOFG, was kept the same, feeding the coke oven and the casting stage.
Excess BFG, COG and BOFG were mixed and fed to the power plant or
sold to industries nearby, as in the base case.

Journal of CO2 Utilization 78 (2023) 102634

3.2.4. Sizing of the PtG plant

For the PtG-steelmaking integration with TGR and oxy-BF, several
data points were analysed. In all of these data points, the adiabatic flame
temperature (AFT) of the furnace should be kept above 2000 °C for
technical reasons [53-56], which is a limiting factor when injecting SNG
and TGR gases. The first point corresponded to 0 kgrgr/tunm, i-€., 0 kg of
clean-BFG were directed to the oxy-BF through the TGR-split valve. The
gas injected was increased until a maximum is found, corresponding to
all the clean-BFG available.

In the first point, the amount of SNG injected was maximum, due to
the absence of TGR gas. Thus, the methanation plant, the amine scrub-
bing and the PEM electrolyser were sized. At this point, the TGR-split
valve sent all clean-BFG flow rate to blend with the remaining BFG.

For the next data points, the TGR-split valve divided the clean-BFG
flow and sent a certain amount of clean-BFG to the oxy-BF. In order
not to drop the AFT below 2000 °C, the SNG flow rate had to be reduced,
what also decreased the size of the methanation plant, amine scrubbing
and PEM electrolyser. This also meant that, for a given flow rate of TGR
gas (i.e., a given flow of clean-BFG derived to the oxy-BF), less clean-BFG
was produced in the first place in the amine scrubbing. The last data
point studied corresponded to the one where the maximum amount of
TGR could be injected, and therefore no clean-BFG was left to be blended
with the BFG. At this point, some SNG was also injected, as the CO,
produced in the amine scrubbing was consumed in the methanation
stage.

The results in Section 4 were all presented as a function of the TGR
mass flow rate (X-axis), where 0 kgrgr/tym means no TGR was consid-
ered, and 270 kgrgr/tum means that all the clean-BFG was injected in
the oxy-BF as reducing agent.

3.2.5. Techno-economic indicators

The technical indicators are the coal-equivalent replacement ratio
(coal-e RR) and the energy penalty. The former was defined as the sum
of the pulverized coal and coking coal replaced by the SNG and the TGR
(Eq. (11)). The latter was defined as the net energy consumed in the
industry per kg of COy avoided with the PtG-steelmaking integration
(Eq. (12)). Units and description of equation variables are in Table 4.

Aritper + Amicokingcoal

Coal—e RR = k oa k educingGas 11
Artgyg + Arrer [Kscou /Kgreannecs] an
AEcons - AEcoal L4 ” lec — AEgases ° 7’] lec
Epenatty = << MJ [ k 12
penalty Aticos | gco,) 12)

The economic indicators are the specific costs, in in €/tcoz and €/tyy,
see Eq. (13) and Eq. (14). The analysis assumed a loan amortization
period of 20 years, a PtG system operating for 8000 h per year [57], and

Table 4
Description of variables in Egs. (9-12).
Variable Units Description
Ampep kgpcr /tum Savings in PCI consumption
AicokingCoal kgcokingCoal / trm Savings in coking coal consumption
Amgng kgsne /tam Increase in SNG injection
Amrgr kgrer /trm Increase in TGR injection
AE ons MJ/tum Increase in electricity consumption in the
industry
AEqoq MJ/tam Savings in coal energy
AEgqses MJ/tum Increase in excess sold gases
Telec - Energy conversion factor from coal to electricity
(0.33)
CAPEX M€ Capital Expenditure
OPEX ME€/year Operational Expenditure
Incomes ME€/year Operational Incomes
Loan Years Process of paying off a loan over time
amortization
CO,, avoided tco, /h CO; avoided per hour
Operating hours h/year Operating hours per year
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a renewable electricity price of 77 €/MWh. A detailed analysis on the
CAPEX, OPEX and Incomes can be found in the supplementary data.

< o

tco,

Capex _ 106
(La(m anorzaion T Opex — 1 ncomes) 10
CO, avoidance Cost =

CO, avoided-Operating hours

Specific Implementatio Cost =

C . . 6
(Lomz arzzi:}zalimz + Opex - Inwmeb) 10 |: € :|

Iron Production-Operating hours tuRC

14)

It is worth noting that for the CO2 emission calculation all direct and
indirect sources of CO2 have been considered. This includes CO2
emissions from the different processes for steelmaking (sintering, coke
oven, etc), the power plant and the sold gases. The CO contained in the
BFG is also computed, as it is used as fuel in the sintering or power plant
and therefore transformed to CO2.

