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Reducing the emissions from steel production is essential in meeting climate targets 
while maintaining economic prosperity. Here we show that applying deep emissions 
mitigation to the steel industry together with the reaction of by-product slag with 
atmospheric carbon dioxide (CO2) could result in a carbon negative industry on the 
order of up to a GtCO2 yr-1 by mid-century. We used a bespoke technoeconomic 
assessment model that simulates a base-case scenarios in which steel is produced 
using a blast furnace and basic oxygen furnace. This system was augmented with a 
range of climate change intervention technologies including biomass based reducant, 
directly reduced iron, carbon capture and storage, and slag carbonation. Surprisingly, 
strong incentivisation ($200 – 500 tCO2

-1) for emissions reduction and CO2 removal 
from the atmosphere may create conditions under which lower grade ores are 
commercially viable and also achieve deep emissions mitigation. The additional costs 
for emissions reduction could be wholly offset by value generated through carbon 
removal from biomass energy carbon capture and storage together with slag 
carbonation. 

1.0 Introduction 

The commitment of 188 countries and the European Union to limit climate change to less 
than 2°C by ratifying, or acceding to, the Paris Agreement (Paris Agreement, 2015) implies 
that the cumulative emission of greenhouse gasses into the atmosphere should not exceed 
more than 1000 billion tonnes (Gt) CO2-eq over preindustrial levels (Allen et al., 2009). 
Therefore, in addition to reductions in current emission (e.g., via energy system 
transformation and behavioural change), processes that remove CO2 from the atmosphere, 
known as ‘carbon dioxide removal’ (CDR) will be needed to offset residual emissions for net-
zero targets and pathways that overshoot and recover (Masson-Delmotte et al., 2022). A 
range of approaches have been proposed for removing CO2 from the atmosphere the most 
prominent of which use biomass in electricity generation coupled with carbon capture and 
storage (CCS), or the use of sorbents to directly scrub CO2 from the atmosphere for 
geological storage(Committee on Developing a Research Agenda for Carbon Dioxide 
Removal and Reliable Sequestration et al., 2019). 

The steel industry emits approximately 4 GtCO2 per year globally while creating 1.9 Gt of 
steel (4-5% of global CO2 emissions)(World Steel Association, 2023). Contemporary 
methods of steel production rely on the creation of CO2 during the reduction of iron oxides in 
the ore (e.g., Equation 1), the calcination of carbonates to flux with impurities (clay or silica) 
within the ore (e.g., Equation 2), and from the fossil fuel-based energy to heat the furnace to 
>1,500°C (e.g., Equation 3). These intrinsic CO2 creating processes, together with the wider
indirect greenhouse emissions from the industry and its supply chain, suggest that steel
production may be difficult to decarbonise.

𝐹𝐹𝐹𝐹2𝑂𝑂3 + 1.5𝐶𝐶
⬚
→ 2𝐹𝐹𝐹𝐹 + 1.5𝐶𝐶𝑂𝑂2  Equation 1 
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3𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3 + 𝐴𝐴𝐴𝐴2𝑆𝑆𝑆𝑆2𝑂𝑂5(𝑂𝑂𝑂𝑂)4
⬚
→ 𝐶𝐶𝐶𝐶2𝐴𝐴𝐴𝐴2𝑆𝑆𝑆𝑆𝑂𝑂7 + 𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝑂𝑂3 + 2𝑂𝑂2𝑂𝑂 + 3𝐶𝐶𝑂𝑂2  Equation 2 

𝐶𝐶 + 𝑂𝑂2
⬚
→ 𝐶𝐶𝑂𝑂2   Equation 3 

Strategies for emissions reduction in the steel industry consider alternative low carbon 
reductants and energy vectors (e.g., biomass based, or hydrogen produced from low carbon 
electricity (Mousa et al., 2016; Otto et al., 2017; Ren et al., 2021)), energy demand reduction 
through greater efficiencies, increased use of scrap metal as a feedstock, decarbonising the 
supply chain, and CCS (Fan and Friedmann, 2021; Tanzer et al., 2020). Production of 
directly reduced iron (DRI) using natural gas or hydrogen is another promising technology for 
emissions reduction that is being developed (Fan and Friedmann, 2021). By developing and 
deploying these technologies, CO2 emissions from the steel sector may reduce to <2 GtCO2 
yr-1 by 2050, while production of steel increases to >2Gt yr-1 (International Energy Agency, 
2020) (Supplementary Text 1).  

No prominent roadmaps for steel decarbonisation include the reaction of by-product slag 
with CO2. While the chemical composition, mineralogy, and physical property of slag varies 
depending on raw materials, production and disposal methods, its reaction with CO2 can be 
generally described as a reaction with a metal oxide/hydroxide (Equation 4) or a silicate 
mineral (Equation 5). 

