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Abstract 

The iron and steel industry is a high energy-intensive and 
polluting sector, and its production is expected to increase in 
the coming decades. Therefore, the steel sector must follow a 
sustainable pathway to align with climate objectives. However, 
its decarbonization is challenging, as even replacing all fossil 
fuels with renewable energies, or developing new low-carbon 
technologies would not eradicate the CO2 emissions produced 
from the use of carbon-bearing materials. To achieve carbon 
neutrality in the steel industry, the use of biomass with carbon 
capture and storage/utilization can be an effective strategy as 
it can produce negative emissions to compensate for residual 
ones. In this regard, this study aims to analyze the role of 
negative emission technologies in the decarbonization of the 
steel sector using a mathematical energy prospective 
modeling tool called TIAM-FR. The analysis includes a 
literature review to identify potential applications of biomass 
in existing and innovative steel production technologies, which 
are integrated into the modeling tool. Additionally, efforts 
have been made to accurately identify in the model the 
sources of fossil and biogenic emissions to assess the feasibility 
of negative emission production. By implementing various 
scenarios, the study examines how negative emission 
technologies can contribute to decarbonizing the steel 
industry and thus help the industry achieve its climate 
objectives. The results highlight the necessity for the steel 

sector to pursue a net negative emissions pathway to achieve 
carbon-free steel production and support the decarbonization 
of other sectors. Without the use of biomass in the steel 
industry, the marginal cost of steel would significantly 
increase. The COREX and the direct reduction of iron coupled 
with carbon capture and storage technologies are key to 
deploying negative emissions in the steel sector, while other 
low-carbon technologies such as the electric arc furnace and 
the iron electrolysis also play crucial roles. International 
collaboration may be necessary to optimize global 
decarbonization investments and ensure effective 
implementation of negative emission technologies in the steel 
sector. 

Keywords: Negative emission technologies, Bioenergy, CCS, 

Long-term energy modeling, Steel industry, TIMES modeling. 

1. Introduction 

1.1. Challenges in decarbonizing the steel industry. 

Steel is an essential material for human development, 
since it is used in buildings, vehicles, energy infrastructure, etc. 
[1]. Steel demand in 2019 was 1.9 Mt and is expected to grow 
30% by 2050 following the development of emerging 
economies and the transition to a low-carbon economy [2]. 
However, steelmaking is one of the most energy-consuming 
and polluting industries. In 2019, steel production accounted 
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for 7% (2.6 Gt of CO2 in 2019) of global anthropogenic CO2 
emissions [3]. This can be explained by the fact that the 
industry depends massively on fossil fuels. Indeed, 70% of 
current steel production relies on the blast furnace-basic 
oxygen furnace route (BF-BOF) [4] using coke as a fuel and as 
the main iron ore reducing agent. The BF-BOF carbon intensity 
can vary from 1.4 to 2.4 t CO2/t steel [5, 6], and its total energy 
consumption can reach almost 20 PJ/t steel. The rest of steel 
production relies on the electric arc furnace route (EAF) (23%) 
and on the direct reduction of iron coupled with an EAF (DRI-
EAF) (7%). The EAF uses steel scrap as a ferrous material 
source, and considerably reduces the use of coal, which 
represents around 20% of the energy consumed and is 
responsible for most of the emissions from this route. Coal in 
this process is used to foam slag which serves to improve the 
performance of the furnace [7]. The EAF emits between 0.1 to 
0.9 t CO2/t steel and can reach an energy intensity of around 5 
PJ/t steel. The DRI-EAF route completely eliminates the use of 
coke and mainly uses natural gas as the fuel and reducing 
agent1. Its energy intensity can be around 14–20 PJ/t steel, and 
emissions can reach 0.9 t CO2/t steel. Figure 1 presents the 
world energy consumption and CO2 intensity for each steel-
producing route in 2018. Therefore, the iron and steel industry 
(ISI) is required to follow a more sustainable trajectory if it aims 
to contribute to global climate targets.  

The decarbonization pathway of the ISI is challenging. 
First, any improvements in energy efficiency could be 

 
1 Current Indian DRI processes use coal as the main fuel and reducing 

agent, which highly increases the CO2 intensity of this route in the country (8).  

overcompensated by an increase in production, and higher 
efficiency within the BF-BOF route is hard to achieve as this 
technology is very mature and widely deployed [9, 10]. Second, 
coke cannot be easily replaced as it possesses the most 
suitable physical and chemical characteristics for producing 
high-quality iron [11]. Third, part of the direct CO2 emissions 
from the ISI (around 8%) come from the use of other carbon-
bearing materials, mainly limestone (which helps to reduce the 
impurities in the iron ore), making these emissions inevitable2. 
Shifting to less polluting steelmaking technologies is also 
complicated. The deployment of the EAF is limited by the 
availability of scrap, which is already insufficient to satisfy 
increasing steel demand, coupled with the fact that some steel 
scrap does not present the required characteristics to produce 
high-quality steel end-products [12]. The DRI-EAF route 
primarily relies on natural gas as the main iron-reducing agent, 
resulting in up to 60% fewer emissions compared to the 
traditional BF-BOF route. This presents a viable option for 
producing steel with a lower environmental impact in regions 
that have access to cheap natural gas resources. However, it is 
unlikely that the DRI-EAF route will completely replace the BF-
BOF, as there are certain locations where the BF-BOF remains 
the most cost-effective option [13], particularly where coal 
remains economically competitive and no carbon taxes are 
enforced.  

Other innovative low-carbon steel-producing 
technologies can help reduce the sector’s emissions [14]. For 

2 Emissions that come from the use of non-energy materials are called 

process emissions. 
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example, it is possible to completely shift to the direct use of 
coal, e.g. HIsarna or COREX3, or more efficient technologies 
using natural gas, e.g. ULCORED4. Yet although these options 
are less polluting, they might not be commercially available 
before 2030 and still consume fossil fuels, which can create a 
carbon lock-in. Another possibility is to replace natural gas 
with hydrogen in the DRI-EAF route (DRI-H2). This option will 
only be viable if the cost of electricity and electrolysis remains 
low. Very low-carbon steel production technologies 
(ULCOWIN5, ULCOLYSIS6) relying on the electrolysis of iron ore 
might be available by the middle of the century, as these 
technologies have to overcome some technical barriers before 
being commercially available [15]. In addition, the transition to 
new steel production technologies is likely to be affected by 
economic aspects as they are more expensive; this will worsen 
the economic performance of the industry, which already 
suffers from low profit margins [16]. As a result, the BF-BOF 
route might still play an important role in the production of 
steel in the future.  

Subsequently, this situation could call for incorporating 
innovative technologies into the different steel production 
routes in synergy with carbon capture and storage (CCS) 
and/or utilization (CCU) technologies [15]. Many countries 
already propose deploying CCS to help decarbonize key 
industrial clusters [17]. However, CCS technologies can only 
capture up to 90% of emissions in the ISI [18], therefore other 
solutions to compensate for residual emissions have to be 
deployed in parallel.  

Another decarbonization option consists in replacing part 
of the fossil fuels with renewable energies from biomass 

 
3 A smelting process developed by Primetals, based on non-coking coal. 
4 Ulcored is one of the technologies researched by the ULCOS program 

(Ultra Low CO2 Steelmaking). 
5 Electrowinning, which is developed by the ULCOS program, is a low-

temperature electrolysis process that produces solid state elemental iron from 

iron ore. 

products [19]. Raw biomass cannot be used massively in steel-
producing processes due to its high moisture, volatile matter 
content, low calorific value, and low grindability, etc., meaning 
it needs to be transformed [20]. By heating solid biomass at 
600 °C it is possible to produce charcoal [21]. Charcoal can 
replace some of the coke used in the BF-BOF route; 
nevertheless, complete replacement of coke is not possible 
because charcoal does not feature the same physical and 
chemical properties [22]. However, in most cases coal can be 
replaced by charcoal, and biomethane can completely replace 
natural gas in the different existing and innovative steel 
production technologies [20, 23]. As a result, if biomass is fully 
used in the BF-BOF, emissions can be reduced to around 0.69-
1.21 t CO2/t steel; in the EAF, emissions can be reduced to 
around 0.028–0.056 t CO2/t steel; and in the DRI it is possible 
to reach emissions as low as 0.34–1.70 t CO2/t steel [24]. 
Currently, Brazil is the only country to use charcoal as a 
substitute for coal in the BF-BOF; 11% of the  country’s steel 
production uses charcoal instead of coal [25, 26]. However, the 
use of biogenic resources is restrained by local potentials [27]. 
Moreover, using only biomass in the ISI might not be enough 
to reduce the sector’s emissions [26], and with current CO2 
prices biomass is not economically competitive [24], meaning 
that more efforts are needed to reduce the consumption of 
fossil fuels in the sector [28]. 

A further advantage that can be achieved when using 
biomass, is that it is possible to combine it with CCS/CCUS 
technologies (resp. BECCS and BECCU), which may produce 
negative emissions (NE). Indeed, as biomass is considered to 
be carbon neutral7, then by capturing and storing CO2, the 

6 High-temperature molten oxide electrolysis steelmaking developed by 
the ULCOS program.  

7 When strict sustainable practices are followed. 

  
Figure 1: Final energy consumption and CO2 emissions intensity by steel producing route in 2018. 

*Energy consumption based on the IEA “Beyond20/20” database. 

 

1,4 

2,3 

0,11 

 -

  0,5

  1,0

  1,5

  2,0

  2,5

0

5000

10000

15000

20000

25000

30000

BF-BOF DRI-EAF EAF

kg
 C

O
2/

kg
 o

f 
st

ee
l

P
J

ISI by products Renewables Coke Electricity Heat Oil products Natural gas  CO2 intensity



 4  

latter can be subtracted from the atmosphere. BECCS/BECCUS 
are thus commonly referred to as Negative Emission 
Technologies (NETs). NETs can therefore help reduce 
emissions and mitigate residual emissions (process and 
remaining emissions from the use of some fossil fuels) [29]. In 
fact, in the long-term, negative emissions will most likely be 
required to reach global climate targets [30]. 

Therefore, although NETs appear to be a promising option 
to massively decarbonize the ISI, the different decarbonization 
options need to be rigorously assessed, carefully including the 
characteristics of each region in the world in order to obtain 
useful insights and propose strong, accurate policy 
instruments that can help attain climate objectives.  

