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Industrial sector - Energy demand and CO2 emissions

230/05/2025Integrated DRI-SOEC systems for green steel - HySteel project

Source: IEA, "World Energy Outlook 2024", 2024
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Direct Reduced Iron (DRI)
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Reduction with CO 𝑴𝒆𝒕𝒂𝒍𝒍𝒊𝒛𝒂𝒕𝒊𝒐𝒏: 𝑀 % =
𝐹𝑒0 [𝑘𝑔]

𝐹𝑒𝑡𝑜𝑡[𝑘𝑔]
90% < 𝑀 < 96%

𝑪𝒂𝒓𝒃𝒐𝒏 𝒄𝒐𝒏𝒕𝒆𝒏𝒕: 𝐶 % =
𝐶𝑠𝑡𝑒𝑒𝑙 [𝑘𝑔]

𝑆𝑡𝑒𝑒𝑙𝑡𝑜𝑡[𝑘𝑔]
0.3% < 𝐶 < 0.8%

• 70% of world steel production is based on the BF-

BOF  process

• 10% of the world iron production is based on the DRI 

process

• Switching from BF to DRI can decrease CO2 

emissions by 50%

o MIDREX: 16 GJ/tDRI and 630 kgCO2/tDRI

o Energirion: 15 GJ/tDRI  and 490 kgCO2/tDRI 

• Goal: 1.4 -> 0.5 tCO2/tcrude steel

o Material and process efficiency

o CCUS and hydrogen

o Fuel shift

Top gas
Rich in H2O CO2

Reducing gas
Rich in H2 CO



Reduction process
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• Different reducing gas composition affects the kinetics of 

the reducing process

• Reducing reaction with H2 have slower kinetics compared to 

CO, but the diffusion of the chemical species in the iron 

pellet is faster -> faster reduction of the iron pellet with H2

• The overall reducing reaction with H2 is endothermic while 

with CO it is exothermic -> the reducing gas inlet 

temperature has to increase with the concentration of H2

• Low concentration of CO and CH4 in the reducing gas can 

lead to low carbon content in the DRI

𝜕𝑋𝑂
𝜕𝑡

= 𝐷 𝑋𝐻2 , 𝑋𝐶𝑂 , 𝐷𝐻2 , 𝐷𝐶𝑂 ∙
1

𝑟2
∙
𝑑

𝑑𝑟
𝑟2

𝑑𝑋𝑂
𝑑𝑟

Source: C. Mapelli et al., "A Simplified Approach Based on Cellular Automata for Describing Direct Reduced 
Iron Production in Different Reducing Conditions", steel research int. 95, 2024, 2300411, DOI: 
10.1002/srin.202300411



Energiron process
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Source: R. Scaccabarozzi et al., "Technical analysis of high-
efficiency and flexible direct reduced iron plants integrated with 
high-temperature electrolysis", Journal of Cleaner Production 489, 
2025, 144681, DOI: 10.1016/j.jclepro.2025.144681

• Natural gas reforming occurs 

directly in the shaft furnace

• Natural gas is used as:

o Make-up of the reducing gas

o Cooling agent at the bottom 

of the furnace

o Fuel of the process gas heater

• ~270 kgCO2/tDRI are removed 

from the top gas with a 

dedicated process (CO2 ready to 

capture)



SOEC thermodynamic principles

630/05/2025Integrated DRI-SOEC systems for green steel - HySteel project

Thermo-neutral

Max endothermic

Source: L. Mastropasqua et al., "Solar hydrogen production: Techno-economic analysis of a parabolic 
dish-supported high-temperature electrolysis system", Applied Energy 261, 2020, 114392, DOI: 
10.1016/j.apenergy.2019.114392

𝑉𝑡𝑛 =
Δ𝐻

2 ∙ 𝐹

Δ𝐺 = Δ𝐻 − 𝑄 = Δ𝐻 − 𝑇Δ𝑆

• It is possible to use the thermal power generated by the 

losses to provide part of the energy required by the electro-

chemical reaction (G), defining the thermoneutral voltage:

