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THE STEEL INDUSTRY TECHNOLOGY ROADMAP documents provide 

a pathway for achieving the industry’s broad economic, energy  

and environmental goals for the year 2020.
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1.0 Executive Summary

The United States Department of Energy (DOE) and the American Iron and Steel Institute 

(AISI) recently completed a cost shared research and development program entitled the  

TECHNOLOGY ROADMAP RESEARCH PROGRAM FOR THE STEEL INDUSTRY (TRP). The purpose of  

TRP was to save energy, increase competitiveness, and improve the environment. It ran from 

July 14, 1997, to December 31, 2008. TRP differed from other government programs in 

that the government and industry both contributed research funds. Title to intellectual 

property is held by industry, with the U.S. government having rights to royalty-free use; 

and with the government sharing in net revenues earned by successful commercialization  

of the technology.

Photo courtesy of U. S. Steel
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Technology Roadmap Research Program for the Steel Industry

To assure that the R&D addressed the needs of the entire industry, rather than only a few companies, 
AISI issued “Steel: A National Resource for the Future [May 1995]” also known as the Steel Industry’s 
“Vision” Report. It characterized the future steel industry as a strong, vibrant sector of the economy, 
providing high-quality products to its customers in an environmentally friendly, cost-effective  
manner, and laid the groundwork for achieving steel’s future vision by:

✦ Assessing the current state of the American steel industry;

✦ Developing a 20-year vision for the Steel Industry of the Future;

✦ Identifying research opportunities and technical challenges;

✦ Building on successful collaborative R&D projects.

The vision document set forth the industry’s broad economic, energy, and environmental goals 
through the year 2020, from which AISI and its member companies drafted The Steel Industry 
Technology Roadmap. Initially published in March 1998, the Roadmap identified specific R&D needs 
and challenges that had to be pursued if the industry was to achieve its vision. The Roadmap was 
updated in December 2001, and two shorter documents were derived from this, which highlighted 
R&D areas of particular interest:

✦ Barriers and Pathways for Yield Improvements (October 2003)

✦ Saving One Barrel of Oil per Ton (SOBOT) —A New Roadmap for Transformation of Steelmaking Process 
(October 2005)

Based on these documents, AISI issued annual solicitations to which researchers from National 
Laboratories, colleges and universities, private laboratories, and industry submitted R&D proposals. 
Technical leaders from AISI and its member companies evaluated each proposal and forwarded 
those that they were willing to cost share to DOE for its evaluation and approval.

To administer the TRP program on behalf of its member companies, AISI established a dedicated 
field office in Pittsburgh, Pa. This office served as the single point of contact for DOE and TRP 
participants in matters relating to subcontract placement, program finance, schedule measurement, 
progress reporting, intellectual property protection, and other administrative and technical program 
management functions. TRP ultimately placed 47 R&D contracts valued at $38 million for research 
into all areas of steelmaking.

TRP program results provided significant energy and CO2 savings in steel manufacturing as  
required by the DOE program. More importantly, however, even greater savings are being realized 
by the users of steel products. For example, several advanced high-strength steel projects helped 
reduced the weight of automobiles and are generating continued gasoline savings.

The steel industry has further benefitted from TRP because the universities, which must provide  
the next generation of steelmakers, received 39% of the R&D funds. Work on these projects helped 
increase the students’ and instructors’ knowledge of steelmaking and improved the universities’ 
metallurgy programs. TRP contributed to 56 advanced degrees and encouraged a large number 
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SECTION 4 OF THIS REPORT HIGHLIGHTS SELECTED PROJECTS ON:

✦ Ironmaking

✦ CO2 Abatement and Alternative Ironmaking Processes

✦ Basic Oxygen Furnace (BOF) and Electric Arc Furnace (EAF) Steelmaking

✦ Rolling Mill Operations

✦ Sustainability, Recycling, and CO2 Sequestration

of young engineers and science graduates to accept positions in the steel industry. Because of this 
program, these graduates entered the industry with greater insight into the steel industry and the 
science and practice of steelmaking.

The Steel Industry’s “Vision” Report characterized the future steel industry 

as a strong, vibrant sector of the economy, providing high quality products to 

its customers in an environmentally friendly, cost-effective manner.

A number of alternative ironmaking technologies are continuing their development even after the  
completion of the TRP program:

✦ Paired Straight Hearth Furnace—Transformational Ironmaking Process (McMaster University)

✦ Gas-Solid Suspension Ironmaking Technology (University of Utah)

✦ Molten Oxide Electrolysis (Massachusetts Institute of Technology)

These technologies have the potential to reduce CO2 emissions as much as 50% and possibly more.

AISI is a trade association composed of North American electric and integrated steelmakers  

accounting for approximately 80% of both U.S. and North American steel capacity. The 

Institute serves as the voice of the American steel industry, speaking out on behalf of its 

members in the public policy arena and advancing the case for steel in the marketplace as 

the material of choice. AISI also plays a lead role in the R&D development and application  

of new steels and steelmaking technology. AISI provides a single point for licensing TRP 

intellectual property.
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2.0 Program Description and Methodology

From its inception, the AISI/DOE TECHNOLOGY ROADMAP RESEARCH PROGRAM FOR THE STEEL 

INDUSTRY was a government/industry partnership, with the Federal government providing 

significant cost sharing. Federal government oversight was provided by the U.S. Department 

of Energy’s (DOE) Office of Industrial Programs. The steel industry was represented by the 

American Iron and Steel Institute (AISI). 

The TRP program had several unique features. Most importantly, it addressed the mutual interests 
of all partners to:

✦ Increase energy efficiency in steel manufacturing;

✦ Increase the competitiveness of the United States steel industry;

✦ Improve the environment.

Photo courtesy of ArcelorMittal. Photo taken by Peter Barreras.
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To qualify for Federal funds, each TRP project was required to meet all three criteria. All R&D was 
required to benefit a significant portion of the steel industry, rather than provide a competitive advantage 
to only a few companies. To assure this, AISI required that all projects have cost sharing by three or more 
steel companies. Furthermore, no government funds could be used to support product development.

During the decade-long history of the Technology Roadmap Program, $38 

million was invested in 47 research projects performed by 28 unique R&D 

organizations. 

Under TRP, the U.S. steel industry was a contributor of funds, not a recipient. Government funding 
was provided under a  DOE Cooperative Agreement, which differs from Grants in that “substantial 
involvement” of a government monitor is required for each agreement. The steel industry is required 
to pay back 150% of Federal cost sharing from the net proceeds from any commercialized project. To 
assure government reimbursement and to commercialize the new technologies, AISI is the owner  
of all intellectual property developed under TRP and provides a single-point licensing for any user 
at commercial rates. The Federal government has a royalty-free license to all of the technology for  
its own use.

