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ARTICLE INFO ABSTRACT

Handling editor: Panos Seferlis This article compares 16 Power to Gas integrations for blast furnace ironmaking by using 17 key performance
indicators. The study includes 4 types of PtG (PtHy, PtSNG using pure CO», PtSNG using treated BFG, and PtSNG
using BFG), two types of blast furnaces (air-blown and oxygen) and two types of fossil replacement (coal or coke).
The blast furnaces are modelled using the Rist diagram, validated with literature data (<2% deviation). For most
cases, the decrease in total CO, emissions is around 150-215 kgcoa/tum per MW/(tym/h) of electrolysis. The
energy penalty (in terms of electricity consumption) was found to be mostly independent on the size of the PtG
plant, but greatly dependent on the type of integration (10.1-20.6 MJ/kgcoz). If significant CO4 reductions are
aimed, self-sufficiency in electricity consumption will not be achieved. In practice, the maximum PtG capacity to
install is limited by the decrease in the flame temperature. In this context, the PtSNG integration consuming
treated BFG, applied to OBF for coal replacement, provides the best results. Assuming a 500 tyy/h blast furnace,
the PtG capacity of this concept could be as large as 490 MW and avoid up to 21% of the CO; emissions.
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1. Introduction

3FCZO3 +H2—>2FC304 + Hzo (4)

The ironmaking industry is one of the most energy- and carbon- Fe;0, + Hy—3FeO + H,0 (5)
intensive industries in the world. It is the second largest consumer of

industrial energy (7,200 TWh/y) (Quader et al., 2015), and responsible FeO + H,—Fe + H,0 6)

of 9% of the total CO5 emissions worldwide (International Energy
Agency, 2020), accounting for (3.7 Gtcoa/y) (De Ras et al., 2019). The
main manufacturing route in ironmaking is blast furnaces (Fenton and
Tuck, 2019). In blast furnaces, iron ore and coke are introduced at the
top. The former is reduced while descending by using a reducing gas that
ascends in counter-current. The reducing agents are CO (Eq. (1) to Eq.
(3)) and Hy (Eq. (4) to Eq. (6)) (Babich et al., 2008). This gas is produced
at the lower part of the furnace by burning the coke with Oy-enriched air
that is injected through the tuyeres (air separation unit needed).
Auxiliary fuels, such as pulverized coal or natural gas can be also
injected through the tuyeres to decrease the coke input (Fig. 1) (Geerdes
et al., 2020).

Because of the requirement of high-temperature heat (above
800-1,200 °C) and the nature of the process itself (CO2 release during
reduction), the blast furnace ironmaking process cannot be decarbon-
ized with electrification (Ueckerdt et al., 2021). Renewable hydrogen
and synthetic fuels can overcome this barriers (Ueckerdt et al., 2021).
Within this framework, some authors have studied the application of
Power to Gas (PtG) to blast furnace ironmaking. Power to Gas technol-
ogy consumes renewable electricity to produce Hy, which is then com-
bined with the CO, emissions of the ironmaking process to obtain
synthetic methane (Bargiacchi et al., 2021). This synthetic fuel is used in
the blast furnace to keep carbon in a closed loop (Perpinan et al. (2021)),
thus avoiding geological storage (the transport and storage costs

3Fe,0;3 + CO—2Fe;04 + CO, (€8] represent the 30% of the overall costs in the CCS chain (Holz et al.,
2018)). The studies found in literature show that the COy emissions
Fe;0, 4-CO—3Fe0 + CO, @ could be cut by 13%-19% (Hisashige et al., 2019), by using electrolysis
power capacities of about 880 MW (Rosenfeld et al., 2020). Addition-
FeO + CO-Fe + CO, 3)

ally, Bailera et al. (2021a) proposed the combination of Power to
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Fig. 1. Conceptual diagram of a blast furnace.

Methane with oxygen blast furnaces (OBF). In oxygen blast furnaces,
pure oxygen is used for combustion instead of air, thus obtaining a top
gas with very little contain of nitrogen. Since the water electrolysis of the
PtG by-produces Oo, it allows diminishing the electricity consumption of
the air separation unit that feeds the oxygen blast furnace. A first
approach to this OBF-PtG system was studied by Perpinan et al., 2021 by
using overall energy and mass balances. Assuming 430 MW electrolysis
power capacity, he found CO5 emissions reduction of 8% and specific
electricity consumptions of 34 MJ/kgcoa.

In order to clearly establish the potential of Power to Gas within the
ironmaking industry, the present paper analyzes 16 different PtG in-
tegrations and compares them with each other by using 17 key perfor-
mance indicators. The results are provided as a function of the PtG
capacity installed per tygy/h produced in the blast furnace, in order to
make them scalable to any size of PtG and ironmaking plants. Thus, this
study provides several major novelties: (i) most of the 16 PtG in-
tegrations have not been assessed before in literature, (ii) all the in-
tegrations are assessed under the same framework for proper
comparison, (iii) 17 key performance indicators are defined as a useful
tool for standard comparison in further studies, (iv) the limits on the
integration of PtG with blast furnace ironmaking are defined according
to technical criteria, (v) recommendations on the best PtG configura-
tions are provided, comparing PtH, with PtSNG. The paper is divided in
the following sections: first, the case studies are defined (Section 2);
then, the methodology is explained (Section 3); third, the results are
presented and discussed, including the validation of the model, the in-
dividual analysis of each KPI, and the overall comparison (Section 4);
finally, conclusions are provided (Section 5). The paper also includes an
exhaustive appendix with graphs of all the KPIs (see supplementary
material).

2. Potential integrations of power to gas with blast furnaces

When it comes to Power to Gas integrations, we can follow a
decarbonization approach based on PtHz or PtSNG. The former is a
straighter pathway that directly injects the renewable Hy in the blast
furnace to replace some fossil fuel. In the latter, the Hy is combined with
the CO, emitted by the ironmaking process to produce synthetic natural
gas for injection, what keeps carbon in closed loop. Depending on the
CO4 source used in this methanation process (captured CO,, treated BFG
or BFG itself), three process flow diagrams for the PtSNG route can be
established (Fig. 2). Therefore, we have 4 types of Power to Gas in-
tegrations. These are assessed for air-blown blast furnaces and for oxy-
gen blast furnace. In addition, it is considered the possibility of replacing
either coal or coke when injecting the renewable gas (when replacing
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Fig. 2. Potential integrations of Power to Gas with blast furnace.

coke, the coal flow keeps unchanged, and vice versa). Thus, we have 16
study cases in total (4 types of PtG integration x 2 types of blast furnace
x 2 types of fossil replacement), which are compared with each other
and with their corresponding base case (where no integration is
included).

It is worth to highlight that OBF configurations have in general three
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main advantages with respect to BF configurations. The first one is the
availability of a carbon capture process already in the base case scenario.
Oxygen blast furnace are usually operated with top gas recycling (Shao
et al., 2021), which rejects COz from the BFG to inject the resulting
mixture into the blast furnace as reducing agent and heat sink. There-
fore, we can take advantage of this existing carbon capture stage when
integrating the methanation process (in conventional BF, the carbon
capture has to be installed on purpose). The second advantage comes
from the greater amount of pure O3 used in OBF (>70% O,-enriched
air). When installing large Power to Gas capacities (aiming for relevant
decarbonization), most of the available O, from the electrolyzer will
remain unused in BF configurations (since it is not needed), what re-
duces the impact of the integration. Oxygen blast furnaces can take
advantage of all the Oy available from the electrolysis stage. The third
advantage arise when using treated BFG or BFG itself in the methanation
process. In the case of air-blown blast furnaces, the large amount of Ny
present in the BFG (~50 vol%) will end up entering into the methana-
tion stage and forming part of the final SNG (see supplementary mate-
rial). This drastically reduces the fossil fuel replacement ratio (part of
the SNG is just inert Ny) and decreases the flame temperature in excess
(N3 acts as sink of heat). When using OBF, the N, content in the BFG is
around 1-2%, thus avoiding these issues.

