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A B S T R A C T

The Iron and Steel industry stands as a significant industrial source of CO2 emissions, contributing 7% to the 
global CO2 emissions. Therefore, innovative methods for CO2 removal must be developed in the current path to 
heavy-industry decarbonization. This work presents and compares two low-carbon brownfield concepts, inte
grated in an existing steelmaking plant, which incorporates power-to-gas technology, top gas recycling and 
oxygen blast furnace. The first concept captures carbon via calcium looping and uses it as the source for the 
methanation plant to produce synthetic natural gas, which is injected in the blast furnace as reducing agent. The 
second concept is based on charcoal and syngas production through biomass pyrolysis. The former is pulverized 
and injected into the blast furnace, replacing part of the fossil coke used in the reference steelmaking plant. The 
latter is used as carbon source in the methanation stage, avoiding the carbon capture stage. Promising results are 
obtained for the concept which uses biomass as carbon source in the process, achieving a CO2 abatement cost of 
64.5 €/tCO2. It is estimated that this cost could be reduced to 55.4 €/tCO2 by scale economy. Despite current 
economic challenges, the potential mid-term profitability, driven by the ongoing deployment of renewable en
ergy, identifies the utilization of biomass as a solution for environmentally conscious steelmaking.

1. Introduction

The Iron and Steel (I&S) industry accounts for 27 % of CO2 emissions 
of the overall manufacturing sector [1], and contributes 7 % to the 
global CO2 emissions [2]. The targets set by the European Commission in 
the European Green Deal to achieve carbon neutrality in 2050 require 
the deployment of decarbonisation techniques for this industry [3]. 
State-of-the-art of technologies for steelmaking includes three main 
routes: (1) BF-BOF, blast furnace-basic oxygen furnace, (2) Scrap-EAF, 
scrap based electric arc furnace, and (3) DRI-EAF, direct reduced iron- 
electric arc furnace.

The BF-BOF route is the dominant process for steel manufacturing, 
consisting of a blast furnace that reduces iron ore with coke to produce 
hot metal. Subsequently, the basic oxygen furnace (BOF) lowers the 
carbon content of the molten iron to produce the crude steel. It repre
sents 70 % of the global steel production. This route is highly energy and 
carbon intensive, resulting in 13–14 GJ/tHM net specific energy con
sumption and 2000–2200 kgCO2/tHM specific carbon emissions [1].

Despite the efforts to achieve a carbon–neutral steel industry by 
using other less intensive routes (scrap-EAF and DRI-EAF), it is expected 

that at least 20 % of the current BF-BOF route furnaces, which are 
responsible for the 14 % of the steelmaking emissions, will still be in 
operation by 2050 [1]. These furnaces will be only phased-out at 
relining, which typically takes place every 20–40 years [4]. Therefore, 
innovative methods for CO2 removal without substantial changes in the 
blast furnaces will be highly demanded in the next decades.

Within the I&S industry, amine scrubbing is considered one of the 
most effective and practical approach for capturing CO2 emissions from 
blast furnace gases (BFG) so far [2,5]. However, it has still important 
challenges, such as the high energy consumption during solvent regen
eration, the corrosive properties of the solvent, and its inherent toxicity 
[2]. CO2 can also be captured with other technologies, such as Calcium 
Looping (CaL). Among its advantages, the utilization of limestone as raw 
material and the high temperature of operation are the most significant. 
Limestone is extremely cheap and world-wide abundant, as well as non- 
toxic [6]. Furthermore, the associated high temperatures make it 
possible to properly reutilize the heat into other lower-temperature 
processes, thus potentially reducing the energy penalty [7].

CaL has been demonstrated in different pilot plants in Europe 
[8,9,10] and elsewhere, like USA [11], Canada [12] and Taiwan [13] at 
TRL 6–7. Regarding CaL in steelmaking, there exist some projects, such 
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as CaLby2030 [14], and a few studies. Tian et al. [7] proposed the 
integration of CaL and waste recycling technologies into steelmaking, 
studying the performance of steel slag-derived CO2 sorbents (mainly 
composed of lime). Sungsook & Srinophakun [15] simulated a CaL 
carbon capture plant for a steel plant, analysing its performance for 
different flue gas stream from the steel plant (100 % coal, 50 % coal +
50 % coke and 100 % coke). Santos and Hanak [5] conducted a review 
regarding different decarbonisation possibilities for various energy- 
intensive industries. They found that the mean carbon abatement cost 
of CaL for steelmaking to be in the range of 32.7 €/tCO2, whereas for 
amines it is 104.6 €/tCO2. Such a difference is related to the better 
integration of the calcium looping plant, characterized by the heat waste 
recovery and the reutilization of lime as feedstock for the steelmaking 
plant. Carbone et al. [16] modelled two different integrated concepts of 
CCS-CaL into a steelmaking plant, via the BF-BOF route and the DRI-EAF 
route. The BF emissions decreased by 74 %, 81 % and 86 % in three 
different scenarios for the BF-BOF case, compared to the reference case 
of 2100 kgCO2/tsteel. On average, the energy consumption from non- 
renewables increased by 53 % when CaL was used. In none of these 
articles was the economic viability of a CaL-based steelmaking plant 
investigated.

An alternative approach to reduce CO2 emissions in blast furnaces is 
the utilization of biomass resources. A commonly adopted method for 
introducing biomass in ironmaking is the production of biochar, which 
is the solid product obtained through the torrefaction or pyrolysis of 
biomass. This process upgrades biomass for ironmaking, achieving 
similar heating values and O/C and H/C ratios as those found in coal. 
Nonetheless, the mechanical properties of biochar are worse than coke, 
so biochar cannot support the burden inside the furnace, only allowing 
the replacement of around 10 % of the coke introduced at the top (apart 
from some smaller furnaces in Brazil, where fossil coke is completely 

substituted [17]). Hence, the industry has chosen the injection of pul
verized biochar at the tuyeres to replace the pulverized coal injection. 
Typical injections rates of biochar are 100–150 kg/tHM [18]. Some au
thors proposed co-injecting the biochar and the syngas from pyrolysis 
process in order to increase the biomass utilization [19]. The use of 
biomass for steelmaking was studied by Bailera et al. [20], even though 
only the blast furnace was simulated in Aspen Plus. This study combined 
different decarbonisation techniques for BFs, such as top gas recycling 
(TGR) and oxy-combustion regime. CO2 emissions were reduced by 58 
%, with energy consumption of 9.8 MJ/kgCO2, and without requiring 
geological storage. In spite of the promising results, the complete 
simulation of the plant should be done prior to assess the economic 
viability.

In summary, the abatement of carbon emissions in the steelmaking 
industry requires further research on sustainable fuels and carbon cap
ture technologies. In particular, studies on promising alternatives, such 
as Calcium Looping [5,7,14,16] and biomass [20], are very scarce and 
incomplete, with no economic assessment published so far.

The novelty of this study is to evaluate for the first time, from both 
technical and economic perspective, these two potential approaches 
(carbon capture via CaL and biomass utilization) within the context of a 
modified steelmaking plant. This modified plant incorporates power-to- 
gas (PtG) technology and an oxygen blast furnace (oxy-BF).