1.2. Literature review and contribution 

1.2.1. Research into biomass as a replacement for fossil fuels 
in the ISI 

Reducing emissions in the ISI proves to be a complex task 
due to the large array of options to reduce CO2 emissions [1]. 
Decarbonization of the ISI will require disruptive innovations 
combined with CCS/CCU, enhanced material efficiency, a 
greater share of recycled steel production [15], and the 
substitution of fossil fuels with renewable energies and 
bioenergy coupled with CCS/CCU. To date, and to our 
knowledge, no research have studied the role of NETs in the 
decarbonization of the steel sector [11], especially regarding 
their role in reducing emissions in a global, long-term 
context. In most cases, biomass is not considered as an option 
to decarbonize the ISI, while most attention focuses on 
studying, for example, the role of the EAF or that of the DRI-H2 
in future global steel production. [31] found that the share of 
the EAF in final global steel production might exceed that of 
the BF-BOF by 2060. Similarly, [32] found that the EAF might 
double its capacity by 2050. However, these studies did not 
include the use of biomass, which might have hindered the 
decarbonization potential of the EAF as biomass products can 
fully replace the fossil fuels used in this route [33]. For Europe, 
[34] studied long-term decarbonization scenarios for the ISI, 
finding that new innovative technologies are essential to 
decarbonize steel production. These technologies are mainly 
top gas recycle blast furnace (BF-BOF-TGR), as well as CCS in 
the ISI’s electric power plants. At the country level, [35] 
mentioned that the DRI-H2 and the EAF seem to be the most 
prominent options to reduce some of the emissions from the 
Chinese steel industry. However, they state that to massively 
reduce these CO2 emissions, NETs are required to offset the 
residual emissions. A similar finding was identified by [36], who 
also argue that negative emissions are needed to reach carbon 
neutrality for the Chinese steel industry.  

Other studies include biomass products as a 
decarbonization option for the ISI, but not coupled with CCS. 
[37], through different climate scenarios, find that the BF-BOF 
coupled with CCS would have a significant role, followed by the 
deployment of the DRI-H2. On the contrary, in a world where 
CCS is not available, the BF-BOF using biomass would be the 
most cost-efficient technology, and the DRI-H2 would have a 

more prominent position by 2100. On the International Energy 
Agency’s steel technology roadmap [3], the use of biomass 
only was analyzed as a replacement for fossil fuels in the ISI, 
and they did not mention any pathways that included using 
biomass with CCS/CCU. In their results, biomass was hardly 
used in China and South America for BF-BOF, as these regions 
present interesting biomass potentials. In their analysis, 
decarbonization of the ISI is mainly achieved through energy 
improvements and materials efficiency, as well as the 
deployment of innovative steel production technologies. By 
2050, the share of the BF-BOF could decrease to around 30%, 
and that of the scrap-based EAF to almost 40%. The rest of the 
production would be a combination of natural gas and H2-
based DRI-EAF (DRI-H2), in combination with smelting 
reduction technologies coupled with CCS. Most gas-based DRI 
would be developed in the USA, South America, the Middle 
East, and Africa, while DRI-H2 would be developed in China, 
Europe, and India. 

The deployment of biomass for steel production will be 
mainly limited by the availability of the resource on a territory. 
[27] assessed which countries have the potential to use 
domestic biomass resources in a sustainable manner for 
emission reduction purposes in the ISI. They found that China, 
Russia, the USA, and Brazil have high potentials for bioenergy 
use in BF-BOF. As these countries have a major role in world 
steel production, this suggests that widespread deployment of 
bioenergy in these few countries would make a significant step 
towards transitioning to the use of renewables in the global ISI 
[27]. Other countries with high biomass potential, but with a 
low share of global steel production, are Canada, Sweden, 
Australia, and France. The impact of deploying biomass in 
these countries might not be significant enough. However, the 
authors did not consider the use of biomass in other sectors, 
nor the combination with CCS/CCU, or possible biomass trade 
between regions.  

Research on the deployment of biomass to decarbonize 
the ISI has focus primarily on the national and regional levels. 
It seems that simply substituting fossil fuels with biomass in 
the ISI might not be sufficient to significantly reduce emissions. 
[26] found that decarbonization of the Brazilian steel industry 
could reach a higher GHG reduction pathway by combining 
biomass use with the best available technologies. In Sweden, 
the use of biomethane to produce heat for the steel sector 
could reach 9% emissions substitution [38]. Furthermore, by 
utilizing biomass in existing steel production processes in 
Sweden, a reduction of up to 43% could be achieved [39]. At 
European level, similar CO2 reductions of up to 42% could be 
achieved by substituting fossil fuels with biomass in existing 
steel producing facilities [40]. None of these studies identified 
BECCS as an option.  

1.2.2. Studying the role of NETs to decarbonize the ISI 
The use of biomass seems more attractive when coupled 

with CCS techniques. In fact, [41] showed that by deploying the 
DRI-EAF route in the Italian steel industry along with CCS, it 
might be possible to reach net negative CO2 emissions. [17] 
mentioned that biomethane-based DRI-EAF combined with 
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CCS could be the most interesting option to reduce carbon 
emissions in the European steel industry. Furthermore, it 
would be possible to reach a 100% CO2 reduction by deploying 
biomass with CCS in existing steel production facilities in 
Europe [42]. [43] found that a reduction of 80% in current CO2 
emissions could be expected by 2030 and an additional 3% 
reduction by 2045 in the Swedish steel sector when integrating 
biomass in the BF-BOF-TGR with CCS and in the EAF. In 
addition, they found that using the DRI-H2 and the EAF as the 
main production routes would lead to almost fossil-free steel 
production by 2040. The use of hydrogen in this case would 
require 12 TWh of electricity, and the electricity would need to 
be carbon-free if the aim is to reduce global emissions [44]. 
Moreover, half way through this century, the DRI-H2 and steel 
electrolysis could become economically attractive [45]. The 
use of these technologies might considerably impact the 
deployment of NETs within the ISI by the end of the century. 

On the other hand, to our knowledge, to date no 
research has assessed the implications of using biogenic CO2 
captured in the ISI to produce other materials. In fact, it is 
possible to mix this captured CO2 with steel slag to produce 
carbonates through a process called slag mineralization [46]. 
This route is one of the most reliable options to retain CO2 in 
the long term as it prevents CO2 leakage. 

The use of NETs in the long run needs to be analyzed in a 
broader context considering the different decarbonization 
options in order to have a more complete vision about the 
possible implications that their development could entail. 
Indeed, most research has mainly focused on one or a couple 
of decarbonization options (mainly EAF and DRI-H2; NETs are 
rarely considered) when studying the long-term 
decarbonization of the ISI. To our knowledge, no studies have 
analyzed the role of NETs in the long term on a global scale 
for the ISI. Most research on the decarbonization of the ISI has 
focused on the Global North; however, the bulk of future 
demand for green steel will come from emerging and 
developing economies [47]. It is thus necessary to assess how 
the different decarbonization options can be deployed 
according to specific regional characteristics, and how NETs 
will position themselves in the decarbonization of the steel 
sector. 

1.2.3. Considering other environmental aspects when 
deploying biomass 

Other factors affecting the emissions from biomass should 
be considered to better assess its deployment potential. Most 
of the results found in the literature follow the hypothesis that 
biomass emissions are carbon neutral, but the CO2 abatement 
potential of biomass is very sensitive to different factors, such 
as land use change (LUC). According to [48], life cycle analysis 
(LCA) cases indicate that nearly half the potential carbon 
mitigation of biomass use is negated by the carbon footprint 
of charcoal, with LUC being the main factor negating nearly all 
carbon abated. Another factor to keep in mind when dealing 
with the use of biomass is its rotation. This refers to the time 
that it takes to regrow the same amount of biomass so that the 
CO2 emitted by its combustion is absorbed. [49] computed that 

in a time horizon of 100 years, biomass taking 100 rotation 
years would have a global warming potential (GWP) impact of 
0.44 kg CO2 eq/kg CO2 bio; and when considering its storage 
for 100 years, the GWP of this biomass would be -0.56 kg CO2 

eq/kg CO2 instead of -1 kg CO2 eq/CO2. This delay in the 
biomass carbon uptake was included in the research 
performed by [50]. They found that net CO2 estimates for steel 
production using biomass would increase by around 300 kg 
CO2 eq/t steel.  

1.2.4. The contributions of this study 
This research intends to propose a technology-rich 

assessment of the decarbonization of the ISI at the global level, 
considering mitigation pathways that have not been 
integrated in past studies, namely biomass combined with CCS 
and CCU on a global scale. Thus, through an energy prospective 
model (TIAM-FR - the French version of the TIMES Integrated 
Assessment Model), it is analyzed the potential contribution of 
NETs to decarbonizing the global ISI and in the long run. In 
addition, we assess how the steel sector can contribute to 
global climate goals. More precisely, our study contributes to 
the literature first by developing the TIAM-FR tool, and second 
by answering key questions regarding NETs deployment. The 
contributions of the present research are detailed as follows: 
- Developing the TIAM-FR tool:  

o Integrating current and prospective steel production 
technologies. 

o Modeling the potential substitution of fossil fuels with 
biomass in different steel producing technologies. 

o Restructuring the representation of biogenic and 
fossil CO2 emissions to identify where and whether 
negative emissions are produced or not. 

o Representing the mineralization of CO2 as an option 
to store emissions in steel slag. 

- Based on regional biomass potentials, and following 
different scenarios, the paper answers research 
questions related to the deployment of NETs for the ISI 
on a global scale. We intend in particular to address the 
following questions:  
o To what extent could NETs in the ISI contribute to 

global climate targets?  
o What would be the most cost-efficient technologies 

to decarbonize the ISI?  
o How do NETs interact with other decarbonization 

options available for this sector?  
o Depending on biomass potentials, which regions of 

the world are the most likely to rely on NETs? Would 
wood biomass be traded among regions? 

o What are the implications for NETs deployment in the 
ISI when considering the rotation period of biomass? 