• Integration strategy:

o Use the hot H2O/CO2-rich gas at the exit of the shaft 

furnace to feed the SOEC cathode side avoiding the 

need of generating steam

o Use the hot cathode outlet stream as reducing gas 

make-up 



SOEC integration in DRI process
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Source: R. Scaccabarozzi et al., "Technical analysis of high-efficiency and flexible direct reduced iron 
plants integrated with high-temperature electrolysis", Journal of Cleaner Production 489 (2025) 
144681, DOI: 10.1016/j.jclepro.2025.144681

• Three configurations:

o Non-integrated: SOEC completely separated from 

the DRI plant

o Thermally integrated: the heat for the SOEC steam 

generation is produced in the process gas heater of 

the DRI plant

o Thermally and chemically integrated: part of the 

shaft furnace top gas is directly feed to the SOEC 

cathode

• Oxygen from the SOEC anode side used for the final 

partial oxidation of the reducing gas and as oxidant in 

the process gas heater

• Oxy-combustion in process gas heater for easy CO2 

capture at the stack
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SOEC integration in DRI process
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Source: R. Scaccabarozzi et al., "Technical analysis of high-efficiency and flexible direct reduced iron 
plants integrated with high-temperature electrolysis", Journal of Cleaner Production 489 (2025) 
144681, DOI: 10.1016/j.jclepro.2025.144681

Energy and CO2 balances of the reference case and three proposed configurations with a 
SOEC operating pressure of 8 bar

Case Reference IN [8 bar] TI [8 bar] TCI [8 bar]
SOEC (1 & 2) voltage [V] 1.29 1.32 1.29 1.34 1.23 1.27
SOEC efficiency (LHV basis) 96.1% 96.0% 97.0%
Metallization degree 95.0% 95.0% 95.0% 95.0%
DRI carbon content 3.0% 0.9% 0.9% 0.9%
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• It is assumed to design the shat furnace to meet the 

metallization requirement of 95%

• Due to the low concentration of carbon in the reducing 

gas the carbon content of the DRI decreases to 0.9%wt

• The thermally and chemically integrated case decreases 

the specific energy consumption below 8 GJ/tDRI



Plant flexible operation
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Source: R. Scaccabarozzi et al., "Technical analysis of high-efficiency and flexible direct reduced 
iron plants integrated with high-temperature electrolysis", Journal of Cleaner Production 489, 
2025, 144681, DOI: 10.1016/j.jclepro.2025.144681

• Thermally integrated case analyzed for flexible 

operation with H2 production/consumption, NG make-

up, and part-load DRI production

• Operational mode:

o Natural gas import (NGin)

o Hydrogen import (H2 in)

o Hydrogen export (H2 out)

o Natural gas import + hydrogen export (NGinH2 out)

o DRI production load 100% and 60%
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Plant flexible operation
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Source: R. Scaccabarozzi et al., "Technical analysis of 
high-efficiency and flexible direct reduced iron plants 
integrated with high-temperature electrolysis", Journal 
of Cleaner Production 489, 2025, 144681, DOI: 
10.1016/j.jclepro.2025.144681

• Operational mode:

o Natural gas import (NGin)

o Hydrogen import (H2 in)

o Hydrogen export (H2 out)

o Natural gas import + 

hydrogen export 

(NGinH2 out)

o DRI production load 

100% and 60%

Table: Energy and emission performance and DRI quality estimation (metallization and carbon content) of the thermally integrated DRI 
production plant with SOEC off-design operation, both considering full and 60% DRI production capacity.

