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1. Abstract

The iron and steel industry is one of the most energy-intensive industry, emitting 5% of all
anthropogenic CO,. Control of CO, 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
H, from an electrolyser and CO, 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 O, 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 CO, emissions with an energy penalty of 17.7 MJ/kgCO.. In
addition, a detailed economic study was conducted, where the influence of the electricity price
and the CO; 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 CO,, is the steel sector. Iron and steel
making processes are still highly dependent on fossil fuels, specifically on coal, releasing a
substantial amount of CO; [2]. It accounted for 223 MtCO»-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 (BF-
BOF) 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, CO; emissions are also higher for the BF-BOF process (2.0-2.2 tCOa/t of steel), and



Universidad

ﬁz C .ir(-ffﬁ X1 National and 111 International UC3m CGI‘IOS I"
5% Y de Madrid

Conference on Engineering Thermodynamics

lower for the EAF and the DRI-EAF (0.3-0.5 tCO./t of steel and 0.7-1.3 tCOy/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 CO, 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 H,. Moreover, the H, 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 CO;
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 CO,, a PEM electrolyser to produce H,, and a methanation plant to produce
synthetic natural gas (SNG). The SNG is injected into the BF to constantly recycle the CO; and
minimize the coal consumption. Furthermore, the O, from the electrolyser is used in the BOF,
eliminating the ASU requirement (excess O; 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, CO, 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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CASE 0 - Conventional iron and steel plant CASE T- Iron and steel plant integrated with PtG and amine scrubbing
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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 CO; avoided through
Power to Gas (Eq.(1)).

( - ) 1_( - ) 0—( 0~ 1) M (1)

Where Econs is the electricity consumed in the industry (MJ{tHM), Epod is the electricity
produced in the industry (MJ/tHM), C is the coal consumed (kg/tHM), Qcoa is the coal heating
value (MJ/kg) and e 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 1&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 CO- taxes, the sold oxygen and the sold gases in Case 1 are
considered incomes with regards to Case 0.

1
T+ @

5. Results and discussion

5.1. Conventional 1&S plant (Case 0) and PtG integration (Case 1)
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The conventional 1&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 1&S plant (Case 0) and the PtG
integration (Case 1).

Material Typical values Case 0 Casel
[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
O, (BOF) 70 87 87
N, (BOF) 29 9 9
Steel 1000 1079 1079
Slag (BOF) 85 71 71
BOFG 130 128 128
BFG - - 604
Clean-BFG - - 461
CO; - - 145
Water (PEM) - - 245
H, - - 26
O, (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 °C 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 °C/kgSNG. The
AFT falls from 2199 °C in Case 0 to 2000 °C when injecting SNG (Case 1).

In order to obtain 53.6 kgSNG/tHM, the production of hydrogen must be 26.1 kgH./tHM in the
electrolyser (corresponding to a PEM electrolyzer of 335 MW), while the carbon recycling rate
is of 145 kgCO,/tHM. This amount of CO. will define the amine plant size, together with other
parameters such as the capture efficiency (90%) and the CO, content in the BFG (17.3vol%).
The total mass flow of BFG to be treated in the amine plant is 604 kgBFG/tHM. The O; by-
produced 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.O/tHM,
but most of it can be supplied internally by recycling water streams from the 1&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/kgCO.
(i.e., 542.3 MJ/tHM) (which is in agreement with the literature, 3.1 — 3.64 MJ/kgCO- [20]). The
electricity consumption in the amine plant is 29 kJ/kgCO: (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.

Case 0 — Conventional I1&S | Case 1 — I&S plant integrated with PtG and amine scrubbing

Composition Sold Clean Sold
(Vol.%) COG BOFG BFG gases COG BOFG BFG BEG H, CO2 SNG gases
02 0.07 1.93 - 0.15] 0.07 3.31 - - - - - 023
N2 2.26  8.00 55.10 39.95| 2.26 8.00 54.52 64.67 - 0.02 0.02 44.94
CO 9.37 66.00 21.98 22.10| 9.37 66.00 21.21 25.01 - 079 - 2341
CO2 2.34 19.35 19.37 15.51| 2.34 20.69 17.30 2.05 - 9582 099 751
Ho 57.31 2.00 2.25 14.70|57.31 2.00 567 6.72 100.0 0.00 3.86 17.51
H20 - - 13 092 - - 130 155 - 337 050 -
CHa4 28.65 - - 6.49|28.65 - - - - - 9465 6.41
Ar - 272 - 0.18 - - - - - - - -
LHV (MJ/kg) 39.27 6.18 223 5.81|39.27 6.18 2.53 3.29 119.9 - 48.73 6.69