3. Methods

3.1. Modelling methodology

3.1.1. Blast furnace
The blast furnace is modelled using the Rist diagram (Fig. 3) (Rist
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Fig. 3. Rist diagram.
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and Meysson, 1967). This methodology allows for predicting variations
in blast furnaces’ performance when their operating conditions are
changed. It uses the carbon, oxygen, hydrogen and energy balances,
which are graphically depicted using the operation line. The method-
ology was thoroughly described in a previous paper by the authors
(Bailera et al., 2021b), therefore only a short description is presented
here. The equation of the operating line is written as Eq. (7). The slope,
p, stands for the number of moles of reducing gas needed for the pro-
duction of 1 mol of Fe. The intercept, Y, gives the moles of Hy and O
coming from sources other than iron oxides that contribute to the for-
mation of the reducing gas (Meysson et al., 1964).

Y=pX+Ye @)

In practice, the operating line cannot be directly computed by
calculating p and Yg because data is missing. The operating line must be
computed using two characteristic points denoted as R and P. The point
R is given by the equilibrium between gas and solids in the mid zone of
the blast furnace, and the point P is given by the energy balance of the
system. Relevant results can be obtained from the operating line once
characterized. Its slope stands for the required reducing agent rate in
terms of C and Hy per mole of Fe, so the coke input can be calculated
(Hisashige et al., 2019). The intercept is the sum of the hydrogen and
oxygen brought into the furnace (except for the Oy contained in the iron
ore). Therefore, by subtracting all other O, and Hy sources (moisture,
auxiliary fuels, coke and impurities), the necessary air flow rate can be
derived (Hisashige et al., 2019). Additionally, the calculated rates of
reducing agent and oxygen will determine the flame temperature. Also,
the initial oxidation state of the iron oxides introduced in the blast
furnace (Y,) allows to derive the final degree of oxidation of the gas
leaving the top of the furnace (X, — 1). Finally, the ratio between direct
and indirect reduction is identified by construction. The abscissa X = 1
gives the oxygen removed by direct reduction, y,; (Fig. 3), and thus the
oxygen removed by indirect reduction is easily calculated asy; = Y, —
Ya-

3.1.2. Power to gas, carbon capture plant and air separation unit

The process flow diagram of the Power to Gas plant is depicted in
Fig. 4. It comprises an electrolyser (4.5 kWh/Nm? (Davies et al., 2021))
and two isothermal methanation reactors (370 °C and 320 °C, both at 5
bar) with water condensation after each stage (at 35 °C). This configu-
ration allows reaching methane contents above 95 vol% (Izumiya and
Shimada, 2021) (see supplementary material for SNG composition).

The amount and composition of the final SNG is calculated by
chemical equilibrium of the methanation reaction (Bailera et al., 2019).
The methanation of CO5 (Eq. (8)) can be decomposed as the combina-
tion of the reverse water-gas shift reaction (Eq. (9)) and a subsequent CO
methanation (Eq. (10)) (Gao et al., 2012).

CO; +4H, < CH, + 2H,0 ®
CO, +H, & CO + H,0 )
CO +3H, & CH, + H,0 10)

SNG

H0

Fig. 4. Process flow diagram of the Power to SNG plant.
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The products of the CO, methanation are calculated through the
mole balance of the overall reaction (Eq. (11)),

I/502C02 +vpHy + U(‘H4CH4 + l/H20H20 + I/COCO HMCOZCOQ + ﬂH2H2

+ HensCHa + py0H2 0 + 1o CO
(1D

where y; are the initial moles of reagent i, and y; the final moles of
product i. The latter are the five unknown variables that give the gas
composition after the reaction. These are computed through the mole
balances of carbon, hydrogen and oxygen (Eq. (12) to Eq. (14)) and
through the equilibrium constants of the involved reactions (Eq. (15)
and Eq. (16)).

Veor +Vena +Veo = Heor T Hera + Heo (12)
Uiz + 2Vcns + Vino = Mgy + 2leps + Hino a3
1 1 1 1
Vcor +§VH20 + Vo = Heor + S0 + FHco a4
Kprwos = Lcottzo @as)
Hcookmn

Kpco (16)

-2
_ Hemstmo(Heor + P + Hems + Bio + ”Co)z <&>
= : »
Hizfco a

Kp; is the equilibrium constant of reaction i, P, is the pressure inside
the reactor, and P, is the ambient pressure. The value of Kp; is directly
computed from its definition (Eq. (17)):

G

Kp; = e ®7 a7

where G; is the Gibbs free energy of reaction i (Eq. (18) and Eq. (19)),
and T, the temperature of the reactor. It should be noted that the Gibbs
free energy of each component can be computed as g = h; — T, s;.

Grwes = gco + &mo — &2 — &coz (18)

Geo = gcna + &mo — 38m — &co (19)

Regarding the carbon capture plant, amine scrubbing technology is
chosen for the study. The amine plant is assumed to have 95% CO,
capture efficiency (Kamijo et al.,, 2021) and 2.95 MJ/kgco2 specific
consumption (Bailera et al., 2020). Lastly, the consumption of the air
separation unit is set at 170 kWh/tgy (Lisbona et al., 2020).

3.2. Definition of the key performance indicators

The key performance indicators (KPI) quantify the most significant
aspects that may have an impact on the overall system performance
(Table 1). We use KPIs to establish the integration limits of Power to Gas
in ironmaking. The three more restrictive KPIs will be KPIy; (electrolysis
electricity consumption), KPIjg (flame temperature) and KPI;; (thermal
self-sufficiency). The first one will define the required power capacity of
the electrolyzer, which should be in compliance with the state-of-the-art
of the technology. Largest electrolysis projects are usually around 100
MW (Davies et al., 2021), while the most ambitious planned project aims
to reach 600 MW (Thema et al., 2019). The second most restrictive KPI is
the flame temperature reached when SNG or H; are injected into the
blast furnace. According to literature, this temperature should not fall
below 2,000 °C (Geerdes et al., 2020). The last KPI that may impose a
limitation in PtG integration determines if the internal thermal con-
sumptions of the steel plant are properly covered with the available BFG
and COG. If not, additional fuel consumption should be needed, which is
what we try to avoid. We do not consider electricity self-sufficiency as a
limitation, since renewable electricity from solar or wind power could
be used without increasing CO, emissions. In fact, it is expected to not
reach electricity self-sufficiency due to the great consumption of the
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Table 1
Key performance indicators of Power to Gas integrations in ironmaking.
KPI Description Units
KPIy; Electrolysis electricity consumption MJ/tum
KPIy, Mass flow of SNG or Hj injected to the blast furnace  kg/tam
KPIp3 Substituted fossil fuel ratio Kkgcoal/kgsng OF
kgcoal/KgH2
KPIps; Oy produced in the ASU kg/tum
KPIps CO utilization, nco -
KPIpe H, utilization, ng2 -
KPlp;  Percentage of direct reduction in the blast furnace %
KPIpg Recirculation ratio in OBF concepts %
KPIpg Flame temperature °C
KPl;p  Total CO, emissions kg/tum
KPI,; CO,, emissions that can be stored in geological kg/tum
storage (emitted as pure CO5)
KPl;;  Total avoided CO, kg/tam
KPI;3  Avoided CO, that is kept in closed loop kg/tum
KPl;4  Gross energy penalty of avoiding CO2 MJ/kgco2
KPI;5  Net energy penalty of avoiding COy MJ/kgcoz
KPli¢  Electricity self-sufficiency MJ/tum
KPI;, Thermal self-sufficiency MJ/tum

electrolyzer. Nevertheless, if some configurations meet both thermal and
electrical self-sufficiency, they will be prioritized. Some of the KPIs are
directly obtained as a result from the modelling methodology, while
others need further explanation. The latter comprises CO, emissions,
energy penalty and self-sufficiency, and they are detailed in the
following subsections.

