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ABSTRACT 18 

Iron and steel manufacturing is the largest contributor to CO2 emissions among heavy 19 

industries worldwide. This is mostly due to the use of coal in blast furnace-basic oxygen furnace 20 

(BF-BOF) process for virgin (primary) steel production. The electricity generation mix used in the 21 

electric arc furnace (EAF) process to recycle scrap steel also contributes to the CO2 emission 22 

associated with secondary steel production. To decarbonize iron and steel sector, we investigated 23 

decarbonization options for BF-BOF and EAF processes, including energy efficiency, carbon 24 

capture and storage, and the use of clean energy sources, in various BF-BOF and EAF process 25 

configurations. For each decarbonization approach, we evaluated the CO2 reduction potential via 26 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



2 

 

life cycle analysis (LCA) and estimated the associated cost through techno-economic analysis 27 

(TEA). A typical U.S. BF-BOF for virgin steel production has a cradle-to-gate (CTG) CO2 28 

emissions of 1,990 kg/MT steel with a levelized cost of steel (LCOS) of $439/MT steel, while a 29 

typical U.S. EAF process for secondary steel production in the United States has a CTG CO2 30 

emissions of 270 kg/MT steel with a LCOS of $365/MT steel. Combining renewable energy 31 

sources and carbon capture, BF-BOF CTG CO2 emissions can be reduced to 16 kg/MT steel, and 32 

EAF configurations can achieve similar deep reductions to reach 25 kg/MT steel. The 33 

corresponding LCOS with these decarbonization levels is estimated to increase to $542/MT steel 34 

and $348/MT steel, respectively. The estimated CO2 avoidance costs vary from -$90/MT CO2 to 35 

$646/MT CO2, depending on the various decarbonization technologies and energy prices. 36 

 37 

 38 
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1. INTRODUCTION 42 

Iron and steel manufacturing is the largest contributor to CO2 emissions and second largest 43 

energy consumer among heavy industries worldwide (IEA, 2020a). The iron and steel industry 44 

accounts for 83% of the coal demand in the U.S. manufacturing sector (EIA 2018 and 2020), where 45 

coal is used as a primary fuel as well as a feedstock for coke production. In a coke oven, coal is 46 

heated to produce coke, which has a higher carbon content and lower impurities, and is an 47 

important raw material for pig iron production (Babich and Senk, 2019; Mayer et al., 2019). This 48 

large coal consumption, as well as high demand for other energy sources, results in high 49 

greenhouse gas (GHG) emissions in iron and steel manufacturing (Ryan et al., 2020). In 2019, the 50 

direct GHG emissions from U.S. iron and steel manufacturing were 72 million metric tons (MMT) 51 

CO2 equivalent, or 6% of the total U.S. GHG emissions from manufacturing sectors (GHGRP, 52 

2019). To achieve the goal of net-zero CO2 emissions by 2050 (IEA, 2020b), the iron and steel 53 

manufacturing sector needs a deep reduction of CO2 emissions (Arens et al., 2017). That reduction 54 

can be achieved through increased energy efficiency, carbon capture and storage (CC), and the use 55 

of cleaner energy (Milford et al., 2013). However, these approaches may increase crude steel 56 

production cost given the investment cost of energy-efficient technologies, the increased energy 57 

consumption of CC, and the higher price of clean energy. Thus, this work discusses the CO2 58 

emissions reduction potential of different approaches with cost tradeoffs to determine the optimal 59 

decarbonization solution.  60 
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In the U.S. steel industry, the two major manufacturing technologies are the blast furnace–61 

basic oxygen furnace (BF-BOF) and the electric arc furnace (EAF) (Jamison et al., 2015). In 2019, 62 

a total of 87.8 MMT of steel was produced in the U.S.: 30% from BF-BOF and 70% from EAF 63 

(World steel Association, 2020). BF-BOF consumes mostly iron ore, though scrap (recycled steel) 64 

can constitute up to 30% of the raw material; EAF uses primarily scrap without iron ore (Cavaliere, 65 

2019). U.S. BF-BOF facilities are over 30 years old (Hasanbeigi and Springer, 2019), on average, 66 

with an energy consumption of around 23 GJ/metric ton (MT) steel, of which 85% is coal (Jamison 67 

et al., 2015). Because U.S. EAF facilities use scrap as the primary feedstock, their energy 68 

consumption is much lower: 6.1 GJ/MT steel (including energy consumption for finishing 69 

processes at 3.8 GJ/MT) of which 59% is electricity (Hasanbeigi and Springer, 2019). The different 70 

technologies and energy consumption profiles of the BF-BOF and EAF processes require different 71 

CO2 reduction options. 72 

BF-BOF plants, sometimes called integrated mills,  consist of multiple processes such as 73 

coke making, iron ore agglomeration (Cui et al., 2021), blast furnace, basic oxygen furnace, 74 

refining, and casting processes. Energy efficiency improvements, such as multifunctional energy 75 

systems (Jin et al., 2009), solid waste utilization (Griffin and Hammond, 2019), and heat-energy 76 

recovery (Chen et al., 2018), are potential ways to reduce energy consumption and CO2 emissions. 77 

The U.S. Department of Energy’s (DOE’s) Bandwidth Study estimated the energy consumption of 78 

a typical BF-BOF process in the U.S. as the baseline (Jamison et al., 2015). This study concluded 79 

that the energy efficiency improvements can reduce energy consumption by 10% achieved through 80 

state-of-the-art (SOA) BF-BOF technology,  such as coke dry quenching, enhanced combustion 81 

control, waste gas heat recovery, steam recovery, ladle management, and bottom stirring (Jamison 82 

et al., 2015). Carbon capture and storage is another CO2 emissions reduction approach in steel 83 
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production (Rigamonti and Brivio, 2022). Biermann et al. studied an integrated steel mill to 84 

estimate the CO2 capture cost. Their results showed that the lowest capture cost, $33/MT CO2, can 85 

be achieved by partial CO2 capture from blast furnace gas, with 36% carbon avoidance. To achieve 86 

76% carbon avoidance, the capture cost increases to $51/MT CO2 (Biermann et al., 2019). The 87 

International Energy Agency (IEA) compared three CO2 capture cases that showed the CO2 88 

avoidance cost to be $56–$81 per metric ton when the CO2 avoidance ratio is 47%–60%(IEA, 89 

2013). Another widely studied approach for industrial steel CO2 emissions reduction is switching 90 

from fossil energy to renewable sources of energy (Kumar et al., 2017). Mandova et al. showed 91 

that by using biomass, a BF-BOF mill can achieve a maximum CO2 emissions reduction rate of 92 

42% (Mandova et al., 2018).  93 

The second type of steel mill, EAF mills, are known as “mini mills” as they have only one 94 

primary conversion process. The DOE bandwidth study estimated the energy consumption of EAF 95 

technology at 2.3 GJ/MT for crude steel production—90% less than the current typical BF-BOF 96 

process (Jamison et al., 2015). Birat et al. reviewed the global energy consumption of EAF and 97 

showed that the best EAF route in practice had an energy intensity of 2.2 GJ/MT crude steel, of 98 

which 1.6 GJ/MT is related to electricity consumption and 0.6 GJ/MT is related to fossil fuel 99 

consumption for preheating (Birat, 2010). The typical CO2 emissions reduction approach in EAF 100 

mills is to increase energy efficiency and use renewable energy sources (both electricity and fuels) 101 

rather than fossil energy sources (Echterhof, 2021). The direct CO2 emissions from EAF mills are 102 

more than 90% lower than those of BF-BOF mills, and CO2 capture cost increases greatly when 103 

CO2 emissions are low owing to economic of scales (Herron et al., 2014). Thus, CC technology is 104 

not used to reduce CO2 emissions in EAF mills.   105 
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The CO2 emissions reduction in BF-BOF and EAF configurations has been previously 106 

studied in terms of increased energy efficiency, with and without CC, and with and without the 107 

use of renewable energy sources, respectively. However, none of the decarbonization methods can 108 

achieve deep decarbonization individually; a combination of several methods is needed to reach 109 

the net-zero emissions target. 110 

The previous steel decarbonization studies were based on various plant parameters and 111 

analysis boundaries, thus did not employ a uniform framework to evaluate and compare different 112 

decarbonization options. Consequently, information from these studies could not be simply 113 

compared to investigate decarbonization options for steel manufacturing. A systematic, 114 

comprehensive, and quantitative analysis for steel decarbonization options with consistent system 115 

boundary and baseline is thus needed. This study provides a comprehensive life cycle analysis 116 

