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2.1 BF-BOF plant 
A conventional I&S plant producing 320 tHM/h (hot metal per hour) is assumed as base case. This 
reference plant consists of a sinter strand, coke oven, blast furnace (BF, including hot stoves), air 
separation unit, basic oxygen furnace, the casting-rolling stage and a combined cycle power plant 
(Figure 1a). The mass flow inputs to the system are iron ore, coal, air, scrap, and flux. Some processes 
are supplied also with coke oven gas (COG), blast furnace gas (BFG), or basic oxygen furnace gas 
(BOFG) for producing heat at high temperatures (BFG in the sinter strand and hot stoves, COG in the 
coke oven, and COG in the basic oxygen furnace). The power plant generates electricity for the I&S 
plant to be self-sufficient, consuming part of the available COG, BFG and BOFG (100 MWe net 
power, Wu et al. 2016). The remaining gases are sold to nearby industries. 

Each block, modelled and simulated in Aspen Plus, includes essential sub-models for the associated 
processes. The sinter process represents fine ore particle agglomeration, achieved through initial 
fusion driven by coal combustion (Babich et al., 2008). The initial step involves heating a blend of 
iron ore, coal (5 wt%), and limestone to 800 °C utilizing BFG as fuel, followed by coal combustion at 
1262 °C to produce sinter (Babich et al., 2008; Wu et al. 2016). The coke oven emulates coal-to-coke 
transformation in anaerobic conditions. COG combustion (indirect heat exchange) elevates 
temperature to 1100 °C, yielding coke and coke oven gas. Subsequently, the coke is cooled to 150 °C 
through coke dry quenching (CDQ). 

The BF block includes hot stoves and a simplified blast furnace. In the hot stoves, air is pressurized to 
5 bar and indirectly heated to 1200 °C. Within the blast furnace, a first reactor reduces iron oxides to 
metallic iron, and a subsequent reactor adjusts BFG composition based on CO and H2 utilization 
(Eqs.(1)-(2), respectively). Initial parameters include a pulverized coal rate of 150 kg/tHM, H2
utilization of 0.47, and 4.5wt% carbon content in hot metal (Babich et al., 2008; Bisbas, 1981). 
Additional parameters (BFG temperature and composition, air and coke flow rates, flame 
temperature) were derived via a revised Rist diagram (Bailera, 2021b), and subsequently integrated 
into the Aspen Plus model as inputs.  

(1)
(2)

The BOF transforms hot metal (4.5 wt% C) into steel (0.267 wt% C) through O2 blowing, reacting 
with carbon to generate CO and CO2. As this reaction is highly exothermic, 150 kg/tHM of scrap 
(0.267 wt% C) is introduced to capitalize on this energy (Rönsch et al., 2016). The melted scrap 
blends with the hot metal, increasing steel production and regulating process temperature (1650 °C). 
Nitrogen injection from the BOF base promotes mixture stirring. A portion of BOFG preheats the 
oxygen inlet stream to 1650 °C. O2 is produced in the ASU via the Hampson-Linde cycle, following 
an example block in the Aspen Plus repository (Power, Coal gasification, IGCC. The ASU separates 
oxygen at -189 °C through 94% purity liquefaction. 

The Power Plant is simulated as a combined cycle facility, utilizing surplus BFG, COG, and BOFG 
(100 MWe net power, Wu et al. 2016). The gas power cycle comprises two-stage air compression 
with intercooling preceding the combustion chamber, along with a single expansion turbine for flue 
gas. The turbine experiences inlet conditions of 27 bar pressure and 1389 °C temperature. Four 
counter-current heat exchangers transfer energy from flue gases to steam, reaching a maximum steam 
temperature of 560 °C. The steam power cycle encompasses three expansion stages, aligned with 
high, intermediate, and low-pressure turbines. 