The detailed process models are implemented in Aspen Plus® for 
both the reference BF-BOF process plant and the novel proposed con
cepts. The comparison between the two low-carbon configurations and 
the reference case involves the analysis of the demand for coal, overall 
energy consumption, and CO2 emissions. Sankey diagrams illustrating 
carbon flows are presented and discussed to quantify the impact of 
biomass utilization in the steelmaking plant. Finally, the study evaluates 
the economic feasibility of the proposed integrations, identifying 

Nomenclature

Abbreviations
AFT Adiabatic Flame Temperature
ASU Air Separation Unit
BF Blast Furnace
BOF Basic Oxygen Furnace
BOFG Basic Oxygen Furnace Gas
BFG Blast furnace gas
CaL Calcium Looping
CAPEX Capital EXPenditure
CFB Circulating Fluidized Bed
COG Coke Oven Gas
DRI Direct Reduced Iron
EAF Electric Arc Furnace
HM Hot Metal
I&S Iron and Steel
KPI Key Parameter Indicator
LHV Low Heating Value
Oxy-BF Oxygen Furnace
OPEX OPerational EXpenditure
O&M Operation and Maintenance
PEM Proton Exchange Membrane
PtG Power to gas
SEC Specific electricity consumption
SNG Synthetic Natural Gas
TGR Top Gas Recycling
u.h.m.p Unit of hot metal produced

Latin alphabet
a model parameter

Ci CAPEX
ei Specific electricity energy consumption
Δei Specific thermal consumption variation with respect to 

Case 0
ECO2 CO2 capture efficiency
Epenalty Energy penalty
HHV High heating value
LHV Low heating value MJ/t
Ii Incomes
ṁHM Hot metal production
NPV Net present value (discounted cash flow)
n Loan amortization period
ni Molar flow
Mi Molar mass of component “i”
Oi OPEX (biomass)
P pressure
qCaL Specific thermal needs of the CaL plant
ri,j Component “i” consumed or produced in “j” per u.h.m.p
r’’’ reaction source term
ΔrCO2 CO2 avoided per u.h.m.p
T temperature

Greek alphabet
α Economic parameter
β Economic parameter
γ Economic parameter
ε volume fraction
ηelec Energy conversion factor from thermal energy to 

electricity
ρ density
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technical and economic conditions necessary to achieve reasonable 
payback periods.

2. Decarbonisation pathways: Carbon capture vs biomass 
utilization

The present work compares two low-carbon integrations (carbon 
capture via CaL vs. biomass utilization via pyrolysis) in an advanced 
steelmaking plant. This conceptual plant combines top gas recycling, 
oxygen blast furnace, and PtG technology, as one of the most advanced 
concepts for decarbonization proposed in literature [21]. They are also 
compared against a reference steelmaking plant, in which no decar
bonization technologies have been included.

Top gas recycling consists on the recycling of part of the blast furnace 
gas leaving the furnace, back into it. This gas stream has a typical vol
ume composition of 22–24 % CO2, 20–25 % CO, 0–2 % H2O, 3–4 % H2, 
and 47–53 % N2 and acts as a reducing agent, diminishing coke con
sumption. It has to be noted that introducing CO2 or H2O to the BF is not 
desirable, as fuel consumption is increased and the reduction of iron 
oxides is hindered. A common solution is to include a carbon capture 
stage before reinjecting the top gas, thus avoiding this negative effect 
[22,23]. The recycled gas can be injected at tuyeres (lower zone), at the 
shaft (mid zone), at the preparation zone (upper zone), or at a combi
nation of them as shown in Fig. 1 [2]. Injecting the recirculated gas at 
the tuyeres allows for a proper interaction between the reducing gas and 
the solids, but decreases flame temperature. Injections at mid shaft avoid 
decreasing the flame temperature, but a poor solid–gas interaction is 
obtained [24]. When injected at the upper zone, the only role of the 
recirculated gas is to preheat the descending solids. Therefore, the gas is 
not used as a reducing agent, and the presence of CO2 is not a problem 
[24].

The TGR can be combined with the use of oxy-combustion in blast 
furnaces (oxy-BF, OBF). These furnaces use oxygen as oxidizing agent 
instead of air, allowing for a higher efficiency and a lower consumption 
of fuel. However, operation conditions are altered due to the reduction 
of mass flow related to the absence of nitrogen in the gas composition. 
The recirculation of a percentage of the BFG stream mitigates this issue 
increasing the mass flow in the furnace and, thus, the sensible heat of the 
gas stream.

An attractive alternative for steelmaking decarbonization is the 

combination of oxy-BF with PtG [25]. PtG technology consumes 
renewable electricity to produce H2 via water electrolysis, which reacts 
with the CO2 from the ironmaking process to obtain a synthetic natural 
gas (SNG) [26], avoiding the uncertain geological storage. This SNG is 
later mainly injected into the BF. Two cases are proposed and analysed 
in this study to obtain the required CO2 for the methanation: Case 1 uses 
carbon capture via CaL (fuelled by COG, and partially by SNG), whereas 
Case 2 makes use of the CO2 content in the syngas from biomass py
rolysis, thus avoiding the need of a carbon capture stage. The excess 
production of steel gases (BFG, BOFG, and COG), once the CaL thermal 
needs are covered in Case 1, is first utilized to meet the power plant 
thermal needs. Once these requirements are satisfied, the remaining 
gases are sold to other industries.

3. Methodology

The models of the reference I&S plant and the two low-carbon con
cepts are implemented in Aspen Plus v11. The reference case is a con
ventional BF-BOF plant. Case 0 is described in detail in [27]. The reader 
is referred there for additional, more comprehensive information about 
the different modelling blocks of each element of the plant. To sum
marize, the sinter strand block accounts for the agglomeration process of 
fine ore particles. In the coke oven model, the coke-making process is 
simulated, producing coke oven gas (COG) as a by-product. The power 
plant is run by a percentage of the available COG, BFG, and BOFG and 
produces 100 MWe of net electricity for self-consumption [28]. This is a 
typical figure for integrated steel plants, here considered for comparison 
purposes. The BOF transforms the hot metal leaving the blast furnace 
into low/medium-carbon steel, reducing the carbon content from 4.5 wt 
% C to less than 0.3 wt% C to obtain commercial steel (such as [29]). The 
blast furnace itself is simulated through a user-defined routine which 
relates BF inlets and outlets through mass and energy balances, based on 
the extended operating line methodology [25,26], resulting in the for
mation of hot metal and BFG. This methodology is based on the Rist 
diagram, which is generalized to extend its applicability to more sce
narios. The most relevant data of the reference BF-BOF plant (Case 0) are 
presented in Table 1.

Both low-carbon concepts share some technical assumptions: (i) 
TGR; (ii) an enriched hot blast with O2 to reach 95 vol% O2 at the inlet, 
obtaining an oxy-blast furnace; (iii) production of O2 and H2 in an 
electrolyzer; (iv) a methanation plant.

The selected electrolyzer is taken from the Nel Hydrogen catalogue, 
with an assumed energy consumption of 3.75 kWh/Nm3

H2 [30]. PEM is 
selected as the electrolysis technology, as it presents a better dynamic 
response compared to an alkaline electrolyser, as well as other advan
tages such as a higher energy density and a more compact design. Even 
though SOEC is rapidly emerging at a commercial scale, its specific costs 
are still higher, due to cost-learning curve effects. The methanation plant 
consists of two isothermal fixed-bed reactors operating at 300–350 ◦C 
and 5 bar, as by the technology proposed by Hitachi Zosen [31].

Case 1 and Case 2 are presented in Section 3.1 and Section 3.2, 
respectively. For comparison purposes, the analysis is carried out using 
specific units per ton of hot metal produced in the BF (tHM), and then 
scaled up to net amounts for a specific steelmaking plant with a pro
duction of 320 tHM/h [32]. The3 economic parameters and the key 
parameter indicators (KPIs) are described in Section 3.3 and Section 3.4, 
respectively.

Fig. 1. TGR injection possibilities.

Table 1 
Relevant data of Case 0.

Description Value Units

CO2 emissions 1943 kg/tHM

Coal consumption 668 kg/tHM

Sold steel gases 2400 MJ/tHM
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3.1. Case 1: CaL integration

The Calcium Looping system captures the CO2 from the BFG to be 
combined with electrolytic H2. The resultant SNG is injected into the 
blast furnace (Fig. 2). The amount of SNG produced is the required to 
cover the blast furnace needs, while the calciner is directly fuelled by the 
surplus COG (therefore, it is not redirected to the power plant). As COG 
alone is not sufficient to cover the thermal needs of the CaL plant, some 
extra SNG is produced to cover for the remaining heat. The required SNG 
establishes the size of the methanation plant, the electrolyzer and the 
CaL system. The excess heat from the carbonator and the methanation 
reactors is used to feed the power plant, reducing the process gases 
consumption.