Prospective modeling tools are decisive to help answer 
these questions, as they can provide responses to the various 
issues that emerge in the pursuit of sustainable, carbon-
neutral energy solutions. Therefore, we employ the energy 
prospective model, TIAM-FR, to assess how NETs can 
contribute to the decarbonization of the ISI and to global 
climate objectives. The global ISI has been finely represented 
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in this model, along with the different decarbonization options 
for attaining carbon-free steel production. The model includes 
the option of slag mineralization, and finely details the possible 
substitution of fossil fuels with biomass in current and 
prospective steel production technologies. The modeling of 
biomass use in the ISI has been carried out in such a way that 
the model can choose the optimal amount of biomass to be 
used following technical replacement limitations. 
Furthermore, a particular feature has been developed to track 
the origin of the captured emissions (either fossil, biogenic or 
process emissions) in order to accurate identify the potential 
of each of the decarbonization alternatives. Finally, the 
interaction between biomass and the different 
decarbonization options, including the potential use of 
CCS/CCU are also considered in the model. 

2. Methodology 

2.1. Bottom-up modeling with TIAM-FR 
The analysis of the ISI is carried out with TIAM-FR.  

TIAM-FR is a bottom-up global model that belongs to the 
TIMES family of models. TIMES is a generator of partial 
equilibrium techno-economic models representing the energy 
system of geographical areas or regions, on a long-term 
horizon. For each of the 15 regions in the model (see Appendix 
1), present and future energy demands are fully satisfied by 
the energy produced within the region and trade with other 
regions. Thus, TIAM-FR is a bottom-up integrated assessment 
model (IAM). Its technology-rich representation depicts an 

energy system tracking different energy forms, technologies, 
and end-uses (industry, commercial, residential, agricultural, 
transport), constituting the Reference Energy System (RES) 
(Figure 2). The technologies integrated into the model are 
characterized by the energy carriers and materials they 
consume, their technical (e.g. efficiency, activity factors, etc.) 
and economic characteristics (CAPEX, OPEX, etc.), the energy 
services they provide, and the GHGs they emit (CO2, CH4, and 
NO2,).  

The structure of the model enables us to consider 
variations across the 15 regions regarding their available 
technologies and their socio-economic properties (cost of 
capital, labor, and energy), energy demand projections, and 
their commercial routes. Driven by end-use demands, the 
model aims to supply energy services at a minimum 
discounted cost by choosing the most strategic investments to 
operate the energy system, while respecting the constraints 
established by the users, e.g. technical, and/or environmental. 
It computes the total net present value (NPV) by applying a 
discount factor 𝑑 to the total annual cost of the system (Cost) 
in each region 𝑟 ∈ 𝑅 (𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑔𝑖𝑜𝑛𝑠). The model 
solves the problem by minimizing the objective function in a 
linear program encoded in the GAMS optimization language 
according to the following objective function: 

𝑁𝑃𝑉 = ∑ ∑(1 + 𝑑𝑟,𝑦)
𝑦

𝑦

𝑅

𝑟

× 𝐶𝑜𝑠𝑡𝑟,𝑦 

 
Figure 2: Simplified representation of the reference energy system (RES) in the TIAM-FR model 
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By satisfying the energy demands, decisions are thus 
made concerning the operation of the energy system over the 
defined period and for each region of the model. Specifically, 
the model produces two types of results when computing 
optimization. First, the primal solution of the linear program 
provides, for each period y and region 𝑟: technology 
investments, operation rates, the energy and material flows, 
the imports and exports of each tradeable commodity, the 
extraction levels of each primary resource, emissions by 
technology, by sector, and in total. Secondly, the model gives 
a dual solution, which provides the "shadow price" of each 
commodity of the RES (fuels, materials, energy services, 
emissions). Thus, information is available on the marginal costs 
of environmental measures such as GHG reduction targets, 
and in our case, we can track the marginal cost of steel 
production. In addition, the model is equipped with a climate 
module that can estimate the climate impact of emitting GHG, 
i.e. it calculates the impact on temperature elevation in the 
atmosphere. The interest of this type of modeling is the 
opportunity it provides to explore possible long-term energy 
pathways based on scenarios i.e., consistent assumptions on 
the trajectories of the determinants of the system. As a result, 
it is possible to propose strategies and policies for reaching the 
proposed objectives. 

As mentioned before, TIAM-FR is divided into 15 regions 
(Appendix 1). These different regions of the world are linked 
together in terms of energy exchanges. The model has 
previously served to assess the long-term potential of 
bioenergy globally, and its results can be found for example in 
[51]. 

In this study, we improve the representation of iron and 
steel, as well as bioenergy supply to this sector. Thus, the 
modeling of the ISI (see Section 2.2) is built upon the latest 

version of TIAM-FR, whose description is available in [52] – 
itself stemming from the ETSAP-TIAM model [53], and 
provides a rich representation of any forms of biofuels (solid, 
liquid, or gaseous). However, in this version, the use of 
bioenergy for the iron and steel sector is not exploited at its 
maximum level; biochar is not considered, and substitution of 
fossil fuels with biomass is lacking explicitness and 
opportunities. For these reasons, the following section details 
how the iron and steel sector is disaggregated in the new 
version of TIAM-FR, with richer description of the processes 
and wider opportunities for bioenergy to decarbonize this 
sector. 

2.2. Steel decarbonization alternatives in TIAM-FR 
The ISI is represented as one of the six subsectors of the 

industry sector, namely cement, chemistry, pulp and paper, 
aluminum, iron and steel and the rest of the industry. The 
energy consumption of the model’s base year, i.e. 2018, is 
based on the energy balances of the steel industry from the 
IEA database [54]. The demand satisfied by the model is 
described in terms of tons of materials based on [4]. As a 
result, each region has a certain energy efficiency that converts 
the energy used into tons of steel, depending on the efficiency 
of the existing assets in 2018. Steel demand is projected over 
the 21st century based on the gross domestic product (GDP) 
per capita. Indeed, the quantity of steel produced by a country 
has been proven to be a function of this socio-economic driver 
[55, 56]. Regarding the projection of GDP per capita, these 
statistics are extracted from the IIASA SSP database [57]. The 
database enables us to calculate the elasticity of final energy 
demand of the industry to GDP per capita. Assuming an SSP2-
2.6, the demand for steel  is estimated to increase from 1.8 Mt 
in 2018 to 2.4 Mt in 2050 and decrease to 2.1 Mt in 2100 

Process 
Availabili

ty date 
Fossil fuel 

use 

Bioproduct 
substitutio

n 

Maximum 
substitution 

potential based on 
LHV 

Reference 

Coke oven 2018 Coal Charcoal 0%-5% (Mousa et al. 2016) 

Pelletization 2018 Coal Charcoal 0%-100% (Nwachukwu, Wang 
et Wetterlund 2021) Sintering 2018 Coke Charcoal 0%-40% 

Blast Furnace / with 
CCS (including the Top 
Gas recycling option) 

2018 / 
2025 

Coke Charcoal 0%-6% 
(Suopajärvi et al. 

2017) 
Coal Charcoal 0%-100% 

Natural gas Biomethane 0%-100% 

Direct Reduction of Iron 
(MIDREX) / with CCS 

2018 / 
2025 

Natural gas Biomethane 0%-100% 
(Tanzer, Blok et 
Ramírez 2020) 

COREX / with CCS 
2020 
/2025 

Coal Charcoal 0%-45% 
(Norgate et al. 

2012) 
Coke Charcoal 0%-45% 

HIsarna / with CCS 2030 Coal Charcoal 0%-45% 

ULCORED / with CCS 2030 
Coal Charcoal 0%-100% 

(Tanzer, Blok et 
Ramírez 2020) 

Natural gas Biomethane 0%-100% 

ULCOWIN 2050 
Natural gas Biomethane 0%-100% 

Coal Charcoal 0%-100% 

Cupola 2018 Natural gas Biomethane 0%-100% 

EAF 2018 
Coal Charcoal 0%-100% (Yang, F., 

Meerman, J. C. et 
Faaij, A.P.C. 2021) 

Natural gas Biomethane 0%-100% 

DRI-H2 integrated steel 
plant 

2030 
Coal Charcoal 0%-100% 

(Tanzer, Blok et 
Ramírez 2020) 

Natural gas Biomethane 0%-100%  

Final production of steel 2018 Natural gas Biomethane 0%-100%  

Table 1: Possible uses of biomass in the ISI in TIAM-FR. Substitution potentials based on LHV. 
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(Appendix 2). China is the largest producer of steel in 2018, 
representing 51% of the total steel production.  

In this enhanced version of TIAM-FR, we represent the 
iron and steel sector explicitly, i.e., the various production 
routes are considered, while previous representation of the 
steel sector in TIMES was considered through final energy 
services for steam, machine drive, process heat, etc. [52]. 
Here, we model both conventional and alternative innovative 
technologies. Conventional technologies comprise the BF-BOF 
route, the DRI-EAF, and the EAF. Alternative technologies 
include the TGR BF-BOF, COREX, HIsarna, ULCORED, ULCOWIN, 
ULCOLYSIS, and the DRI-H2 processes, which can be equipped 
with a carbon capture unit. A table containing the advantages 
and disadvantages of each technology is given in Appendix 3.  

Retrofitting CCS options to existing technology portfolios 
is possible. It means that a CCS unit can be added to current 
existing steel production assets without needing to invest on a 
new steel production plant. Another option comprises 
retrofitting existing MIDREX technologies to allow the 
consumption of hydrogen. In TIMES modeling, all these 
processes are characterized by their economics [58–63], 
namely their CAPEX, variable and fixed OPEX, their lifetime, 
their discount rate, and their material and energy flows [58, 
64, 59, 65], along with their GHG emissions. The different 
techno-economic assumptions for the current and alternative 
steel production technologies are detailed in Appendix 4.  

In Figure 3, we give a simplified representation of our 
modeling exercise. This figure shows how energy, material and 
emission flows are considered. The various steel production 
processes (IIS*) can consume different manufactured goods, 
i.e., sinter (MISSNT), pellets (MISPLT), etc.) and raw materials, 
i.e. lump iron ore (MISLORE), fine iron ore (MISFORE), scrap 
(MISSCR), and quick lime (MISQLI). Each steel manufacturing 
process features a dedicated so-called FuelTech (FT), 
processing various energies including gas, biogas, coal, coke, 

oil, charcoal, electricity, and hydrogen. The FuelTech accounts 
for the combustion CO2 emissions (IISCO2N). If the steel 
manufacturing process is equipped with CO2 capture, then the 
FuelTech accounts for the quantity of combustion CO2 
captured (CPTCO2N), but the steel manufacturing process 
accounts for the captured process CO2 emissions (CPTCO2P). 
Likewise, for biomass, the amount of biogenic CO2 captured 
(CPTCO2B) is accounted for at the level of the FuelTech. 