𝐶𝐶𝐶𝐶(𝑂𝑂𝑂𝑂)2 + 𝐶𝐶𝑂𝑂2  
⬚
→  𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3 + 𝑂𝑂2𝑂𝑂   Equation 4 

𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝑂𝑂3 + 𝐶𝐶𝑂𝑂2  
⬚
→ 𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3 + 𝑆𝑆𝑆𝑆𝑂𝑂2  Equation 5 

Slag from iron and steel production may be able to capture 370-420 kgCO2 t-1 based on its 
chemical composition (Renforth, 2019), which is equivalent to ~100-150 kgCO2 t(steel)-1 or 
5-8% of current emissions. Slag carbonation could become increasingly important in 
pathways for low emission steel. Uptake of atmospheric CO2 at legacy deposits of slag has 
been reported (Mayes et al., 2018; Renforth et al., 2009), but carbon mass balance of this 
material suggests that only a small proportion of the carbon capture potential has been 
achieved (Pullin et al., 2019). Engineered solutions for slag carbonation have been proposed 
under a variety of reactor conditions (Bonenfant et al., 2008; Huijgen et al., 2005; Huijgen 
and Comans, 2006) with estimated costs ~$115 tCO2-1 (Huijgen et al., 2007). Other 
approaches include reaction of alkaline materials such as slag with CO2 in air in humidified 
tiered greenhouses(Myers and Nakagaki, 2020), or agitated aqueous ponds (Dubey et al., 
2002). Stolaroff et al.(2005) proposed a low-cost ($10 tCO2-1) method whereby large heaps 
of slag are gravity-leached using water. The resulting calcium-rich leachate was sprayed into 
the air to capture CO2, then recirculated through the slag pile, causing the eventual build-up 
of stable CaCO3 (Supplementary Text 2). Spreading of slag on agricultural or forest land for 
enhanced weathering have also been investigated (Zhang et al., 2023), but potential release 
of ecotoxic metal(loid)s (particularly As, Cr, V), hyper alkaline buffering of porewaters, or 
rapid carbonate precipitation toxicological considerations would require careful monitoring 
(Wendling et al., 2013). Studies do however, suggest that leaching risks are relatively low for 
iron and steel by-products in a range of weathering settings (Hobson et al., 2018; Riley et al., 
2023). To increase carbonation kinetics atmospheric CO2 can be supplied to the reaction via 
direct air capture (DAC), which is the engineered direct removal of CO2 from the air (Küng et 
al., 2023). Current DAC technologies are designed to produce pure CO2 for geologic 
sequestration. However, it may be possible to design a DAC process optimised to supply 
lower purity CO2 at a reduced energy penalty and cost for slag heap carbonation 
(Supplementary Text 3).  
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Presently, steel is the valued commodity produced by the steel industry (~ >$800 t-1). 
However, nearly all slag from blast furnaces goes into beneficial afteruses, with the majority 
granulated for use in cement and concrete production (up to 89% in some jurisdictions 
(Strunk, 2020)). The demand for slag cement has doubled in the last decade and looks set 
to continue given the carbon benefits granulated blast furnace (BF) slag has in substituting 
virgin limestone calcination in cement production (Guo et al., 2018). Other civil engineering 
applications (e.g. aggregate or road base) and niche applications (e.g. as a fertiliser) 
represent other key downstream uses of BF slag. Basic oxygen furnace (BOF) slag also has 
a range of potential revenue-generating afteruses, but reuse rates are typically lower than 
BF slag with recycling rates varying from 100% down to ~20% (Nunes and Borges, 2021; 
Strunk, 2020). Key afteruses for this slag are in civil engineering applications (e.g. roadbase, 
fill material, land reclamation) which may require a period of ‘weathering’ (typically 6 
months)(Hobson et al., 2018). By-product slag can return values up to ~$150 t-1 when used 
as a cement, but the majority is low value <$10 t-1 (e.g., used as secondary aggregate) and 
is often stockpiled at steelworks (Deutz et al., 2017). (Supplementary Text 2) 

Here we explore the combined impact of emissions reduction and CO2 removal on the steel 
industry, through the creation of a technoeconomic model of a steelworks. The base case 
scenario simulates a BF-BOF steelworks with additional scenarios simulating a range of 
decarbonisation interventions (biomass substitution, decarbonised power supply, directly 
reduced iron using hydrogen produced on-site, and CCS through calcium looping) and the 
reaction of atmospheric CO2 with slag. We also explore the use of lower-grade ores, which 
would increase the production of slag (and thus the removal of atmospheric CO2). The 
reaction of slag with atmospheric CO2 may provide an opportunity for a decarbonised steel 
industry to achieve net negative emissions. 

2.0 Material and Methods 

A bottom up technoeconomic model that simulates mass and energy balance across an 
idealised integrated steelworks was specified in Python (v3.9.12, in Spyder IDE v5.1.5), 
which allowed for the rapid calculation of mass and energy balance across the range of 
components of the steelworks, and to assess the uncertainty in the assumptions. Here, we 
explore changes to the foreground technology by implementing a range of climate change 
interventions, while maintaining constant assumptions of background technoeconomic 
context. A prognostic technoeconomic assessment was undertaken by exploring projections 
of background assumptions with a gradual foreground technology transition. The model is 
fully described in Supplementary Text 5 to 11, and Figure 1, but we have included a 
summary here. The model code is freely available from https://doi.org/10.17861/e9765431-
e8cc-4834-8cde-e859347c42be . 

The base-case system simulates the reduction of 4.1 Mt a-1 of iron ore using a blast furnace 
(BF) and basic oxygen furnace (BOF) (the mass flow was selected for consistency with the 
primary source of capital cost data (Hooey et al., 2013)), a technology which currently 
facilitates approximately 70% of global steel production, and may continue to contribute up 
to 35-50% through to 2050 even under ambitious mitigation scenarios (International Energy 
Agency, 2020). An electric arc furnace (EAF) was also implemented in the model to simulate 
scrap metal recycling. The flow of scrap metal to the EAF was controlled such that the 
secondary production of steel was approximately 22% of the total steel produced (consistent 
with contemporary scrap utilisation globally (Wang et al., 2021)). The mass flow of material 
thorough the base-case is presented in Supplementary Table 2. 

https://doi.org/10.17861/e9765431-e8cc-4834-8cde-e859347c42be
https://doi.org/10.17861/e9765431-e8cc-4834-8cde-e859347c42be
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Figure 1: A summary schematic of the mass flows in the integrated steelworks model. The 
base case BF-BOF is highlighted, as are the range of climate change interventions. The 
model is constructed to be indicative of the steel industry, rather than a single production 
site. 