5.2. CO; emissions and coal saving

The total CO-equivalent emissions of the conventional 1&S plant are 1943 kgCO2-eg/tHM
(which are in agreement with literature, 1800 — 2500 kgCO.-eg/tHM [21]-[24]). By integrating
power to gas, the emissions can be diminished to 1760 kgCO,-eq/tHM, representing a 9.4%
reduction in CO-equivalent emissions. The cut in COz-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 1&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: CO,, and purple: CH4). The
equivalent CO; 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 CO; volume
fraction. Therefore, we need less BFG mass flow to provide the same energy. The major
reduction in COz-equivalent emissions takes place in the power plant (19.5% reduction), since
most of the CO; 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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Case 0 - Conventional I&S plant
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Figure 2. Sankey diagram of the carbon mole flow (kgCO,-eg/tHM). Green: C; Orange: CO; Red: COy;
Purple: CHa.

Despite the release of CO»-equivalent emissions is similar in the hot stoves, the sintering
process and the downstream gases (power plant and sold gases), most of the CO, was originally
generated in the blast furnace. The Figure 3 depicts the CO, generated in each process of the
I1&S plant (not the CO--equivalent emissions). In other words, it quantifies the CO, produced in
the Sankey Diagram (red colour) because of the conversion of C (green colour), CO (yellow
colour) or CHa (purple colour) in a given process, without accounting for the CO- that was
already entering from other sources (e.g., in the sintering process it is not accounted the CO,
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 kgCO./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 CO; in the BF is decreased by 19% (to 780 kgCO./tHM), but it
is still the major producer of CO; in the I&S plant. The reduction is due to the recycling of CO:
(carbon closed loop) and the utilization of a fuel with greater hydrogen content (CH4 instead of
coal). It can be seen that the CO, 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 CO, (same CO; generated). It only
decreases a little because the BFG has a greater H, content (i.e., part of the energy is produced
by burning H; instead of CO) and a lower CO; 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 COg, since their outlet gases are mainly composed by CO and CH..

1000 -
[P Conventional 1&S plant
800 - [P 1&S plant integrated
= with PtG and amine
= scrubbing
T
&' 600
Q
&
)
3 400
200
U
o] . .
Sinter  Coke Blast Castlng Power Sold
strand oven furnace plant

Figure 3. CO; production by process (kgCO,/tHM) for a conventional 1&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 °C, while the CO>
desorption requires heat at 110 — 130 °C. 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 1&S plant (Case 0), the total
electricity consumption is 950 MJ/tHM, and the electricity produced by the power plant is 1122
MJAHM (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/kgCO..
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5.4. Economic analysis

An operation of 8000 equivalent hours is considered [12], with a CO; allowances price of 84
€/tCO; [25], an electricity cost of 77 €/MWh, a selling price for O, of 80 €10, [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 CO, 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 €/tCO; 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 CO; taxes are above 294 €/tCOs. If the cost of the electricity is 35 € MWh (i.e., cost of
production for wind power [28]), profits are obtained for CO, taxes greater than 177 €/tCOs.
Furthermore, for the current scenario of CO; allowances prices (84 €/tCO>) and grid’s electricity
prices (77 € MWh), the minimum subsidy to make PtG integration profitable would be 54.6
€/MWh. If the CO- taxes increases to 128 €/tCO; 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 CO- taxes between 384 €/tCO, and 907 €/tCO>, needing a 13.7 €/ MWh subsidy and
no subsidy respectively. In the last evaluation (907 €tCO>) the pay-back would be 2 years and
the IRR 52 %.
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Figure 4. Pay-back and Internal rate of return (IRR) as a function of electricity price and CO, 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 CO; 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 °C,
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 CO..

Savings in CO; 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/kgCO.. 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 CO; 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.
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