The model implemented in Aspen Plus of the CaL system is illustrated 
in Fig. 3. The make-up flow is introduced through the carbonator in 
order to preheat it, so less thermal energy is needed in the calciner [9]. 
Two heat-exchangers have also been included. One utilizes the heat of 
the CO2 leaving the calciner to preheat the fuel mixture ((COG + SNG) 
+ O2), while the other utilizes the heat of the clean BFG to preheat the 
BFG to be cleaned [8]. The calciner has been modelled as a mixed 
chamber CFB (Circulating Fluidized Bed) under oxy-combustion condi
tions, in which O2 and COG enter from the bottom, fluidizing the par
ticles. CO2 is recirculated to approximate to the air-combustion 
conditions (O2:CO2 ratio of 21:79) at the inlet [33]. The carbonator, 
also modelled as a CFB, has been divided into various sections to 
properly reproduce the carbonation rate along the reactor [34]. The 
water present in the captured CO2 stream is condensed before leaving 
the system.

The input data are summarized in Table 2. The residence time of the 
carbonator is left as a dependant variable to obtain a 90 % CO2 capture 
efficiency (ECO2) [35] at reactor outlet. Meanwhile, the calciner resi
dence time is fixed to 5 s, which is a common, conservative value for 
calcination CFB reactor [8,36], enough for a 100 % conversion. The 
ratios FR/FCO2 (molar ratio between solids recirculated and CO2 in the 
flue gas make-up) and F0/FR (molar ratio between make-up and solids 
recirculated CO2) are associated to the molar flows indicated in Fig. 3. 
10 % heat losses are also assumed for both reactors [37].

These ratios are adjusted from the work of Abanades [38], in which 
those ratios are related to obtain 90 % capture efficiency. As in that work 
the make-up is introduced in the calciner, not the carbonator, it is 
necessary to modify the ratios. The mathematical calculation is detailed 

in the Supplementary Document.
The Aspen models for calciner and carbonator are presented in Fig. 4. 

As mentioned before, the calciner is built as a mixed chamber CFB. The 
COG + SNG is combusted at the bottom of the reactor, mixing with the 
recirculated CO2 and the solids stream. The calciner reactor is modelled 
as a single continuously stirred tank reactor, since calcination is an 
almost instant reaction. Finally, a valve takes account of the pressure 
drop occurring within the reactor. COG + SNG combustion is considered 
stoichiometric and complete. The heat released in combustion covers 
the endothermic processes of (i) heating of the solids at the inlet and (ii) 
calcination reaction.

Regarding the carbonator, the BFG and the solids enter through the 
bottom, mixing before entering the carbonator. It is assumed that the hot 
solid stream partially preheats the BFG stream.

The carbonation reactor is simulated connecting seven continuous 
stirred tank reactors (CSTR) in series to compute the carbonation of the 
sorbent along the reactor [43,44]. This configuration leads to a variation 
below 1 % in the CO2 capture efficiency for residence times from 3 to 12 
s, expected for a CFB reactor [45]. The inlet pressure of each reactor is 
decreased to simulate the real pressure drop. Finally, the kinetics of 
carbonation and calcination is implemented according to Eqs. (1)-(2). 
These equations were modelled for operation inside a coal-based CFB 
boiler, in which gasification reactions occur. Therefore, they are suitable 
for high H2 and CO conditions, such as the ones presented in the CO2 
capture of BFG [46]. 

rtriple prime
calc = 1.22*exp

(
− 4026

T

)
(
Peq − PCO2

)
(Am0,CaCO3) εCaCO3 ρCaCO3 (1) 

rtriple prime
carb = 0.0169, exp(

− 3488
T

)
(
PCO2 − Peq

)
Am0,CaO εCaO ρCaO (2) 

where T represents the temperature (K), Peq the equilibrium pressure 
(atm) of the calcination reaction at the given temperature, PCO2 the CO2 
partial pressure (atm), Am0 the specific surface areas (300 m2/kg for 
CaCO3 and 20000 m2/kg for CaO), ρ the density (kg/m3) and ε the 
volume fraction (p.u).

3.2. Case 2: Biomass integration

Case 2 (Fig. 5) includes the pyrolysis of biomass, obtaining charcoal, 
syngas and bio-oil [20]. As opposed to Case 1, no carbon capture stage is 

Fig. 2. Process flow diagram for the carbon capture integration.
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required, as CO2 supplies for the methanator are provided by the syngas. 
Furthermore, the syngas benefits from a high H2 content, as well as the 
presence of CH4, both leading to a decrease of the electrolyzer size and 
electricity consumption.

The real data obtained from the experiments on slow pyrolysis of 
Solar et al. [47] are considered to model the pyrolysis stage. Specifically, 
the slow pyrolysis of Pinus Radiata is performed at 700 ◦C for 30 min, 
yielding 24.3 % of solid phase, 50.8 % of gas phase, and 24.9 % of liquid 
phase. Proximate and immediate analyses of the solid phase before and 
after treatment are compiled in Table 3. The composition of the gas 
obtained (from now on, syngas) is detailed in Table 4. The liquid phase is 
not utilized in the present work. However, it could be processed into 
biofuels, or transformed via petrochemical routes into valuable 

chemicals that could be used in fields such as pharmacology, food or 
polymer chemistry [48].

The biomass treatment plant (pyrolysis and grinding) is not modelled 
in detail in Aspen Plus. The associated energy and cost of the plant are 
computed externally after determining the biomass production re
quirements of the plant and sizing it. The plant is sized by the charcoal 
needs of the blast furnace, which fixes the amount of biomass to be 
pyrolyzed, and also the syngas production. The CO2 emissions associ
ated for this process are considered 0.0155 kgCO2/MJ [49]. Its energy 
consumption is typically estimated in literature as being within the 
6–15 % of the biomass high heating value (HHV) [50]. The least opti
mistic value (15 %) is considered, so that the obtained energy penalty 
corresponds to the worst potential scenario.

The blast furnace integration is based on the work of Bailera et al. 
[20]. The top gas recycled is injected through the upper part. It is oxy- 
combusted before entering the furnace back to increase the tempera
ture, so an almost-pure CO2 stream is obtained. As it was mentioned, the 
gas is not used as a reducing agent when injected at the preparation 
zone, so the presence of CO2 is not a problem.

3.3. Economic parameters

For the economic analysis, a time horizon of 20 years with an annual 
interest of 4 % is considered. Table 5 summarizes the correlations and 
parameters used. The initial capital expenditure (CAPEX) accounts for 
the investment costs related to methanation, electrolyser and retrofitting 
the blast furnace for oxy-combustion operation, as well as other direct 
and indirect costs such as the installation or the engineering costs. The 
cost of the CaL plant is also considered in Case 1 and the cost of the 
pyrolysis plant in Case 2. The operational expenditure (OPEX) includes 
the catalyst renovation (15 % yearly), the water consumption (1.47 €/t), 

Fig. 3. Aspen Plus model of the CaL system.

Table 2 
Input data of the CaL system.

Variable Value Units Ref.

CO2 capture efficiency 0.9 − ​
Cyclone efficiencies 0.999 − [33]
Condenser temperature 25 ◦C ​
O2 at calciner inlet 21 vol% [33]
Fr/FCO2 6 − [38]
F0/FR 0.03 − [38]
Calciner ​ ​ ​
Temperature 900 ◦C, uniform [39,40]
Pressure loss 0.15 bar [41]
Heat losses 10 % [37]
Residence time 5 s [8,36]
Carbonator ​ ​ ​
Temperature 650 ◦C, uniform [39,40]
Pressure loss 0.15 bar [42]
Heat losses 10 % [37]
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the electricity purchased (60.3 €/MWh), the operation and maintenance 
(3 % of total CAPEX), as well as the limestone renovation (Case 1) or the 
biomass demand (Case 2). The biomass cost includes the associated costs 
of all the logistic process, including transportation, grinding and py
rolysis. Annual incomes summarize the excess O2 by-produced in the 
electrolyzer, sold at 80 €/t, the flared excess steel gases, whose energy is 
sold at 19.6 €/MWh, the CO2 tax avoided (84 €/tCO2) and the coal saved 
thanks to the integration, bought at 149.3 €/t. Although steelmaking 
industry operates under continuous production, service and mainte
nance stops are also considered, rendering an equivalent of 8000 h of 
production per year.

