XII National and III International
Conference on Engineering Thermodynamics

12CNIT-2022 - FULL PAPER

Technical viability of different Power to Gas integration configurations
in a BF-BOF iron and steel plant
Jorge Perpiñán1, Manuel Bailera1,2, Begoña Peña1 and Luis M. Romeo1
1

Escuela de Ingeniería y Arquitectura, Universidad de Zaragoza, María de Luna 3, 50018 Zaragoza,
Spain; jorge.perpinan@unizar.es (J.P.); mbailera@unizar.es (M.B.); bpp@unizar.es (B.P.);
luismi@unizar.es (L.M.R.)

2

Graduate School of Creative Science and Engineering, Waseda University, Tokyo 169-8555, Japan

Keywords: Iron and steel industry; blast furnace; power-to-gas; methanation; decarbonization;
electrification; carbon capture; amine scrubbing.
TOPIC: RENEWABLE ENERGIES, ENVIRONMENTAL IMPACT AND CIRCULARITY

1. Abstract
The iron and steel industry is one of the most energy-intensive industry, emitting 5% of all
anthropogenic CO2. Control of CO2 emissions is becoming stricter in different countries and
carbon capture will be mandatory in coming years to reach neutrality. If carbon utilization via
power-to-gas is integrated with carbon capture, the interest on this alternative could increase in
in the iron and steel sector. This paper introduces a new concept proposal that combines amine
scrubbing with power-to-gas technology. The latter produces synthetic natural gas from green
H2 from an electrolyser and CO2 from industry. The synthetic natural gas is later used in the
blast furnace as a reducing agent, which means that the carbon is recycled in a closed cycle and
geological storage is avoided. The O2 by-produced in the electrolyser exceeds the ASU demand,
thus the ASU can be eliminated. By implementing these innovations in the industry, we have
achieved 9.4% reduction in CO2 emissions with an energy penalty of 17.7 MJ/kgCO2. In
addition, a detailed economic study was conducted, where the influence of the electricity price
and the CO2 allowances price was studied through a sensitivity analysis.

2. Introduction
The current European targets on global warming include reducing green-house gas (GHG)
emissions by 80-95%, compared to 1990 levels, by the year 2050 [1]. One of the largest
industrial emitters of GHG emissions, in particular CO2, is the steel sector. Iron and steel
making processes are still highly dependent on fossil fuels, specifically on coal, releasing a
substantial amount of CO2 [2]. It accounted for 223 MtCO2-eq in the European Union in 2010
[3], what represented the 5% of the total GHG emissions of the EU-27 [4].
Steel is mainly produced by three routes: (i) the blast furnace-basic oxygen furnace route (BFBOF) with 70% market share, (ii) the scrap-based electric arc furnace (EAF) with 22% market
share, and (iii) the direct reduced iron-electric arc furnace (DRI-EAF) with 7% market share [5].
The BF-BOF route consumes on average 21–23 GJ/t of steel whereas the EAF process
consumes on average 4–6 GJ/t of steel and the DRI-EAF route consumes 10 GJ/t of steel [5].
Thereby, CO2 emissions are also higher for the BF-BOF process (2.0-2.2 tCO2/t of steel), and
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lower for the EAF and the DRI-EAF (0.3–0.5 tCO2/t of steel and 0.7-1.3 tCO2/t of steel
respectively) [5].
Since the global steel demand cannot be covered through recycled scrap, the BF-BOF route will
maintain its dominance in the market, despite its emissions. Besides, blast furnaces will only
phased-out at relining, which typically takes places every 20-35 years, or up to 40 years for
newly commissioned plants. Thus, at least 20% of today’s blast furnaces will still be in
operation by year 2050 [6].
Aiming for solutions that substantially reduce CO2 emissions while providing additional
benefits, Power to Gas (PtG) stands out as a promising candidate [7]. Power to Gas concept
includes all those processes that converts renewable electricity into valuable products, using an
electrolysis stage to obtain renewable H2. Moreover, the H2 can be used in a methanation
process to obtain methane (Power to Methane), which is a useful reducing agent in the blast
furnace that helps diminish coke consumption. The key of applying Power to Gas to the Iron
and Steel industry is that there is always a benefit accompanying the additional energy
consumption, contrarily to what happens in the case of conventional carbon capture.
The objective of this paper is to study the novel concept that integrates power-to-gas technology
in the iron and steel industry (with conventional BF) together with amine scrubbing. The
complete iron and steel plant has been modelled in Aspen Plus. The resulting reduction of CO2
emissions and the associated energy penalty are compared with a reference case. Subsequently,
a discussion follows on the amount of synthetic natural gas (SNG) injected to the BF and the
influence of the adiabatic flame temperature (AFT). Sankey diagrams for the energy and carbon
flows are elaborated. Lastly, the economic feasibility is evaluated, showing the conditions to
reach reasonable pay-back periods and internal rate of returns (IRR).