(LCA) and techno-economic analysis (TEA) of six U.S. BF-BOF and four U.S. EAF 117 

decarbonization methods to achieve deep CO2 reduction.  118 

The six BF-BOF configurations analyzed include two types of system designs: current-119 

practice U.S. blast furnace technologies (BF-BOF) and state-of-the-art (SOA) blast furnace 120 

technologies (BF-BOF-SOA). For each of these technologies, we analyzed three system designs: 121 

the two base cases (BF-BOF and BF-BOF-SOA), cases with CC (BF-BOF-CC and BF-BOF-SOA-122 

CC), and cases in which CC is combined with a change in all energy sources from fossil to 123 

renewable (BF-BOF-all and BF-BOF-SOA-all). The four EAF configurations also include a 124 

current technology case and state-of-the-art technology case, and for each we analyzed the base 125 

cases (EAF and EAF-SOA) and the decarbonization cases with all energy sources changed from 126 

fossil to renewable (EAF-all and EAF-SOA-all). The technology readiness level of these 127 

configurations and their available year is listed in Table S1 of the supporting information (SI). The 128 
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LCA was conducted using GREET® (Greenhouse gases, Regulated Emissions and Energy use in 129 

Technologies) 2020.  GREET is a life-cycle model developed by Argonne National Laboratory to 130 

evaluate energy and emissions impacts of fuels and products (Wang et al., 2020). TEA was 131 

conducted using discounted cash flow analysis—the same methodology used in DOE’s 132 

Ironmaking Process Alternatives Screening Study Volume I: Summary Report (Greene, 2000).  133 

In this study, we derived the mass and energy conversion of all evaluated BF-BOF and 134 

EAF configurations information from various literature sources, such as DOE reports (Jamison et 135 

al., 2015), industrial reports (The Athena Sustainable Materials Institute, 2002), and others. The 136 

mass and energy conversion data were incorporated in the GREET model to evaluate the CTG 137 

CO2 emissions, covering all stages from iron ore recovery to steel production. The mass and energy 138 

flow data were also used as input for equipment scaling, and capital and operating costs evaluation, 139 

which are used in the discounted case flow analysis to calculate the LCOS. 140 

2. METHODOLOGY 141 

Increased energy efficiency, carbon capture and storage, and use of renewable energy are 142 

three methods that can be used to reduce CO2 emissions from iron and steel manufacturing 143 

processes. This methodology section reviews the BF-BOF and EAF steel production technologies 144 

using these three methods and includes a discussion of LCA boundaries and assumptions as well 145 

as detailed information for TEA analysis. The basic assumptions and conditions for the analysis 146 

are listed below.  147 

 a) The energy and mass conversion data represents U.S. steel industry average value (i.e., 148 

does not represent a specific plant). 149 
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b) The steel plants are assumed to operate under steady state (i.e., the transient state energy 150 

and mass conversion during startup and shut down is not considered);  151 

c) The life cycle analysis focuses on the feedstock and fuel consumptions, and does not 152 

account for the embodied emission during plant construction, which is likely negligible when 153 

allocated to per MT of steel, given the large production throughput over the long plant life time;  154 

d) The techno-economic analysis uses the average U.S. historical fuel cost, thus the impact 155 

of regional and time-dependent price variations are not covered in this study. 156 

2.1 Steel production technology  157 

2.1.1 BF-BOF technology and CO2 reduction methods 158 

Figure 1 shows the mass flow rate and CTG CO2 emissions of a current-practice baseline 159 

U.S. BF-BOF steel mill. The energy consumption data is from a previous work by Jamison et al. 160 

(2015), for a typical BF-BOF process in the United States. The material flow rates of iron ore, 161 

scrap, limestone, and lime are based on previous studies for a baseline steel production plant in the 162 

United States (The Athena Sustainable Materials Institute, 2002). The CO2 emissions are evaluated 163 

based on energy consumption, material consumption, and the carbon balance using GREET model. 164 

The BF-BOF process includes two materials preparation processes: ore agglomeration (pelletizing 165 

and sintering) and coke making (He and Wang, 2017). In the ore agglomeration process, iron ore 166 

is crushed and ground to remove impurities and pelletized to form uniformly sized round iron ore 167 

pellets. In the sintering process, the ore pellets are mixed with iron fines, coke breeze (fine coke), 168 

and limestone to form hardened lumps of sinter as feedstock for the blast furnace. The coke breeze 169 

supplies energy for the sintering processes. In the coke oven, coking coal is heated to high 170 

temperatures in an airless environment to drive off volatile chemicals, increase carbon content, 171 

and produce lump coke as the energy supply for the blast furnace (Xu et al., 2020). The tar and 172 
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benzol produced from the coke oven are sold to the market as by-products (IEA, 2013). Although 173 

not all coke is produced on-site in U.S. BF-BOF plants, the process is included in this analysis to 174 

make the analysis boundaries consistent with the energy data source (American Coke and Coal 175 

Chemicals Institute, 2020). 176 

After the materials preparation, ironmaking reactions take place in the blast furnace 177 

(Suopajärvi et al., 2018). Pellets and sinter (from ore agglomeration), lump coke (from the coke 178 

oven), and limestone are added to the top of the blast furnace. In the lower section of the blast 179 

furnace, coke is gasified to produce CO through reactions R1 and R2 using hot blast air (24 w% 180 

O2) as the gasification agent (IEA, 2013). The CO reacts with iron oxides as the reducing agent to 181 

form hot metal (pig iron) through reactions R3 to R5.  182 

𝐶 + 𝑂2 → 𝐶𝑂2     ∆𝐻0 = −393 𝑘𝐽/𝑚𝑜𝑙  (R1) 183 

𝐶 + 𝐶𝑂2 → 2𝐶𝑂    ∆𝐻0 = +172 𝑘𝐽/𝑚𝑜𝑙  (R2) 184 

3𝐹𝑒2𝑂3 + 𝐶𝑂 → 2𝐹𝑒3𝑂4 + 𝐶𝑂2  ∆𝐻0 = −47 𝑘𝐽/𝑚𝑜𝑙  (R3) 185 

𝐹𝑒3𝑂4 + 𝐶𝑂 → 3𝐹𝑒𝑂 + 𝐶𝑂2   ∆𝐻0 = +19 𝑘𝐽/𝑚𝑜𝑙  (R4) 186 

𝐹𝑒𝑂 + 𝐶𝑂 → 𝐹𝑒 + 𝐶𝑂2   ∆𝐻0 = −11 𝑘𝐽/𝑚𝑜𝑙  (R5) 187 

The hot metal produced in the blast furnace is routed to the BOF to be purified and 188 

converted to liquid steel. Up to 30% scrap can be also fed to BOF (Suopajärvi et al., 2018). Finally, 189 

the liquid steel is refined and cooled in the refining and casting stages to produce crude steel 190 

(Kapoor et al., 2021). In the BF-BOF configuration, coke oven gas (COG) and blast furnace gas 191 

(BFG) are formed in the coke oven and blast furnace, respectively, and are used as fuel in the 192 

power generation unit to supply heat and power to the entire system (Peacey and Davenport, 2016). 193 
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Figure 1 shows the material flow rates of iron ore, scrap, limestone, and lime from a typical 194 

steel production plant in the United States, as evaluated by the Athena Sustainable Materials 195 

Institute (The Athena Sustainable Materials Institute, 2002). Table 1 shows the energy 196 

consumption of the six BF-BOF configurations covered in this study. The BF-BOF case represents 197 

the typical current technology (current-practice baseline) in U.S. iron and steel manufacturing, 198 

which uses 22.7 GJ energy (after by-product displacement) to produce 1 metric ton of crude steel. 199 

The energy consumption of the BF-BOF (also shown in Figure 1) is calculated from a U.S. onsite 200 

energy consumption database, based on the U.S. Energy Information Agency’s (EIA’s) 201 

Manufacturing Energy Consumption Survey (MECS) data, which includes offsite electricity as 202 

well as steam generation and transmission losses (Jamison et al., 2015).  203 

 204 

Figure 1. Mass flowrate (red arrows) and CTG CO2 emissions (clouds) of the 205 

current practice baseline of the BF-BOF process in the U.S. 206 

Table 2 shows direct CO2 emissions from the baseline BF-BOF with additional NG 207 

consumption for carbon capture. In the baseline case, the flue gas from coke oven, BF-hot stoves 208 
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and steam boiler has a CO2 concentration above 10 vol%. These flows are used as high 209 

concentration CO2 sources for carbon capture (Herron et al., 2014).  The carbon capture method is 210 

mono-ethanol-amine (MEA) with 90% carbon capture ratio from these sources. Thus, the total 211 

CO2 captured from the BF-BOF baseline case is 1,376 kg/MT steel, which, when compared with 212 

the total carbon emissions (1,995 kg/MT) in the base case, implies a carbon capture ratio of 69%. 213 

According to case B of IEA’s Iron and Steel CCS Study (Techno-Economics Integrated 214 

