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Abstract: The iron and steel industry is the largest energy-consuming sector in the world. It is re-

sponsible for emitting 4–5% of the total anthropogenic CO2. As an energy-intensive industry, it is 

essential that the iron and steel sector accomplishes important carbon emission reduction. Carbon 

capture is one of the most promising alternatives to achieve this aim. Moreover, if carbon utiliza-

tion via power-to-gas is integrated with carbon capture, there could be a significant increase in the 

interest of this alternative in the iron and steel sector. This paper presents several simulations to 

integrate oxy-fuel processes and power-to-gas in a steel plant, and compares gas productions 

(coke oven gas, blast furnace gas, and blast oxygen furnace gas), energy requirements, and carbon 

reduction with a base case in order to obtain the technical feasibility of the proposals. Two differ-

ent power-to-gas technology implementations were selected, together with the oxy blast furnace 

and the top gas recycling technologies. These integrations are based on three strategies: (i) con-

verting the blast furnace (BF) process into an oxy-fuel process, (ii) recirculating blast furnace gas 

(BFG) back to the BF itself, and (iii) using a methanation process to generate CH4 and also intro-

duce it to the BF. Applying these improvements to the steel industry, we achieved reductions in 

CO2 emissions of up to 8%, and reductions in coal fuel consumption of 12.8%. On the basis of the 

results, we are able to conclude that the energy required to achieve the above emission savings 

could be as low as 4.9 MJ/kg CO2 for the second implementation. These values highlight the im-

portance of carrying out future research in the implementation of carbon capture and power-to-

gas in the industrial sector. 

Keywords: ironmaking; power-to-gas; iron and steel industry; methanation; oxy-fuel combustion; 

top gas recycling 

 

1. Introduction 

The iron and steel sector is one of the most energy- and carbon-intensive in the 

world. Iron and steel making processes are still mostly coal-based and thus highly de-

pendent on fossil fuels, releasing a substantial amount of CO2 [1]. According to the In-

tergovernmental Panel on Climate Change (IPCC), the steel industry accounts for 4–5% 

of the total world CO2 emission. It is the second largest consumer of industrial energy, 

consuming around 616 Mtoe (25.8 EJ) [2]. 

The iron and steel industry has a complex structure. However, only a limited num-

ber of processes are used worldwide that use similar energy resources and raw materi-

als. Globally, steel is produced using two main routes, the blast furnace–basic oxygen 

furnace route (BF-BOF) and the direct scrap smelting route (electric arc furnace (EAF)). 

The BF-BOF route uses mainly iron ore, and depending on the facility, up to 30% scrap. 
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The EAF route mainly uses scrap, and depending on the facility, up to 30% iron and iron 

ore [2–4]. 

Another fundamental difference between the two routes is the nature of the energy 

input. In the case of the BF-BOF, mainly coke is used as fuel, while the EAF route pro-

duces steel using mainly recycled steel and electricity. The overall process of the two 

main steel production routes is depicted in Figure 1. 

  

Figure 1. Main routes of steel production [4]. 

The BF-BOF route consists of several processes: sintering, coke oven, blast furnace, 

basic oxygen furnace, and the final stage of casting and rolling. The sintering is used to 

agglomerate iron ore. The coke oven allows for the obtaining of coke from coal by pyrol-

ysis. In the BF, the iron ore is reduced by coke obtaining pig iron, then the BOF lowers 

the carbon content of the iron thus obtaining steel, and finally the hot metal passes 

through casting and rolling to obtain the final desired form. Along this processes, differ-

ent waste exhaust fuel gases are obtained, which can be used in the steel plant (coke ov-

en gas (COG), blast furnace gas (BFG), and basic oxygen furnace gas (BOFG)). All of 

them contain CO2, which is emitted into the atmosphere unless the waste gas is recycled 

and/or treated. 

A third iron and steel production route, the direct reduced iron (DRI)-EAF route, 

uses natural gas or coal-based syngas as reducing agent in combustion-free reactors to 

directly reduce the iron ore into metallic iron, which is processed in EAFs to produce 

steel. DRI processes differ in terms of the iron source (fine ore or pellets) and reactor 

type (fluidized bed, fixed bed, or shaft furnace). Among them, the commercially availa-

ble Energiron and Midrex concepts, which use iron pellets in shaft furnaces with coun-

tercurrent moving beds, are the best options from an environmental point of view. Alt-

hough representing significantly smaller steel production market shares than either the 

BF-BOF or EAF routes, DRI-EAF has the potential for significant carbon abatement. 

Aiming for solutions that substantially reduce CO2 while providing additional ben-

efits, power-to-gas (PtG) stands out as a promising candidate [5]. The PtG concept con-

verts renewable electricity into valuable gases using an electrolysis stage and uses CO2 

that may come from industrial processes. Conventionally, the conversion of electricity is 

carried out by water electrolysis, which produces H2. The consumption of this H2 to-

gether with CO2 (or CO), through the Sabatier reaction (Equation (1) or Equation (2)), 

produces methane, water, and heat [6]. 