3.4. Key performance indicators

A total of 18 KPIs are calculated to evaluate and compare the ob
tained results. KPIs 1 to 12 correspond to the system operation. KPI 1 is 
the specific primary energy consumption per unit of hot metal produced 
(MJ/tHM) required in the form of thermal energy for the system 
responsible of abating the CO2 emissions in each case. This approach is 
straightforward for Case 1, as it integrates a carbon capture plant whose 
thermal energy consumption is calculated in the Aspen Plus simulation. 
For Case 2, the reduction in CO2 emissions is accomplished here by the 
use of carbon–neutral biomass. Therefore, KPI 1 is calculated 

Fig. 4. Left: Aspen Plus calciner model; Right: Aspen Plus carbonator model.

Fig. 5. Process flow diagram for the biomass integration.
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considering the thermal energy consumption in the biomass treatment 
unit, according to Eq. (3). 

KPI 1C,2 = rB(15% HHVB) (3) 

Where rB is the ratio of biomass consumed (kg/tHM), and HHVB is its high 
heating value (MJ/kg). The criterion for the sizing of both systems, CaL 
plant and pyrolysis plant, is that the adiabatic flame temperature (AFT) 
in the blast furnace should not drop below 2000 ◦C for technical reasons 
[66]. This technical limit defines how much auxiliary fuel can be 
injected through the tuyeres, thus defining the amount of SNG and 
biomass to be introduced, which is directly related to the CO2 needs of 
the methanization plant. Sizes of methanation and electrolyzer are then 
established accordingly.

KPI 2 represents the amount of SNG produced in the methanation 
system, KPI 3 the coke consumption of the blast furnace, and KPI 4 the 
total coal consumption of the plant, taking into account other processes 
such as the sintering or cokemaking stages. KPI 5 is exclusive of Case 2, 
and refers to the charcoal injected into the blast furnace. KPIs 6 and 7 are 
the equivalent gross and net CO2 emissions to the atmosphere of the 
whole steelmaking plant, respectively. The gross emissions are the 
summation of the flue emissions of all the different elements of the plant. 
These are the sinter, coke oven, BF stoves, BOF, casting, electricity 
generation in the power plant, and also the excess steel gases, which will 
be eventually burnt by other industries, releasing CO2 which is also 
accounted here. For Case 1, gross and net CO2 emissions are equal. For 
Case 2, they differ, as part of the carbon input of the system comes from 
biomass, which is considered CO2-neutral in nature. Therefore, its 
associated emissions are deducted. This is achieved following Eq. (4). 

KPI7 = KPI6 −

(
∑

i=CO2 ,CO,CH4

ni,syn +
∑

i=C2H4 ,C2H6

2 ni,SYN + nCC,C

)

MCO2 (4) 

Where ni,syn is the molar flow of the different compounds present in the 
syngas (kmol/tHM), ncc,c the molar flow of charcoal (kmol/tHM), and 
MCO2 the molar mass of CO2 (kg/kmol). Essentially, this equation sub
tracts all the carbon content introduced through the biomass input, 
either in the form of charcoal, or in the form of the different organic 

compounds present in the syngas.
The steel gases not used in the power plant are sold. The economic 

valorization is estimated through the energy content of the gas sold, 
which is included in KPI 8 by considering the corresponding LHV. The 
electrolyzer energy consumption is provided in KPI 9. KPI 10 computes 
the whole electricity consumption. KPI 11 refers to the oxygen needs. In 
the case that the electrolyzer covers the O2 needs of the whole plant, a 
net O2 excess may be obtained. Otherwise, the air separation unit (ASU) 
covers the O2 default. Depending on whether KPI 11 is positive or 
negative, this quantity represents the surplus O2 or the amount produced 
by the ASU, respectively. The energy penalty (KPI 12) is defined as the 
specific net electrical energy consumed in the industry per kg of CO2 
avoided for each case scenario (Eq. (5)). 

Epenalty =
(
Δecons − Δecoal⋅ηelec − Δegases⋅ηelec

+ Δebiomass⋅ ηelec
)
/ΔrCO2

[
MJ/kgCO2

]
(5) 

Where Δecons is the specific additional electricity consumed in the in
dustry with regard the reference case (MJ/tHM), Δecoal is the specific coal 

Table 3 
Characterization of the solid biomass re[,]

Biomass Charcoal

Proximate analysis (wt%) ​ ​
Moisture 10.6 2.1
Volatile matter 70.7 10.6
Ash 0.6 4.2
Fixed carbon 18.1 83.1
Elemental analysis (wt% daf) ​ ​
C 47.8 99.0
H 7.6 0.4
O 44.6 0.5
N 0.0 0.1
HHV (MJ/kg) 16.4 32.8

Source 2047.

Table 4 
Characterization of the syngas obtained from slow 
pyrolysis [20,47].

Compound vol%

H2 39.0
CO 29.2
CO2 16.3
CH4 14.5
C2H4 0.7
C2H6 0.3
HHV (MJ/kg) 18.0
HHV (MJ/Nm3) 13.8

Table 5 
Main assumptions for economic analysis.

Cost equation 
(M€) or (M€/y)

Parameters α, β, γ Ref.

CAPEX ​ ​ ​
BF Oxy- 

Retroffiting
0.5 • α BF renovation cost [M€] [1]

Pyrolysis plant ​ ​ ​
Rotary kiln 1.88 •

(α/1400)0.65
Biomass consumption [kg/h] [51]

Biomass dryer 2.015 •
(α/1400)0.65

Biomass consumption [kg/h] [51]

Calcium Looping ​ ​ ​
Calciner 0.193 • α0.65 Thermal power [MWt] [52]
Carbonator 0.217 • α + 3.83 Low heating value [MWt] [52]
Heat exchangers (9016.3 + 721.3 

• α0.8) • 10-6
Area [m2] [53]

Electrolyser 400 • 10-6 • α Power [kW] [54]
Methanation ​ ​ ​
Compressors 0.267 •

(α/445)0.67
Power [kW] [55]

Reactors 300⋅10-6 • α SNG power [kWSNG] [56]
Catalyst 0.1875 • α Volume of catalyst [m3] [55]
Other direct costs ​ ​ ​
Installation 39 % • α Total equipment costs [€] [57]
Instrumentation & 

control
26 % • α Total equipment costs [€] [57]

Piping 31 % • α Total equipment costs [€] [57]
Electrical 10 % • α Total equipment costs [€] [57]
Building 29 % • α Total equipment costs [€] [57]
Indirect costs ​ ​ ​
Engineering 32 % • α Total equipment costs [€] [57]
Legal expenses 4 % • α Total equipment costs [€] [57]
Construction 

expenses
34 % • α Total equipment costs [€] [57]

Contingency 37 % • α Total equipment costs [€] [57]
OPEX ​ ​ ​
Biomass & 

treatment
2.82 • 10-3 • α Charcoal consumption [kg/h] [58]

Limestone 
renovation

10-5 • α Limestone renovation [t/y] [59]

Catalyst 
renovation

15 % • α Initial catalyst cost [M€] [60]

Electricity 6.03 • 10-5 • α Electricity consumption [MWh/ 
y]

[61]

Water 1.47 • 10-6 • α Water consumption [m3/y] [62]
O&M 3 % • α Total CAPEX [57]
INCOMES ​ ​ ​
Oxygen 80 • 10-6 • α O2 generated [tO2/y] [63]
Flared gases (15 + α*β/13) •

γ • 10-6
α = NG Price [€/MWh]; β = Steel 
gases LHV [kWh/kg]; γ = Steel 
gases generated [MWh/y]

−

Coal avoided 1.49 • 10-4 • α Coal avoided [tcoal/y] [64]
CO2 taxes 84 • 10-6 *α CO2 consumed [tCO2/y] [65]
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energy avoided (MJ/tHM), Δegases is the specific excess of gases sold to 
nearby industries (KPI 8), Δebiomass is the specific primary energy con
sumption of the pyrolysis (KPI 1C,2), which is 0 in Case 1. The energy 
needs of the CaL are supplied by COG, which is not necessary to include 
here, and part by SNG, which is included in the additional electricity 
term. ηelec is the energy conversion factor from thermal energy to elec
tricity (0.33) and ΔrCO2 is the amount of CO2 avoided (kgCO2/tHM).