The first step in developing the Technology Roadmap Program required the steel industry to create  
a “Vision” of how it wished to be in the future. In May of 1995, the steel industry published Steel:  
A National Resource for the Future. This is the steel industry’s vision document. It sets forth the industry’s 
broad economic, energy, and environmental goals for the year 2020. Specifically, the vision document 
identifies four critical areas in need of research: process efficiency, recycling, environmental engi-
neering, and product development.

The next step after development of a strategic industry “Vision” was translation of that vision into  
a tactical agenda   —a Technology Roadmap.

In March 1998, the American Iron and Steel Institute published The Steel Industry Technology Roadmap. 
Written by more than 40 experts from the steel industry, the Roadmap identified specific R&D areas 
to be pursued if the industry was to achieve its vision. It also identified the key barriers to technology 
development and implementation, and trends driving technology development. To assist potential 
research partners outside the steel industry, the Roadmap also provided a technical discussion of the 
steelmaking process to help them tailor their research proposals to match the industry’s needs.

In response to rapid technological advances, changes in the global market, structural changes in the  
industry, and new technical insights, the technology roadmap was updated and reissued in December 
2001. The new document placed greater emphasis on steelmaking as an energy intensive process, 
and therefore as one of the larger producers of CO2, focused research towards improvements in 
these critical areas.
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Technology Roadmap Research Program for the Steel Industry

Recognizing that increasing manufacturing yields is a pathway to significant energy improvements, 
AISI published The Steel Industry Technology Roadmap—Barriers and Pathways for Yield Improvements 
in October, 2003. This provided a subset of R&D needs selected specifically to increase yield.

To address the energy side of the equation directly, the industry issued Saving One Barrel of Oil per 
Ton (SOBOT)—A New Roadmap for Transformation of Steelmaking Process (October 2005).

Even with the progress already being made in steelmaking energy efficiency, only small gains are 
possible using today’s processes. This highlights the need for transformational technologies if 
significant reductions in energy use are to be realized in the future.

With energy representing 20% of the cost of making steel, the transformation 

of steelmaking processes needs to be considered. “Energy savings of this 

type cannot be made by incremental changes, although they are often  

important enabling technologies,” said Lawrence W. Kavanagh, AISI’s Steel  

Market Development Institute president. “It will require radical approaches  

to future steelmaking processes, like Molten Oxide Electrolysis.”

Crucible of iron produced by Molten Oxide Electrolysis
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These three publications remain the operative documents defining the R&D needs of the American 
steel industry.

Using these guidance documents, AISI wrote annual solicitations for research proposals. These were  
reviewed by DOE to assure that each met the government’s requirements. The solicitation contained 
a description of the type of technologies that the industry was most interested in supporting during  
the coming period. To assure fairness in the review process, the solicitation included evaluation 
criteria against which each proposal was to be judged. All solicitations were published in the Federal 
Register and distributed by email to an extensive list of research institutions, including: universities, 
National Laboratories, private research organizations, and individuals. AISI also accepted and  
reviewed proposals from outside the U.S. and for technologies not described in the solicitation.

To qualify for Federal funding, all TRP R&D projects were evaluated by AISI and DOE on the basis 
of their ability to increase competitiveness and save energy within the steelmaking process. Down-
stream benefits could not be considered in deciding which projects to support.

All proposals were evaluated by a review board of experts in the steel industry. This board selected 
those proposals that it deemed most worthy of support and forwarded them to steel producers and 
interested suppliers for cost sharing funding commitments. Upon confirmation of industry cost 
share funding commitments, proposals were submitted to DOE for its review and approval.

To administer the TRP program, AISI established a dedicated “Technology Roadmap Program” 
(TRP) office in Pittsburgh, Pa. Acting on behalf of the AISI and the cost sharing partners, this office 
negotiated and placed contracts for proposals received and subsequently approved by industry and 
DOE in response to the solicitations, administered contracts, coordinated receipt and distribution of 
funds, provided schedule management, enforced reporting requirements, was responsible for the 
protection of all intellectual property, and initiated transfer of the new technologies to the industry.

Each project had its own Project Review Board comprising representatives from the cost sharing 
partners and DOE. The function of this board was to assure that the R&D was performed in confor-
mance with the contract, including the schedule and budget. Multiple-year projects were funded 
annually, and the Board was also responsible to advise the cost-sharing partners and the TRP office, 
whether or not the project should be continued, modified, or cancelled. Note: two projects were 
cancelled during the life of the program, and several underwent some modification.

Project review was an important part of the program. Each year, TRP held open briefing sessions 
of all projects for the benefit of the industry and DOE. At these briefings, the project investigators 
provided detailed reviews of their progress, challenges, accomplishments, and plans for the com-
ing periods. These sessions provided a forum to help steer the projects, bring the insights of other 
experts to bear on research difficulties, and, very importantly, introduce and transfer the new tech-
nology to the industry. These projects were further reviewed by an independent panel of industry 
experts selected by DOE, which provided its own critique of each project’s performance and recom-
mendations for improvement. Lastly, the project investigators submitted regular quarterly progress 
and other reports as required by DOE.
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3.0 Sources and Distribution of Funds, and Program Earnings

During the 10 year history of the TRP program, total funds invested were $38 million—

DOE provided $26.5 million and more than  50 industrial participants (listed on inside back 

cover) provided $11.3 million cost sharing support comprised of $3.5 million (in cash) and 

$7.8 million (in-kind) in the form of technical services, use of plant facilities, and support 

personnel. The bulk of program funds (95%) were distributed to universities, private R&D 

labs/organizations, and government national labs.

Photo courtesy of ArcelorMittal. Photo taken by Tom Pastoric/CLIXfoto.
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Among the universities receiving funding were Carnegie Mellon University, Colorado School of 
Mines, Columbia University, Massachusetts Institute of Technology, Missouri University of Science 
and Technology, University of Alabama, Purdue University-Calumet, and University of Utah. 

The “Metals Initiative” legislation 
(under which the TRP program was 
funded) has a “Repayment Obliga-
tion.” To satisfy this requirement, 
one-fourth of all net program earn-
ings from the successful commer-
cialization of technology developed 
under TRP shall be paid to DOE 
until the total of all such payments 
equals 150% of DOE’s investment  
in the program.