It’s important to highlight that the CO, emission calculation en-
compasses all sources, both direct and indirect. This covers CO5 emis-
sions from various steelmaking processes (sintering, coke ovens, etc.),
the power plant, and the sale of gases. It is also considered the CO and
CH4 within the BFG, BOFG and COG gases, as they are used as fuel in
other processes, leading to its conversion into CO».

4. Results and discussion

Sections 4.1, 4.2 and 4.3 document the main results for the PtG-
steelmaking integration with TGR and oxy-BF, where all the figures
present the data as a function of the TGR mass flow rate (kgcjean-BrG/
tHm)-

4.1. PtG integration in TGR-Oxygen blast furnace

Converting the BF to an oxy-BF allowed for higher inputs of reducing
agents. In this simulation, SNG was fixed so that the flame temperature
was 2000 °C (minimum technical limit). All the PCI and part of the coke
were avoided thanks to the synthetic gas. At this operating point, we
progressively shifted the SNG injection to TGR injection. Fig. 3 shows
the amount of reducing agents injected in the oxy-BF (coke, SNG and
TGR), and the coal-e RR of the gaseous reducing agents, as the SNG is
replaced by TGR. The SNG consists mainly of methane (94.7% CHy),
with minor components comprising 3.9% Hp, 1.0% CO» and 0.4% H>O.
The total flow of reducing agents increased, while the coal-e RR

——SNG —— TGR
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s L1.0 2
% 500 . E
3 T~ L0.8 @
2 4001 e S
o) ~.-. =
& 3001 T 1908
2 2
é’ 200 04 v
Q e
™ 100 029
3
0 : : : : —+0.0©°

0 50 100 150 200 250

TGR (kg/tHM)

Fig. 3. Reducing agents in the OBF (SNG, green line; TGR, red line; coke, blue
line; total reducing agents, black line) and coal-e RR (purple dashed line) as a
function of the TGR mass flow injected in the OBF.
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decreased, with the TGR. This suggests that the TGR is not as good
reducing agent as the SNG. Nevertheless, despite the coal-e RR
decreased rapidly, it only resulted in a slight increase in the coke rate
(279-300 kg oke/tum). The reason can be found in Eq. (11), where the
numerator barely changed, but the denominator increased remarkably
(per each kg of SNG replaced, 3.1-3.4 kg of TGR were added).

When increasing the TGR gas, a drop in the Hy content in the BFG
was observed, compensated by an increase in the CO and CO5 content
(see Fig. 4). The reason is the lower H:C ratio of the TGR (approx.
0.5-0.8) compared to that of SNG (approx. 4). The decrease in the Hy
content, and the increase in the CO, content, made the lower heating
value (LHV) of the BFG to diminish. However, the higher amount of
reducing agents also led to a higher BFG mass flow rate. Both effects
counterbalanced each other, resulting in a nearly constant BFG energy
content (referred to the total energy content, before recirculations), as
shown in Fig. 4.

Despite the increase in CO and CO; in the BFG, the CO utilization
ratio (Eq. (9)) hardly varied, ranging between 50.0% and 51.7% for all
data points. The preheating gas injected in the upper part of the oxy-BF
was also considered, but its influence was very small since it remained
constant at 205-207 kg/tyy, allowing the BFG temperature to not fall
below 150 °C.

4.2. Thermal energy integration and energy penalty

The amine scrubber captured 90% of the CO, contained in the BFG,
with a CO; purity of 95%, and a specific heat consumption of 3.1 MJ/
kgco2. The methanation plant produced SNG at 5 bar and with 95 vol%
of CHy, releasing 6.1 MJ/kgcoz. No solid carbon deposition was found in
the methanation plant.

When integrating the PtG technology, new thermal streams had to be
considered. The isothermal methanation plant generated heat at
300-350 °C, while the stripper of the amine scrubber required heat at
110-130 °C, so the heat consumption of the amine scrubbing could be
covered by the exothermal heat released by the methanation. Perpinan
et al. [43] demonstrated through a pinch analysis the technical feasi-
bility of supplying the heat demand of an amine scrubbing plant (3.7
MJ/kgcoz) with the exothermal heat of an isothermal methanation plant
(6.1 MJ/kgco2). In this simulation, the same amount of heat was
released by the methanation, and less thermal consumption was found
in the amine scrubbing (3.1 MJ/kgco2), so the technical viability for this
thermal integration is guaranteed.

As the TGR gas increased, less SNG was injected into the oxy-BF,
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Fig. 4. BFG composition (CO,, red line; H,, green line; N, pink line; CO, grey
line; H,0, blue line) and BFG energy content (purple dashed line) as a function
of the amount of TGR mass flow injected in the OBF.
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what lowers the size of the methanation plant and the electrolyser. The
PEM size decreased from 1268 MW to 741 MW when injecting
270 kgrgr/tum- However, the lower the electrolyser size, the lower the
oxygen by-produced, leading to an oxygen deficit for TGR flows higher
than 190 kgrgr/tym. This should be covered by an ASU plant (see Fig. 5).