CO2 + 4H2  ↔ CH4 + 2H2O            ∆H298K = −164.9 kJ/mol (1) 

CO + 3H2  ↔ CH4 + H2O            ∆H298K = −206.4 kJ/mol (2) 

When the electrolyser is fed from a renewable energy source, the obtained synthetic 

natural gas (SNG) can be considered neutral in CO2 emissions. The amount of CO2 that 

is emitted by this SNG is the same as that is required for its own formation [7]. To make 

the most of this technology, one can use it with oxy-fuel combustion, since it produces a 
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pure stream of CO2 for the methanation, while electrolysis provides pure O2 for the oxy-

fuel combustion [7–10]. 

In the case of the iron and steel industry, electrolysis can be performed as usual on 

water to produce H2 or on the CO2 emissions of the industry to obtain syngas (CO2 elec-

trolysis). Both the syngas and the H2 produced can be used in a methanation process to 

obtain methane (power-to-methane) [11]. 

Power-to-H2 can be integrated in ironmaking in two ways. The first method consists 

in injecting the H2 as auxiliary reducing agent in conventional BFs to reduce the carbon 

content of the fossil reducing gas, while the second technique uses the H2 as reducing 

agent in DRI reactors. Studies assessing the injection of H2 in BFs show the potential of 

reducing CO2 emissions by approximately 20%, barely affecting the overall energy de-

mand of the process. In this case, the injected flow of H2 should be around 30 kg H2/t pig 

iron, to not significantly modify the operating conditions inside the furnace. Regarding 

the second method, i.e., DRI, integration of power-to-H2 has the potential to lead to the 

low energy consumption (3.5–3.7 MWh/t steel) and net-zero CO2 emissions (if carbon-

free electricity is used, corresponding to 97–100% emission reduction). Still, to make the 

power-to-H2-DRI route competitive, carbon allowances should reach approximately 

EUR 62 per t CO2 and electricity price should be below EUR 40 per MWhe [11]. The sub-

sequent process following the DRI, i.e., the EAF, can also benefit from power-to-methane 

integrations, as partial substitution of electrical energy by natural gas in EAF may be 

beneficial for CO2 reduction, thanks to the increment in the efficiency of the process [12]. 

Since 95% of the world’s iron production is coal-based, it is important to focus on 

the BF-BOF route, which is the focus of this study. Power-to-syngas and power-to-

methane can supply a useful fuel to be injected in a conventional BF, acting as a renewa-

ble reducing agent (recycled CO2) [11]. Recent studies have concluded that CO2 emission 

reduction in power-to-syngas, compared to conventional ironmaking, could be in the 

range of 11% to 22%, with typical electrolysis capacities of 100–900 MW. In the case of 

power-to-methane, the CO2 reduction would be between 13% and 19%, requiring water 

electrolysis power capacities of about 880 MW [11,13]. 

The objective of this paper was to study a novel concept that integrates power-to-

gas technology in the iron and steel industry, together with oxy-fuel combustion and top 

gas recycling. Two types of integration, which differ in the source of the H2 (water electroly-

sis or COG), were studied and compared to a reference iron and steel plant in terms of ener-

gy requirement and emission reduction. The main novelty of the study relied on the reduc-

tion of energy penalties thanks to the combination of power-to-gas and oxy-fuel combustion, 

which has not been quantified so far in the literature specifically for the iron and steel indus-

try. 

2. Description of Case Studies 

Three case studies were undertaken to evaluate the energy requirements and car-

bon emission reductions of power-to-gas (PtG) integrated with blast furnace-basic oxy-

gen furnace (BF-BOF) plants relative to a conventional reference BF-BOF process. The 

reference plant is described in Section 2.1. The proposed power-to-methane integration 

in ironmaking with oxy-fuel combustion and top gas recycling (TGR) is described in Sec-

tion 2.2, and methanation of coke oven gas (COG) integration in ironmaking with oxy-

fuel combustion and TGR in Section 2.3. 

2.1. Case 0: Reference Plant for BF-BOF Ironmaking 

The plant consists of a sintering process, coke oven, hot stoves, BF, air separation 

unit (ASU), BOF, and casting and rolling. The block diagram of the reference ironmaking 

plant is shown in Figure 2, for which an average production of 2.8 million tsteel/year (7.7 

kt/day) was assumed [14]. For the sake of simplicity, secondary processes were neglect-

ed (e.g., material recirculation in sintering), such as in similar studies [15,16]. The rele-
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vance of these processes to this study is minor since the objective was to conduct a first 

assessment of the novel integration under overall energy and mass balances. 

 

Figure 2. Block diagram of the reference ironmaking plant (Case 0). 

The main input mass flows were iron ore, coal (converted to pure C in the coke oven), 

and air (for combustion in BF and for oxygen production in the ASU), as shown in Figure 

2. Regarding the inputs to the BOF, we assumed that only pig iron was used (without 

scrap metal), as in others studies [3,4,15,16]. Those processes requiring heat at high tem-

perature were supplied with thermal energy by consuming part of the fuel gases by-

produced in the coke oven, BF and BOF (Table 1) instead of using additional fossil fuels. 