Steel Mill) (IEA, 2013), the heat required for the MEA carbon capture process is supplied by 215 

natural gas (NG) combustion. The NG consumption is 3.0 GJ for each metric ton of CO2 captured 216 

(IEA, 2013). The total electricity consumption for carbon capture and compression (to 153 bar) is 217 

0.4 GJ for each metric ton of CO2 captured. The electricity consumption for carbon capture and 218 

compression is estimated at 43 MJ/MT CO2 and 354 MJ/MT CO2, respectively (IEA, 2013; Zang 219 

et al., 2021).  220 

Table 1. Energy consumption of six BF-BOF configurations for crude steel production 221 

Groups BF-BOF BF-BOF-SOA 

Energy consumption 

(GJ/MT steel) 

BF-BOF 

(current 

practice 

baseline) 

BF-BOF-CC BF-BOF-all BF-BOF-SOA 
BF-BOF- 

SOA-CC 

BF-BOF- 

SOA-all 

Residual oil 0.152 0.152 0.000 1.316 1.316 0.000 

Gasoline 0.003 0.003 0.003 0.003 0.003 0.003 

Diesel 0.038 0.038 0.038 0.038 0.038 0.038 

NG 2.530 7.150 0.000 0.378 4.727 0.000 

RNG 0.000 0.000 7.267 0.000 0.000 6.008 

Coking coal 18.15 18.15 16.33 17.01 17.01 15.31 

Industrial coal 2.039 2.039 0.000 2.574 2.574 0.000 

Biochar 0.000 0.000 3.194 0.000 0.000 3.656 

Grid electricity 0.875 1.416 0.000 0.446 0.955 0.000 

Clean electricity 0.000 0.000 1.405 0.000 0.000 0.927 

By-product -1.130 -1.130 -0.852 -1.350 -1.350 -1.089 

Total 22.66 27.82 27.39 20.42 25.27 24.85 

Relative to  

baseline (%) 
100% 123% 121% 90% 112% 110% 

 222 

223 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



12 

 

Table 2. Direct carbon emissions and CO2 captured from BF-BOF baseline case 224 

  

Coke 

oven Sintering 

BF 

hot stoves 

BF 

other BOF 

Steam  

boiler 

NG for  

CO₂ capture Total 

Direct CO₂ emissions  

(kg/MT steel) 157 166 404 32 32 968 236 1,995 

CO₂ concentration (v%) 15% 5% 27% 6% 6% 25% 3% -- 

CO₂ captured 

(kg/MT steel) 141 0 364 0 0 871 0 1,376 

CO₂ capture ratio (%) 7% 0% 18% 0% 0% 44% 0% 69% 

 225 

Coal, NG, residual oil, and electricity are the major energy inputs for the current BF-BOF 226 

plant. Switching energy sources from fossil energy to renewable energy or low carbon energy, 227 

such as bioenergy, can reduce steel production carbon intensity and reduce (fossil) CO2 emissions 228 

(Luh et al., 2020). For example, biochar has the potential to replace all the industrial coal for 229 

combustion use in the BF-BOF technology and can replace 10% of the coke used in the blast 230 

furnace (Mandova et al., 2018; Mousa et al., 2016). Given that residual oil and NG are used 231 

primarily as fuel for combustion without participating in the major reactions, both of them can 232 

potentially be replaced by renewable natural gas (RNG) (Cavaliere, 2019). In addition, grid 233 

electricity can be switched to clean (low or zero carbon emissions) electricity from lower-carbon 234 

energy sources such as nuclear, biomass, and wind/solar energy to reduce CO2 emissions (Arens 235 

et al., 2021). The BF-BOF-all case in Table 1 shows the resultant energy consumption with all the 236 

energy switching options. The total energy consumption of BF-BOF-all case is 0.4 GJ/MT crude 237 

steel lower than that of the BF-BOF-CC case, because 10% of the coke used in the blast furnace 238 

is replaced by biochar.  239 

Currently, the U.S. BF-BOF facilities are, on average, over 30 years old. Thus, a group of 240 

state-of-the-art BF-BOF technologies (BF-BOF-SOA) are listed in Table 1 to reflect recent BF-241 

BOF technology improvements (Jamison et al., 2015). The BF-BOF-SOA case uses the most 242 
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efficient technologies or equipment for ore agglomeration, coke making, blast furnace, and basic 243 

oxygen furnace. All processes of BF-BOF-SOA case have lower energy consumptions than the 244 

BF-BOF case(Jamison et al., 2015). As shown in Table 1, the total energy consumption of the BF-245 

BOF-SOA case is 20.4 GJ/MT crude steel (by accounting for credit of by-product displacement). 246 

BF-BOF-SOA case shows 10% reduction of energy consumption from current BF-BOF (22.7 247 

GJ/MT). More detailed energy consumption information for the six BF-BOF configurations is 248 

shown in Table S2 of the Supporting Information (SI). 249 

2.1.2 EAF technology and CO2 reduction methods 250 

“Mini-mill” steelmaking with EAF as the major reaction unit accounts for approximately 251 

26% of world crude steel production and 70% of U.S. steel production (Hasanbeigi and Springer, 252 

2019). Unlike BF-BOF that uses iron ore as the primary feedstock, EAF produces steel from scrap 253 

(recycled steel), direct reduced iron (DRI), pig iron, and additives, without iron ore input. In the 254 

United States, scrap is used as feedstock in almost all U.S. EAF plants (USGS, 2020a). Only four 255 

metallic iron plants in the U.S. produce a limited amount of reduced iron (DRI) (one DRI plant in 256 

Louisiana, and three hot-briquetted iron (HBI) plants in Indiana, Ohio, and Texas).  257 

For a baseline case of U.S. EAF steel production, the energy consumption, materials 258 

flowrate, and CO2 emissions are derived from the study of Jamison et al., The Athena Sustainable 259 

Materials Institute, and the GREET model. In the EAF process, scrap is melted with a certain 260 

amount of added carbon (e.g., graphite) in order to lower the metallic iron melting point, and 261 

therefore reduces electricity consumption (Cavaliere, 2019). The process of iron-carbon melting 262 

is very complex and includes heat transfer from the melted liquid metal to the scrap and from the 263 

surface to internal layers of scrap pieces (Gajic et al., 2016). The energy demands of EAF (shown 264 

in Table 3 as current-practice baseline) are 1.8 GJ/MT of electricity and 0.5 GJ/MT of NG in the 265 
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current typical U.S. EAF case (Jamison et al., 2015). The EAF-all case in Table 3 shows the energy 266 

consumption when NG is replaced by RNG and grid electricity by clean electricity.  267 

The two EAF-SOA options in Table 3 reflect recent technology improvements in EAF 268 

(Jamison et al., 2015). The EAF-SOA case uses the most efficient EAF technology available today. 269 

As shown in Table 3, the total energy consumption of the EAF-SOA case is 1.9 GJ/MT crude steel, 270 

which is 17% lower than the energy consumption of the current EAF technology. The EAF-SOA-271 

all case shows the RNG and clean electricity application potential in the EAF-SOA case.  272 

Table 3. Energy consumption of four EAF configurations for steelmaking 273 

Groups EAF EAF-SOA 

Energy consumption 

(GJ/MT steel) 

EAF 

 (current-practice baseline) 
EAF-all EAF-SOA EAF-SOA-all 

NG 0.546 0 0.189 0 

RNG 0 0.546 0 0.189 

Grid electricity 1.779 0 1.744 0 

Clean electricity 0 1.779 0 1.744 

Total 2.325 2.325 1.933 1.933 

Relative to baseline (%) 100% 100% 83% 83% 

2.2 LCA analysis and fuel switching CO2 emissions 274 

Using the same process configurations described above, we evaluated CO2 emissions from 275 

steel production using the GREET model (2020). The CO2 emissions analysis from steel 276 

production can be conducted in three scopes: scope I—direct emissions; scope II—CO2 emissions 277 

for the electricity supply; and scope III— all the upstream emissions of process inputs, such as 278 

fuel/material extraction, transportation, and emissions displacement of by-products (Birat, 2010). 279 

Figure 2 shows the cradle-to-gate (CTG) LCA analysis boundaries used in this study, which 280 

include all the above scopes. We have considered four major analysis steps of materials/fuel 281 

extraction and transportation and electricity generation and transmission, materials pretreatment, 282 
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ironmaking, and steelmaking steps. The LCA analysis is based on the functional unit of kg CO2 283 

per MT of crude steel produced (kg/MT steel) (Cruz et al., 2021). 284 

 285 

Figure 2. LCA analysis boundary for BF-BOF and EAF cases 286 

Figure 2 illustrates the main configurations of five cases for steel production from BF-BOF 287 

and EAF processes. The CO2 emissions associated with energy switching are accounted for in the 288 

materials/fuel extraction, transportation, electricity generation and transmission steps (detailed 289 

information is shown in Table 4). All the data is from GREET 2020, where the liquid fuel includes 290 

low-sulfur diesel, gasoline, and residual oil, with extraction and transportation CO2 emissions of 291 