5 

2.1 Mass and energy balance of blast furnace.  

The model assumes that 50% of the iron ore of a predefined grade (base case 65% Fe) is 
added to the blast furnace as lump ore and the remaining material is sintered. Fe in the ore 
is assumed to be distributed between 85% magnetite (Fe2O3) and 15% wüstite (FeO), which 
constitute 91% of the total mass of the ore (Bhattacharya and Muthusamy, 2017; Clout and 
Manuel, 2015; Kobelev et al., 2015). For simplicity, the remaining mass is assumed to be 2% 
moisture, 3% carbon, 2.4% silica (SiO2), and 1.6% kaolinite (Al2Si2O6), which is consistent 
with typical composition of iron ore (Bhattacharya and Muthusamy, 2017; Clout and Manuel, 
2015; Kobelev et al., 2015), although excludes other base cations (Mg, Na, K) and 
phosphorus. For modelling experiments that decrease the ore grade, the moisture content 
and carbon content remain the same as above, and the contribution of silica and kaolinite 
were increased to compensate, and the ratio between silica and kaolinite was maintained 
constant. The temperature of the furnace was controlled by the chemical composition of the 
charge (Kobelev et al., 2015) (see Supplementary Text 5). 

The blast furnace was charged with iron ore, coke, sinter, and limestone, the chemical 
composition of which is provided in Supplementary Table 3. The amount of limestone added 
to the furnace was tuned to maintain a molar ratio of calcium to silicon in the slag of 1.1 
(Peacey and Davenport, 2016). The amount of reductant added to the furnace was tuned to 
meet the energy demand calculated through the enthalpies between the reactants and 
products (Supplementary Text 10), and the model assumes that 70% of this was derived 
from the top charged coke and the remaining supplied from pulverised coal injection. 
Radiative heat loss from the furnaces on the steelworks was assumed to be 10% (Rasul et 
al., 2007). The operating temperature of the blast furnace was calculated by estimating the 
chemistry of the melt (assuming a predefined Ca/Si ratio, and no ash contribution from the 
coke of coal injection, Supplementary Text 5). 

The composition of hot metal produced in the furnace is given in Supplementary Table 3. 
Slag produced from a blast furnace can contain a wide range of mineral phases and 
amorphous silicate glass (Pullin et al., 2019). For simplicity, the composition of slag was 
assumed to be a mixture of a calcium silicate phase (wollastonite, CaSiO3), lime (CaO), and 
alumina (Al2O3). The mineralogical composition of the slag impacts the energy balance of 
the furnace, however the enthalpies of slag formation for a range of minerals is provided in 
Supplementary Table 4, which indicates a marginal variation on wollastonite formation (10-
25%), which would result in a variation of total enthalpy of the blast furnace 2-6%.  

The top gas was assumed to be a mixture of carbon monoxide (CO), CO2, water vapour, 
hydrogen, and nitrogen. The CO2 to CO, and H2O to H2 ratios were assumed to be 0.82 and 
1.0 respectively (consistent with measured data (Bhattacharya and Muthusamy, 2017)). The 
amount of blast gas injected into the furnace was tuned to maintain the oxygen molar 
balance of the furnace (equivalent to ~1200 Nm3 t-1 hot metal, which is consistent with plant 
operation data (Bhattacharya and Muthusamy, 2017)). Heating requirements of raising the 
blast gas to furnace temperature was calculated through the sum of the sensible heat 
changes of air and accounting for a burner efficiency of 70% (4.5 MJ Nm-3), electricity 
requirement for blowing were assumed to be 0.1 kWh Nm-3 (IEA, 2012).   

2.2 Mass and energy balance of the sinter plant.  

Iron ore of the same chemical composition of the blast furnace was added to the sinter plant 
along with coke and lime. Like the BF, the amounts of lime and coke were tuned to maintain 
sinter basicity and energy balance respectively. Gasses from the sinter plant included CO2, 
water vapour, nitrogen, and excess oxygen (assumed to be 50% of the oxygen consumed in 
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the oxidation of carbon in the furnace). Furnace ignition energy was assumed to be fixed at 
140 MJ t(sinter)-1 and sintering electricity requirements were assumed to be 32 kWh t(sinter)-

1 (IEA, 2012). 

2.3 Mass and energy balance of the basic oxygen furnace and electric arc furnace.  

Hot metal from the BF, scrap metal, ‘coolant’ iron ore, and lime were the solid feedstock to 
the BOF. The hot metal to scrap ratio was maintained at 5 and the amount of lime added to 
the furnace was tuned to maintain a basicity of the steel slag of 3.3. The same approach was 
used for the EAF, although no coolant ore was used. Pure oxygen was supplied to the 
furnace to maintain oxygen balance, assuming that the top gas had a CO to CO2 ratio of 
1.86 (Madhavan et al., 2021) (but also contained some water vapour from moisture in the 
coolant). The amount of coolant added was tuned to maintain energy balance. Energy 
requirements for BOF ancillaries (e.g., remelting, blowing, conveyance) were assumed to be 
fixed at 500 MJ and 113 kWh t(steel)-1 (IEA, 2012). 