3.2.1. CO, emissions

The BFG that is produced in the blast furnace may follow different
processes. One part is recycled to the blast furnace as SNG (after
methanation) and/or as treated BFG (after carbon capture). The rest
may leave the system as BFG itself, as pure CO; or even as treated BFG
(see Fig. 2). We define the total CO; emitted by the blast furnace (KPI;()
as the sum of the emissions of these three gases leaving the system. To
quantify this, we compute the equivalent CO, emissions by taking into
account that their CO content will end up as CO;, after using the gases in
other processes of the steel plant (1 mol of CO5 gives 1 mol of COo, and 1
mol of CO will give 1 mol of CO; after combustion). In addition, we
calculate the percentage of the total emitted CO5 that can be directly
sent to geological storage (i.e., the share that is emitted as pure COs,
KPI;).

To evaluate the effectiveness of the Power to Gas integrations, we
also compute the avoided CO; (KPI;3), which is the difference between
the total CO, emitted by a given configuration and its base case scenario.
The CO; is avoided because part of the carbon is continuously recycled
by using the methanation process, but also because the coal and coke
replacement ratio is greater than 1 for the injected SNG (or Hy). The CO,
that is kept in closed loop by going through methanation (KPI;3) is
quantified to assess its contribution to the total CO, avoidance.

3.2.2. Energy penalty

The gross energy penalty of avoiding CO5 (KPI;4) is calculated as the
quotient between the energy consumed (on account of Power to Gas)
and the avoided CO; (Eq. (20)). The energy consumption includes the
electricity supplied to the electrolyzer (KPIy;), the heat provided to the
amine scrubbing for capturing the CO3 used in methanation (Qq), and
the heat used to preheat the SNG (or Hy) that is injected in the blast
furnace (Qpm). For consistency, the latter two are computed as the
equivalent electricity that would be produced in the power plant with an
efficiency 7, = 0.36 (Kim and Lee, 2018).

KPly; + (Qum + Cpn)
KPI,, = I
KF 12

(20)

Since the Power to Gas integrations allow to save energy in other
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processes of the plant, we can calculate a net energy penalty for the CO,
avoidance (KPI;s). This follows Eq. (21), which accounts for the elec-
tricity that is no longer consumed in the air separation unit (Wusym;
assuming a typical specific consumption of 0.61 MJ/kgoz (Lisbona et al.,
2020)), for the energy content of the substituted fossil fuel
(KPIp:KPIy3LHVY), and for the thermal energy available from the
methanation process (Qenm). For consistency, the latter two are
computed as the equivalent electricity that would be produced in the
power plant.

KPIy; — Wasum + (Qa,m + Qpm — KPIp,KPIsLHV, —

KPI;,

Qex.m) '7pp

KPI]5 =
2D

As first approach, KPI;4 and KPI;5 assume that all heats can be used
in the power plant, independently of the temperature of the streams. To
obtain more accurate values, a detailed integration of the streams should
be performed within the entire process flow diagram of a steel plant.
Nevertheless, as long as we established the same comparison framework
for all the Power to Gas integrations, the comparison will be valid, which
is the objective of this study. Moreover, the variation in the terms Qg ,
Qpm and Qe n Will be mostly negligible when compared to KPIy; (elec-
trolysis electricity consumption), which is by far the largest consump-
tion. Therefore, the change in the KPIs will be minor.

3.2.3. Self-sufficiency

The electricity consumption in steel plants is usually in the range
800-1,700 MJ/tgy (Perpinan et al., 2021). This is supplied by burning
COG and BFG in a power plant using a gas-fired boiler (24%-44% effi-
ciency) or a gas turbine (46% efficiency) (Rainer Remus and Serge
Roudier, 2013). The amount of COG produced in steel plants is in the
range 110-160 kg/tyy (Bailera et al., 2021a), from which between the
10% and 75% is usually required for internal processes, leaving the rest
available for power production in the power plant (Wu et al., 2016).
Regarding the BFG, conventional air-blown blast furnaces with pulver-
ized coal injection produce 1,900 to 2,300 kg/tyy (Bailera et al., 2021b),
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from which the 54%-58% is needed in internal processes (Suzuki et al.,
2015), being the rest available for the power plant (Rainer Remus and
Serge Roudier, 2013). Normally, there is an excess of thermal energy
available for the power plant, so either the surplus electricity is sold to
the grid or part of the gases is flared or sold to an external power plant. A
summary of the range of values for these energy flows is depicted in
Fig. 5a, assuming typical LHV for COG (41.6 MJ/kg) (Bailera et al.,
2021a) and BFG (2.5 MJ/kg) (Bailera et al., 2021b).

In this study, we assume the base case scenario presented in Fig. 5b,
which is around the mid value of the typical ranges found in literature
for steel plants. The electricity consumption is 1,200 MJ/tyy and the
thermal consumption covered with COG and BFG is 4,742 MJ/tyy. The
mass flows of COG and BFG produced in the steel plant are 140 kg/tyy
and 1,967 kg/tym, which represent a total of 10,741 MJ/tyy of thermal
energy available. The 44% of this energy is used to be self-sufficient in
thermal energy consumption, the 31% is send to the power plant to be
self-sufficient in electricity consumption (36% efficiency), and the
remaining 25% would be available for selling or for additional pro-
cesses. Our base case scenario is in line with data from a real steel plant
of ArcelorMittal located in Gijén, Spain (570 tgy/h in size) (Arce-
lorMittal, n.d., n.d.). In 2019, they planned to sell unused gases to a
nearby power plant. This power plant, which would run only on steel
gases, would produce 181 MW of electricity (Pandiello, 2019) with
34.5% efficiency (Robles et al., 2014). This means that the steel plant of
ArcerlorMittal aimed to sell about 3,300 MJ/tyy of thermal energy in
the form of excess steel gases. In our base case scenario, we have
available 2,666 MJ/tyy as excess gases, so the proposed scenario is
considered realistic.

Under PtSNG integrations, and specially for oxygen blast furnaces,
the available BFG decreases (some part is used in methanation and other
part in top gas recycling). Despite of this, we should keep constant the
internal consumption of thermal energy (4,742 MJ/tym), so the per-
centage of BFG available for the power plant and selling will be lower.
Eventually, the use of BFG in methanation, and the electricity con-
sumption in the electrolyzer (which is added to the 1,200 MJ/tym

a) Typical mass and energy flows regarding BFG and COG utilization for power production
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Fig. 5. Mass and energy flows regarding BFG and COG utilization in power production for self-sufficiency in steel plants.
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baseline) will increase to the extent that there will be no excess gas for
selling, and the power plant will not produce enough electricity. At this
point, the steel plant is no longer self-sufficient, and electricity should be
purchased from the grid to satisfy demand. The electricity purchased
from the grid is assumed to come from renewable energy sources, in
order to not increase the CO5 emissions.

To quantify the electricity that can be sold or must be purchased we
use the KPI;g (Eq. (22)), which provides the electricity balance. It is a
balance between the electricity that can be produced in the ironmaking
plant with the available gases ((5,824 + mgpgLHVprg — 4,742 — Qpm —
Qam + Qexm)pp), and the electricity that is consumed (— 1,200 —
KPIp; + Wasum).- When KPI;¢ > 0, the steel plant is self-sufficient and
KPI;¢ represents the amount of electricity than can be sold to the grid,
while when KPI;4 < 0 the steel plant is not self-sufficient and |KPly¢| is
the amount of electricity that must be purchased from the grid. It takes
into account the electricity consumption of the electrolyzer (KPIy;), the
thermal energy required for preheating the injected SNG or Hy (Qpm),
the heat needed for amine scrubbing (Qg ), the heat available from
methanation (Qexm), and the electricity saved in the ASU thanks to the
O, available from the electrolyzer (Wasym).
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data (Table 2), so it is considered to be validated.