12.3, 16.1, and 9.3 kg CO2/GJ liquid fuel, respectively. The NG fuel carries 5.9 kg CO2/GJ 292 

emissions from upstream extraction and transportation processes. It can be replaced by renewable 293 

natural gas, of which the CO2 emission varies with different sources and production technologies. 294 

For the present study, we show results for RNG from combined waste, which  has -57.2 kg CO2/GJ 295 

emissions from the production process, based on GREET 2020. Industrial coal carries 1.5 kg 296 
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CO2/GJ emission for upstream extraction and transportation processes; it can be replaced by 297 

biochar to reduce CO2 emission. One GJ of biochar can be produced from forest residue with a 298 

yield of 25%, using 0.14 GJ heat and 0.04 GJ power (Crombie et al., 2015, Cong et al., 2018). The 299 

upstream CO2 emissions of the biochar are -86.3 kg CO2/GJ after accounting for the biogenic 300 

carbon (Wang et al., 2020).  301 

Table 4. CO2 emissions for extraction and transportation of various materials and fuels and for 302 

generation of electricity from GREET 2020 303 

 Liquid fuel Gas fuel Solid fuel 

Extraction 

transportation 
Diesel Gasoline 

Residual 

oil 
NG RNG Coal Char 

GREET 2020 

pathway 

Petroleum  

LS diesel 

Petroleum 

gasoline 

blendstock 

Petroleum  

residual oil 

NG 

as stationary 

fuels 

RNG 

combined 

waste to NG 

Coal  

to power 

plant 

Pyrolysis 

IDL 

CO2 

emissions 

(kg/GJ) 

12.3 16.1 9.3 5.9 -57.2 1.5 -86.3 

 Electricity Source Materials 

Extraction 

transportation 
U.S. grid 

Bio-

electric 

Nuclear-

electric 

Hydro-

electric 
Wind Limestone Lime 

GREET 2020 

pathway 

Electric 

U.S. mix 

Electric 

biomass 

fired 

power 

Electric 

nuclear 

Electric 

hydroelectric 

Electric 

wind power 

Ag-inputs 

CaCO3 

Ag-inputs 

lime in 

U.S. 

CO2 

emissions 

(kg/GJ) 

118 6.5 2.0 0.0 0.0 8.4 1,085 

The direct CO2 emissions from material pretreatment, ironmaking, and steelmaking include 304 

fuel combustion emissions and process emissions (detailed information shown in Table 5). The 305 

fuel combustion emissions factors are from GREET 2020, and the process emissions of sintering 306 

(27.6 kg CO2/GJ) and blast furnace (21.9 kg CO2/GJ) are from the simulation by the previous study 307 

(The Athena Sustainable Materials Institute, 2002). The LHV, density, and carbon ratio of fuels 308 

are shown in Table 6. 309 

  310 
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Table 5. CO2 emission factors of various fuels 311 

 Liquid fuel Gaseous fuel Solid fuel 

Fuel combustion Diesel Gasoline Residual oil NG BFG COG Coal Char 

CO2 emissions (kg/GJ) 73.9 68.8 80.6 56.3 278.6 44.1 94.8 85.3 

Process emissions Sintering Blast furnace 

CO2 emissions (kg/MT steel) 27.6 21.9 

 312 

Table 6. Fuel properties used for life cycle and technical-economic analysis 313 

Material parameter LHV (GJ/MT-fuel) Density (kg/L) Carbon content (wt%) 

Coal fuel 22.65 -- 58.57% 

Coking coal 28.61 -- 74.70% 

Residual oil 39.47 0.99 86.80% 

Gasoline 43.45 0.74 86.30% 

Diesel 42.61 0.85 87.10% 

Coke 31.34 0.00 86.67% 

NG 47.14 0.00 72.40% 

 314 

2.3 TEA analysis and fuel switching cost 315 

TEA analysis evaluates the LCOS using a discounted cash flow analysis and process-level 316 

information from Ironmaking Process Alternatives Screening Study Volume I: Summary Report 317 

(Greene, 2000). The discounted cash flow analysis is broadly used for levelized cost evaluation of 318 

steel production. The LCOS is the steel price that makes the net present value of the steel plant 319 

zero when the plant life is assumed to be 25 years with a discount rate of 10%. The construction 320 

period of a new steel plant is two years, with 75% invested during the first 12 months and 25% 321 

spent in the second 12 months. The start-up time is 12 months, and revenues are assumed to be 322 

75% those of a normal operating year (Greene, 2000). 323 

Capital expenditures are the sum of the total installed cost (TIC) and contingency (5% of 324 

the TIC) (IEA, 2013). TIC is evaluated using equation 1 (Manzolini et al., 2020), where 𝐶𝑟𝑒𝑓,𝑖 is 325 

the reference equipment cost. The BF-BOF equipment cost listed in Table 7 is from (IEA, 2013) 326 
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and the EAF equipment cost listed in Table 7 is from (Greene, 2000). 𝑆𝑟𝑒𝑓,𝑖 is the reference 327 

equipment size, 𝑆𝑖 is the real size of the equipment used in this study, and 𝑓 is the scaling exponent. 328 

Detailed information for the TIC is shown in Table 7.  329 

𝑇𝐼𝐶 = ∑ 𝐶𝑟𝑒𝑓,𝑖 × (𝑆𝑖 𝑆𝑟𝑒𝑓,𝑖⁄ )𝑓𝑛
𝑖=0        (1) 330 

Table 7. Equipment installed cost for BF-BOF and EAF technologies 331 

 Reference 

scale 

Units  

(MT/year) 

Reference 

installed cost  

(US$ million) 

Scaling 

exponent 

BF-BOF 

Coke oven 2,277,702 Coal 400 0.80 

Sintering 4,445,559 Sinter 220 0.80 

Blast furnace, hot stoves,  

and hot metal desulphurization 
3,894,263 Hot metal 622 0.80 

Basic oxygen furnace  

and steel refining 
4,323,327 Crude steel 459 0.80 

Continuous slab caster 4,000,000 Crude steel 195 0.80 

Lime production 591,361 Crude steel 16 0.80 

Air separation unit 4,323,327 Crude steel 130 0.80 

Power plant 4,323,327 Crude steel 362 0.80 

Steam generation plant 4,323,327 Crude steel 139 0.80 

Raw material handling 4,323,327 Crude steel 247 0.80 

Pre-operating expenses 4,323,327 Crude steel 21 0.80 

Land preparation, site development,  

and waste disposal 
4,323,327 Crude steel 144 0.80 

Buildings and site infrastructure 4,323,327 Crude steel 196 0.80 

Project engineering 4,323,327 Crude steel 201 0.80 

CO₂ capture and compression 4,323,327 Crude steel 590 0.80 

EAF 

Electric arc furnace and refining 4,920,000 Crude steel 591 0.80 

Land preparation, site development,  

and waste disposal 
4,920,000 Crude steel 119 0.80 

The annual operations and maintenance (O&M) cost includes the fixed O&M cost, variable 332 

O&M cost, and “other O&M” cost (e.g. slag processing, on-site haulage, disposal, and landfill). 333 

The detailed calculation processes for fixed and other O&M cost are shown in Table 8, and the 334 

material price used to calculate the variable O&M cost is shown in Table 9. In Table 8, the 335 

miscellaneous cost includes services related to logistics, engineering, analysis, infrastructure, and 336 
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information. The LCOS of each system was evaluated to demonstrate the impacts of the selected 337 

technology and carbon capture option on the steel price. For TEA analysis, the base cases use 338 

market prices in 2019 of the incumbent energy sources: electricity price of $0.07/kWh (Zang et 339 

al., 2021), NG price of $3.7/GJ (EIA, 2019a), coking coal price of $161/MT (EIA, 2019b), and 340 

industrial coal price of $68/MT (EIA, 2019b). To show the impacts of renewable energy prices on 341 

the LCOS, a clean electricity price of $0.03-$0.15/kWh (Wiser and Bolinger, 2019), an RNG price 342 

of $6.6-$19.0/GJ (American Gas Foundation, 2019), and biochar price of $403-$747/MT (Bushell, 343 

2018) have been used.  344 

Table 8. Fixed and other O&M costs for BF-BOF and EAF technologies  345 

 Maintenance 

(% installed cost) 

Personnel  

($/MT steel) 

Miscellaneous  

($/MT steel) 