 

2.4 Mass and energy balance of the calciner, air separation unit, coke and steelworks 
ancillaries.  

Lime, coke, and oxygen requirements were met through a calciner and air separation unit 
respectively, all with fixed energy requirements with respect to their product. All other 
operations on a steel works (casting, rolling, forging) were considered as a single combined 
‘ancillary’ process. For heat and electricity requirements of these processes of see 
Supplementary Table 5.  

2.5 Heat integration and power use.  

To simulate heat integration, thermal energy demand for the steelworks (for sintering, 
calcination, coke production, and ancillary BF and BOF activities) is initially met through the 
oxidation of blast furnace and coke oven gases (assuming a utilisation efficiency of 10%) 
equivalent to 566 MJ t(steel)-1 in the base case). In all the simulations, the heat requirements 
of the steelworks exceed what can be provided from off-gas combustion, which is 
supplemented with the combustion of natural gas. The model was coded to include the 
possibility of using a power station to generate electricity from unused chemical energy of 
off-gasses, but this facility was not used. Electricity demand was met in the simulations by 
purchasing power from a local energy grid. 

2.6 Climate change intervention scenarios. 

A range of climate change interventions for the steel industry have been implemented in the 
model (Table 1, and Supplementary Text 1). Calcium looping was selected for its possible 
advantages of integration with conventional steel production (Tian et al., 2018) and 
possibility higher capture rates compared to other technologies. 

The direct reduction of iron (DRI) ore through its contact with a reducing gas (H2 or CH4) 
minimises the production of process CO2 (Vogl et al., 2018) to produce ‘sponge iron’. The 
model assumes a proportion of iron ore is diverted to DRI (up to 50%, Table 1), DRI using H2 
and CH4 were simulated separately in the model, in which the relatively distribution between 
the two systems was 1:3 (consistent with future projections of deployment, see 
Supplementary Figure 2). In the former, the H2 gas was produced from an electrolyser. The 
model assumes that all of the H2 or CH4 added to the DRI reactor is consumed and 
converted into H2O, CO2, or CO, the amount of which is tuned to maintain oxygen balance 
between reactants and products (66 kgH2 t(sponge)-1 and 250 Nm3 CH4 in Scenario A at 
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65% Fe). Cabon in the ore is assumed oxidised to CO2 or CO with a ratio of 0.82 (consistent 
with a typical top gas composition (Bhattacharya and Muthusamy, 2017)). Energy is 
balanced within the furnace by the introduction of additional O2 (0.45 tO2 t(sponge)-1 
Scenario A at 65% Fe) derived either from the electrolyser or air separation unit. Given the 
slag limits of conventional electric arc furnace, the sponge iron produced from DRI was 
refined into iron using a submerged arc furnace(Friedrich et al., 2018) (although the capital 
costs were assumed to be the same as an electric arc furnace (Steelonthenet, 2023), which 
was further refined into steel using the BOF. 

A pyrolizer is used in the model to convert biomass into charcoal, with a conversion of 3.3 
tonnes of biomass per tonne of charcoal created (Jesus et al., 2018). While the chemical 
composition of charcoal can be variable, for simplicity it is assumed to be identical to coke. 
The evolution of non-condensable gasses (CO, CO2 and CH4) in pyrolysis is normalised to 
the amount of charcoal produced, and the relative composition is assumed. Maximum 
charcoal substitution for nut coke is assumed to be 30%, which is conservative given that 
50-100% may be possible (Mandova et al., 2018). 

The amount of scrap metal fed into the EAF was increased such that secondary steel 
production increased from 22% to 56%. 

2.7 Emissions.  

In the base case scenario, all oxidised process gases and CO2 created during natural gas 
combustion are emitted to the atmosphere. In all intervention scenarios it is assumed that 
5% of the process gasses are emitted as fugitive (e.g., through leaking, consistent with gas 
processing equipment (EPA, 1995)). The CO2 intensity of the feedstock and energy supply 
chains are included within the CO2 emission of the steelworks (see Supplementary Table 6), 
equivalent to considering scope 1, 2 and 3 of the emissions from the steelworks. For 
simplicity the emissions associated with iron ore extraction/transport (~8% of total) remain 
the same across the range of ore grades considered, although some work suggests a range 
of emissions from varying ore grades (Gan and Griffin, 2018). 

 

2.8 Sizing and costing the slag carbonation system.  

A detailed explanation of the system used for carbonating steel slag is discussed in 
Supplementary Text 2. Slag produced from the furnaces is assumed to be composed of 
wollastonite (CaSiO3), lime (CaO), and alumina (Al2O3). Hydrated lime and wollastonite react 
with CO2 through Equations 4 and 5. A bespoke technoeconomic assessment was 
performed for ambient carbonation of slag in a large-scale, well-mixed, batch slurry reactor, 
(particle diameter of 53 µm, water to solids ratio of 5). The slurry reactors were sparged with 
pure CO2 supplied using a stylised DAC system. The slag carbonation facility (excluding 
DAC) was estimated to cost $81 tCO2-1, which is cost effective compared to the high P/T 
aqueous carbonation route ($115 tCO2-1) evaluated by Huijgen et al.(2007) yet more costly 
than the static heap leaching system ($10 tCO2-1) proposed by others(Stolaroff et al., 2005). 