The results from the economic analysis are summarized in the values 
of KPIs 13 to 18. KPIs 13 and 14 are the CAPEX and the yearly annual 
benefits, respectively. KPI14 is the difference between KPI 15 (incomes) 
and KPI 16 (OPEX). KPIs 17 (CO2 avoidance cost) and 18 (specific 
implementation cost) are calculated by Eqs. (6) and (7). 

KPI17 [€/tCO2] = 106

(
KPI13

n − KPI14
)

ṁHM*ΔrCO2
(6) 

KPI18 [€/tHM] = 106

(
KPI13

n − KPI14
)

ṁHM
(7) 

Where n represents the loan amortization period (in this case, 20 years), 
ΔrCO2 the amount of CO2 avoided yearly (tCO2/y) and ṁHM the annual 
hot metal production (tHM/y). The 18 KPIs are summarized in Table 6. 
Accordingly, the parameters utilized alongside this section are summa
rized in Table 7.

4. Results and discussion

4.1. Technical assessment

KPIs vary notably between the two analysed concepts as presented in 
Table 8. The results will also be compared with a study from Perpiñán 
et al. [21], which proposed a low-carbon integration homologous to the 
CaL one, using amine scrubbing instead. Regarding KPI 1, the thermal 
energy required per mass of hot metal produced for the pyrolysis of 
biomass is lower than the thermal energy required to operate the 
calciner in the CaL plant. Nonetheless, it has to be stated that, due to the 
high-temperatures of the CaL process, most of this energy is reutilized in 
the power plant. The amount of SNG (KPI 2) to be produced is also lower 
in the biomass case (212.5 kg/tHM vs. 144.4 kg/tHM). The reasons are 
twofold. Firstly, the injection of biochar in the BF as auxiliary fuel re
duces the SNG demand into the BF, which is 195 kgSNG/tHM for Case 1. 
Secondly, some additional SNG has to be produced in Case 1 to com
plement the COG in the calciner. The amine-based studied by Perpiñán 
et al. [21] required also 195 kgSNG/tHM for the BF, but no extra SNG had 
to be produced for other purposes.

KPIs 3 to 5 are calculated in Aspen Plus®, according to the extended 
operating line methodology [26]. The utilization of alternative reducing 
agents, such as SNG or biochar, makes it possible to reduce the coke 

Table 6 
KPI description.

KPI Description Unit Calculated as

1 Specific primary energy 
consumption (SPEC)

MJ/tHM C1: qCaL 

C2: rB • (15 % HHVB)
2 SNG production kgSNG/ 

tHM

C1: rSNG,BF + rSNG,CaL 

C2: rSNG,BF

3 Coke consumption kgcoke/ 
tHM

rcoke,BF + rcoke,sinter

4 Total coal consumption kgcoal/ 
tHM

rcoal,BF + rcoke,sinter + rcoal,coke

5 Charcoal injected into BF. kg/tHM C1: Not applicable 
C2: Rist Diagram [25,26]

6 Gross CO2 emissions kgCO2/ 
tHM

rCO2,BF + rCO2,sinter + rCO2,coke +

rCO2,PP + rCO2,sold + rCO2,cast

7 Net CO2 emissions kgCO2/ 
tHM

C1: KPI 6C2: KPI 6 –  
(nCO2,syn + nCO,syn + nCH4,syn + 2 •
(nC2H4,syn + nC2H6,syn + nCC,C)) •
MCO2

8 Energy content of sold 
gases

MJ/tHM rsold • LHVsold

9 Electrolyzer energy 
consumption

MWh/ 
tHM

ePEM • rH2

10 Net electricity 
consumption

MWh/ 
tHM

C1: ePEM + eequipment 

C2: ePEM + eASU + eequipment

11 Net oxygen balance kgO2/ 
tHM

C1: rO2,PEM – rO2,BF – rO2,CaL 

C2: rO2,PEM – rO2,BF – rO2,BFG

12 Energy penalty of low- 
carbon concepts

MJ/ 
kgCO2

(Δecons – Δecoal•ηelec – Δegases•ηelec 

+ Δebiomass• ηelec)/ ΔrCO2

13 CAPEX M€ C1:CPEM + Cmet + CCaL + Cdirect +

Cindirect 

C2: CPEM + Cmet + Cbio + Cdirect +

Cindirect

14 Yearly benefits M€/y KPI 15 – KPI 16
15 Yearly incomes M€/y C1:ICO2 + IO2 + Icoal + Isold 

C2:ICO2 + Icoal + Isold

16 OPEX M€/y C1: OElec + OO&M + Ocat + Owater +

OCaCO3 

C2: OElec + OO&M + Ocat + Owater +

Obio

17 CO2 avoidance cost €/tCO2 106 •
NPV,20years

ṁHM • n • ΔrCO2
18 Specific implementation 

cost
€/tHM 106 •

NPV,20years

ṁHM • n

Table 7 
Parameters utilized to calculate KPIs. Specific variables, indicated in small let
ters, are referred to unit of hot metal produced (u.h.m.p).

Parameter Description Units

Cbio CAPEX (biomass treatment plant) M€
CCaL CAPEX (calcium looping plant) M€
Cdirect CAPEX (other direct costs) M€
Cmet CAPEX (methanator) M€
Cindirect CAPEX (indirect costs) M€
CElec CAPEX (electrolyzer) M€
eASU Specific electricity consumption (SEC) by ASU MWh/ 

tHM

eequipment SEC by auxiliary equipment MWh/ 
tHM

ePEM SEC by electrolyzer MWh/ 
tHM

Δecoal Specific coal energy avoided MJ/tHM

Δecons SEC MJ/tHM

Δegases Specific excess steel gases energy MJ/tHM

Δethermal Specific primary energy consumed MJ/tHM

HHVb High heating value of biomass MJ/t
Icoal Incomes (coal cost saving) M€/y
ICO2 Incomes (CO2 tax saving) M€/y
IO2 Incomes from O2 sold M€/y
Isold Incomes from sold gases M€/y
LHVsold Low heating value of sold gases MJ/tHM

MCO2 Molar mass of CO2 kg/mol
ṁHM Hot metal production tHM/y
NPV Net Present Value (discounted cash flow) M€
n Loan amortization period y
nCC,C Molar flow of charcoal per u.h.m.p kmol/tHM

ni,syn Molar flow of component “i” in syngas per u.h.m.p kmol/tHM

Obio OPEX (biomass) M€/y
OCaCO3 OPEX (limestone) M€/y
Ocat OPEX (catalyst) M€/y
OElec OPEX (electricity) M€/y
OO&M OPEX (operation and maintenance) M€/y
Owater OPEX (water) M€/y
rB Biomass consumed in BF per u.h.m.p kg/tHM

ri,j Component “i” consumed in “j” per u.h.m.p kgi/tHM

rCO2,j CO2 emitted in “j” per u.h.m.p kgCO2/ 
tHM

rH2 H2 produced by electrolyzer per u.h.m.p kgH2/tHM

rsold Sold gases per u.h.m.p kg/tHM

ΔrCO2 CO2 avoided per u.h.m.p kgCO2/ 
tHM

qCaL Specific thermal needs of the CaL plant MJ/tHM

ηelec Energy conversion factor from thermal energy to 
electricity

−
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consumption to 278.5 (same as [21]) and 223.2 kg/tHM for case 1 and 2, 
respectively (KPI 3). Pulverized coal is fully substituted in both proposed 
concepts, so coal consumption comes entirely from two sources: (i) the 
small quantity used for sintering and (ii) the raw material for coke 
production. Therefore, coal consumption is directly related to coke 
consumption, allowing for a lesser coal consumption in case 2 (KPI 4). 
Reductions of 33 % and 44 % with respect to case 0 (668 kg/tHM) are 
obtained, respectively. As some of the inputs to the BF differ between 
integrations (SNG, coke injections), the blast furnace volumes are also 
slightly different (426.2 kg/tHM for Case 1 vs. 452 kg/tHM for Case 2). 
KPI 5 is only associated with case 2. According to the solid yield ratio of 
the biomass utilized (Table 3), 532 kg/tHM of biomass has to be treated 
to obtain the required amount of charcoal.