2.2 Oxygen blast furnace 
In Case Studies 2-6, pure oxygen is injected in the BF instead of air, resulting in an oxygen blast 
furnace (OBF, Ariyama et al., 2008). The decreased bosh gas volume in the OBF, caused by the lack 
of nitrogen, causes that preheating of the burden in the upper part tends to be insufficient in 
comparison with the conventional BF, which leads to low BFG temperature. Temperature drop below 
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100 °C can generate significant water condensation concerns/problems. In order to compensate for the 
insufficient heat supply in the shaft, it is necessary to inject preheating gas into the upper shaft. A fuel 
(usually BFG) is burned with pure oxygen and the flue gas is injected at 1000 °C in the upper part of 
the BF. In this study, the required amount of preheating gas is calculated to achieve a temperature of 
150 °C in the BFG.  

2.3 Amine scrubbing 
The amine scrubbing model was developed from a predefined Example File (Shi, 2014). It is adjusted 
to achieve 90% CO2 capture from the incoming stream using a 50wt% methyldiethanolamine 
(MDEA) and water solvent. Prior to entering the capture unit, the water content of the BFG is 
condensed, and then the gas is diverted to the absorption column. 

This absorption column, consisting of 15 stages, has gas entry at the bottom (stage 15) and lean 
solvent entry at the top (stage 1). Clean gas exits from the top at atmospheric pressure and 42 °C. Rich 
solvent, laden with CO2, exits from the bottom at 43 °C and 1.1 bar (loading of 0.2 
kmolCO2/kmolMDEA). The rich solvent is then heated to 100 °C in a heat recovery exchanger that cools 
the lean solvent from the stripper (from 112 °C to 56 °C) before reentering the absorber. 

The stripper column, comprising 19 stages with condenser and reboiler stages, further processes the 
rich solvent. The condenser's reflux ratio is 0.01, and the reboiler's boil-up ratio is 0.1. In the stripper, 
the rich solvent enters at the second stage and descends as CO2 is released. The lean solvent exits 
from the last stage, and CO2 exits from the first stage. A condenser then cools the CO2-rich stream 
from 85 °C to 35 °C, achieving 95vol% CO2 purity. The condensed solvent is recirculated to the 
absorber along with the lean solvent. 

Ultimately, a makeup stream, mixed with the lean solvent prior to entering the absorber, is introduced 
to compensate for water and MDEA losses in both the clean gas and CO2 streams. 

2.4 Power to gas plant 
In the electrolyzer, water enters at ambient conditions (25 °C and 1 atm), and energy consumption is 
set at the typical value of 3.8 kWh/Nm3H2. The hydrogen outlet stream carries two moles of H2O per 
mole of H2 (which are condensed and recirculated), along with 0.1% of O2 (purified). The oxygen 
outlet flow contains minimal traces of hydrogen (0.01%). 

Regarding methanation plant, CO2 from amine scrubbing reacts with H2 from the electrolyser, 
producing SNG under stoichiometric conditions. This plant employs two isothermal fixed-bed 
reactors at 5 bar (Izumiya & Shimada, 2021). The first reactor has an inlet gas temperature of 250 °C 
and is maintained at 350 °C isothermally. The outlet stream is cooled to 100 °C for water 
condensation, and then heated to 250 °C before entering the second stage. The second reactor operates 
at 300 °C. Subsequent to this reactor, water condenses at 25 °C to achieve 95vol% CH4 in the SNG. 

When integrating Power to Gas and amine scrubbing, new thermal streams arise in the process flow 
diagram. The methanation process provides heat at 300–350 °C, while the CO2 desorption requires 
heat at 110–130 °C. Moreover, additional preheating and condensation stages come into operation. 
Therefore, the proposed concept is thermally integrated using Pinch analysis to reduce the energy 
penalty. The heat consumption in amine scrubbing (3.1 MJ/kgCO2) can be covered by the exothermic 
heat of the methanation (6.1 MJ/kgCO2).

2.5 Sizing of the PtG plant 
For each case, the maximum amount of reducing gas (SNG, TGR or H2) is injected, firstly to reduce 
the pulverised coal injection (PCI) and once it is over, to substitute the coke rate. The amount of 
reducing gas is limited by the adiabatic flame temperature (AFT), which should not be dropped below 
2000 °C for technical reasons. Consequently, the oxygen enrichment increases the AFT and the 
reducing gas injection lowers it, reaching equilibrium at 2000 °C in the AFT in each case. Thus, 