Table 1. An overview of the climate intervention strategies used in the model 
Scenarios Carbon 

capture 
and 
storage 
(%)a 

Directly 
reduced 
iron (%)b 

Biomass 
substitution 
as charcoal 
(%)lc  

Injection 
of H2 
into 
furnace 
(kgH2 t-
1)d 

Slag 
carbonation 
(%)e 

Base Case - - - - - 
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Scenario A 28 25 10 - - 
Scenario A + Slag carbonation 75  

Scenario B 95 50 20 25 - 
Scenario B+ Slag carbonation 25 75 
Maximum intervention 99 30 28 
a. Proportion of the process CO2 process gases from the site are captured through calcium looping. 
b. Proportion the iron ore diverted to DRI (1:3 ratio between H2 and CH4). 
c. Proportion of the reductant (coke) is replaced by charcoal. 
d. Per tonne of hot metal. 
e. of the carbonation potential of the slag is realised. 
 

2.9 Levelised cost of production.  

We calculated the levelized cost of production (LCOP) by combining the capital and 
operational costs (‘capex’ and ‘opex’). The total overnight costs (TOC) were annualised 
using a capital charge factor (CCF = 0.12), levelized using a levelisation factor (LF = 1.2), 
and normalised to a capacity factor (CF = 0.95) (Equation 6). The levelisation factor is 
intended to account for discounting and life expectancy of the capital equipment (equating 
approximately to a discount rate of 8% consistent with other carbon management 
technologies (van der Spek et al., 2020) and a service life of 25 years typical of a project 
lifetime (Hooey et al., 2013)). The expression of capital within the total costs of the system 
was simplified given that the primary costs of steel production are well established and 
publicly available. Exploring the sensitivity of capital costs with a range of macro-economic 
drivers, or the cost sensitivity to the time dependent implementation of climate change 
interventions was beyond the scope of this work.  

𝐿𝐿𝐶𝐶𝑂𝑂𝐿𝐿 =  𝐿𝐿𝐿𝐿∙𝑇𝑇𝑇𝑇𝑇𝑇∙𝑇𝑇𝑇𝑇𝐿𝐿
𝑇𝑇𝐿𝐿

+ 𝑂𝑂𝑂𝑂𝐹𝐹𝑂𝑂  Equation 6. 

2.10 Sizing the processes and capital costs.  

Data associated with steelworks capital items was sourced from Hooey et al.,(Hooey et al., 
2013) and supplemented with additional information for DRI (assumed as to be a shaft 
furnace (Woods, 2007)), submerged arc furnace (assumed similar to an electric arc furnace 
from (Facchini et al., 2021)), electrolysers (adapted from (Wörtler et al., 2013)), calcium 
looping (Tian et al., 2018), pyrolysis (Salman, Chaudhary Awais, 2014), and slag 
carbonation (see Supplementary Table 7), and converted to 2019 values using the CEPCI. 
Reference cost (Cref) data for a given reference size (Sref) was used to calculate the cost 
(Cop) of the operational size (Sop) of the process with the modelled steelworks using 
exponent (n) scaling (Equation 7). 

𝐶𝐶𝑜𝑜𝑜𝑜 = 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟  � 𝑆𝑆𝑜𝑜𝑜𝑜
𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟

�
𝑛𝑛
   Equation 7 

Given that the model explores the reduction in ore purity, the reference size of the blast 
furnace and the melting furnace was normalised to melt volume rather than the mass of hot 
metal using Equation 18 in Supplementary Text 4. Given the range of maturities of the 
processes in this model, contingency factors (θ, 5 – 50%) were applied to specific 
components, and total production costs (TPC) were calculated by summing all the cost 
components (Equations 8). 

𝑇𝑇𝐿𝐿𝐶𝐶 =  ∑𝐶𝐶𝑜𝑜𝑜𝑜 ∙ 𝜃𝜃   Equation 8 
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Total overnight costs were calculated by assuming a contribution of engineering, 
procurement and construction costs (EPCC = 12%) and owners costs (OC = 5%, Equation 
9), 

𝑇𝑇𝑂𝑂𝐶𝐶 = 𝑇𝑇𝐿𝐿𝐶𝐶((𝐸𝐸𝐿𝐿𝐶𝐶𝐶𝐶 ( 1 + 𝑂𝑂𝐶𝐶)) + 1) Equation 9 

2.11 Calculating process operational costs.  

A range of raw material (iron ore, limestone, coal, natural gas, water, biomass, and scrap 
metal) and electricity costs were incorporated into the model by multiplying the annual mass 
or energy consumption within the steelworks to derive annual costs (Supplementary Table 
8). The cost of iron ore remains constant in the model ($45 t-1, sensitivity tested between $30 
and 90 t-1, (Finch Solutions, 2021)), although extrapolation of costs to lower grades is 
speculative given that these are not typically commercially sold. While carbonated slag may 
have a resale value, to be conservative, only the value derived from the sale of 
uncarbonated slag was subtracted from the annual expenditure. The cost of geological 
sequestration following capture was assumed to be a nominal $10 tCO2-1(Schmelz et al., 
2020). The net carbon emissions from the steelworks into the atmosphere was attributed a 
cost (e.g., simulating an emissions tax). If the operation resulted in a net removal of CO2 
from the atmosphere, this was accounted for as additional revenue (e.g., a traded credit on a 
CO2 removals market) equivalent in magnitude but opposite in sign to the emissions cost. 