3. Description of the case study
The baseline scenario (Case 0) consists of a conventional iron and steel plant producing 320
tHM/h [8], according to the process flow diagram (PFD) of Figure 1. It includes sintering
process, coke oven, blast furnace (includes hot stoves), air separation unit (ASU), basic oxygen
furnace, and the casting-rolling stage. In addition, a power plant is considered for electricity
production consuming part of the accessible COG, BFG and BOFG (100 MWe net power [9]).
The remaining gases are sold to nearby industries.
The modified ironmaking plant integrated with Power to Gas (Case 1) adds an amine scrubbing
plant to capture CO2, a PEM electrolyser to produce H2, and a methanation plant to produce
synthetic natural gas (SNG). The SNG is injected into the BF to constantly recycle the CO2 and
minimize the coal consumption. Furthermore, the O2 from the electrolyser is used in the BOF,
eliminating the ASU requirement (excess O2 is sold). The clean gas resulting from the amine
scrubbing is fed to the power plant. In this paper, both cases are compared in terms of energy
demand, CO2 emission reduction and economic feasibility of the integration of power-to-gas
and amine scrubbing in a BF-BOF iron and steel industry.
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Figure 1. Process flow diagram in Aspen Plus for a conventional iron and steel plant (Case 0), and its
integration with power to gas and amine scrubbing (Case 1).

4. Methodology
The Case 0 and Case 1 were simulated in Aspen Plus v11 under steady-state conditions,
chemical equilibrium, and complete combustion assumption. The PFD of Figure 1 shows the
Hierarchy blocks of the simulation. Inside of these Hierarchy blocks, there are detailed
simulations of the corresponding processes [10], [11].
4.1. Energy penalization
The energy penalty is defined as the net energy consumed per kilogram of CO2 avoided through
Power to Gas (Eq.(1)).
𝐸𝑝𝑒𝑛𝑎𝑙𝑡𝑦
=

(𝐸𝑐𝑜𝑛𝑠 − 𝐸𝑝𝑟𝑜𝑑 )𝐶𝑎𝑠𝑒1 − (𝐸𝑐𝑜𝑛𝑠 − 𝐸𝑝𝑟𝑜𝑑 )𝐶𝑎𝑠𝑒0 − (𝐶𝐶𝑎𝑠𝑒0 − 𝐶𝐶𝑎𝑠𝑒1 ) ∗ 𝑄𝑐𝑜𝑎𝑙 ∗ µ𝑒𝑙𝑒𝑐

(1)

𝐶𝑂2,𝐶𝑎𝑠𝑒0 − 𝐶𝑂2,𝐶𝑎𝑠𝑒1

Where Econs is the electricity consumed in the industry (MJ/tHM), Eprod is the electricity
produced in the industry (MJ/tHM), C is the coal consumed (kg/tHM), Qcoal is the coal heating
value (MJ/kg) and µelec is the energy conversion factor from coal to electricity.
4.2. Economic analysis
The cash flow statement was analysed for the investment required to integrate power to gas and
amine scrubbing in the I&S plant (i.e., passing from Case 0 to Case 1), assuming a 4% interest
for the discount factor (Eq. (2)). The power to gas system is assumed to operate 8000 h in a year
[12], and electricity will be purchased from the grid if needed (renewable electricity is
assumed). The saved coal, the saved CO2 taxes, the sold oxygen and the sold gases in Case 1 are
considered incomes with regards to Case 0.
𝐷𝑐𝑜𝑒𝑓𝑓 =

1
(1 + 𝑖)𝑛

(2)

