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Abstract
In the urgent quest for solutions to mitigate climate change, the industry is one of the most challenging sectors to 
decarbonize. In this work, a novel simulation framework is presented to model the investment decisions in industry, 
the Industrial Sector Module (ISM) of the ModUlar energy system Simulation Environment (MUSE). This work 
uses the ISM to quantify effects of three combined measures for CO2 emission reduction in industry, i.e. fuel 
switching, electrification, and adoption of Carbon Capture and Storage (CCS) and to simulate plausible scenarios 
(base scenario and climate ambitious scenario) for curbing emissions in the iron and steel sector in the USA 
between 2010 and 2050. Results show that when the climate ambitious scenario is applied, the cumulative 
emissions into the atmosphere (2,158 Mt CO2) are reduced by 40% in comparison to the base scenario (3,608 Mt 
CO2). This decarbonization gap between both scenarios intensifies over time; in the year 2050, the CO2 intensity 
in the climate ambitious scenario is 81% lower in comparison to the base scenario. The study shows that major 
contributions to industry decarbonization can come from the further uptake of secondary steel production. Results 
show also that a carbon tax drives the decarbonization process but is not sufficient on its own. In addition, the 
uptake of innovative low-carbon breakthrough technologies is necessary. It is concluded that industrial 
electrification is counterproductive for climate change mitigation, if electricity is not provided by low-carbon 
sources. Overall, fuel switching, industrial electrification, and CCS adoption as single measures have a limited 
decarbonization impact, compared to an integrated approach that implements all the measures together providing 
a much more attractive solution for CO2 mitigation.
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a, b, c regression constants
BF Blast Furnace
BOF Basic Oxygen Furnace
BS Base Scenario
C Capacity [Mt]
CAPEX specific CAPital EXpenditures [2010 USD / Mt / year]
CAS Climate Ambitious Scenario
CCS Carbon Capture and Storage
CF Cash Flow [2010 USD]
D Demand [Mt]
DCF Discounted Cash Flow [2010 USD]
DR Direct Reduction
DRI Direct Reduced Iron
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EAF Electric Arc Furnace
GDP Gross Domestic Product
GDPpc Gross Domestic Product per capita
HFO Heavy Fuel Oil
IAM Integrated Assessment Model
IEA International Energy Agency
HFO Heavy Fuel Oil
ISM Industrial Sector Module
LPG Liquefied Petroleum Gas
MCA Market Clearing Algorithm
MUSE ModUlar energy system Simulation Environment
NPV Net Present Value [2010 USD]
OPEX specific fixed OPerational EXpenditures, including carbon tax [2010 USD / Mt]
SEC Specific Energy Consumption [PJ/Mt]
SR Smelt Reduction
SSP Shared Socioeconomic Pathway
Δt time period [year]
TFEC Total Final Energy Consumption [PJ]
UF Utilization Factor [%]
USA United States of America

1. Introduction
Climate change is one of the most pressing issues for global society with large ecological and economic impacts 

(OECD, 2015a). Given this situation, the Paris Agreement calls for dramatic changes in the energy system to limit 
the global temperature increase to less than 2°C relative to pre-industrial levels (Rogelj et al., 2018; United Nations 
Framework Convention on Climate Change, 2016) 

An extensive shift in the global energy system is necessary and all the energy sectors should find ways to 
reduce CO2 emissions. The industrial sector accounts for the largest share of global Total Final Energy 
Consumption (TFEC) among all sectors (37% in 2015 (IEA, 2017a)). Consequently, the mitigation of industrial 
CO2 emissions has a crucial role in meeting climate targets (Fais et al., 2016). Given a continuously increasing 
demand for industrial products, the key for industrial decarbonization is decoupling its production from the 
produced CO2 emissions (IEA, 2017b). Suitable measures for achieving this include energy and material efficiency 
strategies, such as adoption of best available technologies and improved scrap collection and reprocessing rates 
(IEA, 2017b; Rogelj et al., 2018; United Nations Climate Change Secretariat, 2018). Other relevant measures are 
switching to lower-carbon fuels and feedstocks, such as natural gas as substitution for coal, and future adoption of 
Carbon Capture and Storage (CCS) in industrial processes (IEA, 2017b; Rogelj et al., 2018). In addition, more 
recent literature suggests increased industrial electrification as a suitable option for decarbonization (IEA, 2017b; 
Kempener and Saygin, 2014; Lechtenboehmer et al., 2016; Rogelj et al., 2018). This option has received increasing 
attention due to the possibility of generating electricity from low-carbon energy sources, such as renewables, 
nuclear energy, and fossil fuels with integrated CCS (Sugiyama, 2012).

Integrated Assessment Models (IAMs) are important tools, showing potential long-term future pathways based 
on technological developments and policy decisions (Weyant, 2017). Such modelling methods experience a rapid 
increase in awareness, as only they allow to assess the combined effects of multidimensional variables regarding 
climate, technology, economy, and policy (Kriegler et al., 2015b; Weyant, 2017). They model the global energy 
system by quantifying material commodity production, use of services, consumption of energy commodities and 
feedstocks, and their corresponding impacts on climate change, typically by greenhouse gas emissions, over time 
(Edenhofer et al., 2014). IAMs mainly consider representations of natural-, climate-, and human systems (e.g. 
energy and economic) in order to produce energy and greenhouse gas emission pathways in return (Janetos, 2009). 

Currently, there is limited literature about IAMs that are suitably focusing on the industrial sector (Iyer et al., 
2015; Wesseling et al., 2017). A model comparison by Edelenbosch et al. (2017) has shown that IAMs struggle to 
have a good characterization of the industrial sector, due to the complexity of the technological options present. 
Therefore, focusing on one industrial subsector can bring the advantage of a higher level of technological detail in 
comparison to models that aggregate multiple industrial subsectors.

This paper aims to fill this gap in the literature by presenting a novel modelling framework, the Industrial 
Sector Module (ISM), which simulates investment decisions in industry and has been developed as part of a novel 
IAM, the MUSE model (ModUlar energy system Simulation Environment) (García Kerdan et al., 2019; Giarola 
et al., 2019). In order to demonstrate the investment decision algorithm behind the ISM and the model capabilities, 
a case study is proposed to simulate the development of the iron and steel subsector in the USA and to assess a 
potential pathway for the decarbonization of the sector. USA is the country with the highest Gross Domestic 
Product (GDP), the second most emitting country worldwide and traditionally one of the major steel producing 
countries ([dataset] World Steel Association, 2018; IEA, 2017a; The World Bank, 2018a). 
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The case study aims to give insights on how fuel switching, CCS, and industrial electrification could pave the 
way to the decarbonization of iron and steel. While electrification provides decarbonization potentials for many 
industrial subsectors, the increasing electrification rate of the iron and steel subsector is expected to have a strong 
future potential for overall CO2 emission mitigation (IEA, 2017c). This is because this subsector produces the most 
industrial CO2 emissions (2014: 28%, 2,338Mt CO2) and is moreover expected to experience the strongest increase 
in electrification rate among the five main industrial subsectors (from 12% in 2014 to 23% in 2050 according to 
the International Energy Agency’s (IEA) 2°C Scenario) ([dataset] IEA, 2017). Iron and steel production can be 
divided into three sub-processes: ironmaking including raw material preparation, steelmaking for crude steel 
production, and steel manufacturing (van Wortswinkel and Nijs, 2010). This work is focusing on ironmaking and 
crude steelmaking, while excluding steel manufacturing into final products. The overall energy demand of the iron 
and steel sector is taken into account for calibration to IEA Energy Balances ([dataset] IEA, 2016). Global 
production of crude steel has continuously increased from ~750Mt steel in the 1990’s up to 1,808Mt steel in 2018 
(World Steel Association, 2019a).