One important novelty of this work is that we have 
included new opportunities to use biomass for both 
conventional and alternative steel production routes. Table 1 
presents a summary of the different potentials (found in the 
literature) to substitute fossil fuels with bioproducts for the 
different iron and steel technologies. In general, charcoal can 
substitute only a small share of the use of coke as it does not 
present the same physical and chemical characteristics. On the 
other hand, charcoal can substitute most of the coal (see the 
fifth column of Table 1), while biomethane is a perfect 
substitute for natural gas. Raw biomass cannot be used 
directly in any of these processes as it features high moisture 
content, volatile matter content, low calorific value, and low 
grindability, etc. [20]. Besides, biogas or syngas produced 
directly from anaerobic digestion and gasification cannot be 
used directly in the ISI as they do not present the same 
chemical composition as natural gas, and thus require 
purification and upgrading beforehand. The solver chooses the 
optimal amount of bioproducts to substitute fossil fuels (any 
combination from 0% to 100% of biomass is the steel energy 
mix). 

Before 2030, charcoal is available only in Brazil, as around 
11% of the  country’s steel production uses charcoal instead of 
coal [25, 26, 66] and in Norway, which uses some charcoal in 
the steel industry. The use of bioproducts in the remaining 
regions is made possible starting from 2030. The harvesting 
potentials of the different bioproducts (wood, agriculture 

   
Figure 3: Simplified representation of the reference energy system 5RES) of the steel sector in TIAM-FR 
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residues, organic waste, etc.) are taken from [67]. Figure 4 
represents the maximum emissions reduction achievable, by 
substituting fossil fuels with biomass. Thus, the lowest 
emissions levels can be obtained with the HIsarna and MIDREX 
CCS processes. Without biomass and CCS, the COREX process 
is the most polluting route as it has high energy requirements, 
which are mostly covered by coal. This route produces 2.9 kt 
CO2/t steel. Finally, the emission intensities for each of the 
commodities used in the model are based on the values from 
[68] (Table 2). 

The steel manufacturing processes produce cast steel 
(MISCST), which then needs to get through a finishing process 
(IISFINPRC) to generate finished steel (MISFST). Finally, 
another important novelty of this work is that we consider the 
mineralization of steel slags (MISBFS) by recycling the captured 
CO2 into a mineral (BFSAGG), that can then be disposed or  
used in the cement industry as an aggregate (see Figure 3). The 
techno-economic properties of the CO2 utilization process are 
extracted from [69]. 

 Commodity Emissions (kt CO2/PJ) 

Coke 107 

Charcoal 112 

Coal 98 

Natural gas 56 

Biomethane 56 

Oil 83 

Table 2: Emission intensities 

2.3. Scenarios 
The analysis of the role of NETs in decarbonizing the ISI 

will be carried out through 6 scenarios.  

1. The Reference scenario (REF) does not include any 
specific decarbonization plan. It captures the efforts 
needed to reduce emissions in the future and assess the 
baseline production mix. In addition, this scenario 

enables us to identify whether biomass products can be 
developed in the absence of climate-specific policies.  

2. The 2C & PA scenarios consist in limiting the atmospheric 
temperature increase to 2°C and 1.5°C respectively by 
2100 (PA is a reference to the Paris Agreement). In solving 
these scenarios, the model might require massively 
deploying alternative technologies in all sectors including 
the ISI, making it possible to analyze the contribution and 
roles of different decarbonization options (CCS, CCU, 
NETs). As these scenarios constrain all sectors of the 
economy, the model is free to maintain a certain level of 
emissions in the ISI which can be possibly offset by 
negative emissions generated in other sectors (e.g. 
power sector, DAC), as long as this solution is the most 
cost-effective. The underlying assumption behind this 
paradigm is that all economic sectors could buy negative 
emissions. 

3. Carbon neutral steel (IS0) forces the ISI to achieve carbon 
neutrality by 2050 for developed regions (AUS, CAN, JPN, 
SKO, USA, WEU) and by 2060 for developing regions (AFR, 
CHI, CSA, EEU, FSU, IND, MEA, MEX, ODA) in a world 
where temperature elevation is limited to 1.5°C by 2100. 
This ambitious target makes it possible to analyze more 
deeply the potential contribution of NETs in the ISI, as the 
model has to compensate the residual CO2 emissions 
released with fossil-based processes or with the residual 
emissions of carbon capture assets. We assume a global 
GHG trade system where some regions can obtain larger 
negative emissions than necessary to compensate the 
net positive emissions of other regions, for the ISI. Until 
2050, only developed regions can trade CO2 emissions, 
and from 2060 and beyond all the regions can trade 
emissions. 

4. Zero emissions by region (IS0_R) involves a global CO2 
trading system that might be hard to achieve. Thereby, 
each region of the world has to decarbonize its own steel 

   
Figure 4: Maximum CO2 emissions by steel producing technology represented in the TIAM-FR model.  
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industry. However, biomass trading between regions is 
allowed and may be substantial since some regions could 
lack biomass to generate sufficient negative emissions in 
the ISI. Similar assumptions to IIS0 are followed: 
developed regions have to achieve carbon neutrality by 
2050 and developing regions by 2060. 

5. GWP from the use of biomass (IISB) tackles the concerns 
expressed regarding the climate effectiveness of 
bioenergy in fighting climate change. We perform a 
sensitivity analysis of the decarbonization potential of the 
ISI by varying the carbon debt of bioenergy. Instead of 
considering that burning biomass emits zero emissions 
and that storing 1 ton of biogenic CO2 generates 1 ton of 
negative emissions, we assign a GWP potential, based on 
the rotation period that it takes biomass to grow8, 
following [49]. Consequently, this scenario includes 2 
variations (IISB50 & IISB100) of the GWP of the used 
biomass, summarized in Erreur ! Source du renvoi 
introuvable.. Another aim of these scenarios is to 
consider the effects on biomass deployment when taking 
into account other emissions associated with biomass 
use.  

Rotation 
(years) 

GWP (kg CO2 
eq/kg CO2) 

Scenario 

50 -0.8 IISB50 

100 -0.56 IISB100 

Table 3: Biogenic GWP factor values for specific rotation 
periods 

6. For the sixth scenario (IISB0), due to sustainability and 
social acceptance constraints, biomass and CCS 
deployment for industrial activities might be limited. 
Thus, we set out to observe how steel production would 
evolve in a world where biomass is not available for the 

 
8 TIAM-FR includes a variety of biomass products derived from different 

agricultural and forest activities. The GWP factors would be applied to wood 
products only. 

steel sector coupled with a target of limiting the 
temperature rise to 1.5°C.  

A brief description of the scenarios analyzed in the present 
study is given in Table 4. All the scenarios also feature some 
parametric constraints. First, the share of the EAF route in total 
steel production from 2050 has to be at least 50% of that 
presented in 2018, and can represent a maximum 50% of the 
total steel production for regions where scrap-based steel 
production has been poorly developed, and 60% in those 
regions that have a high share of the EAF in final steel 
production. Second, the share of the BF route (including CCS 
and top gas recycling) by 2050 is limited to 33% of the 2018 
share in developing regions, and 25% in developed ones. After 
2050, it is possible to stop using the BF route family. Third, the 
share of the DRI-EAF (including the CCS route) can represent a 
maximum 50% of the total steel output. Finally, the DRI-H2 
route by 2050 can represent a maximum 30% of the steel 
production, but it is no longer constrained after that. These 
constraints are established with the purpose of integrating 
into the model the fact that the deployment of new 
technologies has to be progressive, as its adoption is limited by 
several institutional, behavioral, social, and economic factors 
[70]. The different constraints are linearized between periods. 
Finally, it is important to clarify that the only scenario where 
CO2 emissions trading is not allowed is IISR_0. In all the other 
scenarios, CO2 emissions can be offset or compensated 
between regions. 

Through the analysis of these scenarios, we will assess how 
the different decarbonization options are likely to interact with 
each other and with the rest of the energy system to reach 
decarbonization targets, and how NETs could contribute to 
tackling the current climate challenge. All scenarios are 
consistent with an SSP2, based on a recent post-COP26 study 
[71], which projects that demand for commercial steel will 
multiply by 2.5 by 2100.  

Scenario Objective 

REF Does not include any specific decarbonization plan for the ISI 

2C Limits the rise of global temperatures to 2°C, but no specific targets for the ISI 

PA Limits the rise of global temperatures to 1,5°C, but no specific targets to the steel sector 

IIS0 Limits the rise of global temperatures to 1,5°C, and the ISI has to be carbon neutral by 2050 for 
developed regions and by 2060 for developing ones. Regions can cooperate to reach the global 

objective 

IISR_0 Limits the rise of global temperatures to 1,5°C, and the ISI has to be carbon neutral by 2050 for 
developed regions and by 2060 for developing ones. Regions cannot cooperate to reach the global 

objective 

IISB50 Limits the rise of global temperatures to 1,5°C, and the ISI has to be carbon neutral by 2050 for 
developed regions and by 2060 for developing regions. Regions can cooperate to reach the global 

objective, and the efficiency of capturing CO2 is reduced by 20% 

IISB100 Limit the rise of global temperatures to 1,5°C, and the ISI has to be carbon neutral by 2050 for 
developed regions and by 2060 for developing regions. Regions can cooperate to reach the global 

objective, and the efficiency of capturing CO2 is reduced by 44% 

IISB0 Limit the rise of global temperatures to 1,5°C. No specific targets are applied for the ISI, and biomass 
cannot substitute fossil fuels in this sector 

Table 4: Description of the scenarios analyzed in the present study. 
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3. Results and discussion 

3.1. To what extent could NETs in the ISI contribute to global 
climate targets?  

Figure 5 depicts the different net CO2 trajectories (total 
direct CO2 emissions minus biogenic captured and effectively 
stored emissions in the ISI) obtained by scenario. In the REF 
scenario, emissions show a convex pattern, increasing from 
around 2.8 Gt CO2 in 2018 to 6 Gt CO2 by 2050 and then 
decreasing to 5 Gt CO2 by 2100. The emissions of this sector 
are shaped by final steel demand (which increases by 2050 and 
then decreases by the end of the century). The increase in 
emissions in the ISI and in the rest of the energy system would 
raise global temperatures to 2.4 °C by the end of the century. 