In addition, there was a power plant for the utilization of the remaining COG, BFG, 

and BOFG, as well as for gas streams at high temperature coming from cooling process-

es (sinter, slag, and coke cooling). 

Table 1. Elemental composition of the fuel gases produced as by-products in the ironmaking plant 

(vol %) [3]. 

 Natural Gas COG BFG BOFG 

H2 0 56 4 1.5 

CH4 100 30 0 0 

CO 0 10 25 66.5 

CO2 0 5 20 20 

O2 0 1 0 2 

N2 0 5 51 10 

2.2. Case 1: Power-to-Methane Integration in Ironmaking with Oxy-Fuel Combustion and TGR 

The modified ironmaking plant integrated with power-to-methane in Case Study 1 

is depicted in Figure 3. The BF was here operated under oxy-fuel regime, and coke input 

to the BF was partially replaced by synthetic methane (stream 140, Figure 3). Part of the 

blast furnace gas (BFG) (stream 157) was recirculated (top gas recycling (TGR)), and the 

other was diverted to the power-to-gas plant (stream 157). Here, the emissions of the BF 

were used to obtain synthetic methane again by combining them with the H2 from a low 

temperature electrolyser (stream 182). Thus, a continuous recycling of CO2 was estab-

lished. Moreover, the O2 from the electrolyser (stream 183) was used for the oxy-fuel 
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combustion in the BF, which allowed us to significantly reduce the ASU energy con-

sumption. In addition to the above new equipment necessary for the power-to-gas inte-

gration, new preheating blocks (O2 + BFG preheating and CH4 preheating) were also in-

cluded. 

  

Figure 3. Block diagram of the integration of power-to-methane in ironmaking with oxy-fuel combustion and TGR (Case 1). 

The oxy-blast furnace chosen for this case study ran in a nitrogen-free atmosphere. 

A pure stream of oxygen was introduced through the tuyeres instead of hot air, in order 

to obtain exhaust gases that were also nitrogen-free (composed only of CO2 and CO). 

This concept is closely related to the top gas recycling. The TGR technology consists of 

recirculating the exhaust gases (mainly CO2, CO, and H2) back to the BF to reduce the 

coke (and consequently the air) consumption, which made the final BFG contain less N2. 

In the present case, both oxyfuel and TGR technologies were simultaneously applied. 

The reason for applying TGR was that introducing a reducing gas (CO) diminished the 

coke consumption, while separating CO and CO2 would have an energy penalization. 

The selected proportion between O2 and CO2 in the oxy-blast furnace was 40% O2–60% 

CO2. 

The gas introduced in the methanation reactor was BFG, since it contains no nitro-

gen and large proportions of CO, which reduced the methanator H2 requirement. 

2.3. Case 2: Methanation of COG Integration in Ironmaking with Oxy-Fuel Combustion and TGR 

The modified ironmaking plant for power-to-methane integration for Case Study 2 

is depicted in Figure 4. In this case, the ironmaking worked in the same oxy-fuel regime 

with TFG as in Case 1, but here the COG (stream 114/382) was used as H2 source in the 

methanation process instead of pure H2. Since COG does not contain nitrogen, and has 

large contents of CH4, H2, and CO, it completely avoided the need for an electrolyser and 

its associated investment cost, unlike in Case 1. The rest of the operating conditions and 

assumptions remained the same as in the Case Study 1. 



Energies 2021, 14, x FOR PEER REVIEW 6 of 16 
 

 

In summary, in terms of produced gas utilization, Case 1 recycled BFG to the 

methanator and SNG to the BF, while Case 2 recycled both BFG and COG to the 

methanator and SNG to the BF. 

  

Figure 4. Block diagram of the integration of COG methanation in ironmaking with oxy-fuel combustion and TGR (Case 2). 

3. Methodology 

The modelling assumptions common to the analyses of Cases 0–2 plant concepts in-

cluded steady-state conditions, ideal gases, and adiabatic reactions. Further case-specific 

assumptions are documented in Section 3.1. 

The modelling methodology is based on overall mass balance (Equation (3)) and 

energy balance (Equation (4)) in steady state, applied to each equipment in Case 0, Case 

1, and Case 2 plant layouts (Figures 2–4). 

0 = ∑ 𝑚𝑖 − ∑ 𝑚𝑜 (3) 

0 = 𝑄 − 𝑊 + ∑ 𝑚𝑖ℎ𝑖 − ∑ 𝑚𝑜ℎ𝑜 (4) 

where m is the mass flow, h the specific enthalpy, W the network, and Q the net heat 

transfer. Enthalpy can be written as Equation (5), where ∆fℎ
𝑇𝑟𝑒𝑓 is the enthalpy of for-

mation at the reference temperature and 𝑐𝑝 is the temperature-dependent specific heat. 