To properly clarify KPIs 6 and 7, Sankey diagrams for both cases are 
presented in Fig. 6. They represent the carbon flows between the 
different elements of the steelmaking plant. To establish a common 
ground for comparison between different streams, the carbon flow is 
measured in kgCO2/tHM, considering that the carbon present in every 
stream is eventually transformed to CO2, following Eq. (8)

Carbon flow
[
kgCO2

tHM

]

=

(
∑

i=CO2 ,CO,CH4

n,i +
∑

i=C2H4 ,C2H6

2n,i + nC

)

MCO2 (8) 

The different nature of the streams is represented with a colour code 
indicated in the figure. Grey colours represent solids. Coal, coke and 
dissolved carbon in the hot metal are ordered from darker to lighter 
grey, respectively. BFG, COG and BOFG are represented with blue, 
yellow, and light green, respectively. The BFG fraction that goes to the 
carbon capture stage in case 1 is represented in maroon and the captured 
CO2 from that stream is painted orange. The CH4 stream leaving the 
methanation is violet. CO2 emissions to the atmosphere are presented in 
red. External fuel is blue, and the solid streams of make-up and purge are 

displayed in pink. To end, CO2 equivalent emissions abated by pyrolysis 
are shown in dark green colour.

The Sankey diagrams illustrate the main difference between cases: 
the nature of the carbon loop. In Case 1, carbon is mainly recycled by 
methanation. Part of the carbon contained in the BFG is captured by the 
CaL system, reconverted to methane and spent again, closing the loop. 
Meanwhile, in Case 2 carbon is naturally recycled by the growth of 
biomass (“Regeneration” step in Fig. 6). The loop helps to illustrate the 
difference between net and gross CO2 emissions. Even though gross CO2 
emissions (KPI 6) are higher (1971 kg/tHM) in case 2, a great part of 
those correspond to the carbon introduced by the biomass. That is rep
resented by the dark green loop, which stands for the natural regener
ation of the biomass. Those emissions had previously been captured 
from the atmosphere by the biosphere. When new, sustainable biomass 
is pyrolyzed and used for the process, the loop closes. Thus, those 
emissions are considered carbon neutral. The only emissions associated 
to the pyrolysis process are associated with secondary elements. Taking 
all into account, net emissions (KPI 7) are lower in Case 2. Compared to 
Case 0 (1943 kg/tHM), the biomass integration obtains a reduction of 
805.4 kg/tHM, which is a 17 % higher reduction than Case 1.

The energy of the sold steel gases (KPI 8) is higher in Case 2 (5322 vs 
4684 MJ/tHM). On the one hand, the integration of the carbonator and 
methanator heat in the power plant in Case 1 allows for a complete 
substitution of the steel gases, so they do not have to be burned and a 
greater part of them can be sold. On the other hand, the surplus COG is 
utilized to feed the CaL, outweighing the positive effect. In both cases, 
the excess steel gases are much more than in Case 0 (2400 kg/tHM), 
approximately duplicating in both cases, and are in accord with results 
from [21], which obtained around 4500–5500 MJ/tHM. The off-gases 
composition is presented in Table 9. Regarding BFG, their composi
tions are fairly similar, but present some differences. Namely, Case 1 
presents a higher hydrogen share due to the higher SNG injection, while 
Case 2 presents a higher CO share due to the biochar injection. 
Conversely, the COG and BOFG compositions of both cases are equal, as 
the coke oven and the BOF are not affected by the integrations. 
Regarding recirculations, out of 1287.8 kg/tHM of BFG leaving the BF, 
205 kg/tHM (a 16 % of the total) are reinjected for TGR in Case 1, and 
793 kg/tHM (61.6 %) of BFG is redirected to the CaL plant. Afterwards, 
its CO2 is captured, and the CO2-free BFG is recycled (586.9 kg/tHM). 
Regarding Case 2, out of 1538.7 kg/tHM, 270.7 kg/tHM (18 % of the total) 
of BFG are reinjected for TGR.

Electricity consumption is driven mainly by the electrolyzer, and 
secondly by the ASU. Case 2 features a 3 times smaller electrolyzer (KPI 
9) than Case 1. As it was mentioned when explaining KPI 2, the 
methanation needs in the biomass integration are much smaller, which 
directly results in a lower flow of H2 entering the methanizer. Moreover, 
the syngas stream includes H2 (which is therefore not produced in the 
electrolyzer) and CH4 (which does not have to be synthetically produced 
using more H2). The use of an ASU depends on the oxygen needs of the 
integration (KPI 11). Not enough O2 is by-produced in Case 2 to sustain 
the O2 needs of the steelmaking plant (mainly, injections to the BOF and 
to the BF). As a result, the ASU operates to fulfil the O2 demand. This is 
the only aspect in which Case 1 is superior to Case 2, operating without 
oxygen default and not requiring an ASU. Although ASUs are already 
installed in the steelmaking plants, extra electricity has to be consumed 
to provide the extra O2. Nevertheless, ASU electricity consumption is 
still 10 times lower than the electrolyzer consumption in Case 2, not 
having a significant effect on the net electricity consumption (KPI 10), 
which is clearly lower in Case 2.

As it was mentioned in the previous paragraphs, the energy con
sumption of Case 2 is much lower than Case 1, which, combined with a 
reduction in CO2 emissions (1138 vs. 1272 kgCO2/tHM) clearly reflects in 
the energy penalty (KPI 12), 6.18 MJ/kgCO2, 3.1 times smaller than Case 
1. This energy consumption decrease is caused by: i) the pyrolysis plant 
requires less energy than the CaL plant; ii) coal and coke consumption in 
the BF is lower in Case 2, thanks to the charcoal injection; iii) SNG 

Table 8 
Comparison of KPIs. Best case for each KPI is highlighted in bold. Last column 
reflects the percentual change of Case 2 with respect to Case 1.

KPI Related 
to

Description Units Case 1 Case 2 %

1 Operation Thermal energy 
required

MJ/ 
tHM

1592 1308 ¡18

2 Operation SNG produced kgSNG/ 
tHM

212.5 144.4 –32

3 Operation Coke rate kgcoke/ 
tHM

278.5 223.3 ¡20

4 Operation Total coal 
consumption

kgcoal/ 
tHM

446.6 373.0 ¡16

5 Operation Charcoal injected kg/tHM ¡ 129.3 −

6 Operation Gross CO2 

emissions
kgCO2/ 
tHM

1272 1971 +55

7 Operation Net CO2 emissions kgCO2/ 
tHM

1272 1138 ¡10

8 Operation Sold steel gases MJ/ 
tHM

4684 5322 þ14

9 Operation Electrolyzer size MWh/ 
tHM

4.32 1.421 ¡67

10 Operation Net electricity 
consumption

MWh/ 
tHM

4.46 1.60 ¡64

11 Operation O2 balance kgO2/ 
tHM

14.95 –333 −

12 Operation Energy penalty MJ/ 
kgCO2

19.29 6.18 ¡68

13 Economics CAPEX M€ 2721 1515 ¡44
14 Economics Benefits M€/y − 510.9 ¡84.12 ¡

15 Economics Incomes M€/y 263.8 326.7 þ24
16 Economics OPEX M€/y 774.7 410.8 ¡47
17 Economics CO2 avoidance 

cost
€/tCO2 281.4 64.5 ¡77

18 Economics Specific 
implementation 
cost

€/tHM 188.8 51.9 ¡73
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consumption is much lower in Case 2, as Case 1 not only utilizes more 
SNG in the BF, but also requires additional SNG for the CaL; iv) this 
results in a smaller electrolyzer, which is further boosted by the syngas 
composition, which already contains H2 and CH4.