 
Figure 5: Net CO2 emissions in the ISI by scenario 

In the 2C scenario, emissions massively increase by 2040 
(by almost 80%) but decrease thereafter to almost zero by 
2100. In the scenarios limiting the temperature rise to 1.5°C 
(PA, IIS0, IIS0_R, IISB50, IISB100), emissions increase by 2040, 
but significantly decrease by 2050, and the ISI becomes net 
negative thereafter. In the PA scenario, negative emissions are 
delayed: they are reached later in the century (mid 2070). This 
does not mean that NETs are not deployed early in the century; 
on the contrary, they are needed throughout the century to 
reach the decarbonization objectives. On the other hand, in 
IISB50, and IISB100, negative emissions are reached by the end 
of 2050 to compensate the additional emissions produced by 
biomass use. Then, the steel sector must engage on a deep 
decarbonization trajectory in order to limit the temperature 

rise to 1.5°C and contribute to global decarbonization. The 
steel sector does not just decarbonize its production in these 
scenarios, it also contributes to the decarbonization of the rest 
of the energy system by becoming a net negative emitter. 

Carbon capture with bioenergy starts being deployed by 
2030 (some kt of bio-CO2) (see Figure 6). By 2050, the PA 
scenario captures the lowest amount of biogenic CO2 at 
around 0.09 Gtpa but compensates for it later in the century. 
In the case where the ISI sets an objective of being a net zero 
emitter (IIS0) by 2050, bio-CO2 is captured at around 0.18 Gt. If 
each region aims at a similar objective without global 
cooperation, the reliance on biomass in the industry is slightly 
higher by 2050 (2%), but similar to IIS0 thereafter (on average 
0.3 Gt of captured bio-CO2/year between 2060-20100). Higher 
emissions are required by 2050 to decarbonize those regions 
struggling to supply biomass to the ISI (see section 3.2). In 
addition, the ISI cannot reach zero emissions without capturing 
biogenic emissions, as it is not possible to compensate for the 
residual emissions coming from steel production processes. In 
the IISB0 scenario, it is observed that the ISI does not reach 
carbon neutrality, and the residual emissions of the ISI are 
compensated by negative emissions in other sectors. In this 
scenario, by 2050, CO2 emissions reach similar levels as in 
2018, and by 2100, emissions fall to 0.2 Gt CO2. 

 
Figure 6: Captured and stored bio-CO2 emissions by scenario 

In IISB50 and IISB100, captured biogenic emissions reach 
an average rate of 0.30 Gtpa bio-CO2 from 2050 to 2100 (25 
Mtpa bio-CO2 in PA, and 29 Mtpa of bio-CO2 in IIS0 and IIS0_R). 
This shows that the high rotation growth period for biomass 
would require even greater biomass use to compensate for the 
additional emissions being produced. Therefore, using 
biomass in industrial processes might be conditioned by other 
sustainability factors that might affect the effectiveness of 
biogenic capturing processes (e.g. LUC). In this sense, higher 
biomass use for industrial activities might increase tensions 
over biogenic resources. Thus, sustainable practices must be 
followed and rigorously implemented to avoid collateral 
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damage to the environment, food production, human health, 
and the economy. In general, most of the efforts to capture 
biogenic CO2 have been delayed to 2080-2090, where on 
average 500 Mtpa of bio-CO2 is captured in the 1.5°C scenarios. 
By the end of the century, the capturing of bio-CO2 in the steel 
sector decreases as other low carbon steel production 
solutions are deployed in the ISI (see section 3.3), and because 
steel demand decreases as well. 

It is important to mention that this trajectory stems from 
an optimization process where the emissions reductions are 
the result of a global energy system that is cooperating to 
reach a common objective while limiting the rise of 
temperatures at minimum cost. Achieving global 
decarbonization cooperation is a challenging task, and so 
relying on late deployment of negative emissions in real life 
could be detrimental to attaining carbon neutrality by 2050. 
Indeed, negative emissions should be delivered today in 
addition to other emission reduction initiatives to ensure that 
the decarbonization of the economy is not delayed, and to 
avoid harmful effects on the climate. This statement is in line 
with [72] for example. Consequently, careful policy design is 
required to avoid negative emissions undermining other 
decarbonization efforts, e.g. changes in demand behavior.  

Note that in all of the scenarios global carbon neutrality is 
not reached by 2050, and it is de facto attained by 2060 for 

IIS0, IISR_0, IISB50, and IISB100. In PA, carbon neutrality is 
reached by the end of 2070. Targeting a net zero steel sector 
by 2050 might consume more energy and financial resources, 
and thus more structured, planned carbon neutrality by sector 
should be proposed. Finally, the deployment of net negative 
emissions in most of the 1.5°C scenarios is reached late in the 
century, which is comparable with [73] for example.  

3.2. Depending on biomass potentials, which regions of the 
world are the most likely to rely on NETs? 

Figure 7 shows the net CO2 emission trajectories for 
selected regions, while all regional emissions are depicted in 
Appendix 5. In PA, China is the country that captures the most 
biogenic CO2 between 2050 and 2100, representing on 
average around 35% of the total biogenic captured CO2/year 
(0.11 Gt of bio-CO2/year). India is the second largest producer 
of captured biogenic CO2 emissions, representing on average 
13% of the total biogenic captured CO2/year (30 Mtpa of bio-
CO2). MEA is also a significant producer of biogenic CO2 with 
an average of 21 Mtpa of bio-CO2. The USA and WEU deploy 
similar levels of biogenic captured CO2 emissions per year at 
around 20 Mtpa of bio-CO2 (7% of the total biogenic captured 
CO2/year). As shown in the previous section, biogenic captured 
CO2 emissions decrease significantly by the end of the century. 
This can be explained by the fact that China has developed 

 
Figure 7: Net CO2 emissions by scenario for selected regions  
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other low-carbon technologies to decarbonize its ISI 
throughout the period (EAF, ULCOLYSIS, etc., for more details 
see section 3.3.2.3.3.2), which reduces the need for NETs. In 
the PA scenario, Africa is the first region to reach net negative 
emissions by 2070, and by 2080 all regions become net 
negative.  

In IIS0 by 2050, developed countries represent more than 
70% of total captured biogenic CO2 emissions, whereas they 
represented only 15% in PA. To reach carbon neutrality, the 
developed regions collaborate with each other. AUS, CAN, and 
USA reach negative emissions while the rest of the developed 
countries present residual ones. By 2060, WEU, ODA and IND 
have joined the regions producing negative emissions. 
Therefore, if the global ISI wants to reach carbon neutrality, 
the regions of the world will need to cooperate, mainly to 
compensate the residual emissions from developing countries, 
mostly Chinese. This country is still producing around 30 Mt of 
CO2 (almost 50% of residual CO2 emissions) in 2060.  

In IIS0_R, to reach carbon neutrality by 2050, regions that 
still have residual emissions in IIS0 must increase the 
deployment of NETs, while those that have reached net 
negativity are reducing the amount of biogenic captured CO2. 
Specifically, JPN and SKO need to increase NETs deployment by 
around 50% with respect to IIS0, producing 30 Mt and 20 Mt 
of bio-CO2 respectively. However, JPN and SKO do not produce 
negative emissions, as the NETs deployed are only used to 
reach carbon neutrality in all periods and in all scenarios 
(except in PA where they become net negative by the end of 
the century).  

In IISB50 and IISB100, the additional emissions produced 
when using biomass hinder the capture of biogenic CO2 in 
some regions, and favor it in others. CAN, SKO, and USA are 
the regions most affected by the additional emissions as they 
reduce the capture of biogenic CO2 emissions by 26%, 16% 
(almost 100% in IISB100) and 14% respectively in the entire 
analyzed period. The regions that favor the deployment of 
NETs in IISB50 and IISB100 are ODA, and MEX showing a 
production of biogenic CO2 emissions of 65%, and 35% 
respectively, higher than IIS0. This can be explained by the fact 
that the latter regions present a lower biomass deployment 
cost than the former ones. 

In summary, the most interesting region in which to 
deploy NETs is, first China, which is by far the greatest biomass 
user for the decarbonization of its ISI in all of the 1.5°C 
scenarios. This is not surprising, as China is the biggest 
producer of steel in the world. Despite remarkable levels of 
captured biogenic CO2, China only reaches carbon neutrality by 
2060 in the IISR_0 scenario. After China come IND, WEU and 
the USA, which present interesting biomass potentials along 
with significant steel production capacities, allowing these 
regions to produce negative emissions. The deployment of 
NETs in the ISI is mostly driven by biomass potentials together 
with high steel capacity production. Therefore, international 
cooperation and solidarity between regions seems to be the 
most optimal trajectory to reach climate objectives. In fact, 
collaboration between the different regions of the world 

would mean lower investments (see section 3.3.3.). 
Collaboration also avoids the use of biomass in regions like JPN 
and SKO that would struggle to supply their ISI with sustainable 
biomass products. By 2060 and beyond, the need for 
collaborating on the decarbonization of the ISI is higher as it is 
needed to compensate the emissions from the Chinese steel 
industry. However, international collaboration entails 
establishing and further developing global CO2 emissions 
trading systems to allow decarbonization of the global energy 
system. In addition, a framework to precisely account for 
negative emissions would need to be established globally. 
Although this might be possible, the main question here is: are 
the governments of the world willing to abandon their 
individualistic paths to collaborate for the common good? 

3.3. How can NETs help decarbonize the ISI and how do 
they interact with other decarbonization options?  

In the REF scenario, the BF-BOF route, i.e., featuring the 
conventional and most widespread technology, reduces its 
activity all over the world from 70% in 2018 to 38% in 2050 
(Figure 8). The conventional route is replaced with more 
efficient technologies like the DRI-EAF and the COREX that run 
on cheap coal and generate gases used to generate electricity 
onsite. Therefore, this proves that, even with no climate 
constraints, the ISI is likely to transform its production routes 
to integrate available cost-efficient technologies. When 
constraining the global energy system to a 2°C climate target, 
the ISI deploys the DRI-EAF as a major route contributing to 
22% of total steel output in 2050, while its counterpart with 
CCS is not deployed before 2070.  