10981086https://doi.org/10.52202/077185-0093



37th INT
ENVIR

knowing
scrubbin
used to e

3.1 C
A comp
PCI, SN
referenc
PCI inje
Cases 2-
complet
(OBF+A
279 to 3
significa
35.8% C
maintain
oxygen 
in coke
perform
for SNG

Figur

Regardin
in the ai
injection
consump
(Cases 2

3.2 E
In the o
Figure 3
compare
to the n
methani
amounts
methani
PEM. C
size in th

TERNATION
RONMENTA

g the amoun
ng plant and 
eliminate the

3

Comparison
parative analy
NG, TGR, H2
ce case, consu
ection is red
-6 employ a
e substitutio

Amine+Meth
307 kgcoke/tHM
ant reduction
CO2 injection
n the BFG te
blast furnace

e consumpti
ance. Injecti

G injection (C

re 2. (left) Re

ng the total c
ir blast furna
n in the BF 
ption. The ai
2-4, and 6) ac

Energy and C
oxygen blast 
3 (left). Case
ed to the oth
need to meth
zing CO2, re
s of TGR, re
zation of BF

Case 4 uses a
he latter. Ca

NAL CONFER
AL IMPACT O

nt of reduci
the PEM ele

e ASU and to

RESULT

of BF perfo
ysis is condu

2, and prehea
umption stan

duced to 88.8
an oxygen bl
n of PCI, alo

h.+TGR), 4 (
M. CO2 injec
ns in fossil f
n in the BF r
emperature a
e (cases 2-6)
ion compare
ion of SNG, 
Cases 2 and 4

educing agen

coal consump
ace of Case 1
(Case 5) exh
ir blast furna
chieve reduc

CO2 emissio
furnaces, hi

e 1 (BF+Am
her cases. Co
hanize subst
equires almo
educing SNG
FG, containin
an H2:CO2 ra
ase 6 (OBF+H

RENCE ON EF
OF ENERGY 

ng gas requ
ectrolyser can
o feed the BO

S AND CO

rmance 
ucted on the

ating gas, in b
nds at 332 kg
8 kg/tHM by
ast furnace, 
ongside parti
(OBF+Meth.
ction into the
fuel consump
results in a co
at 150 °C ran
). Notably, th
ed to the a
TGR, and H

4).

nts and prehe
c

ption (Figure
1 and fully su
hibits poor p
ace reduces c
tions of 28-3

ns
igher reducin

mine+Meth.) 
onversely, Ca
tantial CO2
st half the el

G requiremen
ng CO and H
atio of 4, wh
H2) directly 

FFICIENCY,
 SYSTEMS, 3

uired for ea
an be sized. T
OF and hot b

OMPARISO

e presence o
both the bas

gcoke/tHM and 
injecting 53
enabling inc

tial substituti
.) and 6 (OB
e BF's tuyer
ption. In Ca
oke rate of 4
nges from 20
he oxygen b
air blast fu
H2 produces 

eated gas inje
consumption

e 2, right) of
ubstituted in
performance,
coal consump
33%. 

ng gas injec
has the sma

ase 2 (OBF+
quantities. C
lectrolyser s
nts. In Cases

H2, significan
hile Case 5 u

injects the H

 COST, OPTI
30 JUNE - 4 J

ch point, th
The oxygen b
blast enrichm

ON OF PtG

f reducing a
e case and P
150 kgPCI/tHM

3.6 kgSNG/tHM
creased rates
ion of coke. 

BF+H2) yield
res assists in
se 5 (OBF+M

426 kgcoke/tHM
05 to 260 kg
blast furnace 
urnace, whil

similar resu

ected in the b
n.

f the I&S ind
n the oxygen 
, resulting in
ption by 9%

ction leads to
allest PEM s
+Amine+Met
Case 3 (OB
ize of Case 2
s 4 (OBF+M

ntly reduces t
uses a ratio o
H2 produced 

Pap

IMIZATION, 
JULY, 2024, R

he methanati
by-produced

ment necessiti

G CONCEP

agents in the 
PtG integratio
M. In Case 1 
M into an air
s of gaseous 
Cases 2 (OB

d coke consum
n AFT contro
Meth.+CO2)

M. The prehe
gBFG/tHM in th

demonstrate
le CO2 inje
lts, with slig

blast furnace

dustry, PCI is
blast furnac

n minimal re
, while the o

o larger PEM
ize because 
th.) has the l

BF+Amine+M
2 due to the 

Meth.) and 5 
the demand f
of 2.5, explai
by the PEM

per ID: 415

 SIMULATIO
RHODES, GR

ion plant, th
d in the electr
ies. 