The International Energy Agency (IEA) (IEA, 2012) estimate that approximately 1600 
operating staff are required for a 4 Mt a-1 BF-BOF steelworks, which we assumed the same 
for the modelled steelworks given the same number of production steps. IEA (2012) suggest 
a workforce of 20 for a gas separation unit which we assume for the calcium looping system 
(although this may be conservative given that some of the labour cost may already been 
borne by those operating the base-case calciner). The operating workforce for the DRI, 
electrolyser and melting furnace was assumed to be the same as the BF-BOF (~600). We 
assume that the slag carbonation facility requires a workforce of approximately 100 people, 
as operating labour for slag management is already included in the BF-BOF estimates. We 
assumed $120,000 a-1 as the operational labour cost (consistent with (IEA, 2012) but 
adjusted to 2019 with inflation).  

2.12 Scaling and projections.  

To explore the implications of the results to the global steel industry, projections of future 
steel production (based on a material economy saturation model see (Renforth, 2019)) were 
combined with background projections of energy costs, carbon prices, emissions intensity 
from CDR relevant integrated assessment model results (Strefler et al., 2021a) 
(Supplementary Figure 2) to drive the intervention scenarios. Projections for the base case 
were derived from the base-case SSP2 simulations in Luderer et al.,(2022) (Supplementary 
Tables 9-13. The model was simulated at annual intervals to generate projections of cost 
and emissions intensity of steel production linearly interpolated between IAM output years. 

2.13 Uncertainty and sensitivity analysis.  

A global sensitivity analysis was undertaken to assess input parametric uncertainty (Strunge 
et al., 2023). Normal probability density functions were applied to individual input parameters 
(although some were applied with uniform distributions, see Supplementary Tables 5, 6, and 
8), and the model was sampled for 100 random selections in a Monte Carlo simulation at 
each time increment (e.g., 1 year) or ore-grade value (a total of 15,000 samples). A scatter 
plot analysis of the resulting model input-output is shown in Supplementary Figure 3. The 
range of outputs for both present and future static system backgrounds and timeseries 
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driven simulations was used to calculate 99% confidence intervals for the data, and the 
standard error associated with the key reported outcomes. 

 

3.0 Results 

3.1 Model validation.  

Base case simulations for a BF-BOF steelworks (without implementing EAF for scrap 
recycling) using a common ore grade (65% Fe) feedstock suggests process requirements 
consistent with operating data from real steelworks (Figure 2), including total thermal energy 
(25 GJ t-1), electrical energy (360 kWh t-1), and CO2 emissions (2.3 tCO2 t-1). By driving the 
model with data for energy (coal, natural gas, and electricity) and iron ore costs between 
2010 and 2019, the simulated cost is reasonably consistent with historical prices for steel 
($554-1116 t-1), Figure 2G). Unsurprisingly, all simulated operational requirements increase 
with lower ore grades, although no publicly available plant data exists for low ore grades. 

3.2 Comparison of intervention costs.  

The model results suggest a levelised production cost of $476 t-1 for steel made using a 
conventional BF-BOF steelworks with EAF scrap recycling. Scenario A, which is intended to 
represent ‘moderate’ intervention, assumes that 25% of the iron ore is consumed in DRI (1:3 
ratio between H2 and CH4 driven DRI), approximately 28% of the CO2 in the process gas is 
captured using calcium looping and geologically stored, and 10% of the reductant in the 
blast furnace is produced from charcoal. This has a production cost of $516 t-1 of steel (26% 
increase to conventional BF-BOF steelworks). Scenario B is intended to represent a more 
ambitious intervention in which 50% of the ore is diverted to DRI, 95% of the CO2 in the 
process emissions is captured and stored, and 20% of the reductant is replaced with 
charcoal. This has a cost of $716 t-1 of steel (68% increase to conventional BF-BOF 
steelworks). For comparison, we harmonised published technoeconomic assessments for a 
range of interventions (see Figure 3 and references therein), with the exception that our 
simulations consider additional processing (equivalent to reporting hot rolled coil), but the 
comparison data consider crude steel production. Our base case simulations were broadly 
consistent with that of a previously reported BF-BOF system(International Energy Agency, 
2020). Adding monoethanolamine post-combustion capture to an existing BF-BOF 
steelworks carries estimated costs of $606 t-1 of steel. Replacing up to 52% of coal using 
biomass leads to estimated costs of $658 t-1 of steel or combining both strategies (i.e., 
replacing coal with biomass and adding post-combustion MEA capture) leads to estimated 
costs of $717 t-1 of steel). Similarly, our model results can be compared to costs estimated 
for emission reduction strategies for DRI-EAF steelworks which in itself could replace the 
BF-BOF route ($613 t-1 of steel), namely adding post-combustion capture to natural gas 
fuelled DRI processes ($660 t-1 of steel), or switching natural gas DRI processes to using 
hydrogen as a reduction agent (blue hydrogen: $737 t-1 of steel, green hydrogen $1215 t-1 of 
steel). This translates into an increase in costs of 7-110% (green hydrogen) while lowering 
the emissions by approximately 40 - 70%.  
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Figure 2. Model simulations showing the variation of A. thermal energy, B. electricity, C. 
natural gas, D. coal, E. CO2 emissions, and F. slag production as a function of iron ore grade 
(from 40-65% Fe). Data from Buttiens et al.,(2016) and interpreted World Steel Data, 
supplied by the World Steel Association (personal communication 5th February 2020) are 
shown for comparison. G. The simulated cost of steel production from 2010 – 2019 in 
comparison to recorded steel prices over the same period. 