This “repayment obligation”  
is another characteristic of this  
program and distinguishes it from  
foreign government supported 
R&D programs.

$300,000

$250,000

$200,000

$150,000

$100,000

$50,000

0

Program Earnings

$258,450

$89,345

EAF Post-Combustion Sensor

Hot Strip Mill Model

Laser Contouring System

$14,955

These monies were used to support 47 research projects performed by 28 unique R&D organizations. 
TRP funds were distributed as follows:

TRP Funding Distribution %Funds Contracts ($M)

Private R&D Labs 43.3%  11 $16.5

Universities 39.0%  29 $14.9

Government National Labs       12.4%  4 $4.7

Steel Industry   5.0%  3 $1.9 

Program Earnings

DOE – Cash
$26.5

Industry – Cash
$3.5

Industry – Inkind
$7.8

TRP Funding Sources
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4.0 Highlights of Selected Research and Development Projects

4.1 Background

Historically, the United States has consumed on average 120 million tons of steel (2005–2008).  

Of the 120 million tons consumed, about 94 million tons was produced at home, and the  

balance was imported. Demand and production are lower at the time of this report as the 

steel market continues to recover from the “Great Recession.”

Steelmaking employs two interrelated process flow sheets. The integrated steelmaking pro- 

cess extracts iron from iron ore in the blast furnace, mixing this molten product with recycled 

steel, and refining the mixture with oxygen in the Basic Oxygen Furnace (BOF). In Electric 

Arc Furnace (EAF) steelmaking, recycled steel is the main raw material, although other iron 

bearing materials are used. Currently, EAF steelmaking is responsible for just over 60%  

of production in the United States, with the balance coming from the integrated process.

Photo courtesy of Nucor Corporation. Photo taken by Jeff Amberg.
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Both processes produce molten steel in excess of 3000oF. The molten steel is solidified in Continuous  
Casting Machines and then goes through a series of hot and cold rolling processes to produce 
various shapes. These shapes, coated or uncoated, are then sold to manufacturers who produce a 
myriad of steel products, e.g. automobile bodies, appliances, building framing and support beams, 
wire, nails, furniture, food containers, highway guards, wind towers, bridges, etc.

Steelmaking is a highly sophisticated, energy-intensive process involving many unit operations. It 
generates large quantities of by-products, over 99% of which are captured and reused in the process.

Because carbon is a necessary part of the iron ore reduction process and is used in the generation of 
electricity, the global steel industry is looking at ways to reduce carbon emissions.

In 2008, an average of 1.19 tons of CO2 were emitted for every ton of steel produced in the U.S. This 
is less than any major steel producing country in the world. The U.S. steel industry has reduced its 
energy intensity per ton of steel shipped by over 30% since 1990.

Today’s U.S. steel industry is highly efficient, and its operations are asymptotically approaching a 
practical minimum. It continues to improve its energy efficiency through operational benchmarking 
activities and continuous adoption of improved practices and equipment as they are developed. 
However, only marginal improvements can be expected following this path. To achieve major  
improvements, e.g. 30–50% energy reductions, requires radical, transformational technologies  
that replace or eliminate today’s processes.
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4.2 Ironmaking

Ironmaking is the science of extracting 
“iron” or “hot metal” from iron ore. This  
is accomplished in the blast furnace: a  
huge shaft furnace top fed with iron ore, 
coke, and limestone. These materials form 
alternating layers in the furnace that are 
supported on a bed of incandescent coke 
at the bottom of the furnace. Hot air  
is blown through an opening into the  
bottom of the furnace through the porous 
bed.

The coke combusts producing heat and   
CO gas. The heat melts the charge and the 
CO removes the oxygen from the iron ore 
producing “hot metal.” Hot metal is a  
solution of molten iron at approximately 
2700oF and containing 4% carbon and 
some silicon. This hot metal flows to 
the bottom of the furnace and is found 
throughout the coke bed. Periodically, the 
hot metal is “tapped” from the furnace 
into transfer cars and transported to the 
Basic Oxygen Furnace, BOF, where it is 
refined into steel.

The blast furnace is the most energy-intensive step in the integrated steelmaking process, generating 
large quantities of CO2. In 2007, steelmakers in the United States produced approximately 45 million 
(106) tons of hot metal, consuming 720 trillion (1012) BTUs, and generating approximately 63 million 
tons of CO2. For these reasons, AISI’s Technology Roadmap Program has concentrated much of its 
efforts into improving the energy efficiency of the blast furnace and developing alternative ironmaking 
processes.

The AISI/DOE Technology Roadmap Research Program successfully achieved both near-term  
improvements to existing processes and helped launch development of new technologies. Some  
of these radical processes (described in Section 4.3 and 4.6) are so promising that the industry is 
continuing their development without government support.

The AISI/DOE Technology Roadmap Program is aimed at developing both near-  

and long-term technological advances to help in defining the steel plant of the future. 

Photo taken by Jeff Amberg.
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The blast furnace requires coke for 
its operation. Cokemaking is a high 
temperature distillation process that 
removes and captures the gaseous 
chemicals in coal leaving a porous 
solid lump of carbon known as coke. 
Solid coke provides permeability  
in the blast furnace so that gasses 
can pass though the bed, and it sup-
ports the heavy column of materials 
in the furnace. When combusted, it 
provides the CO gas that removes 
oxygen from the iron ore and the heat 
to drive the process and melt the ma-
terials. Cokemaking is an energy and 
capital intensive process. Therefore, 
significant research has been devoted 
to using coal directly in the blast fur-
nace thus minimizing or eliminating 
the use of coke all together.

For a variety of reasons, large  
improvements in the efficiency of the modern blast furnace are very difficult to accomplish. First, 
the process is over 100 years old and has reached a very high level of sophistication. Further, the 
process is highly complex. Hot air entering the bottom of the furnace passes through in seconds; 
solid iron ore and slag-making materials are charged as much as 200 feet above and exit the bottom 
in a molten stream hours later; and coal and coke are charged at the top, descend to the bottom of 
the furnace, and are combusted and then blown out the top. 

Therefore, improving blast furnace efficiency requires precise measurements; a thorough under-
standing of all of its operations; and the ability to visualize their interaction, predict their outcome, 
and control them.

Blast furnace optimization  

via modeling is a significant  

technological step for the steel 

industry and its partners.
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4.2.1 Blast Furnace Optimization via Modeling [TRP-9945]

One method of visualizing blast furnace opera-
tions is by building a “virtual blast furnace” 
using computational fluid dynamics (CFD).  
CFD uses advanced mathematical and comput-
ing concepts to simulate the behavior of high 
pressure, high temperature systems. Using the 
“virtual blast furnace” it is possible to design,  
optimize, and trouble shoot the system and  
experiment with operational improvements.