ℎ𝑖 = ∆fℎ𝑖

𝑇𝑟𝑒𝑓  + ∫ 𝑐𝑝,𝑖

𝑇

𝑇𝑟𝑒𝑓

𝑑𝑇 (5) 

When necessary, data from the literature were used. The specific assumptions for 

the subsystems (ironmaking, power plant, and power-to-gas) are described in the fol-

lowing subsections. 

3.1. Iron and Steel Plant 
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For Case 0, in the ironmaking process (BF), instead of fixing the input mass flows of 

iron ore (Stream 1, Figure 2), coal (Stream 11, Figure 2), and hot blast (Stream 20, Figure 2), 

we calculated them from the mass balance by assuming a final composition of the steel 

and the BFG, taken from [17] and [3], respectively. The mass fraction of iron was set at 96% 

in pig iron and 99.7% in steel, with carbon as the remaining component (other elements such 

as Si or Mn were neglected) [17]. The mole fraction of the BFG was fixed according to data 

from [3] in Table 1. The mass flows of the pig iron (Stream 31, Figure 2), BFG (Stream 26, 

Figure 2), and slag (Stream 27, Figure 2) were also calculated in the BF’s mass and energy 

balances. The air for the hot blast was heated to 1200 °C by means of COG (Stream 22, Figure 

2) [18]. 

The coal added to the sintering process was set at 5 wt % of the amount of iron 

treated [19]. The temperature of the sintered iron at the exit of this sintering process was 

assumed at 800 °C (Stream 3, Figure 2), which was later reduced to 150 °C (Stream 4, 

Figure 2) [16]. The amount of BOFG (Stream 9, Figure 2) and the cooling air (Stream 5, 

Figure 2) were calculated with the mass and energy balances for each block. 

The coke produced in the coke oven was assumed as pure carbon, and the mole 

fraction of the COG was fixed as shown in Table 1. The coke temperatures before and af-

ter the coke dry quenching (CDQ) were 1100 °C (Stream 13, Figure 2) and 150 °C (Stream 

13, Figure 2), respectively [2]. The mass flow of COG was calculated in a mass balance 

between the input coal and the output coke. The self-consumed COG and the inert gas 

needed for the CDQ were calculated in mass and energy balances for each block. 

Regarding the air separation unit required for the BOF, we assumed that it pro-

duced pure streams of O2 (Stream 33, Figure 2) and N2 (Stream 34, Figure 2). The electric-

ity consumption of the ASU was set at 1440 kJ per kilogram of oxygen produced [20]. 

The pure stream of oxygen was heated up to 1650 °C [3] by burning COG (Stream 37, 

Figure 2). 

In the BOF, the amount of hot steel produced was assumed as a unit reference (1 kg of 

steel). The composition of the BOFG was again fixed according to Table 1, and the mass 

flows of slags (Stream 40, Figure 2), BOFG (Stream 39, Figure 2), and O2 (Stream 35, Figure 2) 

were calculated by a mass and energy balance in the BOF. 

For Cases 1 and 2, the assumptions and methodology explained for Case 0 were the 

same, with some minor changes. In the BF’s mass balance, not only the iron ore, coal, 

BFG, and pig iron mass flows were calculated, but also the O2 (Stream 130, Figure 3), 

CH4 (Stream 140, Figure 3), and BFG (recirculated) (Stream 175, Figure 3). The O2 de-

mand for the BOF remained the same (Stream 195, Figure 2), but the amount of O2 pro-

duced by the ASU was lower (Stream 192, Figure 2), since a by-product stream of O2 

from the electrolyser was used (Stream 183, Figure 3) (only for Case 1). 

3.2. Power Plant 

This plant produces electricity for self-consumption from the energetic gases of the 

steel plant (i.e., COG, BFG, BOFG) and from heat streams from other heat recovery pro-

cesses (i.e., coke dry quenching and slag cooling). An overall efficiency of 17.9% was as-

sumed for the power plant [16], because of the low temperatures of the heat recovery 

flows, the gas treatment before entering the boiler, and the limited calorific value of the 

gases (due to the high CO2 content and the dilution in the N2 present in the air). 

3.3. Power-to-Gas Plant 

In Case Study 1, the H2 was produced from water electrolysis, while in Case Study 

2, the H2 came from the COG, which was directly diverted to methanation. The COG 

contained enough H2 to produce all the necessary methane, but lacked CO2. Therefore, 

some BFG was also diverted to methanation to fulfil the stoichiometric requirements of 

reactions (1) and (2). It is important to note that in Case 2, no electrolyser was needed. 

The methanation plant worked at 300 °C and 30 bar [7]. 
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For the sake of simplicity, the electrolyser was assumed to produce pure streams of 

O2 and H2, while the methanation was set to produce a pure stream of methane. By these 

assumptions, as well as reactions (1) and (2), we can easily solve the mass balance. Re-

garding electricity, the energy consumption of the low-temperature electrolyser was 

fixed at 4.5 kWh/Nm3 [7,8,21]. 

4. Results and Discussion 

The modelling results obtained for Cases 0, 1, and 2 are presented and discussed in 

Sections 4.1–4.3, respectively.  In addition, the corresponding stream data for each Case 

are presented in the Appendix A. 