PTS 

e BF, includi
ons (Figure 2
(BF+Amine
r-blow blast 
 reducing ag

BF+Amine+M
umption rang
ol but does n
), 310 kgSNG/
eating gas inj
he cases invo
es a greater r
ection exhib
ghtly better o

e. (right) Tot

s partially su
ces of Cases 
eduction in t
oxygen blast 

M sizes, as s
it requires l

largest PEM
Meth.+TGR)

co-injection
(OBF+Meth

for green H2
ining the low

M. The specif

5, Page 5 

ON AND 
REECE 

he amine 
rolyser is 

ing coke, 
2). In the 

e+Meth.), 
furnace. 

gents and 
Meth.), 3 

ging from 
not yield 
/tHM with 
jection to 
olving an 
reduction
bits poor 
outcomes 

al coal 

ubstituted
2-6. CO2
total coal 
furnaces

shown in 
less SNG 

size due 
), despite 
n of large 
h.+CO2), 
from the 

wer PEM 
fic power 

10991087 https://doi.org/10.52202/077185-0093



37th INT
ENVIR

PEM in 
by the h

Regardin
Cases 2-
the elect
ASU, pr
small wh

It's note
BFG, an
the addi
CO2 is in

The PEM
on the c
consump
consump
The elec
15597 M
950 MJ/

The amo
MJ/tHM i
MJ/tHM i
5, despi
higher e
and 2, w
gases in
are desir
in the sa
levels of

As for C
reductio
oxygen b
emission
around 2
blast fur
be attrib

TERNATION
RONMENTA

MW/(tHM/h)
ot metal prod

ng oxygen, i
-6, the oxyg
trolyser is la
roducing 63 
hen compare

eworthy that 
nd (iii) using
itional invest
njected into t

M electricity
case, creating
ption. If an
ption is almo
ctricity consu
MJ/tHM for th
/tHM in the ba

ount of exce
in the base c
in Cases 3 an
te using BF

energy conten
where only C
crease to val
rable, as this
ale of valuab
f sold gases i

Figure 3.

CO2 emissio
on compared 
blast furnace
n reduction 
29%, are ob
rnace, as in C
buted to the c

NAL CONFER
AL IMPACT O

), to determin
duction, for 

in Case 1, O
gen blast furn
arger, the air

and 179 kg
ed to the oxy

the PEM si
g a low H2:C
tment in a sm
the BF. 

y consumptio
g a linear dep
n ASU is re
ost negligibl
umption is 4

he oxygen bla
ase case and 

ess gases so
case (Figure 
nd 4, where 
G in the me
nt of BFG, a

CO2 is used i
lues ranging 
 indicates hi

ble H2 produ
is to combine

(left) PEM s

ons, the inte
to the base

e via SNG in
is approxim
served when
Case 5 (OBF
coke rate, w

RENCE ON EF
OF ENERGY 

ne the net/ful
example 320

O2 produced b
nace requires
r separation u
gO2/tHM respe
gen consume

ze decreases
CO2 ratio in t
mall ASU, an

on accounts f
pendency be
equired it w
le with regad
4965 MJ/tHM
ast furnaces 
will be deter

old to nearby
 left). This 
BFG is eithe

ethanation st
a result of inc
in the metha
from 3278 M
gher plant ef

uced by the e
e Power to G

size and sold 

egration of P
e case (1943 
njection (Cas

mately 34%, 
n using TGR
F+Meth.+CO

where higher 

FFICIENCY,
 SYSTEMS, 3

ll PEM size, 
0 tHM/h in the

by the PEM 
s large quan
unit is not r

ectively, is n
ed by the OB

s when (i) co
the methanat
nd the third 

for 78-92% o
etween the si
will increase
ds to the PE
for the air b
(Cases 2-6).