AISI’s Technology Roadmap Program supported 
Purdue University-Calumet in the development 
of state-of-the-art blast furnace models and, the 
application of these models to increase the level 
of Pulverized Coal Injection (PCI) into the blast 
furnace.

PCI bypasses the cokemaking process and injects 
coal directly into the blast furnace at the tuyere 
level. PCI is not a new technology, however up  
to now the amount of coal that can be injected 
into the furnace has been limited to 250–300 

pounds per ton of hot metal. Increasing this to 500 pounds per ton would save 290,000 BTUs/ton  
of hot metal. Efforts to increase PCI to more than 500 pounds per ton have been frustrated because 
the permeability of the blast furnace bed decreases, shutting off gas flow. Further, some of the  
pulverized coal is wasted because it fails to combust and is blown through the blast furnace into  
the gas collection system, thus increasing the apparent energy intensity of the process.

Our ability to increase the amount of coal injected has been limited by our lack of knowledge 
of some key issues related to the injection process. Therefore TRP supported research at Purdue 
University-Calumet for the development of high fidelity CFD numerical simulations.

To date, Purdue has developed comprehensive three-dimensional CFD models and methodologies 
to simulate the entire PCI process. The models have been made by comparing CFD results with  
experimental data. They were then were applied to simulate the PCI process in various blast fur-
naces operated by AISI members using actual furnace geometries and operating practices. Investi-
gations have been made on the effects of such key parameters as blast temperature and flow rate, 
oxygen concentration, coal type, PCI rate, tuyere diameter, etc. 

The results have helped industry collaborators in:

✦ Development of a virtual blast furnace using both CFD and virtual reality technologies;

✦ Visualization of PCI process in various blast furnaces;
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✦ Recommendation of strategies for 
increasing PCI rate;

✦ Recommendations for design and 
protection of PCI lances;

✦ Troubleshooting solutions for their 
PCI operation.

Because fuel economy in a blast  
furnace is directly coupled to the gas 
and burden distributions, the steel 
industry is continuing its support  
for Purdue-Calumet to:

✦ Integrate all their blast furnace  
CFD models to help visualize the 
entire blast furnace process;

✦ Develop a state-of-the-art 3-D CFD 
model for simulating the gas distri-
bution inside a blast furnace at  
given burden conditions, burden 
distributions, and blast parameters;

✦ Conduct measurements of  
top temperature and gas compo-
sition distributions as well as  
validations of the CFD model;

✦ Maximize gas utilization via  
optimized burden and gas distribu-
tion to produce the proper furnace 
permeability for the given burden 
materials, production rates, and blast furnaces;

✦ Optimize the burden and gas distributions for high fuel injection and low coke rates to produce 
the greatest fuel efficiency for the given burden materials, productivities, and blast furnaces.

Presently, we are working on commercial delivery of this technology.

This is a significant technological leap for the steel industry, Purdue University, and the science  
of computational modeling. Contributions by the TRP program have helped Purdue’s Center for 
Innovation through Visualization and Simulation (CIVS) facility become a prime resource for the 
entire industry.
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4.2.2  Blast Furnace Optimization via Improved Analytical Techniques [TRP-0033]

Pulverized coal injection rates above 200 pounds per ton of hot metal can result in the production 
and accumulation of unburned coal char in the tuyere raceways. This char is entrained in the blast 
and carried into the burden, reducing bed permeability, and is ultimately carried into the gas cleaning 
system and collected in the blast furnace sludge. Tiny particles of coke called “fines” are also  
produced in the furnace and behave in a similar fashion.

To solve this carryover problem, AISI’s TRP program supported research at the University of  
New South Wales to analyze the production of char and fines in the blast furnace and relate this  
to furnace operating parameters and coal and coke properties. As a result:

✦ A novel technique using X-ray diffraction was developed to quantify the proportion of carbon 
from PCI and coke in the blast furnace dust.

✦ The study demonstrated that blast temperature and oxygen influenced PCI combustion and char 
carryover and limited coal injection rates. It suggests that by monitoring the carbon structure of 
residual char in the dust, PCI and coke quality can be optimized for various process parameters.

✦ Under similar temperatures, coke is shown to graphitize to the same extent in both laboratory  
furnaces and operating blast furnaces. The linear relationship of the carbon crystallite structure  
of coke with temperature was used to estimate the thermal profile of coke fines deposition in 
operating blast furnaces.

✦ The study further demonstrated that the carbon structure of coke fines in blast furnace dust can 
be used to assess coke performance, particularly the influence of temperature on the generation  
of coke fines, whether they originated in the low or high temperature zones as shown in the  
chart below.

✦ The study highlighted that the carbon structure of blast furnace fuels and dust emissions could  
be used for PCI and coke selection for optimization of PCI operations.

✦ The study highlights the limi-
tations of current coke quality 
tests, which consider neither 
the implication of high tem-
perature graphitization nor 
mineral phase transforma-
tions on coke performance  
in blast furnaces.

The research demonstrated that 
the carbon structure of coke and 
injected coal have a significant 
impact on the nature of the  
char generated, the kinetics  
of carbon conversion, and 
influences the efficiency of Increasing temperature
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hot metal production. With the introduction of this X-Ray Diffraction based diagnostic tool in steel 
plants, it is possible to monitor further the impact of PCI rates and coke quality and hence assist in 
further boosting PCI rates.

This research will decrease energy consumption by increasing combustion efficiency and maximiz-
ing coal injection through the selection of proper coals and coke. This will lead to significant cost 
and emission reductions by replacing expensive coke with less expensive injected coal. In addition, 
increasing our fundamental understanding of dust particles helps improve the efficiency of blast 
furnace dust recycling, leading to the recovery of energy and iron units that would otherwise be lost.

4.3 CO2 Abatement and Alternative Ironmaking Processes

Since steelmaking is an energy-
intensive process, it is a one of the 
larger industrial producers of CO2. 
Over two-thirds of these emissions 
are generated during the ironmak-
ing process. For this reason, the 
TRP program expended great effort 
to improve fuel efficiency in blast 
furnaces and develop alternative 
ironmaking processes that have 
the potential to replace the blast 
furnace.

An ideal ironmaking process would 
eliminate the need for coal and coke 
ovens and use domestic iron ores, 
especially concentrates that the  
United States has in abundance.  
It would require less capital invest-
ment than the blast furnace and 
coke oven combination and be capable of producing 5,000–10,000 tons of hot metal per day so that  
it can support the rate of production in existing steel mills.