The case study projects scenarios of the USA iron and steel industry and illustrates the potential for increased 
electrification, fuel switching, and adoption of CCS. The potential for CO2 emission mitigation by means of these 
three measures were explored by simulating potential developments of the industrial sector between 2010 and 
2050. Two different scenarios, Base Scenario (BS) and Climate Ambitious Scenario (CAS), were applied in order 
to compare different potential future pathways.

The remainder of the paper is organized as follows. First, background information about technologies in the 
iron and steel industry is given, followed by a description of the methodology and a definition of modelling 
assumptions and data sources. The USA case study is then presented, followed by concluding remarks.

2. Background: Steelmaking

Figure 1. Steelmaking routes from raw materials to crude steel. Reproduced from World Steel Association (2019b) with the 
permission of The World Steel Association. The single production steps of the primary steelmaking routes BF-OHF, BF-BOF, 
and DR-EAF and the secondary steelmaking route scrap-EAF are shown.

Figure 1 gives a detailed overview about today’s production routes for crude steel. For primary steel production, 
iron ore is first converted to iron, i.e. hot metal or Direct Reduced Iron (DRI), which is the main feedstock for the 
following steel production (Yellishetty et al., 2010). Hot metal can be made from iron ore by reduction and 
subsequent melting of iron oxide in a Blast Furnace (BF) (World Steel Association, 2019c; Worrell et al., 2008). 
In contrast, DRI is made by Direct Reduction (DR) of iron oxide in a solid state. Smelt Reduction (SR) (not 
mentioned in Figure 1) is a novel technology that produces iron by reducing and melting iron ore in a hot bath. 
Subsequently, the produced iron is converted, together with a small share of recycled steel (scrap), to crude primary 
steel by further reduction in a Basic Oxygen Furnace (BOF) or by being melted in an Electric Arc Furnace (EAF). 
The combined production routes for primary steel production are BF-BOF, DR-EAF, and SR-BOF (Napp et al., 
2014). The BF-OHF (Open Hearth Furnace) technology is outdated and not considered in this work ([dataset] 
World Steel Association, 2018; World Steel Association, 2016a). Secondary steel can be produced by melting 
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steel scrap in an EAF using a strong electric current, referred to as scrap-EAF (see Figure 1) (van Wortswinkel 
and Nijs, 2010).

The scrap-EAF production route requires only a fourth of the energy consumption of primary production routes, 
i.e. BF-BOF, DR-EAF, and SR-BOF. However, while the primary steel production routes mainly use iron ore as 
raw material, the uptake of scrap-EAF is mainly limited by the availability of steel scrap, which is expected to 
increase globally by ~80% by 2050 as steel is highly recyclable (Janetos, 2009; McKinsey & Company, 2018; 
World Steel Association, 2016b, 2012a). Nonetheless, in ambitious climate change scenarios, the expected 
increased electrification in the iron and steel sector is mainly based on a shift from primary steel production 
technologies to the scrap-EAF technology (IEA, 2017b). 

Beyond BF-BOF, DR-EAF, SR-BOF, and scrap EAF, several emerging technology options show promising 
results on lab- and pilot scale for decarbonization and electrification in the long-term future. For ironmaking, direct 
reduction of iron ore pellets is possible together with hydrogen, which can be produced by electrolysis of water 
with electricity (SSAB AB, 2016). An innovative technology for steelmaking directly from iron ore is 
Electrowinning, i.e. the ULCOWIN technology, which produces steel by electrolysis (EUROFER - The European 
Steel Association, 2013; IEA, 2017b). These technologies could boost electrification in the iron and steel sector in 
the future, leading to decarbonization if the electricity comes from renewable energy sources. A technology that 
could lead to further decarbonizing ironmaking are HIsarna blast furnaces, which could replace traditional blast 
furnaces and do not require the production of coke, sinter, and iron pellets as intermediary products (Tata Steel, 
2018; van der Stel et al., 2013). HIsarna blast furnaces are in particular attractive for decarbonization when they 
are combined with integrated CCS plants, as their off-gases have high CO2 concentrations (IEA, 2017b; Tata Steel, 
2018).

Various literature gives an overview about the expected global steel production development. While BF-BOF 
and DR-EAF accounted for 70.5% and 6.2% of global crude steel production in 2014, the novel SR-BOF 
technology has no market share yet (IEA, 2017c). In ambitious climate change scenarios of the IEA, the SR-BOF 
technology is expected to penetrate the market in the future (IEA, 2017b). The scrap-EAF technology route 
accounted for 23.3% of global crude steel production in 2014 (IEA, 2017c). Despite its advantages against primary 
steelmaking, this share is declining on a global level since 2000 due to large expansions of BF-BOF capacities in 
China ([dataset] World Steel Association, 2018; Holloway et al., 2010). Nevertheless, according to the IEA the 
global share of EAF technologies is expected to increase again in the future, as the steel production in China is 
predicted to plateau (IEA, 2017b). Further, the production shares of single technologies differentiate strongly 
among regions ([dataset] World Steel Association, 2018). This comes from differences in domestic scrap 
availability and the need for large-sized or small-sized capacity expansions (OECD, 2015b). While large-sized 
capacity expansions can easily be provided from BFs with great volumes, small-sized capacity expansions can 
also be provided from EAFs (OECD, 2015b).

Today, the global steel market is dominated by China who produce 51wt% of the global crude steel (World 
Steel Association, 2019a). Other significant producers include India (6wt%), followed by Japan (6wt%) and the 
USA (5wt%) (World Steel Association, 2019a). Main fuels for global steel production in 2014 were coal (41%), 
natural gas (36%), and electricity (21%) ([dataset] IEA, 2016). Major contributions for future CO2 emission 
reductions in the iron and steel sector are expected to come from the integration of CCS technologies, a fuel switch 
from coal to gas, and industrial electrification due to increased use of EAF-technologies (Global CCS Institute, 
2015; IEA, 2017b).