rminant in th

y industries,
value decrea
er used as TG
tage, increas
creased coke
anation stage
MJ/tHM to 45
fficiency. Se
electrolyser a
Gas with Top

gases. (right

PtG into an 
 kgCO2/tHM, F

ses 2 (OBF+A
the highest 

R (Case 3) or
O2), the emis

carbon inpu

 COST, OPTI
30 JUNE - 4 J

is obtained s
e present wor

is entirely so
ntities of oxy
equired. How

necessary. Th
BF, ranging f

o-injecting T
tion stage. H
option usual

of the total el
ize of the ele
e the total 

EM consump
blast furnace 
. These figur
he economic 

 including B
ases to appro
GR or direct
es the sold g

e consumptio
e, or in Case
42 MJ/tHM. I
lling a signif
at a lower pr
p Gas Recycl

t) CO2 emiss

air blast fu
Figure 3, rig
Amine+Meth
among the c
r H2 (Case 6
sion reductio

ut as coke lea

Pap

IMIZATION, 
JULY, 2024, R

simply multi
rk.

old to nearby
ygen. In Case
wever, in Ca
hese oxygen
from 268 to 4

TGR with SN
However, the
lly performs 

lectricity con
ectrolyser an
electricity c
tion, barely 
(Case 1), an

res are highe
analysis. 

BFG, BOFG
oximately 11
ly in the met
gases to 422

on in the blas
6 with no m

Ideally, lowe
ficant amoun
rice. The bes
ling (Case 3)

sions and CO

urnace (Case
ght). For PtG
h.) and 4 (OB
cases. Slight

6). When CO
on is minima
ads to increa

per ID: 415

 SIMULATIO
RHODES, GR

iplying speci

y industries,
es 2, 4, and 
ases 3 and 5
n flows are r
437 kgO2/tHM

NG, (ii) met
e first option
 poorly, as u

nsumption de
nd the total e
consumption
affecting th

nd between 7
er, compared

G, and COG,
143 MJ/tHM a
thanation sta

27 MJ/tHM du
st furnace. In
methanation,
er levels of so
nt of gases m
st option to h
).

O2 recycled. 

e 1) results 
G integration
BF+Meth.)),
tly lower re

O2 is injected
al, only 5%. 
ased carbon o

5, Page 6 

ON AND 
REECE 

ific value 

while in 
6, where 
, a small 
relatively 

M.

thanizing
n requires 
unreacted 

epending 
electricity 
, but its 
e results. 
7925 and 

d with the 

, is 2400 
and 1828 
age. Case 
ue to the 
n Cases 1 
 the sold 
old gases 

may result 
have low 

in a 9% 
n into an 
, the CO2
ductions, 

d into the 
This can 
output in 

11001088https://doi.org/10.52202/077185-0093



Paper ID: 415, Page 7 

37th INTERNATIONAL CONFERENCE ON EFFICIENCY, COST, OPTIMIZATION, SIMULATION AND 
ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS, 30 JUNE - 4 JULY, 2024, RHODES, GREECE 

the form of CO2 emissions. Table  summarizes the recycling of CO2 emissions through PtG, TGR, or 
preheat gas in all analysed cases. Only cases with an oxygen blast furnace have preheating gas, and 
only Case 3 incorporates TGR. This underscores the importance of maintaining a closed carbon loop, 
as opening it would significantly increase CO2 emissions to the atmosphere in most cases. 

To contextualize these results, it is essential to consider other low-carbon methods employed in 
oxygen blast furnace ironmaking, such as top gas recycling. Previous studies have reported CO2
emissions ranging from 868 to 1180 kgCO2/tHM in the blast furnace for top gas recycling (Bailera et al., 
2022). In comparison, the CO2 emissions from the oxygen blast furnace in the PtG concepts of this 
study range from 738 to 833 kgCO2/tHM (not to be confused with the total emissions of the entire I&S 
industry, which range from 1279 to 1387 kgCO2/tHM, as shown in Figure 3, right). Concerning blast 
furnace emissions alone, the TGR setup shows higher CO2 flow rates, but a significant portion can 
potentially be geologically stored (300-700 kgCO2/tHM). Therefore, the environmental impact of the 
TGR configuration depends on the availability of storage. 

Table 1. Breakdown of CO2 recycling in the base case and PtG integrations. 