Ways to eliminate CO2 from the iron ore reduction process include the use of alternative fuels  
(e.g. hydrogen) and use of electricity directly to break the iron-oxygen bonds in iron ore. The 
carbon-hydrogen-electron triangle (Source: Jean-Pierre Birat) graphically represents some alternative 
ironmaking processes. Their distance from the carbon apex indicates the reduction in CO2 achievable 
via the various reduction methods.

The TRP investigated six potential alternative ironmaking processes. Three of these have the potential 
to greatly reduce CO2 emissions.
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4.3.1  Suspension Reduction of Iron Ore Concentrates Using Hydrogen [TRP-9953]

At the University of Utah, TRP supported development of an alternative ironmaking process that 
contemplates using a suspension or flash type furnace similar to those used in the copper industry 
as its smelting vessel.
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In this smelter, iron ore concentrates are sprayed directly into the furnace chamber. Three different 
reductants are suitable for this type of a vessel: hydrogen, natural gas, and synthetic gas produced 
from the partial combustion of coal and/or waste plastics. Hydrogen was selected as a possible 
fuel because promising large-scale work being funded by the Federal government indicates that 
large quantities of hydrogen may become available in the future. Because of the high temperature 
and lack of contact between the iron ore particles in suspension furnaces, sticking and fusion of the 
particles is eliminated.

✦ Detailed material and energy balances (shown in Table, page 19) show that the proposed technol-
ogy using any of the three possible reductants/fuels may require ~ 38% less energy than the blast 
furnace. This savings results largely from eliminating the iron ore pelletizing and sintering steps 
and elimination of cokemaking.

✦ The use of hydrogen in this new technology will generate only 4% of the carbon dioxide produced 
in the blast furnace process; whereas when natural gas or coal is used, carbon dioxide emissions 
are 39% and 69%, respectively, of what would be produced in a blast furnace. 

✦ Because the residence time in a suspension furnace is only a few seconds, it was necessary to estab-
lish that full reduction could be achieved in this limited time period. Therefore, kinetic studies of 
the reduction of iron oxide concentrates (~30 micrometre size) as a function of temperature and gas 
composition were performed. They showed 90–99% reduction is possible within a few seconds at 
temperatures 1300°C or higher. This was verified by larger bench-scale testing, proving that com-
plete ore reduction is achieved in the residence time typical of industrial-size suspension vessels.

Hydrogen Flash Smelting
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Suspension 
Furnace
(Type of  
Reductant/
Fuel)

Suspension 
Furnace
(GJ/ton HM)*

Blast 
furnace
(GJ/ton 
HM)

Energy  
savings rate
(GJ/ton HM)

Iron  
production
(tons HM/
year)

Annual energy savings

 
(GJ/year)

 
(TBtu/year)

Hydrogen 12.06

19.49

7.43* 6 x 107 446 x 106 423

Natural Gas 12.02 7.47 6 x 107 448 x 106 425

Coal (C
1.4

H) 12.23 7.26 6 x 107 436 x 106 413

*Gigajoules per metric ton of hot metal

Based on the success of this project, AISI has funded a subsequent $4,900,000 Phase II project to 
perform larger scale bench tests to determine the best vessel configuration and reductant to be 
used in a future industrial pilot plant. Once the reactor’s configuration is determined, researchers 
will construct flow sheets and complete material and energy balances each of the process steps  
and operations. This will be followed by design of the industrial-scale pilot test facilities and  
estimation of costs for the demonstration program. This Phase II work is funded entirely by  
AISI’s member companies under the CO2 Breakthrough Program, which is aimed at developing  
the next generation of iron and steelmaking technologies that will dramatically reduce or  
eliminate CO2 emissions.

4.3.2  Molten Oxide Electrolysis (MOE) [TRP-9956]

Molten Oxide Electrolysis (MOE) produces molten iron and oxygen gas by passing an electric  
current between two electrodes immersed in a molten salt solution containing dissolved iron  
oxide. No CO2 emissions are generated during this process.

Electrolytic production of metal is a proven technology —all of the world’s aluminum is produced 
by electrolysis of aluminum oxide. Theory predicts that electrolytic production of iron should be 
even more easily accomplished. However, due to the availability of large, inexpensive coal deposits 
and development of the blast furnace, this pathway has not been pursued. However, since it offers 
the potential to completely eliminate CO2 emissions during iron ore reduction, AISI supported  
development of MOE technology at the Massachusetts Institute of Technology (MIT).

The research focused on understanding the basic science behind the process, selection and testing 
of carbon-free electrodes, and determining the most efficient way to run the electrolytic cell. Melts 
comprising iron oxide dissolved in molten CaO-MgO-SiO2 were decomposed by action of the electric 
current at an operating temperature of 1575oC. The process yielded unprecedented oxygen and  
liquid iron production rates (as high as 15 times that of an aluminum cell). The MOE process is  
also applicable to other metals, including titanium, nickel, chromium, and manganese.
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The capital costs of a plant utilizing 
MOE technology are unknown because 
the research did not proceed far enough 
to establish the optimal size of a single 
industrial cell, its productivity, or how 
many would be required to support a 
specific steel plant. However, a steel  
mill using existing technology requires 
coke ovens, blast furnaces, and basic 
oxygen furnaces, whereas an electrolytic 
cell reduces iron ore concentrates and 
produces molten steel in a single unit. 
Therefore, significant capital cost savings 
appear likely using MOE.

Like Hydrogen Flash Smelting, the CO2 reduction potential is enormous, depending upon the source 
of electricity. An analysis done by Jean-Pierre Birat in the 1990s estimated 1,750 kg CO2/tonne liquid 
steel from benchmark blast furnace technology compared to 345 kg CO2/tonne liquid steel by molten 
oxide electrolysis: a five-fold reduction in CO2 emissions. This analysis budgeted 90g CO2/kWh for  
the generation of electric power and assumes 3,500 kWh/ton of molten steel in the electrolytic cell.

As an interesting sidelight, NASA is sponsoring research at MIT to use molten oxide electrolysis  
for the extraction of oxygen from lunar soil. Lunar soil is composed of iron oxide and various silicate 
minerals. When molten, this soil is similar to the bath from which iron was produced for AISI’s project. 
Furthermore, MIT is working with the U.S. Army on the production of titanium by molten oxide 
electrolysis. AISI’s project has benefitted from the NASA and Army research projects.