5. Results and discussion
5.1. Conventional I&S plant (Case 0) and PtG integration (Case 1)
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The conventional I&S plant (Case 0) was simulated according to data from the literature (Table
1). In the base case, 1079 kg/tHM of steel are produced by consuming 1464 kg/tHM of iron ore,
680 kg/tHM of coal, and 150 kg/THM of scrap. After fulfilling the internal energy
consumptions, the remaining gases are mixed and used for electricity production in the power
plant or sold with a rate of 490 kg/tHM and 438 kg/tHM respectively.
Table 1. Mass flows (kg/tHM) of the main streams for the conventional I&S plant (Case 0) and the PtG
integration (Case 1).
Material
Typical values
Case 0 Case 1
[7], [9], [13]–[15]
Iron ore
1240
1464
1464
Coal (Sintering) 64
75
75
Flux
175
91
91
Sinter
1249
1555
1555
Coal (Coking)
447
455
455
Coke
337
341
341
COG
110
114
114
PCI (BF)
150
150
85
Hot blast
1210
1510
1558
BFG
2420
2285
2286
Slag (BF)
280
261
261
Pig iron
950
1000
1000
Scrap
150
150
150
O2 (BOF)
70
87
87
N2 (BOF)
29
9
9
Steel
1000
1079
1079
Slag (BOF)
85
71
71
BOFG
130
128
128
BFG
604
Clean-BFG
461
CO2
145
Water (PEM)
245
H2
26
O2 (ASU/PEM) 87
207
SNG
54

When integrating power to gas, the injection of SNG replaces to some coke or coal, but
decreases the adiabatic flame temperature (AFT) at the raceways. Since the AFT should not be
dropped below 2000 °C for technical reasons [16]–[19], the amount of SNG that can be injected
will be limited, and so will the size of the power to gas plant. As replacing coke with SNG leads
to greater reductions in the flame temperature, the option of replacing coal instead is chosen to
allow for greater PtG plant size. We fix the SNG preheat temperature at 700 ºC according to the
literature [17], so the maximum SNG flow rate to be injected is 53.6 kgSNG/tHM, characterized
by a coal replacement ratio of 1.2 kgCoal/kgSNG, and a loss in AFT of 3.7 ºC/kgSNG. The
AFT falls from 2199 ºC in Case 0 to 2000 ºC when injecting SNG (Case 1).
In order to obtain 53.6 kgSNG/tHM, the production of hydrogen must be 26.1 kgH2/tHM in the
electrolyser (corresponding to a PEM electrolyzer of 335 MW), while the carbon recycling rate
is of 145 kgCO2/tHM. This amount of CO2 will define the amine plant size, together with other
parameters such as the capture efficiency (90%) and the CO2 content in the BFG (17.3vol%).
The total mass flow of BFG to be treated in the amine plant is 604 kgBFG/tHM. The O2 byproduced in the electrolyser amounts to 207 kgO2/tHM, which in part serves to replace the ASU
and the excess is sold to other industries. The water consumption accounts for 245 kgH 2O/tHM,
but most of it can be supplied internally by recycling water streams from the I&S plant and the
PtG plant.
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For the amine scrubbing process, results show a specific heat consumption of 3.74 MJ/kgCO2
(i.e., 542.3 MJ/tHM) (which is in agreement with the literature, 3.1 – 3.64 MJ/kgCO2 [20]). The
electricity consumption in the amine plant is 29 kJ/kgCO2 (i.e., 4.2 MJ/tHM) [20]. In the
methanation plant, the electricity consumption amounts to 2.09 MJ/kgSNG (i.e., 112 MJ/tHM).
The heat released by the exothermic reaction was 16.3 MJ/kgSNG (i.e. 874 MJ/tHM), which is
enough to satisfy the thermal demand of the amine scrubbing process.
Table 2. Molar composition and lower heating value for gas streams.
Composition
(Vol.%)
O2
N2
CO
CO2
H2
H2O
CH4
Ar
LHV (MJ/kg)

Case 0 – Conventional I&S
Sold
COG BOFG BFG
gases
0.07 1.93
- 0.15
2.26 8.00 55.10 39.95
9.37 66.00 21.98 22.10
2.34 19.35 19.37 15.51
57.31 2.00 2.25 14.70
1.3 0.92
28.65
- 6.49
- 2.72
- 0.18
39.27 6.18 2.23 5.81