To have a fair comparison, the base case of the oxygen blast furnace
is elaborated taking the air-blown blast furnace as reference. The iron
ore and coal inputs are the same, but the Og-enrichment is increased to
99.5%. Also, 450 kg/tyy of treated top gas are recirculated at 900 °C
(Jin et al., 2016) to keep the same flame temperature. The chemical
efficiency remains unchanged, but the temperature of the chemical
reverse zone (900 °C (Sato et al., 2015)), the heat evacuated by the
staves (500 MJ/tyy (Sahu et al., 2015)) and the temperature of the BFG
(85 °C (Babich et al., 2019)) are adjusted according to literature to have
a consistent OBF operation. Thus, we obtain CO and H utilization ratios
of 45% and 24%, and a percentage of direct reduction of 16%, which are
in agreement with literature (Sahu et al., 2015). The equivalent CO5
emissions in this case are 1,163 kg/tHM, of which 42% are available as
pure CO; from the amine carbon capture plant.

4.2. Key performance indicators

In this study we compare 16 case studies using 17 KPIs. All the KPIs
are analyzed as a function of KPIy;, which is the electricity consumption

KPly6 = (5,824 + mpeLHV e — 4,742 — Qpn — Qum + Qexan ) pp — 1,200 — KPly; + Wasum (22)

Furthermore, if the sum within parenthesis in Eq. (22) becomes less
than 0, then the steel plant would not have enough BFG and COG to
satisfy its own thermal demands. This parenthesis is the available
thermal energy for the production of electricity; if it becomes negative, it
means that the thermal requirements are not fulfilled within the iron-
making plant, what would imply the purchase of “Heat” (i.e., increasing
the fossil fuel consumption). This is denoted by KPI;; (Eq. (23)). The
requirement of KPI;7 > 0 is considered as an integration limit for the
electrolysis capacity that can be installed.

KPIy; = (5,824 4+ mppcLHVprg — 4,742 — Qpn — Qum + Qexm) (23)

It should be noted that the term mprgLHVprg stands for the energy
content of the blast furnace gas that remains available after Power to Gas
integration (in the case of BF-PtSNG-CO; integration, the energy of the
treated BFG that is available should be also accounted). As occurred for
the energy penalty, here we provide a common framework for com-
parison that allows identifying the best Power to Gas integration based
on typical operating data of steel plants. To obtain more accurate results,
calculations should be performed on a case-by-case basis, since the
amount of COG available for power production, as well as the electricity
consumption, vary depending on the steel plant.

4. Results and discussion
4.1. Validation of base case scenario

The base case of the air-blown blast furnace is based on data from
Babich et al. (2019). This is a conventional blast furnace with pulverized
coal injection and 26% Os-enriched hot blast. The chemical efficiency is
92%, the temperature of the chemical reserve zone is 800 °C and the
heat evacuated by the staves is 700 MJ/tgy (20% of this heat is evac-
uated in the upper zone) (Bailera et al., 2021b). As a result, we obtain
that the CO and H; utilization ratios are 51% and 31%, the percentage of
direct reduction is 30.6%, and the flame temperature is 2,138 °C. The
equivalent COy emissions of the blast furnace are 1,338 kg/tym. The
model provides a discrepancy below 2% with respect to the reference

of the electrolysis (i.e., as a function of the size of the Power to Gas
plant). The results are summarized in this section, providing graphical
representation only for the most relevant information. The rest of the
graphs are available in the appendix for further clarification (see sup-
plementary material). Moreover, relevant data are gathered in Table 3.

4.2.1. KPIyy: mass flow of SNG or H; injected to the blast furnace

The gas production when using PtHy is 20 kg/h per MW of elec-
trolysis, independently of the case study, which corresponds to the
selected specific consumption of 4.5 kWh/Nm® (66.7% LHV efficiency).
Similarly, the SNG production when using pure CO, is independent of
the case study, obtaining 41 kg/h per MW of electrolysis. This corre-
sponds to an electricity-to-chemical efficiency of 54%, typical of PtG
concepts. In the case of using BFG in the methanation plant (treated or as
is), the SNG production varies because the BFG composition depends on
the case study (154-230 kg/h for BF, and 52.5-64.2 kg/h for OBF, per
MW of electrolysis). In the BF cases, the mass flow of SNG produced is
much greater but the major part is actually inert Ny (it entered the
methanation as part of the BFG). Besides, the higher the CO content in
the BFG, the more SNG will be obtained (1 mol of CO requires 3 mol of
Ho, Eq. (10), while 1 mol of CO; requires 4 mol of Hy, Eq. (8)). Since the
LHV of the SNG obtained is 47.2-47.8 MJ/kg, and the LHV of the
mixture of SNG + Nj is 11.4-18.1 MJ/kg, the ratio between the energy
content of the gas and the electricity consumed in the PtG is in the range
71%-84%. The higher value of 84% corresponds to the case of coal
replacement in an OBF using treated BFG in the methanation plant.
These energy ratios can be larger than the electrolysis efficiency itself
because there is Hy already existing in the BFG that enters into the
methanation (treated BFG or as is).

4.2.2. KPlys: substituted fossil fuel ratio

The replacement ratios were found to be independent of the size of
the Power to Gas plant. They mainly depend on the replaced fossil fuel
(coal or coke) and on the gas used to replace it (Hz, SNG or SNG + Nj).
When injecting SNG, the replacement ratio for coal is 1.30-1.40, and for
coke is 1.10-1.15 (little difference between BF and OBF). The latter is in
complete agreement with the value provided by Babich for the
replacement of coke by methane, which is 1.13 (Babich, 2021). When
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Table 2
Model results for base case scenarios.
Inlet (kg/tuy)  BF OBF
Babich (Babich et al., 2019) Model A (%) Model

Iron ore 1,558.0 1,558.0 - 1,558.0
# Fey03 1,146.9 1,146.9 - 1,146.9
# FeO 187.3 187.3 - 187.3
# Si0y 69.9 69.9 - 69.9
# Al,O3 107.2 107.2 - 107.2
# CaO 26.9 26.9 - 26.9
# MgO 16.2 16.2 - 16.2
# MnO 3.6 3.6 - 3.6
T (°C) 25 25 - 25

Coke 283.0 289.0 2.1 234.8
#C 251.4 256.7 2.1 208.6
# Fey03 1.7 1.8 2.1 1.4
# Si0y 19.7 20.1 2.1 16.3
# Al,03 9.1 9.3 2.1 7.6
# CaO 0.8 0.8 2.1 0.6
# MgO 0.3 0.3 2.1 0.3
T (°C) 25 25 - 25

Coal 200.0 200.0 - 200.0
#C 153.6 153.6 - 153.6
#H 8.3 8.3 - 8.3
#0 10.2 10.2 - 10.2
#N 3.1 3.1 - 3.1
#S 0.9 0.9 - 0.9
#H,0 2.4 2.4 - 2.4
# SiOy 12.3 12.3 - 12.3
# Al,03 8.9 8.9 - 8.9
# CaO 0.3 0.3 - 0.3
T (°C) 25 25 - 25

Hot blast 1,172.1 1,181.7 0.8 333.4
#Ny 826.7 833.5 0.8 1.5
#04 345.4 348.2 0.8 331.9
T (°C) 1,200 1,200 - 1,200

Treated BFG - - - 448.8
#Ny - - - 7.9
# COy - - - 25.7
# CO - - - 407.3
#H, - - - 8.0
({9} - - - 900

Outlet (kg/tum)

Hot metal 1,000.0 1,000.0 0.0 999.8
# Fe 947.2 947.2 0.0 947.0
#C 45.0 45.0 0.0 45.0
# Si 5.3 5.3 0.0 5.3
# Mn 2.5 2.5 0.0 2.5
T (°C) 1,500 1,500 - 1,500

Slag 260.0 261.8 0.7 256.0
# Si0y 90.4 91.0 0.7 87.2
# Al,O3 124.6 125.4 0.7 123.7
# CaO 26.3 26.5 0.7 26.3
# MgO 16.4 16.5 0.7 16.4
# MnO 0.4 0.4 0.7 0.4
# CaS 1.9 1.9 0.7 1.9
T (°C) 1,550 1,550 - 1,550

BFG 1,953.2 1,966.9 0.7 1,519.2
#Ng 830.0 836.6 0.8 12.5
# COy 678.8 684.4 0.8 814.3
# CO 414.7 416.2 0.4 645.0
#H,0 23.9 23.8 -0.6 34.8
#Hy 5.9 5.9 0.0 12.6
T (°C) 150 150 - 85

injecting SNG + Ny, coal is replaced at a ratio 0.32-0.44, and coke at
0.29-0.37. Lastly, when injecting Hj in the BF, the coal replacement is
2.90 and the coke replacement 2.46. These two values increase by 25%
when the Hj is injected in an OBF. It must be noted that when coke was
replaced, coal was kept constant at 200 kg/tyy in the simulation (base
case mass flow). Similarly, when coal was replaced, coke was kept
constant at 289.0 and 234.8 kg/tyy;, for BF and OBF respectively (base
case mass flows).