The CO; emission reduction for the PtG-steelmaking integration
ranged between 30% and 34% (Fig. 6). Higher emission reduction was
found without TGR injection, due to the higher coal-e RR at this point
(see Fig. 3). The total emissions decreased from 1943 kgcoz/tym to 1279
and 1361 kgcoa/tum, compared to the conventional BF, when inte-
grating PtG and TGR technologies, respectively. The CO, recycled
through methanation ranged between 305 and 517 kgcoz/tum, which
would otherwise be emitted to the atmosphere.

The electricity consumption, sold gases and energy penalty are
shown in Fig. 7. The electricity consumption had a mostly linear de-
pendency on the PEM electrolyser, as its consumption accounted for
88-92% of all the electricity consumed in the industry. The maximum
electricity consumption was 15,581 MJ/tyy (no TGR), which could be
reduced to 9548 MJ/tyy if TGR gas was used. However, it still repre-
sented an increase of 16 times and 10 times in the total electricity
consumption, respectively, compared to the conventional BF (950 MJ/
tum). For TGR flow rates above 190 kgrgr/tum, the ASU started working
and consuming electricity, yet the total electricity consumption was
barely affected and continued its decreasing trend. The ASU electricity
consumption was very low compared to that of the electrolyser. The
electricity production in the power plant was the same as for the con-
ventional BF, 1122 MJ/tgm (100 MW).

The sold gases (BFG, COG and BOFG) decreased from 4471 to 1143
MJ/tym when using TGR gas as reducing agent in the oxy-BF, because of
the high fraction of BFG used as TGR (in the conventional I&S plant, the
energy sold as combustible gases was 2400 MJ/tyy). The energy penalty
considers the increase in the electricity consumed, the sold gases and the
coal savings. When injecting TGR gas, despite the less energy sold with
the steel gases, and the lower coal savings, the energy penalty offered
better results. This is because the electricity consumption of the elec-
trolyser rules the energy penalty. The energy penalty was 17 MJ/tuym
when injecting SNG alone, and 12 MJ/tyy when also injecting TGR gas.

4.3. Economic analysis

The specific carbon capture (CC) cost is shown in Fig. 8, where the
red line represents the cost in terms of €/tyy and the black line repre-
sents the cost in terms of €/t¢oa. For higher TGR gas rates, lower CC costs
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Fig. 5. Oxygen produced in the PEM (red line) and in the ASU (blue line),

oxygen consumed in the industry (green line) and PEM capacity (purple dashed
line) as a function of the amount of TGR mass flow injected in the OBF.
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Fig. 6. Total CO, emissions (blue line), CO, recycled in the PtG system (red
line), and percentage of CO, emission reduction compared to conventional BF
(black line) as a function of the amount of TGR mass flow injected in the OBF.
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Fig. 7. Electricity consumption (green line), sold gases (red line) and energy
penalty (purple dashed line) as a function of the amount of TGR mass flow
injected in the OBF.

were found, because of the lower electrolyser size and the lower elec-
tricity consumption. The PEM accounted for 38-43% of the CAPEX and
the electricity for 94-95% of the OPEX. The steel price in 2022 was
between 660 and 1400 €/tyrc, so the specific CC cost represents an in-
crease of 9-35% in the final product.

For the operation with 270 kgrgr/tum injected in the oxy-BF, a
sensitivity analysis of the specific CC costs (in €/tco2) was performed.
The CO, taxes and the electricity price were varied, looking for those
combinations that make the PtG-steelmaking integration economically
viable (Fig. 9). Today, with an electricity price of 77 €/MWh and a CO,
tax of 84 €/tco2, the specific CC cost is 216 €/tcoz. Negative costs (i.e.,
actual benefits) could be achieved under some conditions. For a specific
CC cost of 0 €/tco2, a maximum electricity price of 21 €/MWh should be
paid, or a minimum COs tax of 300 €/tcoz should apply. However, these
prices or taxes do not guarantee a profitable investment, since the
CAPEX should also be amortized. To amortize CAPEX in 20 years (i.e.,
total investment pay-back of 20 years), the electricity price should be 18
€/MWh, or the CO, tax 313 €/tcoa, or an intermediate combination of
both parameters, coinciding with a specific CC cost of — 13 €/tcoz or — 8
€/tym. With an electricity price of 35 €/MWh (cost of production for
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Fig. 8. Specific carbon capture (CC) cost in €/tcoy (black line) and €/tygc (red

line) as a function of the amount of TGR mass flow injected in the OBF (2022
steel price [58]).
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Fig. 9. Specific CC cost in €/tcoz as a function of the CO, taxes and the elec-
tricity price for an OBF with two auxiliary fuel injections (113 kgsne/tam and
270 kgrgr/tum), an electrolyser of 741 MW, and an amine scrubbing of
305 kgcoa/thm-

wind power [59]), and a CO5, tax of 150 €/tco2, the pay-back is 20 years
and the investment would be profitable.