Case 1 – I&S plant integrated with PtG and amine scrubbing
Clean
Sold
COG
BOFG BFG
H2 CO2 SNG
BFG
gases
0.07
3.31
- 0.23
2.26
8.00 54.52 64.67
- 0.02 0.02 44.94
9.37
66.00 21.21 25.01
- 0.79
- 23.41
2.34
20.69 17.30 2.05
- 95.82 0.99 7.51
57.31
2.00 5.67 6.72 100.0 0.00 3.86 17.51
- 1.30 1.55
- 3.37 0.50
28.65
- 94.65 6.41
39.27
6.18 2.53 3.29 119.9
- 48.73 6.69

5.2. CO2 emissions and coal saving
The total CO2-equivalent emissions of the conventional I&S plant are 1943 kgCO2-eq/tHM
(which are in agreement with literature, 1800 – 2500 kgCO2-eq/tHM [21]–[24]). By integrating
power to gas, the emissions can be diminished to 1760 kgCO2-eq/tHM, representing a 9.4%
reduction in CO2-equivalent emissions. The cut in CO2-equivalent emissions is directly related
to the SNG injection and the saving in coal consumption. The amount of pulverized coal
substituted by SNG in the BF is 65 kg/tHM (56.7% replacement), which represent the 9.6% of
the total coal consumed in the I&S plant accounting sinter, coke oven and BF (680 kg/tHM in
the base case).
The Sankey diagrams (Figure 2) show how these equivalent emissions are distributed through
the plant by type of component (green: C, orange: CO, red: CO2, and purple: CH4). The
equivalent CO2 released in the sinter strand is reduced by 9% when integrating PtG because the
BFG burnt in the preheating of the sinter has a higher energy content and lower CO2 volume
fraction. Therefore, we need less BFG mass flow to provide the same energy. The major
reduction in CO2-equivalent emissions takes place in the power plant (19.5% reduction), since
most of the CO2 that was being diverted (because of the BFG) is now recycled into methane.
This can be seen in the red line that is now captured by the amine scrubbing and converted to
methane (purple line, Figure 2). Other sub-processes such as the coke oven, the BOF, and the
casting step, are barely affected by the PtG integration.
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Figure 2. Sankey diagram of the carbon mole flow (kgCO2-eq/tHM). Green: C; Orange: CO; Red: CO2;
Purple: CH4.

Despite the release of CO2-equivalent emissions is similar in the hot stoves, the sintering
process and the downstream gases (power plant and sold gases), most of the CO2 was originally
generated in the blast furnace. The Figure 3 depicts the CO2 generated in each process of the
I&S plant (not the CO2-equivalent emissions). In other words, it quantifies the CO2 produced in
the Sankey Diagram (red colour) because of the conversion of C (green colour), CO (yellow
colour) or CH4 (purple colour) in a given process, without accounting for the CO2 that was
already entering from other sources (e.g., in the sintering process it is not accounted the CO2
coming from the BFG, since it was actually generated in the BF). Under this framework, it can
be seen that the BF actually produces 966 kgCO2/tHM, but these are later diverted in the form
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of BFG and emitted in other processes (sintering and power plant mainly). When integrating
power to gas, the production of CO2 in the BF is decreased by 19% (to 780 kgCO2/tHM), but it
is still the major producer of CO2 in the I&S plant. The reduction is due to the recycling of CO2
(carbon closed loop) and the utilization of a fuel with greater hydrogen content (CH4 instead of
coal). It can be seen that the CO2 generated in the sinter strand and in the power plant barely
changes, since both processes keep consuming the same amount of energy (heat or electricity),
which means converting the same amount of CO to CO2 (same CO2 generated). It only
decreases a little because the BFG has a greater H2 content (i.e., part of the energy is produced
by burning H2 instead of CO) and a lower CO2 content (i.e., less inert gas has to be heated, and
so less CO has to be consumed). The other processes (coke oven, BOF and casting) barely
produce CO2, since their outlet gases are mainly composed by CO and CH4.

Figure 3. CO2 production by process (kgCO2/tHM) for a conventional I&S plant (Case 0) and its
integration with PtG and amine scrubbing (Case 1).