In general, the replacement ratios obtained for coal are 18% greater
than those for coke, independently of the type of gas injected. This
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means that the replace of coke by coal is 0.85, which is in agreement
with the correlation of Brower and Toxopeus (1991). This formula is
based on real data from the Hoogovens IJmuiden blast furnace, and
depends on the properties of the coal injected (see Appendix in sup-
plementary material). It gives 0.87 coke replacement ratio for the coal
we used (2% deviation between the model and the correlation).

4.2.3. KPIy4: Oz produced in the ASU

The rate at which the O, needs are cut is constant and similar for all
SNG and SNG + N injections. In these cases, the O, production in the
ASU is decreased by 152-158 kgoo/h per each MW of electrolysis, what
actually equals the availability of the O by-produced in the electrolyzer
(159 kgpo/h per MW). In the case of H; injections, the O, production in
the ASU decreases even faster than this availability because the O,
required in the blast furnace diminishes (we avoid the O, that was used
to burn the C that no longer enters the blast furnace). Thus, the saving of
O, in the ASU is 167 kgoa/h for Hy injections in BF and about 195 kgpy/h
for OBF, per each MW. The difference is greater in OBF because all the
O, for the blast furnace is produced in the ASU. In air-blown BF, what is
actually diminished is the air injection, what consequently decreases the
O, required in the ASU because there is less air to enrich.

In the base case, the ASU produces 95.1 kgoo/tyy for the BF, and
333.4 kgoo/tyy for the OBF. At the mentioned saving rates, the ASU will
no longer be need above 0.57-0.61 MW/ (tym/h) of electrolysis capacity
for BF, and above 1.71-2.19 MW/(tym/h) for OBF (the lower limit
corresponds to Hj injections and the upper to SNG).

4.2.4. KPIys and KPIys: CO and H; utilization

The operating line allows computing the overall gas utilization,
flco.n,» Which is the quotient between the mole flow of CO2+H20 and the
mole flow of CO2+H50 + CO + H; in the BFG. This gives an idea on how
much reducing gas was used in the blast furnace. According to the Rist
model, it decreases with the PtG capacity in most cases, although the

variation is moderate (2.4 percentage points per I:m‘;‘]f as much) (see

Fig. 6). Because of the larger content of CO and CO, compared to Hy and
H,0, this parameter is mostly driven by the CO utilization.

To obtain separately the utilization of CO (1) and Ha (7g,), an
additional energy balance on the upper zone of the blast furnace is
performed (see (Bailera et al., 2021b)). The assumptions taken in this
balance (constant heat removed by the staves and constant temperature
of the BFG), influences the behavior of 5¢, and #y,, which is shown in
the appendix (see supplementary material). In summary, the larger the
PtG capacity, the greater the heat available in the upper zone of the blast
furnace. Therefore, the Hy utilization (endothermic process) increases in
order to balance this heat (what subsequently diminish the CO utiliza-
tion). The three main reasons for which there is more thermal energy
available are: (i) the increment of the Hy mole flow in the gas, whose
specific heat is greater compared to the other components; (ii) the in-
crease of the N3 mole flow, in those cases of SNG + N injection; and (iii)
the decrease of the coke mass flow, in those cases of coke replacement.
In (i) and (ii), cooling the gases requires to remove more energy, while in
(iii), heating the solids requires less energy, what in both cases translates
into an excess of available energy. In any case, if we consider the limi-
tation imposed by the flame temperature on the maximum PtG capacity
(see section 4.2.7), the H, utilization will not be greater than 0.7 for any
configuration, which is still reasonable and according to literature
(Nogami et al., 2012).

4.2.5. KPIlyy: percentage of direct reduction in the blast furnace

The direct reduction is and endothermic process that takes place in
the lower part of the blast furnace. Since the injection of Hy and SNG will
provide less thermal energy than the fossil fuel they replace, the per-
centage of direct reduction will decrease to satisfy the energy balance (i.
e., we have less endothermic reduction to compensate for the lack of
thermal energy). In general, a higher decrease in direct reduction is
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obtained for coke replacement compared to coal replacement, and for
OBF in comparison to BF. Combining both trends, we observe that the
decrease in the percentage of direct reduction is 40%-47% higher for
OBF with coke replacement than for air-blown BF with coal replace-
ment. Regarding the type of PtG used, the decrease is more pronounce
for H, injections (6.3-8.8 pp/¥Wes) than for SNG injections (3.8-7.5 pp/

tum /h
I‘t’i‘x;‘}f), because the former does not follow combustion when injected

(remains as Hy), while methane follows partial combustion to CO and Hy
(i.e., provides more heat). The values for each case study can be seen in
Table 3, and the graphical representation against KPIp; in the appendix
(see supplementary material). It should be noted that, in practice, the
percentage of direct reduction should not fall below 5% (technical
limitation according to (Babich, 2021)), what implies upper limits in the
electrolysis capacity that can be integrated with OBF. These values are
presented in Table 4, although they are less restrictive than the limita-
tion imposed by the flame temperature (see section 4.2.7).
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4.2.6. KPIyg: recirculation ratio in OBF concepts

The recirculation ratio is defined as the percentage of BFG that is
diverted to the carbon capture stage on account of the top gas recycling.
This ratio is adjusted to always inject the same mole flow of H,+CO as in
the base case (18.5 kmol/tyy), regardless of the BFG composition. Re-
sults show that the recirculation ratio decreases between 3 and 6 per-

centage points per m{‘f‘;‘ﬁ of electrolysis capacity installed. In general, this

decrease is about 50% higher in the case of coke replacement than in
coal replacement. Comparing the different types of PtSNG, the decrease
is greater the higher the amount of Hj introduced in the methanation
process per MW of electrolysis.

It should be mention that an increasing 7y, with the PtG capacity
only means that the HoO mole flow in the BFG increases faster than the
Hj, mole flow. The Hy mole flow in the BFG increases because we are
injecting Hy or SNG in the blast furnace, whose H:C ratios are higher
than those of coal and coke. In practice, this makes the required recir-
culation lower.