Slag carbonation within the model was simulated by concentrating atmospheric CO2 using a 
solid sorbent DAC (Young et al., 2023) and introducing it into a concrete basin containing 
water and slag. We assumed the most mature form of DAC is employed i.e., solid sorbent 
DAC using amine functionalised adsorbents in a temperature vacuum swing adsorption 
process. Costing and performance data for this process has been adapted from Young et 
al.(2023). This technology is designed to supply pure CO2 for geological sequestration,  
which will also result in relatively faster reaction rates with slag. However, it may not be 
necessary to react slag with pure CO2, which offers a possible avenue of optimisation 
between lower concentration DAC output and slag mineralisation. 
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Figure 3. Comparison of the climate intervention approaches in the steel industry between 
the simulated model outcomes (using present day background system assumptions) and 
harmonized costs based on calculations from ("Frischknecht et al., 2007; IEA, 2012; 
International Energy Agency, 2020; Schuler et al., 2013) BF-BOF baseline assumptions 
from(Benavides et al., 2022; Damen et al., 2006; Fan and Friedmann, 2021) for BF-BOF 
interventions(IEA, 2012) and for DRI-EAF interventions (Fischedick et al., 2014) (the 
harmonisation procedure is described in Supplementary Text 2). Scenarios intended to 
represent a moderate (Scenario A) and ambitious (Scenario B) intervention, assumes that 
25% and 50% of the iron ore is consumed in DRI, approximately 28% and 95% of the CO2 in 
the process gas is captured using calcium looping and geologically stored, and 10% and 
20% of the reductant in the blast furnace is produced from charcoal respectively. 
Intervention scenario emissions have been corrected to remove the impact of carbon dioxide 
removal (biomass CCS and slag carbonation) for comparison. 

3.3 CO2 emissions with ore grades.  

Conventional methods of steel production result in 2.2 tCO2 t-1 (Fan and Friedmann, 2021) 
consistent with our base-case scenario (2.3 tCO2 t-1 without EAF scrap recycling, and 1.2 
tCO2 t-1 with scrap recycling, using present day background system assumptions). Moderate 
and ambitious application of climate intervention under 2050 background system 
assumptions (Scenario A and B), results in an emission intensity reduction to approximately 
0.7 and 0.05 tCO2 t-1 respectively. In both scenarios, the removal of CO2 from the 
atmosphere and its reaction with slag further results in a lower CO2 intensity of steel (0.3 and 
-0.1 tCO2 t-1 respectively). With decreasing grades of ore, the CO2 intensity of steel in 
scenarios A and B increased (Figure 4), but decreased with the introduction of slag 
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carbonation as more slag is produced per unit of steel. In all scenarios, the cost of steel 
increased with decreasing ore grades (assuming a value of $200 tCO2 for net CO2 removal, 
and the inverse cost for CO2 emission). 

 

 

Figure 4. The cost (left) and emission intensity (right) of steel with varying grades of iron ore 
under a range of climate intervention scenarios and assumed CO2 emissions cost/carbon 
dioxide removal credit of $200 tCO2-1, and other background system drivers from 2050. 

3.4 Steel costs under varying intervention incentives.  

For simulations that use static background assumptions a cost of $200 was attributed per 
net tonne of CO2 released to the atmosphere, or -$200 tCO21 for a net removal of CO2 from 
the atmosphere (e.g., in ambitious interventions that include charcoal use and slag 
carbonation). The model is agnostic regarding the governance of the incentivisation (e.g., 
carbon tax, cap and trade, government grants, voluntary or compulsory removal markets). 
Under this value the cost of steel production in the base-case BF-BOF unabated system 
may be $719 t-1 of steel. Climate interventions in Scenarios A and B may be able to reduce 
the cost of steel $604 and 572 t-1 respectively. 

4.0 Discussion 

While the emissions intensity of decarbonised steel could be further reduced and become 
deeply net negative with lower grade ores since more slag would be available, the model 
suggests that it would be uneconomical for steel producers to do this (Figure 5a). However, 
there may be a threshold in which a suitable incentivisation results in cost parity or cost 
reductions due to the use of lower grades of ore (Figure 5b and 5c). 

 



14 

 

Figure 5. The cost of steel production against a range of iron ore grades under a range of 
emission reduction/CO2 removal incentives (a-c). 

Current incentives for emissions reduction are relatively low (e.g., ~$100 tCO2-1 recently in 
the European Emissions Trading Scheme). Integrated assessment models suggest cost of 
CO2 may increase by $100’s to >$1,000 by 2050 under a range of low emission pathways 
(Strefler et al., 2021b). Current voluntary removal purchasing schemes are apparently willing 
to pay multiple $1,000’s tCO2-1, although with a primary goal of instigating projects and 
stimulating research and development with the hope of future cost reductions (e.g., to 
between $100- 600 tCO2-1 (Young et al., 2023)). Harmonising incentivisation between 
emissions reduction and CO2 removal will need to be done carefully, and may be facilitated 
by either separate regulation and/or incentivisation mechanisms (Young et al., 2023). 
However, some have suggested the combined approach of ‘take-back obligations’ (Jenkins 
et al., 2021).Therefore, it is plausible that the steel industry will be able to operate with an 
incentive for climate change intervention on the order of $100’s tCO2-1, and possibly greater. 
It is possible that the value of CO2 reduction and removal will be sufficiently large to promote 
the use of lower grade ores, although the model suggests that this threshold is closer to 
$500 than $100 tCO2-1. 
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It is anticipated that steel production will continue to grow over the coming decades 
(Renforth, 2019), and if unabated, sector emissions would similarly increase (Figure 6a, left). 
Ambitious intervention methods together with wider economic decarbonisation and the 
reaction of atmospheric CO2 with slag could result in a net-negative steel industry by 2050 
(Figure 6a, left). Using lower grade iron ore, and the subsequent carbonation of the larger 
volume of slag, could result in deeper net negative emissions on the order of several Gt by 
mid-century (Figure 6b, left). Globally, there may be on the order of 8 Gt of legacy slag 
deposits with a 3-4 GtCO2 cumulative removal potential (Renforth et al., 2011), their 
reprocessing and remediation would result in a reduction in the environmental liability 
associated with this material. Incentivising and adapting the steel industry for the routine 
carbonation of slag could result in exploiting these legacy deposits. 