3. Methodology: MUSE Model Framework and Case Study Definition
The methodology is based on a newly developed simulation modelling framework for the investment decisions 

in industry, the ISM. The model coded in Python is part of the MUSE model. In this section, an overview of the 
MUSE IAM will be given, followed by the ISM methodology description.
3.1. The MUSE model: A novel energy systems model

This section and the following one report the structure of the MUSE model as described in Giarola et al. (2019).
MUSE simulates energy systems transitions over long time horizons, with a partial equilibrium on the energy 

system provided by iterative microeconomic supply-demand market clearing for each energy commodity. A 
commodity refers to either primary energy resources, secondary fuels, or material goods exchanged in the market. 
The model simulates the whole energy system (i.e. including demand, transformation/conversion, and supply 
sectors) with a high degree of technical detail, where capital and operating costs as well as environmental 
performance are modelled. The key distinguishing features of MUSE are: (1) modularity and (2) the enabling of 
modelling of real consumer, firm and government investment and operational decision-making. This means that 
each sector of the economy can be modelled in a way that is specifically appropriate for that sector, and that each 
unique sector approach can still be brought together in the MUSE partial equilibrium to form a view of an overall 
energy transition.

Model implementations with different geographical scope and purpose can be built within the MUSE 
framework. MUSE-Global represents the global scale, with a geographical disaggregation into 28 regions and a 



Devel. of the Industrial Sector – Case Study about Electrif, Fuel Switching,, and CCS in the USA         5

time horizon to 2100. The model recursively calculates an endogenous global carbon price in order to incentivize 
technology transitions in each sector. It is designed to examine long-term developments of the energy systems in 
alternative plausible future pathway scenarios. In order to achieve this goal, it quantifies complex relationships 
within the energy system among technologies, economics, policies, and environment. Starting from a chosen base 
year for the start of the simulation, where all the technology stocks are modelled to replicate the IEA energy 
balance for all the energy sectors and countries as aggregated into regions, different future pathway scenarios can 
be created by varying selected constraints, such as carbon taxes, fuel prices, and adoption of CCS.

The MUSE modelling environment has a modular structure where each sector of the energy system is simulated 
by an individual module. This modular architecture of MUSE allows flexibility because each module can be run 
independently or linked with other modules via a Market Clearing Algorithm (MCA) (Figure 2). As well as the 
modular separation of the energy sectors, the global energy system is also geographically disaggregated into 
regions, which can also be run independently. Thereby, regional differences, such as existing stocks of 
technologies and socioeconomic developments, can be considered. 

Figure 2. MUSE model architecture. Supply, conversion, and demand of energy interact by means of a Market Clearing 
Algorithm according to market equilibrium principles and by taking into account a carbon budget.

Commodities in MUSE are separated into energy commodities and material commodities. A limited foresight 
approach determines demand trajectories of material commodities and future prices of energy commodities, which 
are known over a rolling time horizon. This limited knowledge of future demand and prices differentiates MUSE 
from the intertemporal approach of many IAMs. For demand projections of commodities in each energy end-use 
demand sector module, macroeconomic inputs based on Shared Socioeconomic Pathways (SSPs) are applied 
(International Institute for Applied Systems Analysis, 2016).

3.2. The Industrial Sector Module (ISM) of MUSE

The industrial module is on the demand-side of the MUSE model (see Figure 2). It simulates investment and 
operation decisions in the five major industrial subsectors, i.e. iron and steel, non-metallic minerals, chemicals and 
petrochemicals, non-ferrous metals, and pulp and paper. The industrial sector breaks-down into the main five most 
emitting subsectors, which represents a common approach in IAMs, reflecting the IEA classification (IEA, 2017a; 
Loulou and Labriet, 2008). The ISM quantifies, for a given future scenario, which industrial technologies are 
commissioned at a certain point in time. In addition, it quantifies for each point in time Final Energy Consumption 
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(FEC) and CO2 emissions produced. This includes captured (by CCS) and non-captured CO2 from fuel combustion 
and chemical processes.

The energy commodities considered are biomethane, electricity, forest residues, hard coal, Heavy Fuel Oil 
(HFO), Liquefied Petroleum Gas (LPG), naphtha, and natural gas. Material commodities are manufactured goods 
provided by the five industrial key subsectors. They are represented in each region by 14 representative material 
commodities, which have been selected based on their global production and their market share within the 
corresponding subsector (Table 1). Each technology for the production of these material commodities is 
characterized in each region by a series of techno-economic parameters (Table 2).

Table 1. MUSE industrial subsectors, material commodities, and production technologies
Industrial subsector Material commodity Production technologies
Iron and steel Steel BF-BOF

SR-BOF
DR-EAF
Scrap-EAF

Non-metallic minerals Cement Dry process
Wet process

Ammonia Ammonia from coal
Ammonia from natural gas
Ammonia from HFO
Ammonia from biomethane
Ammonia from water electrolysis

Benzene Aromatic extraction
Steam cracking

Butadiene C4 separation
Steam cracking

Ethylene Steam cracking
Fertilizers (N, P, K) N-fertilizers from ammonia

P-fertilizers from phosphate minerals
K-fertilizers from potassium minerals

Halogens Fluorine from HF
Bromine by electrolysis
Iodine from SO2 and nitrate ores

Methanol Methanol from coal
Methanol from natural gas

Propylene Fluid catalytic cracking
Steam cracking

Toluene Aromatic extraction
Toluene production for TDI

Chemicals

Xylenes (isomers) Aromatic extraction
Non-ferrous metals Aluminum Prebaked process

Soderberg process
Pulp and paper Pulp and paper Chemical process

Mechanical process

Table 2. Overview of techno-economic parameters characterizing each technology in each region
Parameter Unit Description
Input energy consumption [PJ/Mt] Energy required to produce one Mt of output material 

commodity
Output material 
commodities

[Mt/Mt] Mt of output material commodity per Mt of the 
technologies’ main output material commodity

CO2 emissions [kt/Mt] kt of CO2 emissions per Mt of produced output material 
commodity

Specific CAPital 
EXpenditures (CAPEX) 

[106USD/Mt/year] Costs for investments in new capacity

Specific fixed OPerational 
EXpenditures (OPEX)

[106USD/Mt] Costs for operation and maintenance, including carbon 
tax

Initial installed capacity [Mt] Capacity installed in the base year
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Maximum capacity 
addition per year

[Mt] Upper boundary for absolute amount of annual capacity 
addition

Maximum capacity growth 
per year

[%] Upper boundary for annual capacity growth in relation to 
the already existing capacity

Total capacity limit [Mt] Upper boundary for absolute capacity

Technical lifetime [years] Operational years of a plant until it will retire.

Utilization Factor (UF) [%] Ratio of the time in which a technology is operating

Note. For representing energy efficiency improvements over time, such input-parameters are time-dependent. 
They are defined with separate values in 2010 and 2030, while values are interpolated between such years, and 
are constant after 2030.

Figure 3 shows how the ISM and MCA interact by iteratively exchanging information in each single time 
period of the simulation in order to reach a partial equilibrium for each region. The ISM forwards the projected 
demand of material commodities, their corresponding demand of fuels, and the related CO2 emissions to the MCA. 
In return, it receives from the MCA defined prices for CO2 emissions, material commodities, and energy 
commodities. After a partial equilibrium is reached, the ISM generates specific outputs for each time period, such 
as aggregated capital and operational costs as well as capacity, production, and CO2 emissions of each technology.