Table 3
Summary of the comparison of the 16 PtG integration cases (see Fig. 2 for simplified process flow diagrams).
Type of PtG Hy H H, H, SNG SNG SNG SNG SNG SNG SNG SNG SNG SNG SNG SNG
(+N2) (+N2) (+N2) (+N2)
CO,, source for - - - - CO, CO, CO, CO, treated treated treated treated BFG BFG BFG BFG
methanation BFG BFG BFG BFG
Type of BF BF BF OBF OBF BF BF OBF OBF BF BF OBF OBF BF BF OBF OBF
Fossil fuel replaced coal coke coal coke coal coke coal coke coal coke coal coke coal coke coal coke
Gas production 20.0 20.0 20.0 20.0 41.0 41.0 41.0 41.0 230 213 64.2 58.5 155 154 52.7 52.5
k
( fg / MWP[G)
Fossil fuel replacement  2.90 2.46 3.65 3.07 1.30 1.10 1.40 1.17 0.31 0.29 1.35 1.14 0.44 0.37 1.37 1.15
ratio
(K8 gossit fuel /K8gas )
0, saved in the ASU 167 166 197 193 158 157 157 152 158 157 157 152 158 157 157 152
k
(?g / MWP(G)
Change in the gas -2.0 —2.4 +0.4 -0.0 -1.3 -1.7 —0.1 —-0.4 -1.7 -2.3 —0.1 -0.5 -1.6 -2.1 -0.1 -0.5
utilization n¢g ,
(bp/ MWP‘G)
tum/h
Decrease in direct 6.3 8.0 7.1 8.8 3.8 3.8 4.1 5.5 5.1 7.1 6.3 7.5 4.7 6.7 5.3 6.9
reduction
MWpig
(pp / i /b )
Decrease in - - 3.64 5.54 - - 3.07 4.64 - - 4.57 6.05 - - 3.85 5.69
recirculation for
MWP[G
T
GR (pp / o /h>
Decrease in Tgame 83.0 153 112 209 86.7 149 90.6 169 191 270 140 226 162 236 117 211
° . MWp
(/i /h )
Decrease in total CO, 163 160 204 199 150 147 161 157 203 197 248 215 188 186 204 199
emissions
k
( ?g / MWP!G)
Change in the - - -36 -12 - - -13 -19 - - +12 —4.8 - - -0.2 -89
percentage of CO»
that is emitted as
pure CO,
(oo / Mwm)
tum/h
Net energy penalty 18.3 19.2 13.5 14.5 19.6 20.6 17.8 18.9 129 14.0 10.1 11.9 14.7 15.4 12.6 13.6
(MJ /kgco2)
External power to 0.94 0.91 0.96 0.91 0.94 0.91 0.93 0.91 0.98 0.93 1.02 0.93 0.95 0.91 0.95 0.91

satisfy electricity
demand when the
plant is no longer
self-sufficient, per
additional MW of
PtG installed
(MW /MWpg)
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b) Electrolysis power capacity (MW/(t,, /h))
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Fig. 6. Gas utilization, 1oy, (—) vs. Electrolysis electricity consumption (MJ/tum), in the case of a) coal replacement and b) coke replacement.

4.2.7. KPIyg: flame temperature

The flame temperature decreases when injecting Hy, SNG or SNG +
Ny because of the lower thermal energy provided in comparison with the
replaced fossil fuels (coal and coke). In terms of the installed electrolysis
capacity, we found that the injection of Hy may reduce the flame tem-
perature by 83-209 °C, the injection of SNG by 87-226 °C, and the in-

jection of SNG + N» by 162-270 °C, all of them per I\t/mh}f These wide

ranges of values, which comprise the different types of configurations
(BF/OBF, coal/coke replacement), come from the fact that each case
produces a different amount of gas. When converting the results to °C
drops per kg of gas injected, we found that the SNG cools the flame
temperature by 2.2 °C per kggng/tum in coal replacements (in agreement
with literature, 3.0 °C per kgsng/tum (Bailera et al., 2021b)) and by
3.6-4.1 °C per kgsng/tum in coke replacements (also in agreement with
literature, 4.5 °C per kgsng/tum (Babich et al., 2008)). Regarding Ha, it
drops the flame temperature by 4.1-5.6 °C per kgyo/tyy in coal re-
placements and by 7.6-10.4 °C per kgyo/tym in coke replacements.

In general, we see that the drop in the flame temperature is 61-87%
higher for the coke replacement cases, in comparison to the coal
replacement cases at the same electrolysis capacity. This is because the
injection of coal itself already produces a reduction in the flame tem-
perature. Therefore, by replacing it we avoid the temperature drop
corresponding to the replaced amount of coal. Comparing our results for
coke and coal replacements, we can deduce that the injection of coal
results in a reduction of about 1.3 °C per kgcoa1/tim- This is in agreement
with the value provided by Babich for bituminous coals, which is

Table 4

1.0-1.6 °C per kgcoal/tum (bituminous coals have 60-80% of C content;
the coal used in our model has 77%) (Babich, 2021).

The flame temperature is one of the most limiting factors when
integrating Power to Gas. According to Babich (2021), some blast fur-
naces have been successfully operated with 1,600-1,700 °C flame tem-
peratures (the lower the percentage of direct reduction, the lower the
minimum limit for the flame temperature can be). Nevertheless, a
minimum of 2,000 °C is generally considered in literature as a reason-
able technical limit (Geerdes et al., 2020). According to the latter, the
maximum electrolysis capacity that can be installed when replacing
coke is 0.44-0.57 MW for SNG + Nj injections, and 0.54-0.88 MW for
SNG or Hj injections, per tyy/h produced in the blast furnace. When
replacing coal, these upper limits increase to 0.61-0.86 MW for SNG +
N3 injections, and to 0.98-1.67 MW for SNG or Hj injections, per tyy/h
produced in the blast furnace. In general, the limitation in the elec-
trolysis capacity is more restrictive for OBF concepts than for BF (Fig. 7).

4.2.8. KPI]o, KPI]], KPI]Z and KPI13.' COZ emissions

Four KPIs were defined to characterize the CO, emissions: the total
equivalent CO, emissions, the CO2 emitted as pure COs (i.e., that can be
stored), the avoided CO; and the CO; in closed loop. The CO; emitted
(total and captured) is presented in Fig. 8 (empty symbols for the total
COo, and filled symbols for the captured CO5). In general, the type of
fossil fuel replaced has not a relevant influence on the total CO, emitted,
and the OBF cases present faster decrease in the total CO, emissions. For
most cases, the decrease in total CO, emissions is around the range

Maximum PtG capacity that can be installed according to different limiting factors, for the 16 PtG integration cases. The units are MW of electrolysis per tym/h

produced in the blast furnace.

Type of PtG H, H, H, H, SNG SNG SNG SNG SNG SNG SNG SNG SNG SNG SNG  SNG
(+N2) (+N2) (+N32) (+N2)
CO;, source for - - - - CO, CO, CO, CO, treated treated treated treated BFG BFG BFG BFG
methanation BFG BFG BFG BFG
Type of BF BF BF OBF OBF BF BF OBF OBF BF BF OBF OBF BF BF OBF OBF
Fossil fuel replaced coal coke  coal coke  coal coke  coal coke  coal coke coal coke coal coke coal coke
Limited by > 5% - - 1.53 123 - - 265 198 - - 1.72 1.45 - - 2.05 1.57
direct reduction
Limited by > 1.67 087 122 062 159 088 150 0.77 0.61 0.44 0.98 0.54 0.86 0.57 1.18 0.62
2000 °C flame
temperature
Limited by 029 030 007 008 029 030 0.07 008 0.27 0.28 0.07 0.07 0.29 0.30 0.07  0.08

electricity self-
sufficiency
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Fig. 7. Flame temperature (°C) vs. Electrolysis electricity consumption (MJ/tyy), in the case of a) coal replacement and b) coke replacement.
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Fig. 8. Total CO, emissions (kg/tHM) and CO, emissions that can be stored in geological reservoirs (kg/tiwm) vs. Electrolysis electricity consumption (MJ/tyy), in the

case of a) coal replacement and b) coke replacement.

150-215 kgcoa/h per MW of electrolysis. The most limited configuration
is the PtG integration that uses pure CO, in the methanation, whose
maximum CO; cut rate is 160 kgcoa/h per MW of electrolysis. The
percentage of the cut CO, that is kept in closed loop thanks to metha-
nation is 72%-74% for BF configurations and 67%-69% for OBF. The
rest of the contribution to the decrease in CO5 emissions mainly comes
from the increment of the H:C ratio in the reducing agents.