BF-BOF 

Coke oven 5.0% 8.52 5.10 

Sinter production 5.0% 8.81 1.67 

Blast furnace/hot stoves  

and hot metal desulphurization plant 
4.0% 8.26 3.20 

Basic oxygen steelmaking plant  

and refining 
5.0% 10.68 3.90 

Continuous slab caster 8.0% 9.31 1.89 

Lime production 8.0% 0.74 0.60 

Air separation unit 2.5% 0.91  

Power plant 2.5% 1.09  

Steam generation plant 2.5% 0.39  

CO₂ capture and compression 2.5% 0.57  

Other personnel cost ($/MT steel) 

Central engineering 8.02 

Management and admin staff 12.94 

EAF ($/MT steel) 

EAF personnel cost 6.32 

EAF other O&M cost 34.97 

Refining O&M cost 6.35 

Using these prices of fossil energy and renewable energy, the LCOS of current steel and 346 

future low-carbon steel can be estimated. The CO2 emission amount is quantified from the CTG 347 

LCA analysis by combining CO2 emissions from different processes. Then the CO2 avoidance cost 348 
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(𝐶𝐶𝑂2,𝐴) is calculated by using the change in LCOS (∆𝐶𝑠𝑡𝑒𝑒𝑙) divided by the change in CO2 349 

emissions (∆𝐸𝐶𝑂2
), as shown in equation 2. By comparing the CO2 avoidance cost from increased 350 

of energy efficiency, CC, and energy switching, this study can quantify the impact of different 351 

CO2 emissions reductions. 352 

𝐶𝐶𝑂2,𝐴($ 𝑀𝑇⁄ 𝐶𝑂2) = −∆𝐶𝑠𝑡𝑒𝑒𝑙 ($ 𝑀𝑇⁄ 𝑠𝑡𝑒𝑒𝑙) ∆𝐸𝐶𝑂2
(𝑀𝑇 𝐶𝑂2 𝑀𝑇⁄ 𝑠𝑡𝑒𝑒𝑙)⁄   (2) 353 

Table 9. Materials prices used to calculate the variable O&M cost of BF-BOF and EAF 354 

technologies 355 

Material Price Unit Reference 

Coking coal 160.77 $/MT (EIA, 2019b) 

Industrial coal 67.65 $/MT (EIA, 2019b) 

Residual oil 0.97 $/gal (EIA, 2020) 

Electricity 0.07 $/kWh (Zang et al., 2021) 

Natural gas 3.71 $/GJ (EIA, 2019a) 

Gasoline 2.67 $/gal (EIA, 2020) 

Diesel 3.04 $/gal (EIA, 2020) 

Iron ores 66.14 $/MT (USGS, 2020a) 

Purchased scrap 249.22 $/MT (USGS, 2020b) 

Dolomite 27.67 $/MT (IEA, 2013) 

Burnt dolomite 109.48 $/MT (IEA, 2013) 

Crude tar 0.97 $/gal (EIA, 2020) 

Benzol 0.97 $/gal (EIA, 2020) 

Coke 107.09 $/MT (EIA, 2019b) 

Graphite used in EAF 86.34 $/MT (Greene, 2000) 

EAF electrodes 1,530.77 $/MT (Greene, 2000) 

Lime charged 114.47 $/MT (Greene, 2000) 

O₂ gas to EAF 0.06 $/Nm3 (Greene, 2000) 

RNG-min 6.60 $/GJ (American Gas Foundation, 2019) 

RNG-max 19.00 $/GJ (American Gas Foundation, 2019) 

Clean electricity-min 0.03 $/kWh (Wiser and Bolinger, 2019) 

Clean electricity-max 0.15 $/kWh (Wiser and Bolinger, 2019) 

Biochar-min 403.00 $/MT (Bushell, 2018) 

Biochar-max 747.00 $/MT (Bushell, 2018) 

 356 

3. RESULTS AND DISCUSSION 357 
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3.1 Cradle-to-gate energy consumption and CO2 emission reduction potential 358 

With a detailed analysis of BF-BOF subprocess energy consumption, the overall process 359 

energy flow of a typical U.S. BF-BOF process can be summarized as shown in Figure 3. The width 360 

of each flow line represents the heat content, i.e., the lower heating value (LHV) of each flow 361 

based on the mass flowrate. Figure 3 shows the major energy consumption of all equipment of a 362 

typical U.S. BF-BOF plant. For the typical U.S. BF-BOF plant, coal is the primary energy input: 363 

18.2 GJ of coking coal and 2.0 GJ of industrial coal for the production of 1 metric ton of crude 364 

steel. The other energy inputs of the BF-BOF process are 0.9 GJ/MT of electricity, 0.2 GJ/MT of 365 

liquid fuel (a mixture of residual oil, gasoline, and diesel), and 2.5 GJ/MT of NG. It is worth noting 366 

that 0.8 GJ/MT of tar and 0.3 GJ/MT of benzol are produced from the BF-BOF system as by-367 

products, and both have CO2 emission displacement credit. After the by-product displacement, the 368 

total energy consumption of the BF-BOF process is 22.7 GJ/MT, as shown in Table 1.  369 

 370 

Figure 3. Energy Sankey diagram of a typical U.S. steel mill using BF-BOF technology. All values 371 

are in the unit of GJ per metric ton of crude steel production. The width of flow line indicates the 372 

quantity of energy based on lower heating value, the red flow represents blast furnace gas, the 373 
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yellow flow shows the coke oven gas and the blue, green, brown, and gray flows represent energy 374 

flows of electricity, liquid fuel, natural gas, and other energy, respectively. 375 

The overall process carbon flow of the current-practice baseline U.S. BF-BOF process can 376 

be summarized as shown in Figure 4(a). The width of the flows shown in Figure 4(a) represents 377 

the carbon content of each flow based on the mass flowrate shown in Figure 1. The numbers shown 378 

in Figure 4 indicate kg carbon per metric ton of crude steel produced. For the current-practice 379 

baseline U.S. BF-BOF plant, coal is the primary carbon source: 474 kg of carbon from coking coal 380 

and 53 kg of carbon from industrial coal for the production of 1 metric ton of crude steel. The other 381 

carbon input to the BF-BOF is 39 kg C/MT steel from natural gas, 4 kg C/MT steel from liquid 382 

fuel (a mixture of residual oil, gasoline, and diesel), and 22 kg C/MT steel from other material 383 

input, such as limestone. It is worth noting that 18 kg/MT of carbon in tar and 7 kg/MT of carbon 384 

in benzol have CO2 emission displacement credit, and tar and benzol are produced from the BF-385 

BOF system as by-products. After the by-product displacement, the total carbon input to the BF-386 

BOF process is 567 kg C/MT steel.  387 

For the entire BF-BOF system, heat and steam are supplied by combusting coke oven gas 388 

(COG) and blast furnace gas (BFG). The carbon content of the COG is 12 kg C/GJ COG based on 389 

carbon balance. It is assumed that the carbon input to the coke oven is coking coal, while the 390 

carbon outputs of the coke oven are coke, tar, benzol, and COG. The carbon content of the BFG 391 

is 76 kg C/GJ BFG based on carbon balance. The carbon input sources to the blast furnace are 392 

natural gas, coal, coke, tar, and limestone, and the carbon output of the blast furnace is BFG. Figure 393 

4(a) also shows the direct carbon emissions from each process. The power generation process has 394 

the largest carbon emissions, 264 kg C/MT, which discharges 967 kg of direct CO2 emissions for 395 

1 metric ton of crude steel produce.  396 
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Figure 4(b) summarizes the mass and carbon flow of the current-practice baseline U.S. 397 

EAF plant. Natural gas and graphite/electrode (shown as “other sources”) are the primary carbon 398 

source for steel production from EAF. The carbon content of the natural gas is 8.4 kg C/MT steel, 399 

while the carbon content in the graphite/electrode is 7.0 kg C/MT steel. The EAF process 400 

discharges 56.5 kg of direct CO2 emissions calculated from the carbon balance. 401 

402 

 403 

Figure 4. The CTG carbon Sankey diagram of (a) BF-BOF current-practice baseline (b) EAF 404 

current-practice baseline in the U.S. All the values indicate kg carbon per metric ton of crude steel 405 

production. The width of the flow line indicates the quantity of carbon. The red flow represents 406 

blast furnace gas, the yellow flow shows the coke oven gas, and the blue, green, brown, and gray 407 

flows represent carbon flows of other materials, liquid fuel, natural gas, and solid fuel, 408 

respectively. 409 

(a) 

(b) 
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Figures 5(a) and 5(b) show the CTG CO2 emissions from different BF-BOF technologies. 410 

For the current-practice baseline U.S. BF-BOF plant, the CTG CO2 emissions are 1,990 kg/MT 411 

steel. The power generation process has the largest CO2 emissions: 979 kg/MT steel (49% of the 412 

total) resulting from combustion of COG, BFG, and fuel for power generation and steam 413 

production, and the upstream fuel production emissions. The 49% also accounts for the burdens 414 

for the refining and casting processes. The 49% power generation CO2 emissions share is similar 415 

to that found in the study by Birat, which showed that 47% of total CO2 emissions are from power 416 

generation (Birat, 2010). The blast furnace has the second-largest CO2 emissions: 512 kg/MT steel 417 