5.3. Heat integration and energy penalty
When integrating Power to Gas and amine scrubbing (Case 1), new thermal streams arise in the
process flow diagram. The methanation process provides heat at 300 – 350 ºC, while the CO2
desorption requires heat at 110 – 130 ºC. Moreover, additional preheating and condensation
stages come into operation. Therefore, the proposed concept was thermally integrated using
Pinch analysis methodology to reduce the energy penalty. The overall cooling and heating needs
of the PtG plant are 940.6 MJ/tHM and 599.6 MJ/tHM, respectively. The analysis on Aspen
Energy Analyzer provided 11 different possible configurations, being the lowest feasible
number of heat exchangers equal to 5 (worst configurations required up to 9 heat exchangers).
Thanks to the heat integration, part of the BFG that covers heat requirements of the amine
scrubbing and preheating of the methanation plant can be saved.
The opposite situation is found for electricity. In the conventional I&S plant (Case 0), the total
electricity consumption is 950 MJ/tHM, and the electricity produced by the power plant is 1122
MJ/tHM (34.4% efficiency), hence being a self-sufficient industry. When integrating PtG, the
electrical consumption remarkably increases to 4965 MJ/tHM, mainly because of the
electrolyser (4021 MJ/tHM). The electrical production in the power plant is assumed to remain
constant, as greater productions (by consuming the sold gases) would require investing in a new
power plant or retrofitting the existing one. Therefore, the industry is no longer self-sufficient,
and now 3843 MJ/tHM of green electricity are needed. The net energy penalty of the PtG
integration is 17.7 MJe/kgCO2.
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5.4. Economic analysis
An operation of 8000 equivalent hours is considered [12], with a CO2 allowances price of 84
€/tCO2 [25], an electricity cost of 77 €/MWh, a selling price for O2 of 80 €/tO2 [26] and a
variable selling price for the steel gases depending on its heating value. The annual interest is
set to 4%, and the amortization of the loan is considered to happen in 20 years. Moreover, the
volume of the reactors is calculated assuming a GHSV of 5000 h-1 [27], and the catalyst is
supposed to occupy 60% of that volume. Under the current scenario, the CAPEX is 310.5 M€,
the OPEX 221.9 M€/y and the INCOMES 95.2 M€/y. The annual benefit of the PtG integration
is negative (126.7 M€/y annual loss), which implies that the loan cannot be amortized.
In order to look for those combinations of electricity prices and CO2 allowances that allow the
PtG to be economically viable, an economic parametric study was performed. The pay-back and
internal rate of return (IRR) for a wide range of values are presented in Figure 4. It can be seen
that even at electricity prices of 40 €/MWh, a minimum of 240 €/tCO2 is required to amortize
the investment (14.6 years of pay-back and 2.6% of IRR). This economic analysis suggests that
profitable scenarios would require that either the electricity is obtained at the cost of production
(i.e., the renewable park belongs to the I&S industry) or subsidies are given to the purchased
electricity in order to fight against global warming. For example, assuming an electricity cost of
51 €/MWh (i.e., cost production for solar panels [28]), the PtG integration would be profitable
when the CO2 taxes are above 294 €/tCO2. If the cost of the electricity is 35 €/MWh (i.e., cost of
production for wind power [28]), profits are obtained for CO2 taxes greater than 177 €/tCO2.
Furthermore, for the current scenario of CO2 allowances prices (84 €/tCO2) and grid’s electricity
prices (77 €/MWh), the minimum subsidy to make PtG integration profitable would be 54.6
€/MWh. If the CO2 taxes increases to 128 €/tCO2 in the coming years (estimated price by 2050
by Strefler et al. [29]), the necessary subsidy would be reduced to 49 €/MWh. By 2100, Strefler
estimates CO2 taxes between 384 €/tCO2 and 907 €/tCO2, needing a 13.7 €/MWh subsidy and
no subsidy respectively. In the last evaluation (907 €/tCO2) the pay-back would be 2 years and
the IRR 52 %.

Figure 4. Pay-back and Internal rate of return (IRR) as a function of electricity price and CO 2 taxes.