As a conclusion, Case 2 scores better in almost every technical result. 
Results by Perpiñán et al. [21], which modelled an homologous PtG 
integration to Case 1, but based on amine scrubbing instead of CaL, 
stated an energy penalty of 17–19 MJ/tHM, similar to Case 1. According 
to that, this conclusion may be extended to other carbon capture sys
tems, such as amine scrubbing, and the big difference is a result not of a 
change in the chosen carbon capture technology, but in the concept 

Fig. 6. Sankey diagrams of equivalent CO2 emissions in kgCO2/tHM (Up: CaL; down: Biomass).

Table 9 
Off-gases molar composition.

BFG COG BOFG
Case 1 Case 2 Cases 1–2 Cases 1–2

CO2 (%) 29.0 28.2 2.3 19.9
CO (%) 27.0 34.9 9.4 66.0
H2 (%) 22.6 14.7 57.3 2.0
N2 (%) 1.3 0.3 2.2 8.0
H2O (%) 20.0 22.0 − −

CH4 (%) − − 28.7 −

O2 (%) − − − 4.0
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behind the integration (biomass vs. CC).

4.2. Economic analysis

A breakdown of the CAPEX, OPEX and incomes of each case is pre
sented in Table 10. Both cases are affected by a specific capital expen
diture, only associated to each case. In Case 1, a CaL plant is constructed, 
whereas in Case 2 it is necessary to integrate the biomass treatment plant 
within the steelmaking plant. Their costs are relatively comparable, and 
are not the reason for the CAPEX difference. The main difference is 
associated with the cost of the electrolyzer, which is much bigger in Case 
1 (553 M€ vs. 182 M€).

The threefold higher cost in electricity is responsible to the much 
worse yearly benefits (KPI 14) in Case 1, as it contributes the most to the 
OPEX of the integration (KPI 16). This is especially true in Case 1, in 
which electricity is responsible of the 89 % of the OPEX. Costs are more 
evenly distributed in Case 2 (Fig. 7), in which electricity is responsible of 
60 % of the OPEX, while biomass associated costs (transport, treatment, 
etc.) represent 28 %.

Incomes (KPI 15) are mostly similar in both cases, favouring Case 2. 
Case 2 is favoured from higher incomes related to the higher amount of 
CO2 abated as well as with smaller coal consumption. The difference in 
the income associated with the sold gases or oxygen is comparatively 
small. The CO2 avoidance cost (KPI 17) and the specific implementation 
cost (KPI 18) are 64.5 €/tCO2 and 51.9 €/tHM for Case 2, 4.4 and 3.6 times 
lower than in Case 1.

According to these results, it is concluded that Case 2 is the best 
option among the analysed concepts in the literature. Nonetheless, 
neither of the integrations are profitable with the current economic 
scenario. To further establish the conditions under which viable sce
narios would occur, further sensitivity analyses are performed. Firstly, 
the main variables responsible for the cost are identified. As it can be 
identified in Table 10, the five main items are, for the OPEX, the elec
tricity and the biomass cost and, for the incomes, the CO2 tax, the coal 
price, and the gases sell price. The weight of the CAPEX is comparatively 
lower to OPEX and incomes. The influence of the five selected param
eters is assessed in Fig. 8, which shows the effect that a ± 50 % variation 
of them (while keeping constant the other ones) involves in the final C.A. 
C and S.I.C cost of Case 2. Similar results are expected for Case 1. From 
this analysis, it is concluded that the most critical variables are the CO2 
tax and the electricity prices.

Subsequently, a sensitivity analysis with respect to CO2 tax prices 
and electricity prices with regard to the payback time of the integration 
is assessed (Fig. 9). As the time window considered for the economic analysis is 20 years, no payback times longer than that are considered. A 

range of 0 to 100 €/MWh for electricity prices is considered, containing 
the current standard price for industrial electricity consumption. Simi
larly, the CO2 tax range is set from 0 to 600 €/tCO2, covering scenarios 
without any tax, the current price tax, and a maximum limit of 600 
€/tCO2. Strefler et al. [67] suggest that CO2 tax prices will rise in the 
following years, reaching 128 €/tCO2 by 2050 and between 384 and 907 
€/tCO2 by 2100. Attending at the current CO2 tax (84 €/tCO2, [65]) and at 
the constant development of renewable energies, mid-term profitability 
would be a plausible scenario.

For Case 1, in order to achieve a positive return of investment in 20 
years a minimum tax of 98 €/tCO2 is necessary, if electricity were 
completely subsidized. Considering the current electricity price assumed 
in this analysis (60.3 €/MWh, point A), the required CO2 tax is 499 
€/tCO2. Assuming renewable electricity obtained from solar photovoltaic 
production (51 €/MWh, point B) and wind energy (35 €/MWh, point C) 
[68], 437 €/tCO2 or 330 €/tCO2 are required to be profitable, 
respectively.

A scenario of a CO2 tax of 59 €/tCO2 is profitable in Case 2 assuming 
subsidized energy. When electricity is obtained at the current price 
(point D), a CO2 tax of 179 €/tCO2 is necessary to achieve profitability. 
Considering solar photovoltaic (point E) or wind farm production (point 
F), 161 €/tCO2 or 129 €/tCO2 are required. It has to be noted that the CO2 

Table 10 
Breakdown of CAPEX, OPEX and incomes of each case.

Case 1 Case 2

CAPEX 2722 M€ 1515 M€
BF Oxy-Retroffiting 125 M€ 125 M€
Pyrolysis plant − 91 M€
Calcium Looping 47 M€ −

Electrolysis 553 M€ 182 M€
Methanation 64 M€ 43 M€
Other direct costs 1079 M€ 600 M€
Indirect costs 849 M€ 473 M€
OPEX 774.67 M€/y 410.79 M€/y
Biomass treatment − 116.46 M€/y
Limestone renovation 0.67 M€/y −

Catalyst renovation 0.72 M€/y 0.38 M€/y
Electricity 688.06 M€/y 247.31 M€/y
Water 3.55 M€/y 1.16 M€/y
O&M 81.66 M€/y 45.45 M€/y
INCOMES 263.80 M€/y 326.7 M€/y
Oxygen 3.06 M€/y 0 M€/y
Sold gases 31.83 M€/y 40.73 M€/y
Coal avoided 84.63 M€/y 112.75 M€/y
CO2 taxes 144.27 M€/y 173.19 M€/y

Fig. 7. OPEX distribution.

Fig. 8. Sensitivity analysis on the effect of different economic assumptions (for 
Case 2).
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tax has risen from 24.5 €/tCO2 in 2019 to 83 €/tCO2 in 2023, even 
reaching in March 2023 a price of 105 €/tCO2 [69]. Therefore, these 
values are not far from reality.