4.1. Case 0: Reference Plant for BF-BOF Ironmaking 

The mass flows of Case 0 are summarized in Table 2, where the main calculated 

variables are compared to data from the literature [3,11,15–17]. All results lay within rea-

sonable limits, thus validating the results of the reference case, which was the basis for 

the rest of the analyses. As already stated in the methodology section, the input streams 

were calculated as a function of a desired steel output composition. 

The total electricity consumption of the ironmaking process was 874 MJ/t steel, and 

the electricity produced by the power plant was 1260 MJ/t steel (Table 3); therefore, the 

overall process was self-sufficient (typical power productions were about 1300 MJ/t steel 

in on-site power plants [15]). Regarding the thermal energy consumption, the BF was the 

largest consumer, representing 55% of the overall process when the air heating was ac-

counted for (in the literature, the energy consumption of the blast furnace (BF) process 

can reach 70% of the total plant [3]). The heat removed by cooling the stoves of the BF 

was fixed at 1260 MJ/t pig iron, according to [22]. 

Table 2. Mass flows (kg/t steel) of the main streams calculated for Case 0, Case 1, and Case 2. Bibliog-

raphy data were taken from [3,11,15–17]. * Note: input data for solving mass and energy balances. 

 Stream Bibl. Case 0 Case 1 Case 2 

Raw materials 
Iron ore 1550 1430 1430 1430 

Coal 560 520 460 460 

Coke oven COG 90 110 90 90 

Blast furnace 

(BF) 

Sinter 1550 1430 1430 1430 

Coke 400 420 370 370 

Air (hot blast) 1210 1280 - - 

O2 (hot blast) - - 310 310 

BFG (hot blast) - - 1060 1060 

CH4 (hot blast) - - 65 65 

BFG 2420 2080 2190 2190 

Slag 280 * 280 280 280 

Pig iron 1040 * 1040 1040 1040 

Basic oxygen 

furnace (BOF) 

O2 70 90 90 90 

Steel 1000 1000 1000 1000 

Slag 80 * 80 80 80 

BOFG 130 * 130 130 130 

Power-to-gas 

(PtG) 

O2 - - 210 - 

H2 - - 27 - 

BFG - - 139 14 

COG - - - 91 

CH4 - - 65 65 
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Table 3. Main energy streams (MJ/t steel) calculated for Case 0, Case 1, and Case 2. * From: [15]. 

 Process Case 0 Case 1 Case 2 

Thermal  

energy  

consumption 

Sintering 523 523 523 

Coke oven 1631 1442 1442 

Air (hot blast) 1814 - - 

O2 + BFG (hot blast) - 1239 1239 

CH4 (hot blast) - 431 431 

Blast furnace 2915 3900 3900 

O2 heating 170 170 170 

BOF 1228 1228 1228 

Casting, rolling 300 300 300 

Total 8581 9233 9233 

Electricity  

consumption 

Sintering * 180 180 180 

Coke oven * 42 42 42 

Blast furnace * 376 376 376 

ASU 128 252 568 

BOF * 128 128 128 

Electrolyser - 4991 - 

H2 compressor - 96 32 

CO2 compressor - 51 36 

Other * 20 20 20 

Total 874 6136 1382 

Electricity  

production 
Power plant 1260 1443 652 

The percentage of utilization of COG, BFG, and BOFG by type of process is present-

ed in Table 4, together with their energy density and mass flow production. In overall 

terms, the 46.5% energy content of these gases was used in internal processes of the 

plant, while the rest was used in the power plant (Figure 5). The total CO2 emissions of 

the plant were 1718 kg/t steel (Figure 6), with BFG as the major emitting source (1368 

kg/t steel). According to the literature, BF CO2 emissions may range between 1270 and 

1550 kg/t steel, and total emissions up to 2200 kg/t steel [16,23]. 

Table 4. Mass flow, energy content, and use of the fuel gases produced in the ironmaking process. 

  Case 0 Case 1 Case 2 

  COG BFG BOFG COG BFG BOFG COG BFG BOFG 

 Mass flow (kg/t steel) 110 2080 130 90 2140 130 90 2140 130 

 Energy content (MJ/kg) 40.0 2.7 6.3 40.0 5.7 6.3 40.0 5.7 6.3 

Utilization of the  

energy content of the 

gases by type of  

process (%) 

Internal use 99.1 0 99.0 0 42.2 99.0 0 43.6 99.0 

Power plant 0.9 100 1.0 100 1.6 1.0 0.3 6.0 1.0 

Methanation - - - 0 6.5 0 99.7 0.6 0 

TGR - - - 0 49.7 0 0 49.7 0 

4.2. Case 1: Power-to-Methane Integration in Ironmaking with Oxy-Fuel Combustion and TGR 

In Case 1, the installation included an oxygen blast furnace with top gas recycling 

and a power-to-gas (PtG) plant. The latter converted the CO2 emissions into synthetic 

methane to be reinjected in the blast furnace, thus replacing some fossil fuel. The power 

capacity of the power-to-gas plant was sized to produce a SNG amount enough to re-

place 50 kg coke/t steel. According to the simulation, the replacement ratio was 1.3 kg 

SNG/kg coke, and therefore the necessary H2 was 27 kg H2/t steel. Assuming a steel pro-

duction of 7.7 kt/day, we found the electrolysis power capacity to be installed was 431.9 

MWe if working continuously (4.5 kWh/Nm3 H2 electricity consumption). Currently, the 

world’s largest planned electrolyser farm has a power capacity of 100 MW [24], which is 
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within the same order of magnitude as the PtG capacity required for the proposed case 

study. 