6. Conclusions
A novel concept of integrating power-to-gas (PtG) technology in the ironmaking process is
presented. Synthetic natural gas (SNG) from methanation is injected into the blast furnace to
reduce the pulverised coal consumption, thus recycling CO2 in a closed loop. The PtG plant is
sized to inject as much SNG as possible, as long as the AFT does not fall below 2000 ºC,
accounting for 53.6 kgSNG/tHM. The electrolyser and the amine scrubbing plants are sized
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according to the SNG flow rate. This concept is compared with a conventional ironmaking
process (Case 0).
The base case simulation includes the sintering, coke oven, blast furnace, ASU, basic oxygen
furnace, casting and power plant. For PtG integration, an electrolyser, amine scrubbing and
methanation plant are added to the simulation, and the blast furnace is run under SNG injection.
The SNG injection replaces pulverised coal injection (PCI) with a ratio of 1.2 kgCoal/kgSNG.
Mass flows, compositions and thermal and electricity consumptions are calculated through
Aspen Plus® software simulations.
Optimization of the heat integration between the amine plant (endothermic) and the PtG
(exothermic) was carried out through the pinch analysis method. In this way, no extra heat is
needed for the amine plant, which means no energy penalisation is added for capturing the CO2.
Savings in CO2 emissions with the PtG integration are 9.4%, with a reduction in coal fuel of 9.6
% (65 kgCoal/tHM, representing a 56.7% replacement of the PCI). The electric energy required
to avoid these emissions is 17.7 MJ/kgCO2. This remarkable increase in the energy penalty is
mainly due to a 355 MW electrolyser. Now 343 MW of green electricity from a renewable
source are needed.
Under the current economic situation, the concept is not economically feasible. However,
sensitivity analyses have shown that the concept would become economically feasible under
certain conditions, depending on the CO2 taxes, the electricity price or the subsidies amount.
In general, this novel concept has the advantage of reducing fuel consumption and eliminating
geological storage, which are additional benefits regarding economic costs compared to
conventional carbon capture and storage. This PtG configuration also allows the industry to be
indirectly electrified since fossil fuel is replaced by synthetic natural gas, which comes from
hydrogen produced by renewable sources.

Acknowledgements
The work described in this paper has been supported by both the University of Zaragoza under
the project UZ2020-TEC-06 and Khalifa University project CIRA-2020-080. This work has
also received funding from the European Union’s Horizon 2020 research and innovation
program under the Marie Sklodowska-Curie grant agreement no. 887077.

References
[1]
“European Commission.” https://energy.ec.europa.eu/index_es (accessed Apr. 26, 2022).
[2]
K. Huitu, H. Helle, M. Helle, M. Kekkonen, and H. Saxén, “Optimization of steelmaking using
fastmet direct reduced iron in the blast furnace,” ISIJ Int., vol. 53, no. 12, pp. 2038–2046, 2013, doi:
10.2355/isijinternational.53.2038.
[3]
M. Wörtler, P. Dahlmann, F. Schuler, H. B. Lüngen, and N. Voigt, “Steel’s contribution to a
low-carbon Europe 2050-Technical and economic analysis of the sector’s CO2 abatement potential.,”
2013. https://www.bcg.com/de-de/ (accessed Apr. 26, 2022).
[4]
“A steel roadmap for a low carbon europe 2050, the European Steel Association EUROFER.
Brussels, Belgium.,” 2013. https://www.eurofer.eu/assets/publications/archive/archive-of-older-euroferdocuments/2013-Roadmap.pdf (accessed Apr. 26, 2022).
[5]
“International Energy Agency, Iron and Steel Technology Roadmap, 2020.”
https://www.iea.org/reports/iron-and-steel-technology-roadmap (accessed Apr. 26, 2022).
[6]
J. von Scheele, “Decarbonization of Ironmaking,” 2021.
[7]
M. Bailera, P. Lisbona, B. Peña, and L. M. Romeo, “A review on CO2 mitigation in the Iron and