Based on the above, AISI is funding a Phase II project to develop and validate scale-up parameters for 
the design, construction, and operation of a pre-pilot-scale, self-heating cell with a capacity of 4,000 
amperes. This cell will operate continuously and produce iron at the rate of about 160 lbs per day, and 
if fitted with an inert anode, produce about 70 lbs of oxygen gas per day. Long-term operation of this 
cell will provide the data required to design the first-generation industrial-scale cell and develop a  
detailed cost model to assess the commercial viability of the process. This effort will cost $1.6 million 
and is being funded entirely by AISI’s member companies under the CO2 Breakthrough Program.

4.3.3  Paired Straight Hearth Furnace (PSH) [TRP-9742 & 9941]

Working with McMaster University, TRP supported development of the Paired Straight Hearth 
(PSH) Furnace, a new alternative ironmaking process. The PSH furnace is charged with cold 
bound self-reducing pellets that are composed of iron oxide and coal. When heated, the iron oxide  
is chemically reduced to produce a 95% metalized pellet suitable for making steel in an electric  
arc furnace. The sources of the iron oxide can be iron ore fines, recycled steel plant wastes, or a  
combination of the two. The reductant is high volatile coal. As the pellets are heated on the hearth, 
CO gas is evolved. This is combusted above the pellet bed to drive the process.
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Conventional rotary hearth furnaces are limited to a bed height of 2–3 pellets. The temperature 
above the bed is held artificially low at approximately 1300oC to maintain a CO/CO2 ratio of  
approximately 2. This prevents crushing and reoxidation of the reduced pellets, however, it  
adversely limits productivity and energy efficiency.

In contrast, the PSH furnace maintains a bed eight pellets deep (approximately 120 mm). The off  
gasses are fully combusted to raise the temperature above the bed to 1600oC. Reoxidation is prevented 
by the CO-rich gasses rising through the bed. Thus, the PSH technology has a greatly improved  
productivity and significantly reduced energy consumption.

AISI and DOE had previously studied [late 1980s–late 1990s] the development of a direct ironmak-
ing process using an oxy-fuel smelter into which pellets and coal were charged directly. This process 
was technically feasible, but unfortunately its productivity was too low to compete with the blast 
furnace. However, by coupling the PSH furnace to the smelter and using the smelter’s off gas to 
drive the reduction process, hot pre-reduced iron is produced. When hot charged to the smelter, the 
productivity increases such that the combination of a PSH furnace and an oxy-fuel smelter has the 
potential to use only two-thirds the energy with a reduction in carbon consumption (CO2 emissions) 
by one-third, ultimately providing a viable and cost-effective alternative to the conventional iron-
making process. This is our long-term objective.

In 2006, TRP commissioned an engineering study by a well known furnace builder to verify the  
feasibility and costs of building a PSH furnace. The study concluded that it is feasible to design, 
build, and continuously operate a PSH furnace to produce 46,000 tons per year of direct reduced 
iron (DRI) at 95% metallization for $16,729,000.

The results of the above work are so promising that research continues beyond the conclusion of  
the TRP. A detailed design and validation study to evaluate raw material flexibility has been com-

missioned. Following 
that, a demonstration-
scale PSH furnace is 
planned. Upon the  
successful completion  
of this demonstration, 
the PSH may be coupled 
to a smelter to provide 
a viable replacement for 
blast furnace and BOF 
steelmaking. 

This PSH demonstra-
tion project could  
begin as early as 2012.
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4.4 Basic Oxygen Furnace (BOF) and Electric Arc Furnace (EAF) Steelmaking

In the oxygen steelmaking process, molten hot metal from the blast furnace is poured into a BOF  
vessel where it is mixed with scrap steel at an (approximately) 75%/25% ratio. A lance is lowered 
through the top of the vessel and pure oxygen is blown into the mixture. The carbon and silicon in the 
hot metal are oxidized generating huge quantities of heat which melts the scrap and produces molten 
steel. Steel is also made in the electric arc furnace, which melts and refines (primarily) recycled scrap 
metal using electrical energy. The EAF and BOF processes produce roughly equivalent products—
molten steel in excess of 3000ºF.

Both the BOF and EAF are recycling processes. In fact, steel is the most recycled material in the 
world—the average recycled content of steel products is approximately 65%. Scrap melting  
requires much less energy than iron ore reduction. Therefore, any new technologies or improve-
ments to the steelmaking process that increase the ability to recycle scrap saves energy and reduces 
greenhouse gasses. In the BOF, this can be accomplished by replacing hot metal with scrap; in the 
EAF, it is accomplished by increasing the amount of scrap recycled without requiring additional 
electrical energy for melting.

Both the BOF and the EAF expel large quantities of CO gas at temperatures as high as 3600oF. If 
this CO can be “post combusted” to CO2, a great deal of additional energy is produced. This extra 
energy can be used in the BOF to melt more scrap, which significantly reduces the total energy to 
produce steel, since using scrap in place of hot metal requires less than 30% of the energy. In the 
EAF, the extra energy increases productivity and reduces the electrical energy required for scrap 
melting by 50 to 100 kWh per ton of steel. However, it is difficult to optimize and control the post 
combustion process. If it is done too far from the steel, the energy is not effectively transferred back 
to the bath. If it is done too close, the CO2 will be endothermically reduced back to CO (“de-post 
combustion”) and the energy will be lost.

4.4.1  Optimization of Post Combustion in the BOF and EAF [TRP-9925]

To solve the problem of increasing post combustion and transferring the energy back into the steel-
making process, the Technology Roadmap Program supported the project Optimization of Post 
Combustion in the BOF and EAF. This work was performed at Carnegie Mellon University. They 
developed CFD models for post combustion in the EAF and BOF from which these steelmaking  
processes can be optimized. The models include all relevant phenomena, such as radiant heat  
transfer, accurate combustion reactions, and de-post combustion reactions.

The CFD EAF post combustion model is a full 3-D finite volume technique with over 200,000 elements. 
The software models a three-phase, 200-ton AC electric arc furnace with a primary oxygen lance and 
four wall-mounted oxygen injectors for post combustion. Special models were developed to describe 
the combustion and de-post combustion reactions and fluid flow in the foamed slag. Typical results 
for the CO2 gas concentration gradients from oxy-fuel torches are shown in the figure. Results for 
gas velocity and temperature were also obtained. The energy distribution between the metal, wall, 
roof, and off gas is also predicted.