Regarding all 1.5°C pathways, CCS starts being deployed 
as of 2030, producing roughly 13% of global steel. Retrofitting 
BF with CCS acts as a transition technology representing 
almost 3% of steel capacities by 2030. BF-BOF assets without 
CCS reduce their share significantly by 2050.  By the end of the 
century, the BF-BOF routes - with and without CCS – play no 
role. The EAF route also plays an important role in the 
decarbonization of the ISI in all scenarios. In the 1.5°C 
scenarios, by 2050, the EAF share of total steel output goes 
from an average 30% to almost 50% by 2060 and beyond.  

Another technology that allows the decarbonization of 
the ISI is the ULCOLYSIS of steel which starts to be deployed by 
2050 with a production of some Mt of steel (2% of total steel 
output in 1.5°C scenarios) (except for PA). By the end of the 
century its share increases to an average of 17% for IIS0, 
IISR_0, and IISB50 (12% for PA). Its role is even greater by the 
end of the century when biomass is not available, as in IISB0 its 
share increases to 25%. This is contrasted with the IISB100 
scenario, where this technology has been barely deployed, 
representing 5% of total steel output.  

Most of the negative emissions reached in all the 
scenarios by mid-century are mostly obtained through the 
COREX process. By 2050-2060, in PA this process accounts for 
22% of total production. This represents the highest share 
among the 1.5°C scenarios. By the end of the century, the 
share of the COREX significantly decreases to around almost 
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zero in all scenarios, as the DRI-EAF with CCS is heavily 
deployed to reach 30% of steel capacities.  

In all scenarios, the DRI-H2 technology does not prove 
competitive. It reaches the highest rate of total steel output in 
IIS0 reaching 3% by 2050 and 4% by the end of the century. In 
PA, it is only deployed from 2100. This might be explained by 
the fact that it is needed to decarbonize the power sector to 
produce electricity used to produce hydrogen, and then used 
afterwards to produce steel. This appears to be a more 
complicated route than directly using electricity to produce 
steel through the electrolysis of iron. Moreover, note that by 
2050-2060 iron electrolysis does not represent a significant 
share of steel production as NETs are needed to reduce the 

concentration of CO2 in the atmosphere. It is not possible to 
reach negative emissions through the DRI-H2, which reduces 
its decarbonization potential. However, if the electrolysis of 
iron is not ready by 2050, the DRI-H2 route might cover the 
role of the electrolysis route.  

Following the above, in a world that is committed to 
limiting climate change, the COREX, the EAF and the DRI-EAF 
coupled with CCS appear to be the most efficient technologies 
to produce negative emissions. The high use of the COREX with 
CCS can be explained by the fact that this combination allows 
the recovery of some gases used to produce electricity, as well 
as negative emissions. The COREX acts as a transition 
technology as it is mostly developed by mid-century when it is 

 

 
Figure 8: World steel production by technology and scenario 
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needed to produce negative emissions to decarbonize the 
whole energy system. This solution also relies on the detailed 
accounting of negative emissions that we have developed and 
integrated into TIAM-FR, so that the steel industry can 
compensate the residual emissions of the sector and 
contribute to the reduction of CO2 emissions from the rest of 
the energy system. On the other hand, the DRI-EAF with CCS 
appears to be more attractive by the end of the century 
because by this period some biomass resources are available 
to produce biomethane (see section 3.3.1. for more details). 

The results in this section, concerning the deployment of 
the COREX and EAF are similar to [55]. In fact, they analyze, 
through a simulation model, the long-term energy 
consumption, and emissions of the global steel sector under 
different scenarios. They find that when CCS is available, the 
COREX is one of the main technologies developed by 2050, 
while in the absence of CCS, the EAF would be the most 
deployed steel production process. Even though their results 
show that biomass represents around 40% of the total energy 
consumed in the ISI in CCS scenarios, they do not mention 
whether negative emissions are produced or not in the ISI. 

Therefore, decarbonizing the ISI requires establishing 
synergy between the different steel decarbonization 
technologies. The main technologies accompanying the 
deployment of NETs are the recycling of steel scrap, and the 
electrolysis of iron. To this end, higher recovery of steel scrap 
might be possible with the establishment of adequate policies. 
Iron electrolysis would require the technology to be ready by 
2050-2060, which might be possible. This technology would 
also require the existence of a carbon-free electricity sector, 
and low electricity prices, as it highly depends on this energy 
commodity. In the absence of the electrolysis of iron, DRI-H2 
might be deployed technology. 

3.3.1. What about energy use?  

The deployment of negative emissions in the steel sector 
would entail an increase in the energy intensity of the industry 
by 2050, but a reduction thereafter. By 2050, in PA, the energy 
used to produce one unit of steel rises from 18 PJ/Mt of steel 
in 2018 to 21 PJ/Mt of steel (the highest among all the 1.5°C 
scenarios) in 2050, but it decreases to 13.1 PJ/Mt of steel by 
the end of the century (the lowest among the 1.5°C scenarios). 
In IIS0 and IISR_0, energy intensity by 2050 is 19 PJ/Mt of steel 
and 14 PJ/Mt by the end of the period. In the REF scenario, 
energy intensity can increase to an average 24 PJ/Mt of steel 
in the period 2050-2100, and in a 2°C scenario, the energy 
required for one Mt of steel would be an average of 19 PJ in 
the same period. In this regard, the high energy intensity by 
2050 is due to the use of the COREX process, which consumes 
high amounts of energy (28 PJ/Mt of steel), followed by a 
decrease in energy use by the end of the period as the ISI shifts 
to more efficient technologies like the ULCOLYSIS and the DRI.  

To reach negative emissions in the different scenarios, 
solid biomass in the form of charcoal is mainly used between 
2050-2060, while biomethane is developed towards the last 

 
9 With an energy content of 30 MJ/kg for charcoal. 

decades of the century (2070-2100) (see Figure 9). The highest 
share of charcoal in final energy consumption in the ISI is 
reached by 2060 (the year showing the highest deployment of 
charcoal) in IIS0, and IISR_0, representing around 21% of total 
final energy consumption of the steel sector. This would mean 
around 3.1 PJ/Mt of steel (105 kt of charcoal9/Mt of steel or an 
average of 1 PJ of charcoal/Mt of steel per year). In addition, 
in IISB50 and IISB100, charcoal represents around 11% and 7% 
by 2060 respectively (the highest rate in the entire period), and 
an average 0.7 and 0.6 PJ of charcoal/Mt of steel per year. This 
shows the effect of considering additional emissions when 
using biomass. In PA, the highest share of charcoal in the ISI is 
reached towards the end of the century at around 6%, and on 
average 0.6 PJ of charcoal/Mt of steel is deployed per year. 

Concerning biomethane, in PA its use starts by 2070, 
representing on average 3% of total energy consumption, and 
it increases to almost 17% by 2100. In the rest of the 1.5°C 
scenarios its deployment starts by 2050, representing around 
2% of the total energy consumed, and its share increases 
significantly by the end of the century to around 16% of total 
energy inputs. The highest use of biomethane is reached in 
IISB100. By 2050, this energy represents 5% of total energy 
inputs, and on average it reaches a deployment of 2.7 PJ of 
biomethane/ Mt of steel per year (around 2% for the rest of 
the 1.5°C scenarios).  

Biomass deployment in the ISI is a very versatile resource 
for decarbonizing the sector and has been widely used in the 
different decarbonization technologies. In the 1.5°C scenarios, 
charcoal reaches the maximum substitution rate of coke from 
2050 and it mostly replaces coal in all periods in the COREX 
with CCS. However, in PA, high substitution rates of coal by 
charcoal are reached late in the century. Substitution rates of 
coal and coke by charcoal are also observed in the BF-BOF 
route in those periods where the technology is deployed, 
reaching maximum substitution potentials for the case of coke, 
and 30% for coal. In addition, maximum substitution rates are 
observed in pellet, coke and sinter production, 100%, 40% and 
5% respectively.  

In the DRI-EAF, by 2050 biomethane replaces natural gas 
at around 13% in IIS0, and IISR_0. Higher substitution shares 
are observed in IISB50 and IISB100 at around 20%. It reaches 
maximum substitution rates of natural gas between 2080-
2090 in all scenarios. Biomethane is not just used in the DRI-
EAF route, it is also used in the rest of the ISI, replacing natural 
gas used in the EAF and final steel production processes, and 
also reaching maximum substitution rates by 2080-2090. 
Finally, in the REF scenario, charcoal has some use in the BF-
BOF, pellets, and sinter production, where it replaces coke and 
coal at maximum potential.  

Biomass use within the ISI seems to be inevitable, as it will 
probably need to compensate residual process emissions 
produced by other low-carbon technologies (DRI processes 
(DRI-EAF, DRI-H2) or the EAF). Then NETs deployment serves 
to cope with these residual emissions, and it helps to 
decarbonize the rest of the energy system as well. In fact, the 
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transport, supply, and agriculture sectors and the rest of the 
industrial sector do not attain net-zero in the analyzed 
scenarios. Reaching such carbon neutrality in each sector of 
the energy system might turn out to be more expensive than 
deploying NETs in industrial activities involving high 
concentrations of CO2 that can be captured then stored. 
Finally, biomass use in the ISI is also possible, first, because 
biomass resources are relocated around the energy system, 
reducing its use in some sectors, thus allowing its higher use in 
others (e.g. steel industry). Second, because some agricultural 
biomass potentials increase. 

3.3.2. How are technologies deployed by region? 

China represents more than 50% of total steel demand in 
the whole period. IND, WEU, MEA and JPN, represent 7%, 6% 
and 5% (for MEA and JPN) respectively. Therefore, the 
following analysis will be developed mainly targeting these five 
regions as they represent almost 80% of total steel output 
throughout the analyzed period. 

Figure 10 presents steel production by scenario for the 
three largest global steel producers. The rest of the production 
by region is plotted in Appendix 6. To decarbonize the steel 
industry by 2050 in PA, note that carbon capture and storage 
technologies are inevitable. On average, more than 50% of 

Figure 9: Energy consumption by scenario 
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steel production comes from CCS technologies (40% for IND 
and 13% for JPN). The BF-BOF with CCS is heavily developed in 
China representing 22% of the steel production of this country, 
and 8% in IND. In the rest of the targeted countries, the BF-
BOF with CCS is not developed at all, however, its counterpart 
without CCS still accounts for a large share of steel production 
(24% for JNP, 18% for WEU, and just 5% for MEA). The COREX 
with CCS is another technology that contributes to 
decarbonizing the steel industry in these regions. It represents 
almost 30% of the steel production of IND, MEA and WEU, 17% 
in China and 13% in JPN. Similar results are observed in [55], 
where the COREX technology is mostly developed in China, 
India and Western Europe. 