The total electricity consumption of the overall plant was 6.1 MJ/t steel, which 

means an increment of 702% with respect to the base case scenario (Table 3). The elec-

tricity demand of those processes already existing in the base simulation was kept con-

stant [15], and the new electricity consumptions corresponding to the PtG plant were 

added (the production of H2 represents 81% of the total electricity consumption). Despite 

the power plant now producing 14.5% more power (1.4 MJ/t steel), the overall process is 

no longer self-sufficient. The remaining electricity (4.7 MJ/t steel) should come from re-

newable sources to avoid further emissions. Within this framework, a renewable facility 

working continuously of 417 MWe is required to satisfy this electricity demand. 

 

Figure 5. Use of the energy content of the total gases (COG, BFG, and BOFG) by type of process 

for each plant layout (i.e., Case 0–2). 

  

Figure 6. CO2 emissions by process for each plant layout (i.e., Case 0–2). 

Regarding thermal energy consumption (Table 3), the largest consumer is still the 

blast furnace (60.3% of the total needs). Its energy consumption increased by 9.4% due to 

oxy-fuel combustion. However, the coke oven consumption decreased by 11.6% due to 

the reduction of fossil fuel input. In the air heating furnace, we had to heat CO2 for the 

oxy-combustion instead of air, resulting in a slight reduction of the thermal energy con-

sumption. 

In this integration, BFG was used in top gas recycling and methanation, and therefore 

the percentage of utilization of fuel gases by type of process remarkably changed (Table 4). 

Here, only 35.7% of the energy content of these gases was used in the internal processes of 

ironmaking and 21.4% in the power plant (Figure 5). The remaining was mostly recirculat-

ed to the blast furnace (36.1%), and a small fraction was diverted to methanation (4.7%). 

Regarding CO2, the BF was still the larger emitting source, producing 1255 kg/t 

steel. In total, the CO2 emissions were 1582 kg/t steel, which was 8% less than in the ref-
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erence case (Case 0, Figure 6). Thus, 136 kg CO2/t steel were avoided by consuming 5079 

MJ/t steel additional electrical energy, and a saving of 3.34 MJ/kg CO2 by means of coke 

reduction was achieved, which means a CO2 avoidance penalization of 34 MJ/kg CO2. 

Comparing this penalization with those in other processes, such as power-to-syngas 

(4.8–10.8 MJ/kg CO2 [11]) and amine scrubbing (3–4 MJ/kg CO2 [25,26]), indicates that 

Case 1 configuration does not present any energy advantage. 

4.3. Case 2: Methanation of COG Integration in Ironmaking with Oxy-Fuel Combustion and TGR 

In this case, the ironmaking process worked under oxy-fuel regime with top gas re-

cycling as in Case 1. However, here, the H2 source for the methanation process was the 

coke oven gas instead of pure H2. 

The total electrical consumption of this plant was 1382 MJ/t steel. This was well be-

low Case 1 (77% lower) since electrolysis was no longer used, but still above Case 0 (58% 

higher) because of the gas compression in the methanation process and the production 

of O2 for the oxy-fuel blast furnace. Moreover, since COG was here used in methanation, 

the power plant only produced 652 MJ/t steel (47% of the total electricity consumption, 

i.e., not self-sufficient). To supply the missing electricity, we required a renewable facili-

ty of 65 MWe working continuously, assuming a steel production of 7.7 kt/day. Regard-

ing thermal energy consumption, the requirements are the same than those of Case 1 

(Table 3). 

In terms of gas utilization (Table 4), the COG was used entirely in methanation in-

stead of in internal plant processes. For this reason, 43.6% of the BFG had to be allocated 

to this end. The BOFG was also used in the internal processes of the plant (as in the two 

previous cases). With this implementation, 36.8% of the energy from these gases was 

used in the internal processes, 4.5% in the power plant, 22.6% in methanation, and 36.1% 

in top gas recycling (Figure 5). 

Regarding emissions, the CO2 that was avoided remained the same as for Case 1 (136 

kg CO2/t steel) because the same amount of methane was produced, and therefore the 

amount of CO2 that was recycled in closed loop did not change. Then, total emissions 

were 1582 kg/t steel (the BF accounted for 1405 kg CO2/t steel, while the coke oven barely 

emitted CO2 because COG was used in methanation). Since the electricity consumption 

increased by 1116 MJ/t steel, the CO2 avoidance penalization was 4.9 MJ/kg CO2. This 

penalization is in the range of other processes such as power-to-syngas or amine scrub-

bing, and therefore is energetically competitive. 