Figure 3. Interactions between the ISM and MCA within MUSE. The exogenous inputs into the ISM, its interactions with the 
MCA, and the resulting outputs from the ISM are represented.

3.2.1. Mathematical framework of the ISM
The block-flow diagram in Figure 4 displays the ISM investment decision workflow. 
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Figure 4. Block-flow diagram of the investment decisions in the ISM

First, the ISM simulates how demand might change for each industrial material commodity, and how existing 
production capacity for that commodity might retire. The demand of each commodity in each region after 2010 
has been correlated to the corresponding Population and the GDP by means of a non-linear inverse equation, 
developed by van Ruijven et al. (2016). In this equation DΔt is the material demand in time period Δt (year), GDPpc 
is the GDP per capita, and a, b and c are constants that have been estimated from regressions of historical data for 
the past 25 years (United Nations Statistics Division, 2017; van Ruijven et al., 2016):

𝐷Δ𝑡 = 𝑎 ∗ exp ( 𝑏
𝐺𝐷𝑃𝑝𝑐) ∗ 𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 ∗ [𝑐 ∗ (Δ𝑡 ‒ 2010)2 + 1

(Δ𝑡 ‒ 2010)2 + 1 ] (1)

The retiring of the existing stock of plants in the ISM is represented by a linear decommissioning profile in 
order to account for the remaining lifetimes of existing industrial plants. A production gap results from the linear 
decommissioning profile and from the projected change of each material commodities’ demand. 

Second, the ISM calculates the new capacity that must be installed in a time period Δt (Cnew plants, Δt) to close 
this production gap and consequently meet the demand:
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𝐶𝑛𝑒𝑤 𝑝𝑙𝑎𝑛𝑡𝑠, Δ𝑡 =
𝐷Δ𝑡

𝑈𝐹 ‒ (𝐶Δ𝑡 ‒ 1 ‒ 𝐶𝑟𝑒𝑡𝑖𝑟𝑒𝑑,Δ 𝑡) (2)

Subsequently, the ISM follows a two-step merit-order approach. In the first step, the available technologies are 
ranked in order to decide which technologies to bring online until the demand is met. The available technologies 
are ranked by their Net Present Value (NPV), the investors’ key metric used to make investment decisions for new 
plants, in order to bring online the most profitable technologies. The NPV takes into account the net cash flow in 
each time period Δt CFΔt, the total initial investment cost CF0, and the interest rate r:

NPV =  
𝑇

∑
Δ𝑡 = 1

( 𝐶𝐹Δ𝑡

(1 + 𝑟)Δ𝑡) ‒ 𝐶𝐹0 (3)

In order to fulfil the required demand in time period Δt, the most profitable technology, i.e. the one with the 
highest NPV, is built and made available for production until an upper constraint for new capacity by this 
technology is met. Then, the ISM moves on to invest into the second most profitable technology, and so on, until 
the demand can be met from the supply potential. In the second step, when a technology has been installed and is 
available on the market, the Discounted Cash Flow (DCF) of each technology is calculated in order to select the 
most profitable existing plants to be operated for production:

DCF =  
𝑇

∑
Δ𝑡 = 1

( 𝐶𝐹Δ𝑡

(1 + 𝑟)Δ𝑡) (4)

Based on the DCF, the demand for material commodities is first covered by plants with the highest profit, 
followed by less profitable ones until demand is met. The expenditures within the cash flow of the metrics, NPV 
and DCF, take into account the CAPEX and OPEX. CAPEX and OPEX are defined for each region and each 
technology in the model.

The required amount of energy commodities is determined from the mix of technologies that are operated. All 
technologies have upper growth constraints in order to ensure realistic future market penetration and technology 
deployment rate. Among three growth constraints for new capacity addition of each technology, i.e. (1) ‘maximum 
annual growth rate’ (%), (2) ‘maximum annual capacity addition’ (Mt), and (3) ‘maximum total capacity in a 
region’ (Mt), the most restrictive one is applied.

3.3. Relevant Modelling Assumptions and Data Sources

The ISM is calibrated for 2010 and 2014 in order to match the demand of industrial material commodities, 
technology shares, and fuel and electricity consumption in the USA, according to multiple databases ([dataset] 
IEA, 2016; [dataset] World Steel Association, 2018; National Minerals Information Center, 2017; United Nations 
Environment Programme, 2013). Future demand projections (Equation 1) of each material commodity in each 
region are based on societal input variables, i.e. population and GDP, which are represented by the SSP2 
(International Institute for Applied Systems Analysis, 2016). The SSP2 narrative is selected among five existing 
SSP narratives, because it describes a societal middle-of-the-road development and is the most commonly used 
pathway in long-term studies (Fricko et al., 2017). Fuel and electricity price projections for each region are selected 
from the 450ppm scenario of the IEA (IEA, 2014). Prices within the model are in 2010 USD, and are regionally 
disaggregated (IEA, 2014; United Nations Statistics Division, 2017). It is important to mention that there is no 
elasticity of the demand to prices in the model, as MUSE rather evaluates the effect on the technological options 
to meet a certain service.

The simulation of this study focuses on the industrial sector of the energy system. Therefore, a simplified 
approach is taken into account for CO2 emissions from power generation. Such emissions are quantified by using 
selected projections for global specific electricity emissions. These projections are accessed from the IPCC’s 
Assessment Report 5 Scenario Database, Table 3 (International Institute for Applied Systems Analysis, 2015). It 
is assumed that the reported CO2 emissions from electricity generation in each scenario take already into account 
the potential implementation of CCS in the power sector and do therefore account for the amount of emissions that 
are finally emitted to the atmosphere. This study does not include international trade of material commodities, 
however the commodity demand is estimated taking into account both national and foreign demand.

Table 3. Global specific CO2 emissions from electricity generation (International Institute for Applied Systems 
Analysis, 2015)
Model Scenario Unit 2010 2020 2030 2040 2050
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GCAM 3.1 LIMITS-450 kt CO2/GWh 0.54 0.49 0.38 0.18 0.04

GCAM 3.1 LIMITS-Base kt CO2/GWh 0.54 0.53 0.50 0.47 0.43

Note. The reported values are calculated from the projected CO2 emissions from electricity generation and the projected 
secondary energy from electricity in each scenario. The LIMITS-Base scenario is a baseline scenario without specified long-
term target. The LIMITS-450 scenario limits the CO2 concentration in the atmosphere to 450ppm in the long-term, which is 
in line with the Paris Agreement (United Nations Framework Convention on Climate Change, 2016).