9

XII National and III International
Conference on Engineering Thermodynamics
Steel industry through Power to X processes,” J. CO2 Util., vol. 46, no. November 2020, p. 101456,
2021, doi: 10.1016/j.jcou.2021.101456.
[8]
“Steelmaking technologies. CISDI ingeniering CO. LTD.” http://www.cisdigroup.com/4steelmaking.html (accessed Apr. 26, 2022).
[9]
J. Wu, R. Wang, G. Pu, and H. Qi, “Integrated assessment of exergy, energy and carbon dioxide
emissions in an iron and steel industrial network,” Appl. Energy, vol. 183, pp. 430–444, 2016, doi:
10.1016/j.apenergy.2016.08.192.
[10]
M. Bailera, T. Nakagaki, and R. Kataoka, “Revisiting the Rist diagram for predicting operating
conditions in blast furnaces with multiple injections,” 2021, doi: 10.12688/openreseurope.14275.1.
[11]
M. Bailera, P. Lisbona, and L. M. Romeo, “Power to gas-oxyfuel boiler hybrid systems,” Int. J.
Hydrogen Energy, vol. 40, no. 32, pp. 10168–10175, 2015, doi: 10.1016/j.ijhydene.2015.06.074.
[12]
M. Bailera, S. Espatolero, P. Lisbona, and L. M. Romeo, “Power to gas-electrochemical industry
hybrid systems: A case study,” Appl. Energy, vol. 202, no. 2017, pp. 435–446, 2017, doi:
10.1016/j.apenergy.2017.05.177.
[13]
K. He and L. Wang, “A review of energy use and energy-efficient technologies for the iron and
steel industry,” Renew. Sustain. Energy Rev., vol. 70, no. September 2016, pp. 1022–1039, 2017, doi:
10.1016/j.rser.2016.12.007.
[14]
M. Geerdes, R. Chaigneau, O. Lingiardi, R. van O. Molenaar, S. Y. R., and J. Warren, Modern
Blast Furnace Ironmaking An Introduction. IOS Press, 2020.
[15]
H. He, H. Guan, X. Zhu, and H. Lee, “Assessment on the energy flow and carbon emissions of
integrated steelmaking plants,” Energy Reports, vol. 3, pp. 29–36, 2017, doi: 10.1016/j.egyr.2017.01.001.
[16]
K. S. Abdel Halim, V. N. Andronov, and M. I. Nasr, “Blast furnace operation with natural gas
injection and minimum theoretical flame temperature,” Ironmak. Steelmak., vol. 36, no. 1, pp. 12–18,
2009, doi: 10.1179/174328107X155240.
[17]
K. S. A. Halim, “Theoretical approach to change blast furnace regime with natural gas
injection,” J. Iron Steel Res. Int., vol. 20, no. 9, pp. 40–46, 2013, doi: 10.1016/S1006-706X(13)60154-5.
[18]
K. S. Abdel Halim, “Effective utilization of using natural gas injection in the production of pig
iron,” Mater. Lett., vol. 61, no. 14–15, pp. 3281–3286, 2007, doi: 10.1016/j.matlet.2006.11.053.
[19]
J. G. Peacey and W. G. Davbenport, The Iron Blast Furnace. Theory and Practice (1979). 1979.
[20]
J. C. M. Farla, C. A. Hendriks, and K. Blok, “Carbon dioxide recovery from industrial
processes,” Clim. Change, vol. 29, no. 4, pp. 439–461, 1995, doi: 10.1007/BF01092428.
[21]
M. A. Quader, S. Ahmed, R. A. R. Ghazilla, S. Ahmed, and M. Dahari, “A comprehensive
review on energy efficient CO2 breakthrough technologies for sustainable green iron and steel
manufacturing,” Renew. Sustain. Energy Rev., vol. 50, pp. 594–614, 2015, doi:
10.1016/j.rser.2015.05.026.
[22]
T. Ariyama, K. Takahashi, Y. Kawashiri, and T. Nouchi, “Diversification of the Ironmaking
Process Toward the Long-Term Global Goal for Carbon Dioxide Mitigation,” J. Sustain. Metall., vol. 5,
no. 3, pp. 276–294, 2019, doi: 10.1007/s40831-019-00219-9.
[23]
“IEA - Iron & Steel Roadmap,” 2020. https://www.iea.org/reports/iron-and-steel-technologyroadmap. (accessed Apr. 26, 2022).
[24]
Pasquale Cavaliere, “Clean Ironmaking and Steelmaking Processes. Efficient Technologies for
Greenhouse Emissions Abatement,” doi: https://doi.org/10.1007/978-3-030-21209-4.
[25]
Sendeco2, “sendeco2.” https://www.sendeco2.com/es/precios-co2%0A (accessed Mar. 02,
2022).
[26]
M. Hurskainen, “Industrial oxygen demand in Finland.” 2017, [Online]. Available:
https://www.vttresearch.com/sites/default/files/julkaisut/muut/2017/VTT-R-06563-17.pdf.
[27]
M. Götz et al., “Renewable Power-to-Gas: A technological and economic review,” Renew.
Energy, vol. 85, pp. 1371–1390, 2016, doi: 10.1016/j.renene.2015.07.066.
[28]
“IRENA. International Renewable Energy Agency.,” 2022. https://www.irena.org/costs/PowerGeneration-Costs.
[29]
J. Strefler et al., “Alternative carbon price trajectories can avoid excessive carbon removal,” Nat.
Commun., vol. 12, no. 1, pp. 1–8, 2021, doi: 10.1038/s41467-021-22211-2.

10