For illustration purposes, Table 5 compares results for two different
data points: only SNG injection and maximum TGR gas injection. It can
be seen that the first data point offered better environmental results,
such as higher CO; emission reduction and lower coke rate in the OBF.
However, similar environmental results were found in the second data
point but offering further benefits, such as lower PEM size, energy
penalty and costs. For these reasons, whenever possible, TGR is a tech-
nology that should be considered along with PtG technology.

5. Conclusions

A new concept integrating power to gas and BF top gas recycling with
an oxy-BF was presented in this study for CO, emissions reduction and
utilization in the iron and steel industry. Green H; was produced in an
electrolyser with renewable electricity, CO5 was obtained from the BFG
through an amine scrubbing stage, and synthetic natural gas is produced
from the two previous components in an isothermal methanation plant.
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Table 5
Main results and comparison for (i) only SNG injection and (ii) maximum TGR
gas injection, in an OBF.

Variable Units OBF with SNG injection ~ OBF with SNG and TGR
(no TGR) injection
SNG mass flow kg/tum 192 113
rate
TGR mass flow kg/tam 0 270
rate
Coke mass flow kg/tam 288 300
rate
Total reducing kg/tum 470 683
agents
PEM size MW 1115 741
CO,, emission % 34.4 29.9
reduction
Energy penalty MJ/ 17.5 12.0
tam
Cost €/tcoz 352 216
Cost €/tum 233 130

The synthetic methane was injected into the OBF on its own or mixed
with some clean-BFG (recycled top gas, after CO, separation). This
integration was compared with a conventional BF-BOF iron and steel
process. Both simulations, the conventional and the PtG-integration,
were modelled in Aspen Plus.

The oxygen by-produced in the electrolyser was almost sufficient to
satisfy the oxygen demand in the plant, including the oxygen for the
BOF, the preheating gas, and the oxy-BF. Only when the TGR gas was
above 190 kgrgr/tum (i-e., when the PEM capacity was lower than
880 MW), the ASU had to produce a small portion of the overall oxygen
demand. The LHV of the BFG decreased when injecting TGR gas, but the
mass flow rate increased, resulting in a nearly constant BFG energy
content (in MJ/tgm).

When injecting SNG in the OBF, 34.4% and 33.1% of the total CO»
emissions and coal consumption were saved, respectively. Due to the
lower coal-e RR of the TGR compared to that of the SNG, less CO2 and
coal were saved when injecting both reducing agents in the OBF; 29.9%
and 28.9% respectively. However, the joint injection of SNG and TGR
offered other relevant advantages. For instance, the PEM electrolyser
size was greatly reduced, from 1115 to 741 MW, providing additional
benefits. As the PEM size decreased, the electricity consumed was also
lower, diminishing the energy penalty and the costs, from 17.5 to 12.0
MJ/tgm and from 352 to 216 €/tcog, respectively. However, under
certain combinations of CO; tax, electricity price or economic subsidies,
economic profitability could be achieved.

This PtG-steelmaking configuration recycles COy via methanation,
and CO via TGR. Contrary to other studies that only recycle CO, this
configuration is able to supply all downstream thermal energy needs of
the steel plant (i.e., the sintering, power plant and other processes). As
downstream energy needs were always covered, there was a certain
amount of steel gases sold. These sold gases accounted for 4471 MJ/tyy
when injecting SNG, and 1143 MJ/tym when injecting both reducing
agents (SNG and TGR).

Technical limitations for this PtG-integration with TGR include the
feasibility of the OBF and the TGR, which are technologies still under
development, along with the necessity for addressing dynamics and
transient effects. Moreover, the on-site configuration of each specific
industry may affect the practical implementation of the energy inte-
gration, including heat integration. Additionally, the integration of a
GW scale electrolyser into the I&S industry raises concerns about various
factors such as the availability of renewable electricity in the region or
the feasibility of the supply line to the plant. Economic limitations
include prices for the CO, tax and the electricity, as these two variables
had a great impact on the specific CC costs and the pay-back. Future
research should explore these aspects further to ensure the practicality
and viability of large-scale implementation.
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To sum up, this novel concept of PtG-integration with TGR in the I&S
industry has the potential to recycle CO5 via methanation and CO via
TGR, thus reducing CO, emissions and coal consumption without the
need for geological storage. Despite the slightly lower CO5 and coal
savings, injection of both SNG and TGR is preferred over the injection of
SNG alone, because of the lower energy penalty and costs found.
Additionally, the downstream energy needs are always covered, and a
certain amount of steel gases are sold (what would not happen if only
TGR is applied).
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