The Specific Energy Consumption (SEC) and performance of each technology are calibrated for 2010 and 
2014, derived from a set of sources, and relates to final energy consumption values (IEA, 2009, 2017b; IEA Energy 
Technology Systems Analysis Program, 2017; Worrell et al., 2008). Technologies with integrated CCS are 
modelled with an efficiency penalty of 12%, and a CO2 capture rate of 90%  (IEA, 2017b; IEA Energy Technology 
Systems Analysis Program, 2010; Working Group III of the IPCC, 2005). For plants with CCS, the relative 
additional costs in comparison to the same plants without CCS are assumed to decrease over time: CAPEX and 
OPEX of plants with CCS are in 2010 48% higher, and from 2030 onwards 32% higher than the same plants 
without CCS (IEA Energy Technology Systems Analysis Program, 2010). An average UF of industrial capacity 
equal to 90% was assumed to include a typical number of shutdowns for the planned maintenance of the plants in 
a year. Technology retrofitting is currently not considered in the model, but any new investment should occur to 
replace the decommissioned stock when it reaches the end of its lifetime.

The ISM represents the iron and steel sector with the four production routes BF-BOF, SR-BOF, DR-EAF, and 
scrap-EAF (Table 1). Other emerging technologies for ironmaking and steelmaking (i.e. the use of hydrogen as a 
reducing agent, Electrowinning, HIsarna blast furnaces) are not yet at commercial stage (EUROFER - The 
European Steel Association, 2013; IEA, 2017b). This makes it difficult to assume their future efficiencies and 
costs. Due to the uncertainties resulting from this, such technologies were not considered for this work.

A list of assumptions comparing the techno-economic input data of the four considered steel production routes 
is presented in the supplementary material (Table A.1). Table A.2 provides the main assumptions for the fuel input 
data to the ISM.

3.4. Case Study
The selected case study covers iron and steel production in the USA for the time frame 2010-2050, 

disaggregated into time slices for every 5 years. Different scenarios were defined to perform an analysis related to 
the impact of selected key variables.

3.4.1. Status Quo in the USA: high steel production by the lower-energy scrap-EAF route
The USA is a developed region with an annual GDP growth of ~2% since 2010 (The World Bank, 2018b). 

Currently, there is no nationwide regulation for CO2 pricing in place. The apparent steel use accounted for 122Mt 
steel in 2014 ([dataset] World Steel Association, 2018; World Steel Association, 2012b). 

Historically, the steel production share of the BF-BOF route peaked at 62wt% (1992), followed by a continuous 
decrease, which was offset by an increasing share of the EAF-routes over time ([dataset] World Steel Association, 
2018). In 2014, a base year of the ISM, the secondary steel production by scrap-EAF took over the main market 
share (52wt%) ([dataset] World Steel Association, 2018). In the same year, the primary production routes BF-BOF 
(37wt%) and DR-EAF (11wt%) accounted for the residual steel supply ([dataset] World Steel Association, 2018). 
Due to the low energy-intensity of scrap-EAF in relation to primary steel production routes, the SEC was ~7PJ/Mt 
crude steel in recent years - low in comparison to international values ([dataset] IEA, 2016; [dataset] World Steel 
Association, 2018).

The OECD (OECD, 2015b) expects a rising share of EAFs in the future due to many recent investments in 
DR-EAF production routes. These investments are made as the shale-gas boom in the USA in recent years has 
lowered the cost of natural gas, which is typically used to fire DR plants (OECD, 2015b). Additionally, a further 
uptake of the scrap-EAF production route is expected to contribute to the increasing EAF-share (OECD, 2015b). 
This comes from an increasing availability of domestic scrap, predicted to grow annually by 1% between 2010 
and 2050 on average (World Steel Association, 2017, 2016b).

3.4.2. Scenario Definition 
Two different future pathways (scenarios) were simulated in order to perform an analysis for the impacts of a 

carbon tax and emissions from electricity generation. For this, a Climate Ambitious Scenario (CAS), with carbon 
policies in place, is compared with the reference from a Base Scenario (BS) where no policy action is required. 
Due to the absence of policy implications, the BS could be seen as rather extreme, while the CAS is in-line with 
the 450ppm climate target that was agreed on as minimum goal in the Paris Agreement (United Nations Framework 
Convention on Climate Change, 2016).
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In the Base Scenario (BS) (Table 4), no carbon tax was included and the CO2 emissions from electricity 
generation were following the ‘GCAM 3.1 LIMITS-Base’-scenario (Table 3), which assumes that no particular 
efforts are made to decarbonize the electricity generation over time (International Institute for Applied Systems 
Analysis, 2015). 

In the Climate Ambitious Scenario (CAS) (Table 4), a carbon tax was adopted that represents the average value 
of the ‘450ppm Full Technology Portfolio’-scenarios of the IPCC Fifth Assessment Report (Table 5) (Budinis et 
al., 2018; International Institute for Applied Systems Analysis, 2015). In-line with the aim of the carbon tax to 
limit the CO2 concentration in the atmosphere to no more than 450ppm, the CAS further assumed the electricity 
generation emission profile ‘GCAM 3.1 LIMITS-450’ (Table 3), following this aim by high efforts towards 
decarbonized electricity generation (International Institute for Applied Systems Analysis, 2015).

The earlier described limited steel scrap availability was considered in both scenarios by setting stricter growth 
constraints for new capacity addition of the scrap-EAF production route (maximum annual growth rate: 1%) in 
comparison to other production routes (3%).

Table 4. Scenario overview
Scenario Scenario description
Base Scenario (BS)  No carbon tax

 Non-decarbonized electricity generation: ‘GCAM 3.1 LIMITS-Base’-scenario1

Climate Ambitious 
Scenario (CAS)

 Carbon tax profile: average of ‘450ppm Full Technology Portfolio’-scenarios2

 Decarbonized electricity generation: ‘GCAM 3.1 LIMITS-450’-scenario1

Note. 1 The CO2 emission profiles from electricity generation in the scenarios ‘GCAM 3.1 LIMITS-Base’ and ‘GCAM 3.1 
LIMITS-450’ are reported in Table 3.
2 The carbon tax profile from the Average of ‘450ppm Full Technology Portfolio’-scenario is reported in Table 5.

Table 5. Carbon tax profile
Source Unit 2010 2020 2030 2040 2050
Budinis et al., 2018b 103USD2010/kt CO2 22.8 83.4 157.6 273.7 436.7

4. Results and Discussion
4.1. Industrial Sector Faces Increasing Demand

The projected demand for industrial material commodities in the USA is reported in Figure 5. The projected 
demand is invariant across both scenarios, as it follows the exogenously given factors population and GDP from 
the SSP2 narrative, which is not sensitive to prices.
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Figure 5. Demand projections for material commodities until the year 2050 in the USA.