Regarding the CO; available for storage, this is a parameter useful
mainly for the OBF cases, since they include the amine carbon capture
plant. It can be seen that the mass flow of CO5 that is emitted as pure COy
decreases with the electrolysis capacity installed. This is because the
captured CO3 is consumed in methanation and/or because the recircu-
lation ratio decreases (i.e., decreases the amount of BFG passing through
the amine scrubbing). Nevertheless, in the case of using treated BFG for
methanation (for coal replacement), the drop in the available pure COy
is slower than the decrease in total CO5 emissions, so the relative per-
centage increases. For this reason, this configuration is recommended
against the others. The variation in the percentage of CO, emitted as
pure COo, with respect to the total CO, emissions, is included in Table 3
(in the base case, 42% of the total emissions comes from the amine plant
as captured COy). It is worth to note that, in the case of air-blown BF
integrations, there will be CO coming from the amine scrubbing when
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the methanation consumes treated BFG, although not in a significant
amount.

4.2.9. KPI;4 and KPI;5: gross and net energy penalty

The gross and net energy penalty were defined in terms of electricity
consumption according to Eq. (20) and Eq. (21). In general, the energy
penalty barely changes with the size of the PtG plant. It can decrease to
some extent due to the change in composition of the BFG entering the
methanation (more H, available) or increase because of the O, that
remains unused when the ASU is no longer needed. However, the energy
penalty does changes significantly from one PtG integration to another.
The highest net energy penalty (20.6 MJ/kgco2) is twice the amount of
the lowest net energy penalty (10.1 MJ/kgco2). The former corresponds
to the case of BF integrated with PtSNG using pure CO;y for coke
replacement, while the latter to an OBF integrated with PtSNG using
treated BFG for coal replacement. Therefore, selecting the proper type of
integration is crucial when applying Power to Gas to ironmaking.

4.2.10. KPI;6 and KPI;y: electricity and thermal self-sufficiency

To keep self-sufficiency is key when aiming to modify an existing
ironmaking plant. In the case of PtG integrations, this is a strong limi-
tation because of the large consumption of the electrolyzer. In the case of



M. Bailera et al.

BF, the largest PtG capacity to remain self-sufficient is around 0.30 MW
per tgw/h. This corresponds to the 18%-64% of the maximum limit
established by the flame temperature criterion. The situation is even
worse for the case of OBF, whose limit of self-sufficiency is at 0.08 MW
per tym/h because a large amount of BFG is used for top gas recycling
instead for power production. This corresponds just to the 5%-13% of
the capacity that could be installed without decreasing the flame tem-
perature below 2,000 °C (Table 4). Thus, if significant CO5 reductions
are aimed through PtG, it should be expected that self-sufficiency in
electricity will not be achieved. At least, for each additional MW of PtG
above the self-sufficiency limit, we only need to consume 0.91-0.98 MW
of external power thanks to the increment in the available thermal en-
ergy from the gases produced in the ironmaking plant.

4.3. Comparing the limits of the different integrations of power to gas in
ironmaking

As we have seen, the maximum PtG capacity to install in blast
furnace ironmaking may be limited by the percentage of direct reduction
(>5%), the flame temperature (>2,000 °C) and the electricity self-
sufficiency (Table 4). In most cases, the former can be ignored
because it allows installing twice the capacity compared to the other
limiting factors. Only if we were to consider flame temperatures below
2,000 °C (justified by the low direct reduction share (Babich, 2021)), it
might become a relevant limitation for the case of PtH; in OBF with coal
replacement. Regarding self-sufficiency, it imposes an excessive limita-
tion in the PtG to install, which leads to CO5 cuts that are not worth the
effort. Less than 4.5% of the total CO, emitted would be avoided in BF
integrations, and less than 1.7% in OBF. Nevertheless, the
self-sufficiency limitation could be used as a benchmark for large pilot
plants to improve their know-how without jeopardizing the operational
reliability of the ironmaking plant. For example, in blast furnaces of 500
tym/h size (Bailera et al., 2021a), the maximum electrolysis capacity for
these large scale research projects would be 150 MW in the case of BF
and 35 MW for OBF, which is in the range of the current state-of-the-art
of the electrolysis technology (Schrocker et al., 2021). These examples,
based on the typical size of a commercial BF (500 tyy/h), are given as an
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illustration to estimate the PtG capacity that would be required in a real
case, instead of only providing the specific value that is dependent on
the hot metal production. The objective is to give clearer conclusions to
the reader, which is assumed to be more familiar with the MW units
rather than with the MW/(tgy/h) units.

Thus, the limitation imposed by the flame temperature will be used
as the standard of comparison for the different PtG integrations. In
Fig. 9, the most relevant KPIs are normalized and compared for the 16
case studies. The maximum PtG to install and the power required from
an external power plant are normalized with respect to 1.67 MWpg /4
(i.e., the global maximum of the installable PtG), the total CO, emissions
and those from amine scrubbing are normalized with respect to 1,338
kg/tum (i.e., the CO, emissions of the BF base case), and the energy
penalty is normalized with respect to 20.6 MJ/kgcoz (i.e., the global
maximum). It can be seen that the PtSNG integration consuming treated
BFG, when applied to OBF, has the lowest energy penalty and the
highest percentage of CO, available as pure CO, among all case studies.
Moreover, it is one of the lowest CO5 emitters, while requiring the lowest
PtG capacity of all the OBF concepts. Therefore, this configuration
should be preferred over any other. If we stick to the BF concepts (since
OBF are not yet commercial), it will depend on how ambitious the target
for total CO5 emission reduction is. For 10% CO reductions, the PtSNG
integration using treated BFG is still the best configuration, but if we aim
for 20% CO;, reductions, PtHy might be the right solution (its figures are
similar to those of PtSNG using pure CO,, but the latter would involve
higher cost due to the additional equipment).

5. Conclusions

In this article we analyzed and compared 16 Power to Gas in-
tegrations for blast furnace ironmaking, by using 17 key performance
indicators. The integrations included 4 types of PtG (PtH,, PtSNG using
pure CO», PtSNG using treated BFG, and PtSNG using BFG), two types of
blast furnaces (air-blown and oxygen) and two types of fossil replace-
ment (coal or coke). The KPI covered technical, energy and environ-
mental aspects of the process. For the modelling of the blast furnaces we
used the Rist diagram, validated with literature data (<2% deviation).

a) 1 (BF) PtH2 [ (OBF) PtH2 b) [_1(BF) PtH2 [ (OBF) PtH2
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Fig. 9. Comparison of KPI;s, KPI;o, KPI;; and KPI;5 at the maximum PtG capacity that can be installed in each configuration (limited by the decrease of the flame
temperature) in the case of a) coal replacement and b) coke replacement. The values are normalized for readability.
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The results of the study were provided as a function of the PtG capacity
installed per tyy/h produced in the blast furnace, in order to make them
scalable to any size of PtG and ironmaking plant.

Regarding technical aspects, results show that integrating PtG de-
creases moderately the utilization of the reducing gas (up to 2.4 per-
centage points per MW/(tym/h)). The percentage of direct reduction
also diminish, by 6.3-8.8 percentage points per MW/ (tgv/h) for Hy
injections, and by 3.8-7.5 percentage points per MW/(tgm/h) for SNG
injections. The fossil fuel replacement ratios were found to be in
agreement with literature. In the case of coke, these are 1.10-1.15 for
SNG, and 2.46-3.07 for Hy (when coke was replaced, coal was kept
constant at 200 kg/tyy). In the case of coal replacement, the values are
1.30-1.40 for SNG, and 2.90-3.65 for H, (when coal was replaced, coke
was kept constant at 289.0 and 234.8 kg/tyy, for BF and OBF respec-
tively). In addition, the SNG cools the flame temperature by 2.2 °C per
kgsng/tam in coal replacements and by 3.6-4.1 °C per kgsng/tym in coke
replacements. The Hj; injection drops the flame temperature by
4.1-5.6 °C per kgys/tym in coal replacements and by 7.6-10.4 °C per
kgna/tum in coke replacements.