 

 

Figure 6. Costs of steel production (left) and global direct and indirect emissions from the 
steel industry (right) under a range of intervention scenarios. Top panels a) show projections 
based on a typically used ore grade (Fe = 65%) and the bottom panels project the use of a 
lower-grade ore (Fe = 50%). Steel production forecasts were based on the ‘middle of the 
road’ shared socio-economic pathway interpreted through a material saturation 
model(Renforth, 2019) and background system drivers were derived from integrated 
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assessment model results(Luderer et al., 2022; Strefler et al., 2021a). These emissions 
projections are broadly consistent with direct emission pathways included in the Steel 
Institute’s PlantFact database (typical and 25-year investment timelines) and those in the 
sustainable development pathway from the IEA (see (International Energy Agency, 
2020)and references therein). 

The reduction in ore-grade is potentially limited by the presence of ‘tramp’ and alloying 
elements (e.g., Cu, Ni, Sn, As, Cr, Mo, Pb) which could be incorporated into the steel, and 
affect its mechanical behaviour. Using a concentration difference between an iron ore 
formation and its tailings repository, it is possible to estimate the impact of potentially 
problematic elements (Supplementary Table 1). Elements associated with the iron oxides 
within the ore (particularly Mn) will not be impacted by the changing ore grade, similarly 
others may be in relatively low concentration (Mo, Pb, Sb). Some elements may be 
sufficiently concentrated to prevent the use of low ore grades from some steel applications 
(Cr, Cu, Ni, V), and some may prevent the use of low ore grades in all steel applications (Co 
and Zn, to 52% and 44% Fe respectively). The limits presented in Supplementary Table 1, 
conservatively assume that all the elements are partitioned into the steel. However, a large 
proportion of Zn within a blast furnace evolves within the dust/off-gas (Ma, 2016), and many 
of the other elements are partitioned into phases within the slag (Proctor et al., 2000). 
Monitoring and selection of suitable lower-grade iron ore for specific steel applications and 
quantification of portioning into melt Fe would be required to maintain mechanical 
performance. 

In addition to slag, alkaline materials are produced as by-products from the cement industry 
(cement kiln dust), aluminium refining (red mud), and mining (tailings). The ambient reaction 
of atmospheric CO2 with other anthropogenically produced alkaline materials could be a 
relatively inexpensive method of CDR (Stolaroff et al., 2005), with potential to remove Gt of 
CO2 per year from the atmosphere by 2050 (Renforth, 2019).  

The most significant implication of this work is the potential of commercially exploiting lower-
grade ores for steel manufacturing and CO2 removal. The drive for high-grade ores has 
resulted in the expansion of ore production by countries with suitable deposits, the extensive 
beneficiation of ores, and the production of iron ore tailing facilities. Global reserves of iron 
ore contain on average ~50% Fe (Holmes et al., 2022), which even under moderate 
mitigation and incentivisation scenarios may be exploited directly for steel production and 
CO2 removal. Lower grade ore deposits may include those from previously worked 
formations in developed countries (e.g., sintered Lias UK ironstone 38% Fe (Goldring and 
Juckes, 2001), or Precambrian banded iron formation around Lake Superior US in which half 
the deposit is <50% Fe (Cox and Singer, 1986)), iron ore tailing facilities (27% Fe, (Carneiro 
et al., 2023)), saprolite laterites (16% Fe (Tian et al., 2020)), and some legacy slag deposits 
(10-30% Fe,(Riley et al., 2020)) 

 

Conclusions 

Steel is essential for economic development, and production/technology pathways resulting 
in low greenhouse gas emissions are required for the industry to contribute to climate 
change targets. Here we developed a model that simulates the technoeconomics of steel 
production (including energy and raw material requirements, CO2 emissions, and levelized 
cost of production) for a base-case blast furnace/basic oxygen furnace system. The results 
of which appear to be consistent with present and historical data for a range of model 
indicator values. We use both static and prospective technoeconomic modelling to simulate 
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the cost and CO2 emissions of steel production for  progressively ambitious climate 
interventions in foreground technologies (directly reduced iron, scrap recycling using an 
electrical arc furnace, carbon capture and storage) in which the background system is driven 
by the results of an integrative assessment model. We also simulate CO2 removal pathways 
in the steel industry through the use of biomass based reductants and atmospheric CO2 
reaction with by-product slag. 

The model results suggest that unabated emissions (penalised at $200 tCO2-1) would result 
in the cost of steel production increasing to >$700 t-1. Deep emission reduction scenarios 
coupled with CO2 removal could result in total costs of steel on the order of ~$600 t-1. The 
most ambitious intervention scenario results in net negative CO2 steel, in which the 
additional costs of mitigation are wholly compensated for by the value of CO2 removal. The 
most important, and unexpected implication of this work is that incentivising CO2 removal 
(~$100’s tCO2-1) in a low-emission steel industry, could result in economic exploitation of 
lower-grade iron ore and possibly alleviating some of the predicted pressures of decreasing 
global ore grades. 
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