(26% of the total), because 1.2 GJ BFG/MT steel and 0.2 GJ COG /MT steel are combusted to 418 

supply heat for the blast furnace.  419 

After identifying the material and energy inputs and quantifying CO2 emissions, the 420 

potential CO2 reduction can be estimated by switching the fossil carbon source to a renewable 421 

carbon source. Figure 5(a) shows the CTG CO2 emissions when the energy source is changed from 422 

grid electricity to clean electricity (wind power) (indicated by grid → clean electricity) and from 423 

oil and NG to RNG (oil, NG → RNG). It also shows the emissions when using biochar to replace 424 

10% of the coke consumption (maximum amount allowed without modifying BF process) and 425 

100% of the industrial coal consumption in the blast furnace (coke → biochar). The change in 426 

electricity source has the potential to reduce CO2 emissions by 104 kg/MT steel, and the use of 427 

RNG and biochar has the potential to reduce CO2 emissions by 174 and 318 kg/MT steel, 428 

respectively. The BF-BOF-all-no CC case combines all the energy switching options without using 429 

carbon capture and storage. The CO2 emissions from the BF-BOF-all-no CC case is 1,396 kg/MT 430 

steel—30% lower than the current-practice baseline of BF-BOF. 431 
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The BF-BOF-CC case uses NG and grid electricity to supply the energy for carbon capture, 432 

while the BF-BOF-CC-R case uses RNG and clean electricity as the energy supply for carbon 433 

capture. For both cases, 1,376 kg of CO2 can be captured from BF-BOF plants, with energy 434 

consumption of 3.0 GJ NG/RNG per MT CO2  and 0.4 GJ grid/clean electricity per MT CO2. When 435 

the energy inputs for carbon capture are NG and grid electricity, the CTG CO2 emissions for BF-436 

BOF-CC are reduced by 1,025 kg/MT steel (51% of the total). In contrast, when the energy inputs 437 

are from renewable sources of RNG and clean electricity, CTG CO2 emissions for BF-BOF-CC 438 

are reduced by 1,326 kg/MT steel (67% of total). The case of BF-BOF-all, which combines carbon 439 

capture and all energy switching options, has the lowest CO2 emissions in the BF-BOF group; it 440 

has an emission of 16 kg/MT steel, a 99% reduction from the current-practice base case shown in 441 

Figure 5(a).  442 

The CTG CO2 emissions for the BF-BOF-SOA group (with the most efficient blast furnace 443 

and basic oxygen furnace) are shown in Figure 5(b), with the energy consumption in Table 1. The 444 

CTG CO2 emissions of the BF-BOF-SOA case are 1,842 kg/MT steel, which is 7% lower than that 445 

of baseline BF-BOF case as a result of its lower energy consumption. The BF-BOF-SOA-CC case 446 

captures 1,295 kg CO2 for each MT crude steel produced. The amount of CO2 captured in the BF-447 

BOF-SOA case is 6% lower than that of the BF-BOF case because the lower fuel consumption of 448 

BF-BOF-SOA results in the lower amount CO2 emission. With carbon capture, the CTG CO2 449 

emissions of the BF-BOF-SOA-CC are 877 kg/MT steel, which is 52% lower than BF-BOF-SOA 450 

case and 9% lower than the BF-BOF-CC case. With all energy switching and carbon capture 451 

options, the CTG CO2 emissions of BF-BOF-SOA-all are 84 kg/MT steel (96% lower than the 452 

current-practice baseline of BF-BOF), as shown in Figure 5(b).  453 
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These results indicate that increasing energy efficiency has a limited CO2 emissions 454 

reduction potential of 7.4%, while CCS has a more significant CO2 emissions reduction potential 455 

of 21.7%. The decarbonization potential of fuel switching ranges from 5.2% to 15.1%. 456 

  457 

   458 

Figure 5. LCA results of BF-BOF and EAF. (a) CTG CO2 emissions of current BF-BOF group, 459 

(b) CTG CO2 emissions of the BF-BOF-SOA group, (c) CTG CO2 emissions of current EAF 460 

group, and (d) CTG CO2 emissions of the EAF-SOA group. The “power generation” is the internal 461 

power generation in the BF-BOF processes. 462 

(c) (d) 

(a) (b) 
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About 70% of the steel plants in the United States use EAF technology to process scrap 463 

and a small amount of DRI feedstock. The CTG CO2 emissions for EAF and EAF-SOA are shown 464 

in Figure 5(c)-(d), with energy consumption shown in Table 1. Unlike the BF-BOF process, which 465 

consists of six major subunits or reaction processes, the EAF pathway has only one main reaction 466 

unit: the electric arc furnace. Thus, the CTG CO2 emissions from the EAF cases come only from 467 

the consumption of NG, electricity generation, and process emissions due to the graphite use. 468 

Graphite is used as the electrode as well as a carbon source to reduce the electricity consumption 469 

in the electric arc furnace. The CTG CO2 emissions of EAF are 270 kg/MT steel—86% lower than 470 

the CTG CO2 emissions in the BF-BOF case. The NG → RNG and grid → clean electricity 471 

columns in Figure 5(c) show the CTG CO2 emissions when NG is replaced by RNG and grid 472 

electricity by clean electricity (wind power). The use of RNG and clean electricity has the potential 473 

to reduce CO2 emissions by 34 kg/MT steel and 210 kg/MT steel, respectively. When the 474 

combination of RNG and clean electricity is used, the CTG CO2 emissions of EAF can be reduced 475 

to 25 kg/MT steel that is 91% lower than the CO2 emissions from current-practice baseline of EAF. 476 

Figure 5(d) shows the CTG CO2 emissions for state-of-the-art EAF (EAF-SOA) technology (with 477 

energy consumption data shown in Table 1). The CTG CO2 emission of EAF-SOA is 244 kg/MT 478 

steel, which is 10% lower than the current-practice baseline EAF steel production plant in the U.S. 479 

After all energy switching options (to RNG and clean electricity), the CTG CO2 emissions of EAF-480 

SOA-all are 26 kg/MT steel. If RNG and clean electricity are used in combination, the CTG CO2 481 

emissions of EAF can be reduced by 89%. 482 

3.2 LCOS of steel and cost of CO2 avoidance 483 

The TEA analysis in this study uses 2019 U.S. dollars based on materials market prices in 484 

2019, shown in Table 9. Given that the typical U.S. BF-BOF steel mill has been running for more 485 
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than 30 years, the calculation of the LCOS from current BF-BOF baseline case does not include 486 

capital expenditures. For the BF-BOF case, the fixed O&M cost is $338 million per year and 487 

includes the cost of maintenance, direct labor, and indirect labor. The variable O&M cost is $1,051 488 

million per year and includes the cost of fuel and reductant, iron ore, purchased scrap, fluxes, 489 

consumables, and other utilities. The “other O&M” cost is $24 million per year and includes all 490 

other expenses and by-products credit (Table 10). The LCOS (making the net present value zero) 491 

of BF-BOF case is $439/MT crude steel, as shown in Figure 6(a).  For the BF-BOF cost, the three 492 

leading cost sources are fuel and reductant cost, iron ore and scrap cost, and labor cost representing 493 

33%, 33%, and 24% of the LCOS, respectively. The LCOS of $439/MT steel is close to the 494 

amounts found by previous research that showed a cost of $413/MT steel in 2020 using the basic 495 

oxygen furnace route (Steelonthenet.com, 2020a). The BF-BOF-CC case in Figure 6(a) shows the 496 

LCOS when carbon capture technology is integrated into current-practice baseline BF-BOF plant. 497 

The major capital expenditure for carbon capture is $560 million per plant for the CO2 capture unit 498 

and compression equipment with a CO2 capture ratio of 65%. In Figure 6(a), the LCOS of the BF-499 

BOF-CC case is $506/MT, of which 6% is capital expenditure, 32% fuel cost, 29% iron ore and 500 

scrap cost, and 22% labor cost, with the remaining 11% being electricity, other O&M, and by-501 

product credit. As a result of the addition of the carbon capture unit, the fuel and electricity cost of 502 

the BF-BOF-CC case is $29/MT higher than the BF-BOF case, while the labor cost of the BF-503 

BOF-CC case is $7/MT higher than the BF-BOF case. The LCOS of the BF-BOF-all is $542/MT 504 

when the minimum renewable fuel price is used for the TEA analysis, as shown in Figure 6(a). 505 