It is now clear that the possibility of profitability for the biomass case 
is not far-fetched. In order to delve into this possibility, a second 
sensitivity analysis is performed, in which the plant size is varied from 
100 tHM/h to 600 tHM/h. The effect on the carbon abatement cost is 
presented in Fig. 10. An asymptotic decreasing behaviour is obtained as 
expected due to a cost advantage obtained from scale economy (for a 
smaller plant, the CAPEX represents a great economic effort, which 
comparatively diminishes as the size increases). The reader will observe 
that most of the cost equations utilized here are linear, so the effect of 
this economy scale is diminished, and is mainly driven by the retrofitting 
of the furnace, whose cost is considered constant, and the biomass 
treatment plant, whose cost equation is affected by scale economy. It is 
expected that, in a real case, the specific costs will reduce as the scale 
increases, amplifying the scale economy effect. Supposing some of the 
largest steelmaking plants, able to produce up to 600 tHM/h [70,71], a 
CO2 abatement cost of 55 €/tCO2 and a specific implementation cost of 
45 €/tHM are achievable for the biomass case, taking into account the 
electricity price and the CO2 tax of the current economic scenario (60.3 
€/MWh and 84 €/tCO2). According to the current steel price (722 €/tsteel 
[72]) and that in this model 1.078 tonnes of steel are obtained per tonne 
of hot metal, it would imply an overcharge of a 7 % in the steel price. If 

an infinitely large plant existed, costs would dwindle to 39 €/tCO2 and 31 
€/tHM. As a final commentary, the option of increasing the power plant 
size to valorise the excess steel gases was investigated. Even though the 
electricity cost diminished, the increase in CAPEX (and its respective 
O&M cost) associated to the power plant expansion, together with the 
disappearance of the income from sold steel gases, outweighed the 
benefits, preventing the improvement of the economic results..

4.3. Logistic and environmental challenges, and research potential

As it was presented, both technical and economic results support the 
biomass integration. Nonetheless, there are different additional ele
ments regarding the use of biomass that must be delved into, in order not 
to be overly optimistic and simplistic.

In this article, the biomass has been considered as carbon neutral. 
Raghu et al. [73] addressed the CO2 emissions of the biomass supply 
chain for a power plant in Finland and found out that these emissions are 
between 2.72 and 3.46 kgCO2eq per MWh of biomass, depending on the 
type of biomass. Taking the highest value, assuming a LHV of 16.4 MJ/ 
kgbiomass, and a biomass consumption of 532 kg/tHM (as in Case 2), the 
emissions of this integration related to the biomass supply chain are 8.4 
kgCO2/tHM. This is a really low figure compared to the 1138 kgCO2/tHM 
emissions of the steel plant, so the CO2 neutrality assumption can be 
considered as valid. However, this assumption relies on the use of 
proximity biomass. If biomass must be imported from afar, it would not 
be longer carbon neutral.

Considering the production rate of 320 tHM/h and 8000 h of annual 
operation, 1280 Mt of biomass are required yearly. Such large quantities 
of biomass are not universally available, so this is a local solution for BF 
mills close to sufficient biomass resources. Mandova et al. [74] 
addressed this issue, evaluating the status of the top 40 steel production 
countries via the BF route, and the co-location of sustainably domesti
cally sourced biomass, along with other factors such as national policies 
supporting alternative fuels. Their results show that a biomass-based BF- 
BOF steelmaking industry may be a suitable option for countries such as 
Canada, Sweden, China, USA and France. In contrast, other countries 
such as Kazakhstan or Brazil must overcome some policy limitations, 
while others like Mexico or Ukraine lack sufficient biomass resource.

Regarding future research, the authors want to highlight that these 
results correspond to these CCU integrations, where the CaL capture 
plant is sized accordingly. A different integration scheme may render 
different results. As an example, the option of, instead of selling them, 
using the excess off-gases to fuel a maximized Calcium Looping plant 
may be interesting in a CCUS scheme. The hybridization of both tech
nologies also presents research potential in a BECCS framework, which 

Fig. 9. Sensitivity analysis of payback varying CO2 tax prices and electricity prices (Left: CaL. Right: Biomass).

Fig. 10. Sensitivity analysis of carbon abatement cost varying the ironmaking 
plant size for the biomass case.
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may lead to additionally emission reductions. Additionally, the CaL 
plant may provide thermal energy to the pyrolysis process.

5. Conclusions

In this paper, two low-carbon concepts integrated in the blast furnace 
steelmaking route were assessed and compared from a technical and 
economic point of view. These new concepts incorporate power-to-gas 
technology, top gas recycling and oxygen blast furnace (oxy-BF) and 
are compared against a conventional steelmaking plant, in which no 
decarbonisation technologies have been included.

The first low carbon proposal included a carbon capture stage via 
Calcium Looping. The captured CO2 was used as the carbon source for 
the methanation plant that produces the synthetic natural gas to be 
injected as reducing agent in the blast furnace. The Calcium Looping 
plant includes kinetics for calcination and carbonation. The second 
concept is based on biomass pyrolysis. Charcoal and syngas are pro
duced from the pyrolysis. The former is pulverized and injected into the 
blast furnace, replacing part of the coke. The latter is used as the carbon 
source for the methanation stage, thus getting rid of the carbon capture 
stage.

Both cases present relevant advances compared to the reference 
plant, with reductions in coke and carbon consumption, and CO2 
emissions. When compared, the biomass integration scores better in 
almost every technical and economic result. Coke consumption is lower 
in the second proposed concept as part of the coke is replaced by the 
charcoal. Therefore, coal consumption is further reduced (295 kg/tHM 
are avoided compared to Case 0, a 33 % more than in Case 1). Net CO2 
emissions are also lower thanks to the carbon–neutral nature of the 
biomass, obtaining reductions of up to 805 kgCO2/tHM. Due to all of the 
reasons mentioned before, energy penalty is reduced to 6.19 MJ/kgCO2, 
3.1 times less compared to the CaL case.

Furthermore, the electrolyzer size is also reduced 3 times, therefore 
reducing proportionally the electricity consumption. The significant 
reduction in electricity consumption is due to two main reasons: (i) less 
SNG has to be produced and (ii) part of the required H2 is provided by 
the syngas. According to that, this conclusion may be extended to other 
carbon capture systems, such as amine scrubbing, which presents similar 
technical results as the CaL integration, like the energy penalty.

The better technical results lead to better economic results, reducing 
the OPEX (mainly driven by electricity consumption), and increasing the 
incomes (mainly driven by the higher CO2 emissions avoided). CAPEX is 
also halved, mainly due to the smaller electrolyzer (the cost of the 
capture plant is comparable to the cost of the biomass treatment plant). 
As a result, the CO2 avoidance cost and the specific implementation costs 
are reduced 4.9 and 3.4 times, respectively, in the biomass case with 
respect to the CaL case. Considering some of the largest steelmaking 
plants, which produce up to 600 tHM/h, a CO2 abatement cost of 55 
€/tCO2 and a specific implementation cost of 45 €/tHM is achievable.

Still, no integration is profitable with the current scenario. If elec
tricity is purchased at 60.3 €/MWh, then a CO2 tax of 499 €/tCO2 would 
be required for the CaL plant to obtain long-term profitability. 
Regarding the biomass plant, a CO2 tax of 179 €/tCO2 would be needed, 
and if electricity was obtained from solar (51 €/MWh) or wind (35 
€/MWh) energy, 169 €/tCO2 or 129 €/tCO2 are required. Attending at the 
current CO2 tax (84 €/tCO2) which will probably rise in the future, and at 
the constant development of renewable energies, which will probably 
drive the electricity price down, it is plausible for the biomass plant to be 
profitable in the mid-term.

In summary, the biomass approach, involving pyrolysis and syngas 
production, presents promising results. It demonstrates reduced energy 
requirements, lower CO2 emissions, and improved economic feasibility, 
leading to decreased operational and capital expenses, in comparison 
with the CaL integration. Despite current economic challenges, the po
tential for profitability in the mid-term, driven by the ongoing devel
opment of renewable energy, positions the biomass integration as a 

promising solution for environmentally conscious steelmaking. None
theless, it cannot be forgotten that the main issue with biomass is its 
availability: it is seasonal and scarce, widely distributed (leading to 
logistical challenges and increased costs), and only certain types are 
suitable for operation. Therefore, this integration is not suitable for 
every place, and it should be encouraged in regions which are rich in 
biomass and provide good national policies supporting alternative fuels, 
such as Canada, Sweden, China, USA or France. The authors suggest the 
hybridization of both technologies to overcome some of these limita
tions as a potential line of research. These hybridizations may present 
additional benefits, such as higher emission abatement potential or 
better energetic efficiency of the plant.
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