The demand for industrial goods increases by 47% between 2010 (420Mt) and 2050 (634Mt), resulting mainly 
from increasing demand for chemicals (+98%) and iron and steel (+45%). The market share of chemicals increases 
from 35% (2010) to 47% (2050), while the share of iron and steel fluctuates between 23% and 25% between 2010 
and 2050. 
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4.2. Results for Steel Production in the USA: effects of carbon tax and decarbonized electricity generation

4.2.1. Production routes
Figure 6 reports that the steel supply required to cover the demand increases from 99Mt (2010) to 144Mt 

(2050). In the BS (Figure 6a), steel is in the long-term mainly supplied by the primary BF-BOF production route 
(2010: 38%, 2050: 37%) and the secondary scrap-EAF production route (2010: 52%, 2050: 61%). The DR-EAF 
production route is less economic and phases out by 2040. In the CAS (Figure 6b), the investment decision of 
investors change, as both EAF production routes become increasingly favored in comparison to the supply by BF-
BOF (2010: 38%, 2050: 16%). The steel supply from DR-EAF increases between 2010 and 2050 by a factor of 
2.5 (2010: 9Mt steel, 2050: 22Mt steel), while the supply from scrap-EAF increases by almost a factor of two 
(2010: 52Mt steel, 2050: 97Mt steel). 

The results for the production routes demonstrate that the carbon tax clears the way for an uptake of DR-EAF 
and scrap-EAF.
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Figure 6. Steel supply by production route in the USA. Projections of steel supply are shown between 2010 and 2050 for the 
a) BS and b) CAS.

4.2.2. Fuel shares
Figure 7a shows that in 2010 mainly natural gas (40%), coal (37%), and electricity (22%) are used in the iron 

and steel sector. In the BS (Figure 7b), coal mainly offsets natural gas by increasing its share by 26% between 
2010 and 2050. The SEC increases over time from 7.1PJ/Mt steel (2010) to 7.7PJ/Mt steel (2050). In the CAS 
(Figure 7c), the opposite fuel share development is observed in comparison to the BS: the CAS shows by 2050 
that mainly electricity (37%) and natural gas (47%) increase in fuel share, while the share of coal is diminished 
(9%). The SEC decreases in the CAS from 7.1PJ/Mt steel in 2010 to 5.4PJ/Mt steel (2050). 

The results for the fuel shares show that coal is the fuel of choice for investors when no carbon tax is in place, 
while investors are pushed to natural gas and electrification, if the carbon tax is adopted. In addition, in the CAS 
the uptake of electricity and the decrease of SEC reflect the strong uptake of the scrap-EAF production route.
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Figure 7. Fuel shares for iron and steel production in the USA. Historic fuel shares are shown for a) 2010. For 2050, the fuel 
shares are shown for the b) BS and c) CAS. ‘Others (bio)’ includes forest residues, while ‘Others (fossil)’ includes HFO, LPG, 
and naphtha.

4.2.3. CO2 emissions
Figure 8 reports for 2010 the production of 72,000kt CO2, of which 33% come from electricity generation and 

67% from fuel combustion and chemical processes. The BS shows continuously increasing overall and specific 
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produced CO2 emissions over time (2010: 72,000kt CO2, 726kt CO2/Mt steel; 2050: 115,000kt CO2, 802kt CO2/Mt 
steel). In particular, increasing CO2 emissions from fuel combustion and chemical processes account for the major 
increase of overall CO2 emissions in the BS. Furthermore, in the BS no investments take place for technologies 
with integrated CCS, because no CO2 is captured over time. In comparison, in the CAS the overall produced CO2 
emissions have almost halved between 2010 and 2050 (40,000kt CO2), despite the increased steel supply. 
Moreover, 44% of the emissions produced in 2050 are captured by CCS, resulting in a reduction of the emitted 
CO2 emissions by 70% between 2010 and 2050. In 2050, the emitted CO2 emissions of the CAS are reduced by 
81% in comparison to the BS. 

The results for the CO2 emissions demonstrate that the carbon tax and decarbonized electricity generation result 
in significant CO2 emission reduction.
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Figure 8. CO2 emissions from iron and steel production in the USA. The overall CO2 emissions are illustrated for each decade 
(2010 to 2050) of both scenarios (BS and CAS). The CO2 emissions are separated into emitted and captured CO2 from fuel 
combustion and chemical processes (orange and blue), and into emitted CO2 from electricity generation (yellow).

4.3. Discussion

4.3.1. Overall decarbonization potential: adoption of multiple measures is critical to reach 2°C climate target
Each single decarbonization measure - electrification, fuel switching, and CCS - was found to have a limited 

impact for CO2 emission mitigation when implemented on its own. An integrated approach including all these 
measures created a higher potential for climate change mitigation by CO2 reductions. A carbon tax makes CO2 
reduction by all three measures effective. Decarbonization of the power sector is crucial to make increased 
industrial electrification not becoming a counterproductive measure for overall CO2 emission reduction.

The steel supply needed to cover the demand reflects the socioeconomic future development, which are based 
on the SSP2 narrative. In the USA, population and GDP are expected to increase steadily, resulting in a steady 
increase of steel demand (Figure 6).

Table 6. Cumulative emitted CO2 into the atmosphere for iron and steel production (2010-2050).
Region Base Scenario (BS) Climate Ambitious Scenario (CAS)
USA 3,608 Mt CO2 2,158 Mt CO2 (-40%)

Note. The percentage value in brackets accounts for the change in relation to the BS.

Cumulatively, 5,105Mt of steel are produced between 2010 and 2050. The cumulative emitted CO2 into the 
atmosphere between 2010 and 2050 in both scenarios reveals a reduction by 40% (1,450 Mt CO2) when the CAS 
is applied (Table 6). This relates to an emission gap of 284 kt CO2 per Mt of steel. According to Figure 8, the 
decarbonization potential in the CAS intensifies over time in comparison to the BS. While in 2020 the emitted 
CO2 in the CAS is 11% lower in comparison to the BS, this value increases to 81% in 2050. In relation to the 
emitted CO2 in 2010, the specific emissions in the BS increase until 2050 by 10% (2010: 726kt CO2/Mt steel; BS, 
2050: 802kt CO2/Mt steel). In comparison, the specific emitted CO2 in the CAS decreases during this time by 79% 
to 154kt CO2/Mt steel, due to investments in more efficient technologies and those with applied CCS, fuel 
switching, and electrification. 

In absolute values, the emitted CO2 increases between 2010 and 2050 in the BS by 60%, while it decreases in 
the CAS by 70%. However, this reduction in the CAS is still falling behind the target of the first nationally 
determined contribution submission of the USA for an economy-wide greenhouse gas emission reduction of 80% 
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or more by 2050 (United States of America, 2015). Consequently, even stronger CO2 emission reductions should 
be reached, or other sectors need to decarbonize with an accordingly higher share. However, emerging 
breakthrough technologies, which were not considered in this case study due to their early stage of development, 
could lead to further decarbonization in the long-term future (see section 2).

As outlined in section 3.4.1, the OECD (2015b) expects increasing shares of EAF production routes due to 
investments in DR-EAF and scrap-EAF technologies. This work shows that such developments can be achieved 
when a carbon tax is in place that is in-line with a 2°C climate target. While the scrap-EAF production route 
experiences an increasing market share with and without economic incentives, the DR-EAF production route is 
not economically competitive without a carbon tax. Despite the shale-gas boom in the USA, the latter production 
route requires an economic incentive, such as a carbon tax, to achieve the expected increasing market share 
(OECD, 2015b).