The LCOS for the BF-BOF-SOA and BF-BOF-SOA-CC cases is $534/MT and $596/MT, 506 

respectively, or 22% and 36% higher than the current BF-BOF technology. The capital expenditure 507 

in the BF-BOF-SOA case and BF-BOF-SOA-CC case is $3.7 billion and $4.6 billion per plant, 508 
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respectively, as shown in Table 11 and Table 12. The high capital expenditure for the construction 509 

of a greenfield steel plant adds $112/MT and $138/MT to the steel production cost for the cases 510 

with and without CCS, respectively, and results in higher LCOS compared to the current BF-BOF 511 

technology. 512 

Table 10. O&M cost components of the BF-BOF case 513 

Item cost  
Cost breakdown 

(US$ million/y) 

Percentage of O&M 

(%) 

Annual OPEX 

(US$ million/y) 

Fixed O&M cost   337.8 

Maintenance 110.0 7.8%  

Direct labor 159.3 11.3%  

Indirect labor 68.4 4.8%  

Variable O&M cost   1,050.8 

Fuel and reductant 517.4 36.6%  

Iron ore 247.4 17.5%  

Purchased scrap 215.4 15.3%  

Fluxes 34.3 2.4%  

Consumables & other utilities 36.3 2.6%  

Other O&M cost   23.9 

Miscellaneous works expense 43.1 3.1%  

Other OPEX 11.4 0.8%  

Slag processing 6.2 0.4%  

On-site haulage 0.2 0.0%  

Disposal and landfill 3.9 0.3%  

By-product credit -40.9 -2.9%  

Total O&M 1,412 100.0% 1,412 

 514 

  515 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



30 

 

Table 11. Capital expenditure for the greenfield BF-BOF-SOA case 516 

BF-BOF-SOA  

Plant section 

Cost breakdown 

(US$ Million) 

Coke oven 489 

Sintering 252 

Blast furnace, hot stoves, and hot metal desulphurization 588 

Basic oxygen furnace and steel refining 451 

Continuous slab caster 185 

Lime production 13 

Air separation unit 124 

Power plant 266 

Raw material handling 122 

Spare parts and first fill 110 

Pre-operating expenses 20 

Land preparation, site development and waste disposal 137 

Buildings and site infrastructure 186 

Project engineering 191 

Utility 417 

Total installed cost 3,551 

Contingency (5% of total installed cost) 178 

Total investment cost (US$ Million) 3,728 

 517 

 518 

(a) 

NG-$3.7/GJ, RNG-$6.6/GJ, 

grid electricity-$0.07/kWh, clean electricity-

$0.03/kWh, biochar-$403/MT 
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 519 
 520 

Figure 6. TEA results of BF-BOF (a) LCOS and (b) CO2 avoidance cost relative to the base line 521 

case of BF-BOF. BF-BOF-all-no CC, BF-BOF-all, BF-BOF-all-SOA-no CC and BF-BOF-SOA-522 

all use RNG, clean electricity, coal and biochar as energy sources to produce crude steel. BF-BOF, 523 

BF-BOF-CC, BF-BOF SOA and BF-BOF-SOA-CC use NG, grid electricity, and coal as energy 524 

sources to produce crude steel. The other bars show the impacts of renewable energy’s price 525 

modified from the current-practice baseline of BF-BOF. 526 

Figure 6(a) also shows the impacts of electricity, natural gas, and biochar cost on the LCOS. 527 

For the BF-BOF baseline, the costs of electricity, natural gas, coking coal, and industrial coal are 528 

$0.07/kWh, $3.7/GJ, $161/MT, and $68/MT, respectively. When clean electricity is used to 529 

replace grid electricity, the clean electricity cost changes to somewhere between $0.03/kWh and 530 

$0.15/kWh (Wiser and Bolinger, 2019). Figure 6(a) shows a sensitivity analysis with three LCOS 531 

using $0.03/kWh, $0.11/kWh, and $0.15/kWh as clean electricity costs. When the electricity cost 532 

increases from $0.03/kW to $0.15/kW, it constitutes 2% to 8% of the LCOS, and the LCOS 533 

changes from $430/MT to $458/MT. Given that the RNG cost is $6.6 to $19.0/GJ, or 78% to 147% 534 

higher than the market cost of NG ($3.7/GJ), the LCOS of steel made using RNG is $446-535 

$477/MT, 2%-9% higher than the LCOS of steel made using the current BF-BOF technology. 536 

(b) 
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Meanwhile, the high cost of biochar ($403-$747/MT) results in an LCOS increase to $478-537 

$531/MT, which is 9%-21% higher than the current BF-BOF technology. Figure 6(a) summarizes 538 

the range of crude steel market prices in the U.S. from 2019 to 2020, with a minimum crude steel 539 

market price of $268/MT and a maximum crude steel market price of $529/MT (USGS, 2020b).  540 

Table 12. Capital expenditure for the BF-BOF-SOA-CC case. 541 

BF-BOF -SOA-CC 
Cost breakdown 

(US$ Million) 

Coke oven 489 

Sintering 252 

Blast furnace, hot stoves, and hot metal desulphurization 588 

Basic oxygen furnace and steel refining 451 

Continuous slab caster 185 

Lime production 13 

Air separation unit 124 

Power plant 344 

Steam generation plant 132 

Raw material handling 235 

Pre-operating expenses 20 

Land preparation, site development, and waste disposal 137 

Buildings and site infrastructure 186 

Project engineering 191 

CO₂ capture and compression 561 

Utility 417 

Total installed cost 4,324 

Contingency (5% of total installed cost) 272 

Total investment cost (US$ Million) 4,596 

 542 

Under the current baseline case assumptions, these results indicate that all the fuel 543 

switching options lead to higher steel cost, due to the current higher cost of low carbon and 544 

renewable energy sources (e.g., RNG, biochar) relative to fossil energy sources. The energy 545 

efficiency increase results in a moderate steelmaking LCOS, based on the current technology level. 546 

CCS shows the lowest LCOS due to concentrated CO2 emission from BF-BOF that enables low-547 

cost CO2 capture. It is worth mentioning that the CCS option did not consider CO2 transportation 548 

and storage cost since the present study represents a generic case for steel production with no 549 
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specific CO2 storage site or distance for transportation. In general, for a specific steel plant, the 550 

decarbonization options need to be evaluated by considering accessibility to low carbon energy 551 

sources, availability to CO2 pipeline for transportation, proximity to CO2 storage site, etc. Figure 552 

6(b) compares the CO2 avoidance cost of different technology and energy switching options, 553 

accounting for all CO2 avoidance from cradle to gate boundaries. The LCOS ($439/MT steel) and 554 

CTG CO2 emissions (1,990 kg/MT steel) of the current-practice baseline BF-BOF technology are 555 

used as the reference. For each technology and energy switching option, the change of LCOS 556 

∆𝐶𝑠𝑡𝑒𝑒𝑙 and the change of CO2 emissions ∆𝐸𝐶𝑂2
are calculated relative to the baseline case. The 557 

CO2 avoidance cost is evaluated using ∆𝐶𝑠𝑡𝑒𝑒𝑙 divided by ∆𝐸𝐶𝑂2
, shown in Equation 2. For 558 

example, the CO2 reduction cost of BF-BOF-CC is $66/MT CO2, i.e., the cost of incorporating 559 

carbon capture into the current BF-BOF plant. This result is in the range of the IEA report (IEA, 560 

2013), while lower than the CO2 capture cost of $80-$110/MT from the study by Herron et al., 561 

2014. This is because the present study assumes that waste heat from steel production 562 

configurations reduces the NG consumption in the boiler. In contrast, the study by Herron et al., 563 

2014 designed a standalone boiler to supply heat for the carbon capture process without using 564 

waste heat.  565 

The LCOS of BF-BOF-SOA is $96/MT steel higher than the current BF-BOF cost, but the 566 

CO2 emissions reduction is only 148 kg/MT steel. The BF-BOF-SOA has the highest CO2 567 

avoidance cost, $646/MT CO2, due to the high capital expense required. The BF-BOF-SOA-CC 568 

case combines carbon capture with the most efficient BF-BOF-SOA technology. Although the 569 

LCOS of BF-BOF-SOA-CC is $157/MT steel higher than the current BF-BOF technology, it has 570 

a larger CO2 emissions reduction potential of 1,113 kg/MT steel, leading to a CO2 avoidance cost 571 

of $141/MT CO2. Figure 6(b) also shows the CO2 avoidance cost for energy switching options. 572 
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The cost of renewable energy sources is the key parameter that impacts the CO2 avoidance cost. 573 