 AMERICAN IRON AND STEEL INSTITUTE  23

Final Report  |  December 31, 2010

Based on the techniques developed  
for the EAF model, a CFD post-
combustion model for the BOF was 
developed. The program models a 
250 ton BOF with 10 post-combustion 
injectors, located 2 to 2.5 m above the 
primary oxygen jet at the bottom of 
the lance. Operating data and lance 
design were based on a BOF furnace 
operated by a cost sharing company. 
Since there is symmetry in a BOF with 
respect to each of the 10 PC injectors, 

the model is a 1/10 slice of the furnace. The model includes all forms of heat transfer, accurate  
descriptions of the relevant reactions, and the foamed slag.

This research involved very sophisticated modeling skills and software, neither of which is com-
monly available to industry. Therefore a subsequent contract was issued to reduce this work to  
user documentation that describes the modeling procedure in detail so that any engineer reasonably  
proficient in steelmaking and CFX software can apply these models in a minimum amount of time. 

4.4.2   Optical Sensors for Prediction of Carbon and Temperature in BOF and EAF Furnaces  
 [TRP-9851]

One key to efficient steelmaking, including successful post combustion, is real-time, in situ moni-
toring of the off-gas composition and temperature. Such information allows the operator to tune 
the steelmaking process dynamically, thereby taking advantage of all the available energy. The 
Technology Roadmap Program supported a team led by Sandia National Laboratories and several 
BOF and EAF steelmakers as they developed and tested advanced sensors for dynamic process 
control. The team designed a laser-based sensor that transmits a tunable diode laser through the 
particle-laden off-gas stream and uses CO and CO2 absorption to monitor the relative concentrations 
of each gas in the laser beam path and the off-gas temperature. The system was tested on both BOF 
and EAF furnaces.

BOF and EAF steelmaking are batch processes, and every batch (or “heat”) of steel will have specific 
carbon concentration and bath temperature requirements. The CO/CO2 ratio in the off gas is directly 
related to the carbon content of the bath and the off-gas temperature is directly related to the bath 
temperature. Therefore monitoring these quantities in real-time allows the operator to achieve  
endpoint temperature and carbon concentration targets without sampling. Thus, the steelmakers 
need not “over blow” a given heat. This avoids wasting energy and permits higher productivity.  
The BOF steelmaker saves energy by utilizing more scrap and less hot metal, while the EAF opera-
tor can melt more scrap and achieve higher productivity for the same electricity input. Importantly, 
this sensor system eliminates the need to stop blowing oxygen and tilting the furnace for sampling, 
thus improving energy-efficiency and productivity.
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In BOF field trials, the sensor predicted the carbon  
concentration of the bath with a precision of ± 0.007% 
carbon over a response range from below 0.03% to 0.15% 
carbon. The system predicted turndown melt temperature 
within ±25ºF. Additionally, the sensor system provided 
accurate predictions of “slopping,” allowing the operator 
to optimize slagging and mixing operations, helping to 
maximize product yield. The sensor predicted slopping 
for 90% of the heats—over 80% of the predictions came  
30 seconds before the onset of slopping. Finally, the  
sensor showed clear sensitivity to utilization of post  
combustion lances.

In EAF field trials, the sensor was mounted to read the off gasses from the fourth hole. The laser-
based sensor was benchmarked against an extractive probe/gas analyzer with no off-gas tempera-
ture measuring capability. There was very good agreement between the two techniques except for 
a few seconds after scrap charging when laser transmittance was decreased due to heavy particle 
loading. The sensor measured real-time, in situ line-of-sight CO concentrations between 5% and  
35% CO, and measured off-gas temperatures in the range of 1400 to 1900 K. However, to achieve 
commercial status for the EAF sensor, further work is required to extend its capability to simul- 
taneous CO and CO2 concentration measurements.

4.4.3  Laser Contouring System (LCS) [TRP-0034]

Steelmaking vessels have very expensive refractory 
linings, which are consumed or destroyed during  
the steelmaking process where temperatures soar 
well above 3000oF. Maintaining this lining is a 
continuous, complex, and expensive challenge. 
Further, anytime the steelmaking vessel is removed 
from service for relining, valuable production time 
is lost. It is not uncommon to have an added vessel 
in a melt shop standing by or undergoing reline; 
potentially tying up tens of millions of dollars  
of capital.

The linings in steelmaking vessels are repaired while still white hot. Precisely measuring the contour 
of the eroded lining to determine where repair is necessary and spraying replacement refractory  
in the proper location is nearly impossible. To solve this problem the Technology Roadmap Program  
supported the development of a Laser Contouring System (LCS) to measure the refractory lining 
thickness in vessels processing molten steel.

EAF Optical Scanner
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The LCS instrument determines the thickness of a refractory lined BOF converter vessel by first 
measuring the distance from a known location to a large number of points distributed over the  
interior of the refractory surface. Thousands of range measurements are typically made at a data 
rate of up to 8,000 points per second when scanning the converter. These measurements are com-
bined to yield the overall internal refractory profile of the vessel. Data presentation includes contour 
maps, individual radial slices, and horizontal slices that clearly illustrate the measured contour 
compared against the original as-bricked profile.

Compared with the existing technology, the LCS System reduces measurement time from 20–30 
minutes per measurement to less than six minutes, with an accuracy of ±6mm. In a Basic Oxygen 
Furnace facility, a time savings of this magnitude makes it possible to add one heat per day, i.e. a 
3%–3.5% increase in productivity. It also increases safety by providing added breakeout protection. 
This technology can be applied to all steelmaking vessels: BOFs, EAFs, AODs, Q-BOP, ladles, etc.

This technology, licensed to Process Metrix, is now widely accepted in the marketplace. Since 2003, 
over 40 units have been installed worldwide.

Intensity Image, Ladle Radial SLice, Ladle

4.5 Rolling Mill Operations

Steel from the continuous caster ranges in thicknesses from 2.5 to 12 inches thick. Steel is further  
reduced in thickness in hot and cold rolling operations. Steel products from the caster are them-
selves highly valuable—well over 50% of the cost of materials and energy are contained in these 
semi-finished products. Failure in the rolling operation can result in the scrapping or downgrading  
of this valuable commodity.

During rolling, the steel undergoes numerous heating and gauging operations. This thermo- 
mechanical processing is as much responsible for the final properties of the steel as is its chemical 
composition. Furthermore, the steel produced must adhere to rigorous dimensional tolerances to 
satisfy the needs of the customer’s forming operations. The development of improved steel products 
can also be very costly and difficult. Often it involves the “trial and error” rolling of many tons of 
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steel to develop proper rolling practice. 
This is not only costly, but it removes 
the rolling mill from commercial service 
resulting in the loss of saleable products.