The DRI-EAF is mainly developed in IND, WEU and CHI, 
representing 25% and 14% of its total steel production 
respectively by 2050. In the rest of the regions, it is minimally 
developed representing 5% of the total production. In JPN, the 
DRI-EAF with or without CCS is not developed at all by 2050. 
The EAF is highly deployed in all countries and represents on 
average 50% of IND, CHI, and JPN production. For WEU this 
route represents 40% and 35% for MEA. The BF-BOF by the end 
of the century, in any of its forms, does not play any role in 
steel production, as its use stopped from 2070. In addition, all 
of the DRI-EAF has to also be coupled with CCS from 2070.  

With respect to the ULCOLYSIS, this technology starts to 
be deployed from 2060 in CHI (9% of total production). This 

contrast with the results found in [74] where the ULCOLYSIS 
starts being deployed from 2050 in China. By 2070 it is 
developed in IND and MEA (10% and 15% respectively). In 
WEU, the ULCOLYSIS is deployed by 2080 (10% of production). 
The DRI-H2 is developed in JPN from 2080, at around 20% of 
total production. Regarding the COREX (with and without CCS), 
its use declines completely towards the end of the century, 
being used only in JPN where it accounts for barely 3% of steel 
production. The negative emissions reached by JPN by the end 
of the century (see Figure ), are obtained from the DRI-EAF 
with CCS. Some other studies analyzing the decarbonization of 
the steel industry under different policies, show a higher 
development of the DRI-H2. For example [74], show that 
China, JPN, and SKO start developing the DRI-H2 from 2030. 
However, their study focuses only on these 3 regions and part 
of the hydrogen is imported, which does not allow to observe 
the whole system’s emissions. Moreover, [35, 36] explore 
different pathways to decarbonize the steel industry and 
conclude that negative emissions are mandatory to 
decarbonize the Chinese steel production. Therefore, the role 
of the DRI-H2 might be reduced in a world that is committed 
to reaching full decarbonization. 

In the cases where the ISI aims at carbon neutrality by 
2050, i.e., IIS0 and IIISR_0, in CHI there is less COREX with CCS 
and higher use of the EAF at around 10%. In IND, the BF-BOF 
doubles its share of total production (15%), but DRI-EAF with 

 
Figure 10 : Steel production technologies for selected regions and by scenario 
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CCS almost triples (15% as well). On the other hand, JPN and 
WEU have completely stopped the BF-BOF route. To cover this 
production, JPN develops the BF-BOF TGR with CCS (24%), the 
DRI-EAF route with CCS (5%), and the DRI-H2 represents 21%.  

The most significant differences between IIS0 and IISR_0 
in terms of technological deployment are observed in JPN 
where the share of the DRI-EAF route with CCS increases to 
17% of total steel output while the DRI-H2 decreases its share 
to 9% but increases thereafter to almost 50% from 2070 and 
beyond. For developing regions, by 2060, it is interesting to 
observe that in IISR_0, as these regions cannot cooperate to 
reduce emissions, IND almost halves the use of the DRI-EAF 
with CCS, and mainly substitutes this production with the EAF 
route. The ULCOLYSIS of iron helps to decarbonize Chinese 
steel production and represents 15% of total output (67% 
more than PA). 

In IISB50, by 2050, the COREX process with CCS shows 
significant reductions in its use, with respect to IIS0, and 
IISR_0, for CHI, IND and WEU, (-30%, -10% and -80% 
respectively). On the other hand, for MEA, the COREX process 
shows a moderate increase in its use (8%). In IISB100, the use 
of the COREX with CCS is reduced even more, at -50% for MEA 
and -23% for IND, and completely reduced for WEU. The 
technology that covers these reductions for IND, MEA, and 
WEU is the EAF, while CHI develops the ULCOLYSIS of iron even 
more, while JPN develops the DRI-H2. Moreover, from 2050 
and 2060 (respectively for developed and developing regions) 
all steel production technologies are equipped with CCS 
(except for the EAF route and the ULCOLYSIS). Finally, by the 
end of the century, most production is covered by the DRI-EAF 
with CCS, the EAF, and the iron electrolysis.  

In the absence of biomass for the ISI, the cheapest 
technologies equipped with CCS have been developed, 
producing the lowest emissions, as the residual emissions from 
the sector must be compensated by other sectors of the 
energy system. In fact, the DRI-H2 cannot completely 
decarbonize the steel sector, as some process emissions 
remain in the DRI-H2 due to the use of limestone and coal in 
the EAF10. Using DRI-H2 would produce slightly fewer 
emissions than the DRI-EAF with CCS (the emissions not being 

 
10 Coal and limestone have to be used in the EAF to foam slag, which 

serves to improve the performance of the furnace 7. 

captured by CCS) but at a much higher cost (without 
considering possible geopolitical conflicts that might affect 
natural gas prices). As a result, the iron electrolysis is 
developed the most, as there are no process emissions 
produced from this route, and because electricity can be used 
directly.  

3.3.3. How would the deployment of the low-carbon 
transition in the steel industry impact its marginal 
cost of production? 

With all these developments, the marginal cost of steel 
would increase significantly when trying to reach climate 
targets (Table 4). By 2050, in 2C the marginal cost of steel will 
increase 42% (with respect to 2018 (600 $/t of steel)), while for 
PA it rises by 21%. Reaching the steel sector net negative 
would imply a significant increase in the marginal cost of steel 
by 2050, at 49% in IIS0 and 56% in IISR_0 with respect to 2018. 
When considering different constraints for biomass 
deployment, in IISB50 and IISB100, the marginal cost increases 
by 60% and 65% respectively with respect to 2018. This shows 
that considering adverse effects of biomass deployment, such 
as deforestation or LUC, can significantly impact steel 
production costs. Indeed, when considering a 50-year rotation 
for harvested wood biomass, higher biomass use is needed to 
compensate for the reduction in effectiveness due to its high 
rotation, which increases stress on biogenic resources. When 
the rotation period is higher (100 years), biomass use in the ISI 
is significantly reduced, and higher marginal costs for steel are 
observed. This can be explained by the fact that a GWP for 
using high rotation biomass has been applied to all of the 
sectors and not just the ISI, which means that the energy 
system has to rely on other more expensive technologies to 
decarbonize the energy system. This has an impact on the 
marginal cost of steel which increases significantly in IISB100 
and IISB0. Consequently, if other sustainability aspects when 
using biomass were to be analyzed, e.g. LUC, this route would 
have a significant impact on the deployment of NETs on a 
global scale. Therefore, strict guidelines on biomass use for 
NETs deployment should be applied, followed, and controlled 
in order to avoid any negative collateral effects when 

$/t of 
steel 

2020 2030 2040 2050 2060 2070 2080 2090 2100 

2C 604 659 670 842 661 678 687 674 665 

IISB50 610 681 712 960 721 733 669 609 608 

IISB100 618 691 726 992 724 735 659 586 605 

PA 599 648 660 724 724 745 662 628 667 

IIS0 603 673 701 895 716 735 680 589 632 

IISB0 603 677 707 999 720 777 738 770 794 

IIS0_R 602 674 700 938 719 741 689 589 637 

REF 597 576 553 557 539 547 550 550 548 

Table 4: Marginal cost of steel by year 
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deploying NETs, assuring in this way sustainable biomass use. 
Moreover, in IISB0, shows the highest increase among all the 
scenarios by 2050, at 66% with respect to 2018. This shows 
that it might be worth developing biomass in the ISI.  

The countries showing the highest cost for the 
decarbonization of the ISI are JPN and SKO as they have serious 
energy supply issues and need to develop expensive 
technologies to decarbonize their ISI. They present marginal 
prices higher than 1100 $/Mt of steel. On the other hand, the 
regions showing the lowest marginal cost of steel are MEX, 
MEA, and the USA with an average marginal cost in the 1.5°C 
scenarios of $650, $660, and $672 respectively by 2050. This 
could be explained by the fact that these countries rely on less 
expensive energy sources in general.   

To further incentivize the global steel sector to 
decarbonize its activity, international cooperation is 
necessary. This would ensure that the value of fighting against 
climate change is shared among the different regions of the 
world. For example, if the ISI aims at a carbon free steel sector 
by 2050, a global carbon tax of approximately $150/t of teel 
can be followed. This estimation takes into consideration that 
producing one ton of steel generates approximately 2 t of 
CO2/t of steel, and that one ton of steel in IIS0 costs almost 
$300 more than today's steel price. 

3.4. Would wood biomass be traded among regions? 

The results of this paper show a future where biomass is 
largely used across the different scenarios to replace fossil 
fuels and to produce negative emissions. As a result, tensions 
over biomass resources are high and the regions of the world 
have developed their potentials as much as possible. However, 
some regions require biomass coming from other regions to 
supply their needs. Nonetheless, the quantity of biomass used 
in the steel sector is small compared to the rest of the energy 
system. On average, biomass use in the ISI among the different 
regions represents 1% to 3% of total biomass trade (biomass 
used to produce charcoal or biogas). Thus, biomass trade does 
not really play a major role in reaching climate objectives for 
the ISI. In fact, biomass trade increases the cost of steel, and 
as the global energy system is collaborating to maintain the 
temperature rise, the most interesting option involves 
deploying biomass locally and producing negative emissions 
that reduce emissions globally. In the case of MEA, biomass 
resources have to be reallocated. This means stopping biomass 
use for the residential sector, for example, and using it in 
industrial activities. 

4. Conclusion 

This study contributes to the analysis of the development 
of Negative Emission Technologies (NETs) for decarbonizing 
the steel sector. The analysis was conducted using the TIAM-
FR mathematical energy modeling tool. The study involved a 
literature review to identify the potential uses of biomass in 
existing and innovative steel-producing technologies, which 
were integrated into the modeling tool along with options for 
Carbon Capture Storage and Utilization (CCS/CCU). New 

innovative steel-producing technologies were also identified 
and detailed within the model. 