It should be considered that the results are sensitive to the assumed technical lifetimes of the plants. In reality, 
plants with high-carbon intense capacity might retire earlier in a low-carbon future. However, for this work it was 
assumed that such technical lifetimes are identical for both scenarios. With this, the differences between both 
scenarios can be kept simple, while allowing a good understanding for the underlying reasons that result in in the 
induced changes of the results. In general, an earlier retirement of high-carbon intense plants in a low-carbon future 
would lead to a further accelerated transition towards electrification, fuel switching, and CCS adoption, while 
showing the same conceptual nature of the found results (and vice versa). 

The chosen scenarios, BS and CAS, show a broad range of potential future pathways. While the BS implies no 
policy implications, and the CAS is in-line with a maximum temperature increase of 2°C relative to pre-industrial 
levels, the reality will probably lie somewhere in between of such scenarios. These scenarios have been chosen for 
the primarily purpose of showing the capabilities of the model to simulate the investment decision in the iron and 
steel sector. However, it is worth pointing out that these are scenarios to represent potential futures under specific 
circumstances, but they are not meant to be forecasts.

Overall, the results show that a carbon tax in combination with continuously decarbonized electricity 
generation is crucial aspects for reaching reach the 2°C climate target, which would be in line with the Paris 
Agreement (United Nations Framework Convention on Climate Change, 2016). Further decarbonization, beyond 
what was demonstrated in the CAS, should be achieved by emerging breakthrough technologies, improved scrap 
collection and processing systems leading to increased secondary steel production, and efficiency improvements.

It has been quantified how the production routes (Figure 6), fuel shares (Figure 7), and CO2 emissions (Figure 
8) change between both scenarios. From this, inferences can be drawn on the potential of each of the three 
decarbonization measures, which are discussed in the following.

4.3.2. Role of electrification
Increased electrification is strongly linked to an uptake of the EAF production routes, i.e. DR-EAF and scrap-

EAF. Especially the latter one plays a substantial role for increased electrification, because its electrification rate 
is approximately one order of magnitude higher than the electrification rate of each primary steel production route.  
Therefore, production by scrap-EAF results in decreasing emissions from fuel combustion and chemical processes 
but in increasing emissions from electricity generation due to higher electricity demand. Consequently, when the 
power sector is not decarbonized, increased electrification becomes counterproductive for climate change 
mitigation. Therefore, the decarbonization of the power sector is crucial to make increased electrification an 
effective measure for overall CO2 emission mitigation (Figure 8).

The main limiting factor for an accelerated uptake of the scrap-EAF steel production route in the USA is scrap 
availability (Figure 6). To overcome this, the amount of available steel scrap must be increased by improving steel 
recycling rates, and decreasing scrap exports towards or increasing scrap imports from other regions (Fenton, 
2018). However, the USA already has a high steel collection and recycling rate of 81% (in 2014) (Fenton, 2018; 
Holloway et al., 2010). Yet other countries such as China, by far the largest steel producing country, have scrap 
collection and processing systems that are more limited (Holloway et al., 2010).

In summary, this case study shows increasing electrification mainly coming from a technology shift towards 
EAF technologies, in particular the scrap-EAF production route. While investors favor this production route 
already under current conditions, the limiting factor is scrap availability, which can be overcome by improved 
scrap recycling rates and reduced scrap exports. Further electrification could be achieved by an uptake of 
technologies that use electricity for electrolysis, but are currently still on lab-/pilot-scale and have therefore not 
been considered in the case study. In addition, decarbonized electricity generation is pivotal in order to make 
increased electrification an effective measure for CO2 emission reduction.

4.3.3. Fuel switching
A carbon tax is pivotal to push investors away from coal towards less emission-intensive fuels, like natural gas 

(Figure 7). While the share of coal increases over time without a carbon tax (BS), the opposite happens when a 
sufficient carbon tax is in place (CAS). For biomethane, in both scenarios only a small market share is reached. In 
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the BS, biomethane is less favorable than coal, as it is the more expensive fuel. In the CAS, investors favor natural 
gas over biomethane, as the adopted carbon tax results in a higher price for the latter one

To conclude, a carbon tax is crucial to reduce the specific CO2 emissions by fuel switching. 

4.3.4. CCS goes beyond other decarbonization measures and is pivotal in reducing the CO2 currently emitted into 
the atmosphere

This work proves that commercial incentives or strong policy support are needed for implementing CCS in 
industrial facilities (Global CCS Institute, 2016). This is, because an economic barrier must be overcome, e.g. by 
a carbon tax, to clear the way for market penetration of CCS technologies over time (Figure 8, CAS). The high 
amount of CO2 resulting from fuel combustion and chemical processes in steel production (Figure 8) makes the 
role of CCS crucial to reduce CO2 emissions.

With the carbon tax in place (CAS), technologies with integrated CCS produce 28% of the overall produced 
steel in 2050. This leads to 48% captured CO2 emissions from fuel combustion and chemical processes. This shows 
that CCS is most likely to be applied to production technologies accounting for high specific CO2 emissions.

In summary, even though overall CO2 emissions are decreased by increased industrial electrification and fuel 
switching when a carbon tax is in place, the use of CCS is pivotal to reduce the emitted CO2 from fuel combustion 
and chemical processes by nearly 50% in 2050. A potential future uptake of HIsarna blast furnaces, which were 
not considered in this case study, could provide additional potentials for capturing CO2 emissions due to the 
attractiveness for integrated CCS plants.

4.3.5. Assumptions and Limitations
The ISM was originally developed as a global industrial sector model. In this paper, the focus is rather on 

explaining the methodology of the investment decisions, and, therefore the model has been adapted to focus on a 
one-region case study. This implies that a few considerations are due in relation to the extent to which the 
conclusions obtained from the case study could be considered general. In particular, in order to adapt a global 
model to a single region description, one of the major assumptions relate to the modelling of international trade. 
In the model, the projected demand used as a driver for the investment is the domestic production of commodities, 
which considers that trade has been assumed fixed over time. The international trade is subjected to a complex 
treaty framework. Within this framework, the introduction of a carbon policy could change the projected demand 
when trade is included particularly in presence of asymmetric carbon policies among the countries. The carbon 
leakage effects are excluded from the analysis made in this paper.

The modelling approach used in the ISM is based on modelling investment decisions in new technologies when 
the existing ones retire at the end of their lifetime. The decisions about which technologies to invest in is based on 
a merit order approach which is dynamically calculated in the model using a rich detail of engineering cost and 
environmental performance of each single technology (as shown in Table A.1 and Table A.2). However, the model 
does not envisage technology retrofitting or an early retirement of the asset before the lifetime. This means that 
innovation is modelled as a new investment once an asset has reached the end of its lifetime. The authors 
acknowledge this as a limitation of the study, which makes the modelling approach different from the way 
investments are realized in the real world. However, it is worth emphasizing that it represents quite a conservative 
approach to model the uptake of novel technologies in a sector, such as the industrial one, where investments are 
capital intensive and have long lifetime. The long plant lifetime is crucial in decarbonization scenarios where the 
timing to curb emissions is very tight in order to avoid temperature increase beyond 2°C above pre-industrial times.