Case CO2 recycled CO2 recycled - PtG CO2 recycled - TGR CO2 recycled – Preheat
 kgCO2/tHM kgCO2/tHM % kgCO2/tHM % kgCO2/tHM % 
Base  0.0 0.0 - 0.0 - 0.0 - 
Case 1 143.6 143.6 100 0.0 0 0.0 0 
Case 2 751.4 513.2 68 0.0 0 238.2 32 
Case 3 902.8 298.8 33 364.6 40 239.3 27 
Case 4 740.8 506.3 68 0.0 0 234.5 32 
Case 6 796.0 491.0 62 0.0 0 305.0 38 
Case 7 227.0 0.0 0 0.0 0 227.0 100 

The energy penalty, defined as the net energy consumed in the industry per kilogram of CO2 avoided 
through PtG-steelmaking integration, is calculated according to Eq. (3). Detailed units and equation 
variables are gathered in  
Table.

(3)

Table 2. Description of variables in equation. 

Variable Units Description 
Increase in electricity consumption in the industry 
Savings in coal energy 
Increase in excess sold gases 
Savings in CO2 emissions 

- Energy conversion factor from coal to electricity (0.33) 

Figure 4 shows the comparison of the specific energy penalty per ton of CO2 avoided. It is worth 
noting that the energy penalty for all PtG cases is relatively high, particularly when compared to 
amine carbon capture technology, which typically ranges from 3 to 6 MJ/tCO2 (Perpiñán et al., 2022). 
Specifically, when using SNG methanized with CO2, Case 1 (BF+Amine+Meth.) incurs an energy 
penalty of 16 MJ/tCO2, while Case 2 (OBF+Amine+Meth.) has an energy penalty of 17 MJ/tCO2. Case 
3 (OBF+Amine+Meth.+TGR) exhibits a lower energy penalty of 12 MJ/tCO2 because it requires less 
SNG due to TGR injection, resulting in a smaller PEM size. In Cases 4 (OBF+Meth.) and 5 
(OBF+Meth.+CO2), where the BFG being methanized already contains CO and H2, the PEM size is 
reduced. However, Case 4 achieves significant CO2 avoidance with an energy penalty of 14 MJ/tCO2,
while Case 5 has less CO2 avoidance and a higher energy penalty of 60 MJ/tCO2. In Case 6 (OBF+H2),
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270 kgTGR/tHM), an electrolyser of 741 MW, and an amine scrubbing of 305 kgCO2/tHM. The CO2 taxes 
and the electricity price were varied, looking for those combinations that make the PtG-steelmaking 
integration economically viable. Today, with an electricity price of 77 €/MWh and a CO2 tax of 84 
€/tCO2, the specific CC cost is 216 €/tCO2. Negative costs (i.e., actual benefits) could be achieved under 
some conditions. For a specific CC cost of 0 €/tCO2, a maximum electricity price of 21 €/MWh should 
be paid, or a minimum CO2 tax of 300 €/tCO2 should apply. However, these prices or taxes do not 
guarantee a profitable investment, since the CAPEX should also be amortized. To amortize CAPEX 
in 20 years (i.e., total investment pay-back of 20 years), the electricity price should be 18 €/MWh, or 
the CO2 tax 313 €/tCO2, or an intermediate combination of both parameters, coinciding with a specific 
CC cost of -13 €/tCO2 or -8 €/tHM. With an electricity price of 35 €/MWh (cost of production for wind 
power), and a CO2 tax of 150 €/tCO2, the pay-back is 20 years and the investment would be profitable. 

4 CONCLUSIONS 

In the present paper, six different concepts based Power to Gas technologies has been simulated and 
assessed from the technical and economic point of view, as potential solution to mitigate CO2
emissions in the iron and steel industry based in BF-BOF route. Operation parameters has been 
adjusted in order to be technically feasible. 

In Case 1 (BF+Amine+Meth.), the integration of CO2 methanation within an air-blown blast furnace 
demonstrated the technical feasibility of the PtG integration system. Nevertheless, the extent of CO2
reduction achieved is somewhat limited (9% with respect to the conventional plant). The primary 
constraint on enhancing the reduction in CO2 emissions lies with the adiabatic flame temperature. As 
elaborated in the preceding section, despite preheating the reducing agents, they still lower the 
temperature. Substituting pure oxygen for air (utilizing an oxygen blast furnace) is expected to 
facilitate the expansion of the PtG facility and, consequently, elevate the rate of CO2 avoidance. 