4.4. Discussion 

Figure 7 depicts a Sankey diagram of the energetic gases of the steel industry for the 

three scenarios: Case 0, Case 1, and Case 2. It can be seen that the energy flow to the power 

plant was increasingly reduced for each case, thus explaining why a renewable facility is 

needed. The internal energy use increased in Cases 1 and 2 due to the blocks that were add-

ed to the diagram (e.g., CH4 heating). In the methanation section, the same energy was con-

sumed in both Cases 1 and 2, and therefore the main difference was the H2 source, either an 

electrolyser or the COG. The TGR was not changed in the two integrations, obtaining the en-

ergy from the BFG. 
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Figure 7. Sankey diagram of the change in the energy utilization inside the ironmaking plant of the energetic gases COG, 

BOFG, and BFG: (a) Case 0, (b) Case 1, and (c) Case 2. 

Although integrating oxy-fuel combustion in the BF is an interesting option in 

terms of CO2 mitigation, the technology is not commercial yet (current TRL is 6–7) [27]. 

Thus far, Zuo and Hirsch [28] reported experimental results from a 9 m3 TGR-BF, com-

bined with a vacuum pressure swing adsorption carbon capture method for removing 

CO2 of the top gas. They found 24% savings in carbon consumption and 76% reduction 

in CO2 emissions when assuming underground storage of the corresponding captured 

CO2 [29]. On average, the carbon input decreased from 470 kg/t pig iron to 350 kg/t pig 

iron [27]. It is worth mentioning that oxy-fuel combustion is already applied commer-

cially in secondary processes in ironmaking plants, such as during the preheating of la-

dles and converter, or during the steel reheating and heat treatment. Since the oxy-fuel 

technology is familiar to the industry, its adoption in BFs is a reasonable option [11]. In 

fact, the topic is being studied widely in the literature to solve remaining technical issues 

related to the smoothness of operation (non-linear behavior of the feedback induced by 

the top gas recycle) [30]. 

5. Conclusions 

A novel concept integrating power-to-gas technology in the ironmaking process, 

together with oxy-fuel combustion and top gas recycling, was presented. Two integra-

tion options were analyzed, differing in the source of H2 for the methanation process (H2 

from water electrolysis, Case 1, or syngas from the coke oven, Case 2). In both cases, syn-

thetic natural gas from methanation was injected into the blast furnace to reduce the 

coke consumption, thus recycling CO2 in a closed loop. The power-to-gas plant was 

sized to reduce the coke content by 50 kg/t steel. Both Cases 1 and 2 were compared with 

a conventional ironmaking process (Case 0). 

The base case simulation included the sintering process, coke oven, hot stoves, blast 

furnace, air separation unit, basic oxygen furnace, casting, and power plant. For the 

power-to-gas (PtG) integrations, an electrolyser (only in Case 1) and methanation plant 

were added to the simulation, and the blast furnace was run under oxy-fuel conditions 

with top gas recycling. Mass flows, compositions, and thermal and electricity consump-

tions were calculated through mass and energy balances. 

Savings in CO2 emissions with either of the two PtG implementations were 8%, 

with a reduction in coal fuel of 12.8%. The energy required to avoid these emissions was 

34 MJ/kg CO2 for Case 1 and 4.9 MJ/kg CO2 for Case 2. This remarkable difference was 

because the first PtG integration required a 431.9 MW electrolyser to produce the H2, 
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while the second used the H2 content of coke oven gas (COG) and therefore an electro-

lyser was not needed. Under this framework, the only competitive option is Case 2, 

whose energy penalization is in the range of conventional amine carbon capture [31]. 

Moreover, it has the advantage of reducing the fuel consumption and reducing geologi-

cal storage, which are additional benefits regarding economic costs compared to conven-

tional carbon capture and storage. 

The energy content of the gases generated in the industry (COG, BFG, and BOFG) are 

normally used in internal processes, but mainly in the production of electricity. The im-

plementation of the PtG implies a greater consumption of these gases in the internal pro-

cesses of the plant, as well as in the methanation and recirculation processes. This means 

that only a small percentage of the gases are diverted to the thermal power plant, making 

necessary a renewable facility to fulfil the electricity demand (in Case 1 and Case 2, the 

plant is no longer self-sufficient). Case 1 requires a renewable-based power production 

5.2 times larger than Case 2 (417 MW vs 65 MW), due to electrolysis. 

This study shows good technical prospects for the future in terms of reducing 

steelmaking industry emissions. An economic analysis of the proposed alternative pro-

cesses will be performed in future work. 
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Abbreviations 

ASU air separation unit 

BAT best available technology 

BF blast furnace 

BFG blast furnace gas 

BOF basic oxygen furnace 

BOFG basic oxygen furnace gas 

CDQ coke dry quenching 

CO coke oven 

COG coke oven gas 

PtG power-to-gas 

SNG synthetic natural gas 

TGR top gas recycling 
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Appendix A – Stream data 

Table A1. Specific heat, mass flows, and temperatures for Cases 0, 1 and 2. 