In Figure 6(b), the CO2 reduction costs of using clean electricity, RNG, and biochar are in the 574 

range of $-89/MT to $189/MT, $42/MT to $219/MT, and $123/MT to $289/MT, respectively. A 575 

cost of $-89/MT means that when the clean electricity price is $0.03/kWh, the application of clean 576 

electricity in the BF-BOF case can reduce both CO2 emissions and LCOS. 577 

These results show that CO2 avoidance cost for CCS is much lower than increasing energy 578 

efficiency. The CO2 avoidance cost of fuel switching is largely dependent on renewable energy 579 

prices, which could be reduced potentially with technology energy efficiency improvement. 580 

Figure 7(a) shows the LCOS of various EAF cases. The current-practice EAF case has an 581 

LCOS of $365/MT crude steel, which is 17% lower than the current BF-BOF technology. In Figure 582 

7(a), scrap, electricity, maintenance, and other O&M costs account for 70%, 9%, and 18% of the 583 

LCOS, respectively. The calculated LCOS of EAF at $365/MT is close to estimates by previous 584 

studies that calculated the EAF steelmaking route cost as $385/MT (Steelonthenet.com, 2020b). 585 

Because the state-of-the-art technology of EAF-SOA includes a capital investment of $17/MT 586 

steel, the LCOS of EAF-SOA is 4% higher than current EAF technology. Figure 7(a) shows the 587 

impact of the energy switching on LCOSs of steel produced from EAF technology. When RNG 588 

and clean electricity are used for steel production, the LCOS changes from $367/MT to $373/MT 589 

and from $346/MT to $405/MT (in Figure 6), respectively. The LCOS of EAF-all is $17/MT lower 590 

than that of the current EAF technology, assuming that the clean electricity price in the EAF-all 591 

case is $0.03/kWh, which is $0.04/kWh less than that used in the current EAF plant. All the LCOSs 592 

of the EAF technologies are in the range of crude steel market price variation, indicating that 593 

increased energy efficiency and use of clean energy sources can achieve deep CO2 emissions 594 

reduction with attractive crude steel production cost. 595 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



35 

 

 596 

 597 

 598 

Figure 7. TEA results of EAF (a) LCOS and (b) CO2 avoidance cost. EAF-all and EAF-SOA-all 599 

use RNG and clean electricity as energy sources to produce crude steel. EAF and EAF-SOA use 600 

NG and grid electricity to produce crude steel. While all the other bars show the impacts of 601 

renewable energy’s price modified from the current-practice baseline of EAF. 602 

  603 

(a) 

(b) 
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Figure 7(b) compares the cost of CO2 avoidance energy consumption and energy switching 604 

options. The LCOS ($365/MT steel) and CTG CO2 emissions (270 kg/MT steel) from the current 605 

EAF technology are used as the reference to calculate the change (in LCOS ∆𝐶𝑠𝑡𝑒𝑒𝑙 and in CO2 606 

emissions ∆𝐸𝐶𝑂2
) based on different technology and energy switching options. The CO2 avoidance 607 

cost of EAF-SOA is $447/MT, because the amount of CO2 avoided is only 34 kg/MT steel. For 608 

the current EAF technology, the CO2 avoidance cost when using RNG and clean electricity adds 609 

$46/MT to $242/MT and $-90/MT to $192/MT, respectively, which is similar to the CO2 610 

avoidance cost for the current BF-BOF technology shown in Figure 6(b). 611 

The steel made in BOF technology with a low levels of “tramp” elements is destined for 612 

flat products, while the steel produced from the EAF is served for billet and bloom* products (Zhu 613 

et al., 2019). The U.S. DOE report of Bandwidth Study on Energy Use and Potential Energy Saving 614 

Opportunities in U.S. Advanced High Strength Steels Manufacturing estimated the total advanced 615 

high-strength steel (AHSS) production in the U.S. to be 1.2 million metric tons, with 80% of it 616 

produced using BOF configurations (DOE Advanced Manufacturing Office, 2017). In order to 617 

meet the material property requirements of different applications, BOF technology can not be 618 

completely replaced by EAF technology given the former technology yields products with higher 619 

quality than the latter. The volatility of scrap cost, iron ore cost, and energy prices contribute to 620 

the differences in LCOSs between BOF and EAF. The sensitivity analysis of the TEA results are 621 

shown in Figure 8 and Figure 9. 622 

  623 

 
*  Flat products are finished rolled steel products like steel strip and plate. A billet is a semi-finished steel product with 

a square cross section up to 155 mm x 155 mm. A bloom is a semi-finished product with a square cross section 

larger than 155 mm x 155 mm. 
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 624 

Figure 8. Sensitivity analysis results of BF-BOF configuration. 625 

 626 

Figure 9. Sensitivity analysis results of EAF configuration. 627 

4. CONCLUSIONS 628 

Iron and steel manufacturing is the largest CO2 emission source and the second-largest 629 

energy consumer among heavy industries worldwide. To decarbonize steel manufacturing, a 630 

detailed assessment is required to understand a) the current energy consumption and greenhouse 631 

gas emission profiles associated with steelmaking, b) the decarbonization options and the potential 632 

CO2 reduction potential; and c) the economic impacts of various decarbonization pathways.  633 
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This study provided a systematic analysis with a consistent system boundary and 634 

harmonized assumptions to evaluate various decarbonization options. Six BOF-BOF and four EAF 635 

configurations for steel decarbonization were analyzed, including plant energy efficiency 636 

improvement, energy source switching, and CCS, covering all steps from iron ore recovery to final 637 

steel production. The CTG CO2 emissions analysis indicates that the CO2 emissions of BF-BOF 638 

and EAF configurations can be reduced by more than 90% compared with the baseline cases by 639 

combining carbon capture and energy switching from fossil fuels to renewable energy sources.  640 

The LCOS (levelized cost of steel) was estimated via techno-economic analysis using a 641 

discounted cash flow analysis model. The LCOS of the U.S. BF-BOF baseline case is $439/MT 642 

steel, and that of the U.S. EAF baseline case is $365/MT steel. The application of the carbon 643 

capture increases the LCOS of BF-BOF to $506/MT and the combination of carbon capture and 644 

renewable energy sources increases the LCOS of BF-BOF to $542/MT. The LCOS of BF-BOF-645 

SOA case increases to $534/MT as a result of the high capital investment of the greenfield BF-646 

BOF-SOA facility. 647 

The CO2 avoidance costs vary from -$90/MT CO2 to $646/MT CO2 depending on various 648 

technologies and energy prices. The CO2 avoidance cost associated with RNG use is $42/MT CO2 649 

to $242/MT CO2, and that of the application of clean electricity is $-90/MT CO2 to $192/MT CO2, 650 

impacted by the price of renewable energy sources. The CO2 avoidance cost of carbon capture is 651 

$66/MT, and that of BF-BOF-SOA and EAF-SOA is $646/MT CO2 and $447/MT CO2, 652 

respectively, depending on the capital investment. 653 

The present study investigates the decarbonization options that can be applied to the current 654 

BF-BOF and EAF processes, which the dominant iron and steel manufacture processes in the 655 

United States. Our study benchmarks the U.S. steel sector emission baseline, lays out potential 656 
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decarbonization options for these existing facilities and quantifies the decarbonization amount and 657 

cost. We are aware of other low carbon or emerging technologies for steel production, such as 658 

DRI-EAF using natural gas or hydrogen to reduce the CO2 emissions in virgin steel making. We 659 

evaluated these emerging DRI technologies and discussed the potential of further decarbonization 660 

in a separate paper (Zang et al, 2023). These two studies together provide insights to steel industry 661 

technology developers and stakeholders/investors to manufacture low carbon steel, and inform 662 

policy makers and the public. Our research will shed light on ion/steel manufacture 663 

decarbonization directions by identifying decarbonization opportunities with quantification of 664 

emission reduction potential; and provide quantitative decarbonization cost information that help 665 

reduce investment risks and accelerate low carbon manufacture technology deployment.   666 

5. SUPPORTING INFORMATION 667 

Additional details on process-level energy consumption of BF-BOF cases and technology 668 

readiness level are shown in the Supporting Information. 669 
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7. ABBREVIATIONS USED 682 

CTG Cradle to gate  

MMT Million metric tons  

AHSS Advanced high strength steel 

BF Blast furnace  

BOF Basic oxygen furnace  

EAF Electric arc furnace  

MT Metric ton  

DOE U.S. Department of Energy  

SOA State of the art  

CC Carbon capture  

IEA International Energy Agency  

LCA Life cycle analysis 

TEA Technology-economic analysis  

GREET Greenhouse gases, Regulated Emissions and Energy use in Transportation 

COG Coke oven gas  

BFG Blast furnace gas  

MECS Manufacturing Energy Consumption Survey 

MEA Mono-ethanol-amine  

NG Natural gas  

RNG Renewable natural gas 

DRI Direct reduced iron  

HBI Hot-briquetted iron  

TIC Total installed cost  

O&M Operations and maintenance  

LHV Lower heating value  

NETL National Energy Technology Laboratory  

  

  683 
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