Product quality Energy CO2 emission

Metallization C content
Natural gas
(ID 4 + 21)

H2 input
(ID 20)

Electric 
consumption

Total energy 
consumption

H2 output
(ID 39)

CPU
(ID 52)

% % GJ/tDRI GJ/tDRI GJ/tDRI GJ/tDRI GJ/tDRI kgCO2/tDRI

D
R

I 
fu

ll 
lo

ad
 -

 1
0

0
%

Base 95,0% 0,9% 0,9 - 7,6 8,4 - 17

NGin 93,8% 1,1% 2,9 - 5,9 8,8 - 120

H2 in 95,2% 0,9% 0,9 2,1 4,8 8,2 - 16

H2 out 95,1% 0,9% 0,9 - 8,5 9,4 (8,6) 0,8 16

NGinH2 out 93,8% 1,1% 2,9 - 8,5 11,4 (9,2) 2,2 122

D
R

I 
p

ar
t 

lo
ad

 -
 6

0
%

Base 97,3% 1,3% 1,2 - 7,4 8,6 - 22

NGin 96,8% 1,5% 3,3 - 5,8 9,1 - 127

H2 in 97,4% 1,3% 1,2 2,5 4,7 8,4 - 22

H2 out 97,3% 1,2% 1,2 - 14,2 15,4 (9,5) 5,9 23

NGinH2 out 96,1% 1,5% 3,3 - 14,1 17,4 (10,1) 7,3 128



Optimal sizing and operation
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Flexibility option Inflex. fS fS+fD fS+NG fS+fD+NG  

SOEC flexibility and hydrogen storage  ✓ ✓ ✓ ✓ 

DRI shaft furnace flexibility   ✓  ✓ 

Natural gas as reducing gas    ✓ ✓ 

 

Method

➢Mixed-Integer Linear Programming (MILP)

Time window

➢One year horizon with 1-hour resolution

Objective function

➢Minimization of the total annual cost (TAC)

Constraints

➢Energy and material balances from system process analysis → 

Operational maps

➢Fixed DRI production of 2 Mt/y



HySteel II - Demonstration of a SOEC Hydrogen Direct Reduction (HDR) 
at the Toledo, Ohio Steel Plant
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• Design and demonstrate iron Hydrogen Direct Reduction (HDR) and 

Hybrid-HDR systems at TRL 6

• Install and demonstrate the operation for at least 3600 hr of a 250 kWel 

SOEC system at the existing 1.6 MtDRI/y facility in Toledo, OH

• Demonstrating the potential to reduce specific CO2 emissions from 

ironmaking plants to <20 kgCO2/tDRI, and specific primary energy 

consumptions <8 GJ/tDRI



Conclusions

• The current average DRI production plant requires around 10 GJ/tDRI, mainly as chemical energy (LHV) of natural gas, to operate 

the DRI production unit while emitting 450 kgCO2/tDRI

• Even considering a non-integrated case (SOEC case), where the SOEC unit is completely separated from the DRI production 

system, the use of an electrolyzer to generate the reducing gas make-up stream and replacing the fuel for the preheating 

section can reduce the overall energy consumption to 9.4 GJ/tDRI, and simultaneously reduce the CO2 emission to 150 

kgCO2/tDRI

• If the SOEC is integrated in the DRI production system (SOEC & CCS case), so that the furnace top gas is directly fed to the 

cathode side of the electrolyzer and the oxygen generated is used as oxidant by the combustor of the pre-heating section, the 

overall energy consumption can decrease to 8.0 GJ/tDRI, and the greenhouse gas emission to 17 kgCO2/tDRI

• The integration of the SOEC electrolyzer to generate the reducing gas requires to substitute the largest part of the chemical 

energy (NG input of the reference case) with electricity  

• To respond to variability of renewable energy sources, SOEC-DRI plants may adapt electricity consumption by increasing 

natural gas input, by importing/exporting hydrogen from/to a storage unit and by reducing DRI production

• Key parameter to be economically competitive is the sizing optimization of the various sections (RES, BESS, H2 storage) and the 

system flexibility in term of load and energy source

• The HySteel II project will demonstrate the ability of the proposed system to achieve the decarbonization targets
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