Strea

m 
cp m T 

Strea

m 
cp m T Stream cp m T 

 (kJ/kg.K) (kg/kgsteel) (°C)  (kJ/kg.K) (kg/kgsteel) (°C)  (kJ/kg.K) (kg/kgsteel) (°C) 

1 0.473 1.426 25 49 0.907 0.085 25 180 4.18 0.08955 25 

2 0.835 0.0713 25 101 0.473 1.426 25 181 4.18 0.2414 25 

3 0.473 1.426 800 102 0.835 0.0713 25 182 14.34 0.02701 25 

4 0.473 1.426 150 103 0.473 1.426 800 183 0.914 0.2144 25 

5 1.005 0.6232 25 104 0.473 1.426 150 184 2.239 0.06506 25 

6 1.126 0.6232 650 105 1.005 0.6232 25 185 4.18 0.1016 25 

7 1.126 0.4762 650 106 1.126 0.6232 650 186 4.18 2.665 25 

8 1.126 0.147 650 107 1.126 0.4762 650 187 4.18 2.665 80 

9 1.426 0.08527 25 108 1.126 0.147 650 190 1.005 0.7772 25 

10 1.012 0.2374 500 109 1.426 0.08527 25 191 1.038 0.5938 25 

11 0.835 0.5238 25 110 1.012 0.2374 500 192 0.914 0.1803 25 

12 0.836 0.4191 1100 111 0.835 0.4568 25 193 0.914 0.3947 25 

13 0.836 0.4191 150 112 0.836 0.3654 1100 194 0.914 0.08873 25 

14 9.035 0.1048 1350 113 0.836 0.3654 150 195 1.179 0.08873 1650 

15 1.005 0.668 25 114 9.035 0.09136 1350 196 1.117 0.04026 25 

16 9.035 0.04969 25 115 1.005 0.4562 25 197 1.005 0.05914 25 

17 1.012 0.7408 500 116 1.117 0.3105 25 198 1.012 0.104 600 

18 1.038 0.3646 25 117 1.012 0.8021 500 200 0.907 0.085 25 

19 1.178 0.3646 800 118 1.038 0.318 25 201 0.749 0.085 1650 

20 1.005 1.278 25 119 1.178 0.318 800 202 1.005 0.06183 25 

21 1.208 1.278 1200 130 0.914 0.3059 25 203 1.154 0.06183 800 

22 9.035 0.05062 25 131 1.142 0.3059 1200 204 0.749 0.085 460 

23 1.005 0.6805 25 132 0.842 0.5324 25 205 1.426 0.1346 1650 

24 1.012 0.7547 300 133 1.323 0.5324 1200 206 0.5 1 1650 

25 0.907 0.283 25 134 1.117 0.4782 25 207 1.412 0.04795 25 

26 1.412 2.084 200 135 1.005 0.7025 25 208 1.005 0.08269 25 

27 0.749 0.283 1200 136 1.012 1.235 600 209 1.012 0.1335 850 

28 0.749 0.283 460 137 1.037 0.53 25 210 0.5 1 25 

29 1.005 0.1754 25 138 1.254 0.53 1200 334 1.412 0.4782 25 

30 1.154 0.1754 800 140 2.239 0.06506 25 335 1.005 0.7025 25 

31 0.48 1.039 1200 141 5.632 0.06506 1200 336 1.012 1.235 600 

32 1.005 0.3825 25 142 1.117 0.1019 25 342 1.412 0.1019 25 

33 0.914 0.08873 25 143 1.005 0.1498 25 343 1.005 0.1498 25 

34 1.038 0.2922 25 144 1.012 0.2633 600 344 1.012 0.2633 600 

35 1.179 0.08873 1650 150 0.907 0.283 25 374 1.412 0.01384 25 

36 1.005 0.07301 25 151 0.749 0.283 1200 376 1.098 1.059 25 

37 9.035 0.00543 25 152 0.749 0.283 460 382 9.035 0.09106 25 

38 1.012 0.08096 600 153 1.005 0.1754 25 385 4.18 0.00883 25 

39 1.426 0.1346 1650 154 1.154 0.1754 800 386 4.18 0.8714 25 

40 0.749 0.085 1650 155 0.48 1.039 1200 387 4.18 0.8714 80 

41 0.749 0.085 460 156 1.117 2.186 200 390 1.005 1.701 25 

42 1.005 0.0847 25 157 1.098 2.136 25 391 1.038 1.3 25 

43 1.154 0.0847 800 158 4.18 0.05031 25 392 0.914 0.3947 25 

44 0.5 1 1650 159 4.18 2.352 25 396 1.412 0.04026 25 

45 0.5 1 25 160 4.18 2.352 80 397 1.005 0.05914 25 

46 1.426 0.04795 25 174 1.098 0.1389 25 398 1.012 0.104 600 

47 1.005 0.08269 25 175 1.098 1.062 25 
    

48 1.012 0.1335 850 176 1.098 0.9343 25 
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