Regarding energy and environmental aspects, results show that PtG
integrations may avoid the ASU, thanks to the Oy by-produced in the
electrolysis, when the PtG capacity is above 0.57-0.61 MW/(tyy/h) in
BF, and above 1.71-2.19 MW/(tgm/h) in OBF. For most cases, the
decrease in total CO5 emissions is around 150-215 kgcoz/tum per MW/
(tgm/h). The most limited configuration is the PtG integration that uses
pure COy in the methanation, whose maximum CO; cut rate is 160
kgcoz/tum per MW/(tim/h). The energy penalty (in terms of electricity
consumption) was found to be mostly independent on the size of the PtG
plant, but greatly dependent on the type of integration. The highest net
energy penalty was 20.6 MJ/kgcoz (BF integrated with PtSNG using
pure CO; for coke replacement), while the lowest was 10.1 MJ/kgco2
(OBF integrated with PtSNG using treated BFG for coal replacement).

In practice, the maximum PtG capacity to install is limited by the
decrease in the flame temperature (from 0.5 to 1.7 MW/(tgm/h)
depending on the integration) and by the requirement of remaining self-
sufficient in electricity consumption (<0.30 MW/(tgm/h) in BF, and
<0.08 MW/(tgy/h) in OBF). The latter imposes an excessive limitation
in the PtG to install, making the CO, cuts not worth the effort (<4.5% in
BF, and <1.7% in OBF). The self-sufficiency limitation should be un-
derstood as a benchmark for PtG research projects aiming for operating
pilot plants without jeopardizing the operational reliability of the
ironmaking plant. For example, in blast furnaces of 500 tyy/h size
(Bailera et al., 2021a), the maximum electrolysis capacity for these large
scale research projects would be 150 MW in the case of BF and 35 MW
for OBF, which is in the range of the current state-of-the-art of the
electrolysis technology.

If significant CO, reductions are aimed through PtG, it should be
taken the limitation related to the flame temperature as standard (which

Appendix A. Supplementary data
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is less restrictive), having in mind that the ironmaking plant will be no
longer self-sufficient in electricity (in this case, the electricity purchased
from the grid should come from renewable energy sources to not pro-
duce additional CO, emissions). Among all case studies, the lowest en-
ergy penalty is found for the OBF-PtSNG integration that consumes
treated BFG and replaces coal. This configuration has one of the highest
reduction in CO; emissions, even though it requires the lowest PtG ca-
pacity in comparison with the other OBF concepts. Furthermore, it
provides the highest percentage of CO, emitted as pure CO3 (i.e., more
CO3 can be diverted directly to storage). Therefore, this configuration
should be preferred against any other. As an example, if we assume a
500 tyy/h blast furnace (typical commercial BF) to estimate the total
PtG capacity in a real steel plant, the PtG capacity of this concept could
be as large as 490 MW, and could avoid up to 21% of the CO2 emissions.
If we stick to the BF concepts (since OBF are not yet commercial), the
selection of the best type of integration will depend on how ambitious
the target for total CO, emission reduction is. For 10% CO, reductions,
the PtSNG integration using treated BFG is still the best configuration,
but if we aim for 20% CO., reductions, PtH, might be the right solution
(up to 835 MW of PtHj; to avoid 20.3% of the CO2 emissions, if coal is
replaced).
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Nomenclature

Acronyms

ASU air separation unit

BF blast furnace (air-blown, unless otherwise specified)
BFG blast furnace gas

COG coke oven gas

HM hot metal

KPI key performance indicator

LHV lower heating value

OBF oxygen blast furnace
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PFD process flow diagram
pp percentage points
PtG Power to Gas

PtHy Power to Hydrogen
PtSNG  Power to Synthetic natural gas
TGR top gas recycling

Symbols

a;j number of moles of Hy in injectant j per number of moles of injectant j, molgz/mol;
b; number of moles of O in injectant j per number of moles of injectant j, molpz/mol;
G; Gibbs free energy of reaction i, J/mol

& Gibbs free energy of component i, J/mol

h; enthalpy of component i, J/mol

Kp; equilibrium constant of reaction i,

m mass flow, kg/tym

P pressure, bar

Q thermal energy, MJ/tum

R ideal gas constant, J/(mol-K)

T replacement ratio,

S entropy of component i, J/(mol-K)

T temperature, K

w electrical consumption, MJ/tygy

X abscissa in the Rist diagram, (molp 4+ molys)/(molc + molys)

Xgq number of moles of O removed from wiistite by direct reduction per total moles of reducing gas mixture, molp/(molc + molys)

Xe number of moles of HyO in hot blast per total moles of reducing gas mixture, molyso/(molc + molyz)

X; number of moles of O transferred from the iron oxides to the gas by indirect reduction per total moles of reducing gas mixture, molp/(mol¢
+ molys)

Xj number of moles of injectant j (overall formula CHz,025N2¢S24Z2, H2aO2,Nac or O, N2c) per total moles of reducing gas mixture, mol;/(molc
+ IIlOle)

Xk number of moles of Hy in the coke per total moles of reducing gas mixture, molyy/(molc + molys)

XMn number of moles of O removed by direct reduction of MnO per total moles of reducing gas mixture, molp/(mol¢ + molys)

Xp number of moles of O removed by direct reduction of P2Os per total moles of reducing gas mixture, molp/(mol¢ + molyy)

Xs number of moles of O replaced by S in the slag per total moles of reducing gas mixture, molp/(mol¢c + molyz)

Xsi number of moles of O removed by direct reduction of SiO; per total moles of reducing gas mixture, molp/(mol¢ + molyy)

Xy number of moles of O in hot blast per total moles of reducing gas mixture, molp/(mol¢ + molys)

Y ordinate in the Rist diagram, (molg + molg,)/molge

Yd number of moles of O removed from wiistite by direct reduction per mol of Fe produced, molp/molg.

Ye number of moles of HyO in hot blast per mol of Fe produced, molyz0/molge

Yg intercept of the operating line representing the moles of Hy and O coming from sources other than iron oxides that contribute to the
formation of the reducing gas per mol of Fe produced (negative sign by convention), (molp + moly)/molg.

Yi number of moles of O transferred from the iron oxides to the gas by indirect reduction per mol of Fe produced, molo/molge

Y number of moles of injectant j (overall formula CHz2,02,N2¢S2qZz, H2a02pN2e or O2pN2c) per mol of Fe produced, mol;/molge

Yk number of moles of Hy in the coke per mol of Fe produced, molys/molge

YMn number of moles of O removed by direct reduction of MnO per mol of Fe produced, molo/molge

¥p number of moles of O removed by direct reduction of P05 per mol of Fe produced, molp/molge

¥s number of moles of O replaced by S in the slag per mol of Fe produced, molp/molge

Ysi number of moles of O removed by direct reduction of SiO2 per mol of Fe produced, molp/molge

Yy number of moles of O in hot blast per mol of Fe produced, molp/molge

Greek symbols

1l slope of the Rist diagram, i.e., number of moles of reducing gas per mol of Fe produced, (molc + molyz)/molge

Ui mole production of product i (Stoichiometric coefficient), kmol

Nco CO utilization factor, defined as the quotient CO5/(CO + CO>) of the molar fractions in the BFG,

Ncon, reducing gas utilization factor, defined as the quotient (CO3+H30)/(CO + CO2+Hy+H20) of the molar fractions in the BFG,

N H, utilization factor, defined as the quotient HyO/(Hy+H20) of the molar fractions in the BFG,

Mpp power plant efficiency

Vi mole consumption of reagent i (Stoichiometric coefficient), kmol

w; mass fraction of component i in coal, % (dry basis)

Subscripts and superscripts

A initial oxidation state of the iron oxides at the inlet of the blast furnace
a ambient pressure

a,m related to amine scrubbing and methanation

ASU,m electricity saved in the ASU thanks to the PtG integration

ex,m related to the exothermal heat of methanation
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k fossil fuel (coke or coal)

P characteristic point of the operating line referring to the energy balance of the blast furnace

p,m related to preheating and methanation

R characteristic point of the operating line referring to the thermal reserve zone

r reactor
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