Through different scenarios this study contributes to the 
literature by answering  key questions concerning NETs 
deployment:  
1. To what extent could NETs in the ISI contribute to global 

climate targets?  
The results indicate that the ISI must transition to become 

a net-negative emitter in order to make meaningful 
contributions to global climate objectives. Negative emissions 
are generated in the steel industry to compensate for the 
residual emissions of the sector and a portion of emissions 
from the broader energy system.  In the PA scenario, the steel 
sector has achieved an average capture of 0.2 Gt of bio-CO2 
per year from 2030 to 2100. To reach this, it would be needed 
to use around 20 kt of charcoal per ton of steel. It is crucial to 
emphasize that effective policy design is essential to enable 
emission compensation across various sectors and prevent 
negative emissions from undermining other decarbonization 
efforts. Additionally, it is imperative to adopt and enforce 
sustainable practices rigorously to prevent adverse impacts on 
the environment, food production, human health, and the 
overall economy.  
2.  What would be the most cost-efficient technologies to 

decarbonize the ISI? – How do NETs interact with other 
decarbonization options available for this sector? 

The primary technology enabling negative emissions 
production by mid-century is the COREX process, which offers 
significant potential for substituting coal with charcoal. It 
represents 22% of steel production capacities in 2050 in the PA 
scenario. The widespread deployment of this technology 
hinges on a substantial commitment from the global steel 
sector to massively implement negative emissions. Without 
such a commitment, the COREX process may not yield 
significant benefits for global decarbonization. Beyond 2060, 
the DRI-EAF with CCS allows the deployment of negative 
emissions in the ISI through the use of biomethane. It reaches 
almost 30% of world steel production capacities by 2070 in the 
PA scenario. Throughout the entire period, the EAF plays a 
crucial role in complementing the deployment of negative 
emissions technologies, while the iron electrolysis becomes 
increasingly significant for decarbonizing the ISI towards the 
end of the century. On the other hand, the H2 route is less 
developed due to its high-cost implications for steel 
production, but its use could increase if iron electrolysis is not 
available by mid-century. The development of negative 
emissions technologies enables the steel industry to achieve 
lower marginal cost production compared to scenarios where 
biomass is not used, as other more expensive low-carbon 
technologies would be required to reduce emissions if not 
offset by negative emissions technologies. In the PA scenario 
marginal cost of steel could increase by 20%, and in the IISB0 
scenario, it increases by 70%.   
3. Depending on biomass potentials, which regions of the 

world are the most likely to rely on NETs? Would wood 
biomass be traded among regions? 
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The deployment of negative emissions is closely tied to 
biomass potentials and high steel production. The regions that 
exhibit the highest deployment of negative emissions 
technologies are China, India, Western Europe (WEU), and the 
United States. The trade of biomass among regions is relatively 
limited. 
4. What are the implications for NETs deployment in the ISI 

when considering the rotation period of biomass? 
When considering a rotation period for biomass, higher 

biomass utilization would be necessary to compensate for the 
reduced effectiveness of negative emissions. With respect to 
the PA scenario, the utilization of charcoal is 36% higher in the 
IISB50 scenario and 8% higher in the IISB100 scenario. This 
highlights the importance of considering other sustainability 
factors when deploying biomass, as it significantly impacts its 
utilization in the steel sector and the broader energy industry. 
Reduced efficiency in achieving negative emissions would lead 
to higher costs for energy and materials overall. Therefore, 
stringent guidelines for biomass utilization in the deployment 
of negative emissions technologies must be implemented and 
monitored to avoid any negative collateral effects.  
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Appendices 

Appendix 1 : World regions represented into TIAM-FR 
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Appendix 2: Global steel demand projection following the SSP2-2.6 
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Appendix 3 : Advantages and disadvantages of each of the modeled steel production technologies 

Steel 
production 

technologies 
Advantages Disadvantages 

BF-BOF 
- Mature technology 

- Cost-efficient steel production process 
- Versatile technology in terms of energy and materials consumption 

- Very polluting technology 
- Energy-intensive process 

- Hard to achieve further improvements in energy and material 
efficiency 

TGR BF-BOF - Higher energy and material efficiency - Increased operational costs 

COREX 
- No need for coking and sintering 

- Possibility of directly using fine ore 

-  High energy intensive process 
- Large oxygen consumption 

- Coal based process 

DRI-EAF 

- Higher quality of final steel 
 - Lower operational costs 

- Low-capacity plants 
- No need for sintering 

- Higher initial investments 
- Low productivity 

- Sponge iron susceptible to oxidation 

DRI-H2 

- High energy efficiency 
- Low impurities of reduced iron 

- Reduced dependency on fossil fuels if hydrogen production is 
based on renewable energy 

- No need for coking and sintering 

- High capital requirements 
- Need for special equipment and procedures to handle hydrogen 

- Sponge iron susceptible to oxidation 

EAF 

- High energy efficiency 
- Low capital investments 

- Safer than blast furnaces as no need to manipulate molten iron 
- No need for coking and sintering 

- Low versatility in energy and material consumption 
- Dependency on scrap availability and quality 

- Requires regular maintenance 

Hisarna 
- High quality of iron 

- No need for coking, pelletizing, and sintering 
- Complex process still under development 

- Scale-up challenge 

ULCOLYSIS 

- Very energy efficient technologies 
  - No need for coking, pelletizing, and sintering 

- Possibility to produce carbon neutral steel 
- High reductions of air pollutants 

- Still under development 
- Very inflexible process 

- Dependent on green electricity 

ULCOWIN - No need for coking, pelletizing, and sintering 

- Still under development 
- Need for an EAF 

- Dependent on green electricity 
- Low productivity 

ULCORED 
- Easy to scale up 

- Reduced consumption of natural gas compared to the DRI-EAF 
- Higher initial investments than the DRI-EAF 
- More expensive operational expenditures 
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Appendix 4 : Techno-economic assumptions for the current and alternative steel production technologies based on [59, 11, 60, 75, 34, 76, 43, 63, 1, 19, 65, 45, 62, 77] 
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 Availability  85% 85% 85% 85% 85% 85% 95% 95% 85% 85%  90% 85% 85% 85% 85% 85% 90% 90% 90% 85% 85% 85% 85% 85% 85% 85% 95% 95% 95% 95% 85% 85% 85% 85% 

 Lifetime y 25 25 25 20 25 20  25 30 25  30 25 25 40 40 25 25 20 20 25 20 25 20 25 20 30  25  25 25 25 20 25 

 Investment cost [$2018/Mtpa]  426 335 412 632 692  9 414 507  1126  437 587 989  240  195 918 961 510 531 462  353  126  71 775 593 658 731 

 Fixed costs [$2018/Mtpa] 19 80 58 64 70 77   54 51  113 16 59 59 69 13 25 56 56 103 151 32 37 34 18 18 3 6 3 3 51 58 62 76 

 Variable costs [$2018/Mt] 59 64 19 23 19 23 2 2 18 23  225 51 41 40 42 59 36 11 11 56 67 40 44 56   5 5 6 6  38 42 36 

 Start year   2030 2020 2020 2030 2030  2020 2025 2025  2020  2030 2030 2030  2020  2020 2030 2030 2020 2030 2030  2020  2020  2020 2050 2030 2030 2050 

Inputs Coke or biochar [PJ] 
13.43 15.9 15.17 

10.44 7.7 7.7 0.07 0.02 24.3 24.3           13.41 13.41      3.92 2.15 2.67 0.89     

 Coal or biochar [PJ] 3.37 6.53 6.53 1.35 1.46 3.02 3.02                          

 Gas or biogas [PJ]    0.51 0.25  0.16 0.14    11.4 13.85 0.77 0.77 1.41       16.17 12.79 12.79        10.91 11.41  

 Hydrogen [PJ]              6.41 6.41                     

 Electricity [PJ]    0.97 0.15 0.88   0.39 1.02  4.6  2.32 1.66 12.35 2.29 3.17 2.36       1.03 0.72     14.2 3.16 3.57 11.24 

 Heavy fuel oil [PJ]    0.64 0                               

 Limestone [Mt] 0.02 0.02 0.02 0.02 0.02 0.02   0.28 0.28    0.07 0.07 0.07 0.07 0.07     0.14 0.14 0.14       0.05 0.17 0.17 0.18 

 Lump ore [Mt] 0.37 0.37 0.37 0.37     0.54 0.54           1.42 1.42 1.27 1.27 1.27       1.51 1.27 1.27 1.51 

 Fine ore [Mt] 0 0 0 0 0 0 0 0 0.14 0.15  0 0 0 0 1.51            1 1 1.16 1.15     

 Oxygen [Mt] 0.07 0.07 0.05 0.05 0.17 0.17   0.41 0.41     0.03 0 0.05 0.05   1.09 1.09           0.11 0.11  

 Pellets [Mt] 0.09 0.09 0.09 0.09 0.72 0.72   0.68 0.68                          

 Quick lime [Mt] 0.05 0.05 0.05 0.05     0.05 0.05           0.03 0.03              

 Scrap [Mt] 0.18 0.18 0.18 0.18 0.17 0.17   0.18 0.18  1.3 0.16 0.12 0.12 0.12 1.23 1.23   0.17 0.17 0.16 0.16 0.16        0.16 0.16  

 Sinter [Mt] 1.09 1.09 1.09 1.09 0.7 0.7                              

 Crude steel [Mt]                   1 1                

Outputs Crude steel [Mt] 1 1 1 1 1 1   1 1  1 1 1 1 1 1 1   1 1 1 1 1       1 1 1 1 

 Gases [PJ] 5.09 4.11 4.11 4.11 0.25 0.25 0.16 0.14 11.55 0.65                          

 Slags [Mt] 0.35 0.35 0.35 0.35 0.34 0.34   0.44 0.44   0.17 0.21 0.21 0.21 0.26 0.17    0.26 0.17 0.17 0.17           

 Process CO2 [kt] 44 44 32 3 11 1   144 14    31 31 31 44 44   14 1 62 6 6.16           

 Finished steel [Mt]                   1 1                

 Oxygen [Mt]                          1 1         

 Pellets [Mt]                            1 1       

 Coke [PJ]       1 1                            

 Sinter [Mt]                              1 1     
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Appendix 5: Net CO2 emissions for each region and by scenario in Gt 
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Appendix 6: Steel production technologies by region and scenario 
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