In Case 2 (OBF+Amine+Meth.), using the same initial setup as in Case 1 but employing an oxygen 
blast furnace results in substantially increased CO2 avoidance rates (34% regards conventional plant). 
However, this improvement comes at the expense of a notable increase in PEM size, energy 
consumption, and consequently, costs. Given that the primary cost driver is the PEM and its 
associated electricity usage, it is imperative to explore alternative approaches to address this challenge 
while preserving a comparable level of CO2 reduction. 

In Case 3 (OBF+Amine+Meth.+TGR), the same configuration as Case 2 is utilized, but with the 
introduction of TGR. In this setup, the clean-BFG exiting the amine scrubbing process is injected into 
the tuyeres of the blast furnace. This action leads to a significant reduction in the H2 requirements at 
the methanation plant, resulting in a noteworthy decrease in PEM size and achieving the lowest 
carbon avoidance costs among all cases. The CO2 avoidance rate remains high (about 29%), with a 
slight decrease compared to Case 2. Furthermore, the implementation of TGR technology leads to a 
substantial reduction in the volume of gases sold, enhancing overall efficiency and preventing the sale 
of unused renewable gases from the BF. 

In Case 4 (OBF+Meth.), the injection of BFG, primarily composed of CO2, CO, and H2, is injected 
directly in the methanation plant. The objective is to decrease the production of green H2 from the 
electrolyser and reduce the volume of gases sold. The reduction in PEM size, which leads to energy 
and cost savings, is substantial compared to Case 2 but not as pronounced as in Case 3. Nevertheless, 
this specific configuration has achieved CO2 reductions similar to those in Case 2. 

In Case 5 (OBF+Meth.+CO2), the objective is to reduce the consumption of H2 in methanation and 
increase the recycling of CO2, thereby avoiding CO2 emissions. To achieve this, the H2:CO2 ratio in 
the methanation process is set to 2.5. However, the results were unfavourable due to the strong 
endothermic nature of CO2 when injected into the blast furnace. While the PEM size did decrease, 
coke consumption increased significantly compared to Case 4. This led to very low CO2 avoidance 
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rates along with a substantial increase in energy penalty and costs. It is advisable to minimize the 
injection of CO2 into the blast furnace whenever possible. 

In Case 6 (OBF+H2), the goal is to create a simpler configuration without recirculations or loops and 
to avoid thermal losses in the methanation process. Here, the H2 produced in the PEM is directly 
injected into the blast furnace. While the amount of CO2 avoided is lower than in Cases 2-4, the 
carbon avoidance costs are slightly above Case 3. Due to the absence of BFG utilization in the 
methanation process, a significant portion of the unreacted H2 from the blast furnace is sold at a lower 
price, resulting in a higher volume of sold gases. 

In conclusion, our analysis suggests that the recommended approach is Case 4, which performs a BFG 
methanation without carbon capture in an oxygen blast furnace. This configuration, while obtaining 
slightly higher costs compared to some other cases, stands out as the most favourable. It features the 
highest carbon avoidance rates, with moderate energy penalty and sold gases. 

The PtG-steelmaking configurations analysed in this study apply in situations where CO2 storage is 
not available and shaft injection in the blast furnace is not considered. If we consider these options, 
other possible configurations can be analysed in future research.  

NOMENCLATURE 

The nomenclature should be located at the end of the text using the following format: 
AFT adiabatic flame temperature   I&S iron and steel  
ASU air separation unit    MDEA methyldiethanolamine 
BF blast furnace     OBF oxygen blast furnace   
BFG blast furnace gas    O&M  operation and maintenance 
BOF basic oxygen furnace    PCI pulverized coal injection 
BOFG basic oxygen furnace gas   PtG power to gas 
CDQ  coke dry quenching    SNG synthetic natural gas  
COG coke oven gas     TFG top gas recycling 
IGCC integrated gasification combined cycle 
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