The presented results are sensitive to the reported assumptions on cost metrics, such as fuel prices (Table A.2), 
capital expenditures (Table A.1), operation- and maintenance expenditures (Table A.1), and carbon taxes (Table 
4). It is acknowledged that price variations can result in different simulation outcomes. While this work focusses 
on presenting the methodological framework behind the ISM in the MUSE model, a detailed analysis about the 
cost metrics was outside the scope. Future work should build on the foundations laid in this work by addressing 
such aspects in more detail in order to create highly robust model outcomes.

The demand of commodities is modelled as a functional relation of exogenous GDP and population without 
adjustments due to commodity price elasticities. Although this represents a simplification compared to the 
commodity market, it depends on the nature of the MUSE model to perform a partial equilibrium approach just on 
energy commodities, such as fuel and electricity. Other IAMs include a price feedback on the service demand 
assuming historical values of demand elasticities to prices (The Joint Global Change Research Institute, 2019).

The ISM as presented in this work does not include the effects of climate change on the economic growth. 
Some IAMs have attempted to model this by using damage functions (RFF-CMCC European Institute on 
Economics and the Environment, 2019). Still there is not a wide consensus about how the issue should be addressed 
and it represents an important issue of IAMs. 

The ISM can capture policy interventions such as technology-based subsidies. Also, in order to model 
decarbonization pathways, the model can include carbon as well as emissions tax. Uncertainty in the policy 
framework and the lack of consistent regulation particular in certain matters such as climate change are difficult 
to capture in ISM, as it is in the general integrated modelling assessment community (Kriegler et al., 2015a). In 
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this perspective, the role of IAMs is to provide a range of plausible futures to help the decision-making process, 
making sure that transparency in the methodology and the data is guaranteed.

5. Conclusion
This work has shown the methodology behind the investment decision algorithm in the ISM of MUSE. It has 

been presented how the ISM can be effectively applied. This lays the foundation for presenting in-depth analyses 
for the industrial sector in the future.

Industrial decarbonization, via decoupling industrial production from its CO2 emissions, is crucial to mitigate 
climate change. Multiple measures, such as industrial electrification, fuel switching, and CCS, can be adopted to 
reach this goal. This paper shows the market penetration of different technologies, with and without a carbon tax, 
and analyzes the potential for the three measures to decarbonize the industrial sector. For this, the ISM of the 
MUSE model has been applied on a specific case study analyzing the production of iron and steel in the USA.

In order to make increased electrification an effective measure, it is pivotal to decarbonize the power sector. 
Increased electrification by means of a shift to EAF technologies in the USA is mainly limited by scrap availability. 
Therefore, scrap recycling rates should be maximized. While there is no direct economic barrier for the uptake of 
EAF technologies, an economic incentive, such as a carbon tax, is necessary for shifting the fuel supply away from 
coal towards lower-carbon fuels. Moreover, a carbon tax drives investors to invest in plants with integrated CCS, 
especially for CO2 intensive technologies. The deployment of CCS goes beyond the emission reductions from fuel 
switching and electrification, and is pivotal for decreasing the amount of CO2 that reaches the atmosphere. In 
addition, this work shows that CCS is not implemented in industrial facilities without strong policy support or 
commercial incentives.

Each of the three analyzed measures has limited impact on reaching ambitious climate goals. An integrated 
approach, implementing of all three measures, is needed for sufficient abatement for the sector to play its part in 
climate change mitigation. For this, a carbon tax is found to result not only in the use of more efficient technologies, 
and fuels with lower CO2 emissions, but moreover in the uptake of CCS technologies within the iron and steel 
production chain. In addition, other decarbonization measures, such as improved energy and material efficiency, 
should be implemented in order to create a broader set of measures. Moreover, the uptake of innovative low-carbon 
breakthrough technologies is crucial for reaching deep decarbonization. Overall, while the case study of this work 
shows that a carbon tax and decarbonized electricity generation are essential for leading the iron and steel industry 
in the USA towards decarbonization, it also shows that additional efforts are crucial for the deep decarbonization 
that is necessary in order to reach climate targets such as the Paris Agreement.
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Appendices
A. Data Assumptions

Table A.1. Techno-economic assumptions for calibrated technology input data to the ISM
Attribute BF-

BOF 
SR-BOF DR-EAF Scrap-EAF Source

CAPEX1 1.00 1.03 0.62 0.43 (Morfeldt et al., 2015; van Ruijven et al., 
2016)

OPEX1 1.00 4.05 0.44 0.94 (Morfeldt et al., 2015)

SEC (Fuel) 1 1.00 1.20 1.07 0.05 (IEA, 2017b, 2009; IEA Energy 
Technology Systems Analysis Program, 
2017; Worrell et al., 2008)

SEC 
(Electricity)1

1.00 0.61 2.32 4.18 (Morfeldt et al., 2015; Worrell et al., 
2008)

CO2 emission 
from chemical 
processes1

1.00 0.60 0.06 0.06 (Daly and Fais, 2014)

Technical 
lifetime

25 years 25 years 25 years 25 years (Daly and Fais, 2014; Morfeldt et al., 
2015)

UF 90% 90% 90% 90% (Budinis, 2017)

Plants with 
integrated CCS

CAPEX & 
OPEX (2010)2

1.48 1.48 1.48 1.48 (IEA Energy Technology Systems 
Analysis Program, 2010)

CAPEX & 
OPEX (2020)2

1.40 1.40 1.40 1.40 (IEA Energy Technology Systems 
Analysis Program, 2010)

CAPEX & 
OPEX (2030)2

1.32 1.32 1.32 1.32 (IEA Energy Technology Systems 
Analysis Program, 2010)

Efficiency 
penalty2

12% 12% 12% 12% (IEA Energy Technology Systems 
Analysis Program, 2010)

CO2 capture 
rate

90% 90% 90% 90% (IEA, 2017b; Working Group III of the 
IPCC, 2005)

Note. 1Data are provided for the base year 2010 and shown in relation to the reference production route BF-BOF.
2Data for plants with integrated CCS are in relation to the same plants without CCS

Table A.2. Assumptions for fuel input data to the ISM 
Attribute Hard 

coal
Bio-
methane

Electri-
city

Forest 
residues

HFO LPG Naphtha Natural 
gas

Source

CO2 emission 
factors from fuel 
combustion1

1.00 0.58 0.002 1.18 0.82 0.67 0.77 0.59 (IPCC, 
2006)

Fuel prices3 (IEA, 
2017d)

     2010 1.00 1.65 6.97 7.09 5.61 9.41 7.36 2.50
     2030 1.16 1.74 12.48 7.51 7.02 11.77 9.20 3.39
     2050 1.10 1.88 11.33 8.11 6.73 11.29 8.83 3.37
Note. 1Values have been scaled in reference to the hard coal.
2The specific CO2 emission from electricity generation are scenario- and time-dependent and have been reported in Table 3.
3Values have been scaled in reference to the price of hard coal in 2010.
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