To address these issues, the TRP program 
supported the development of the Hot 
Strip Mill Model (HSMM).

Hot Strip Mill Model [TRP-0040]

The Hot Strip Mill Model is a computer 
simulation of the hot strip mill process. 
Originally developed at the University  
of British Columbia (under an earlier 
AISI/DOE program), the objective of this  
project was to test, validate, and deliver  
a PC-based, user-friendly model for use 
in industrial hot strip mill operations.

The Hot Strip Mill Model (HSMM) is an 
off-line PC-based software model that 
predicts the temperatures, deformation, 
microstructural evolution, and mechani-
cal properties of steel strip or plate rolled 
on a hot mill. The model can be used  
to help locate the source of flaws intro-

duced during rolling, to develop new rolling practices and products, and to improve existing rolling 
operations. It has been licensed to INTEG Corporation, which has subsequently adapted and resold 
the model to 32 steel mills to date.

4.6 Sustainability, Recycling, and CO2 Sequestration

The steel industry is a leader in environmental responsibility. It has always used “sustainable”  
practices to guide its operations and its R&D project selection. To the steel industry, sustainability 
means recycling in-house and post-consumer steel scrap, maximizing product yield while mini-
mizing the amount of waste materials generated; recycling unavoidable waste materials, either by 
using them in the steelmaking process or by finding uses for them in other manufacturing processes; 
recycling waste materials generated by others; and using renewable resources. Countless examples 
can be provided in which the steel industry has implemented these concepts.
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The steel industry is the largest recy-
cler in the world. More steel is recycled 
than all other materials combined. The 
industry recycles all of its own internally 
generated scrap steel and purchases 
“prompt” scrap from manufacturers 
and “obsolete” consumer goods such 
as autos, cans, reinforcing bar, etc. at 
the end of their useful life. In fact, all 
steel products manufactured in the 
United States contain 25% or more 
recycled steel and many are made  
from 100% recycled steel.

The industry also recycles wastes from 
other industries: spent electrodes, oil 
cans, waste oil, and some plastics.

The TRP supported a number of proj-
ects to increase recycling. Several of 
these were discussed in Section 4.3 on 
steelmaking.

4.6.1  Sustainable Steelmaking Using Biomass and Waste Oxides [TRP-9902]

The project Sustainable Steelmaking Using Biomass and Waste Oxides by Carnegie Mellon  
University investigated, by modeling, the possibility of an entirely new steelmaking flow sheet.  
This process would replace the coke oven, blast furnace and Basic Oxygen Furnace with a rotary 
hearth reduction furnace fed with self-reducing pellets and a “smelting” vessel. The partially 
reduced iron pellet from the rotary hearth is hot charged into a smelting vessel to produce hot 
metal. This process lends itself to small-scale operations that recycle solid iron-bearing waste oxides 
generated during ironmaking and steelmaking and coal, coke, or charcoal fines. As envisioned by 
researchers at Carnegie Mellon, a self-reducing pellet is made from waste oxides and charcoal. This 
charcoal can come from any source, including sawmill wastes.

Carnegie Mellon had developed and verified models of smelting vessels through prior research. But, 
there were no models of rotary hearth reduction furnaces. It is known that smelting vessels produce 
excess reducing gas and heat, and that iron ore reduction processes are highly endothermic. There-
fore, the challenge of this project was to: (1) develop a model of the rotary hearth reduction process 
and verify it with data from industrial furnaces and (2) combine the two models to develop a virtual 
process marrying the endothermic rotary hearth furnace to the exothermic smelter.
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The results of this research are of more than academic interest. Millions of tons of charcoal and raw 
wood fines exist as waste products in the United States. These models suggest that the incorporation 
of charcoal into pellets at existing rotary hearth furnaces may produce a 50% increase in productivity 
using waste gases for energy and possibly additional reductant. There are numerous efforts within 
the steel industry to recycle waste iron oxides. Carnegie Mellon’s work suggests a possible new  
process to recycle waste iron oxides, raw wood fines, and waste coal and coke fines.

4.6.2  Geological Sequestration of CO2 by Hydrous Carbonate Formation with Reclaimed   
 Slag [TRP-9955]

Liquid slag is produced in both blast furnace ironmaking and steelmaking operations. It is a mixture 
primarily of SiO2, CaO, and MgO. Ironmaking slag is reused in the cement industry as a replacement 
for limestone. This has three beneficial effects. First, it eliminates the need to landfill slag. Secondly, 
it reduces the amount natural limestone that must be mined to manufacture cement. Finally, it saves 
energy by eliminating the need to calcine the limestone. This reduces CO2 emissions from cement  
making by as much as 50%. A study by the Slag Cement Association reported that the replacement  
of a ton of portland cement with a ton of slag cement reduced the amount of CO2 over 90%.

The reuse of steelmaking slags is a greater challenge. Because of its free lime content, some is recy-
cled into the blast furnace to replace limestone, and small amounts are used as fertilizer. It has also 
been used successfully as ballast for roadbeds. Perhaps the most promising application for steel-
making slags is in the sequestration of CO2 generated in the steelmaking process (or elsewhere).

The Missouri University of Science and 
Technology’s (formerly the University  
of Missouri at Rolla) project Geological  
Sequestration of CO2 by Hydrous Car-
bonate Formation with Reclaimed Slag, 
has demonstrated that a new process to 
react steelmaking slag with the off-gas 
from steelmaking has the potential of  
sequestering 6–11% of the CO2 emissions 
from integrated mills and 35–45% of the 
CO2 from electric furnace plants. This is 
accomplished by reacting the hot slag 

with the CO2 in the off-gas in an aqueous mixture to produce solid magnesium and calcium carbon-
ates. In addition to sequestering CO2, the solid carbonates are a commercially valuable product.

For scale-up and demonstration, the research recommends a prototype consisting of two intercon-
nected reactors. This design allows for simplified retrofit into existing slag and off-gas processing  
facilities. The project report includes an extensive slag analysis, including quantities and composi-
tion. It also includes a slag “grindability” study indicating the possibility of significant metal recovery 
as a function of particle size. The grindability study may lead to an increased recovery of small steel 
particles entrained in the slag.
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5.0 Benefits

The American steel industry has made great strides in reducing energy intensity. In fact, 

since 1990 it has reduced energy consumption per ton of steel shipped by 30%. The steel 

industry in the U.S. has the lowest energy consumption and CO2 emissions per ton of any 

major steel-producing country in the world.

These gains have been accomplished by developing and implementing advanced technology. How  
much of this has been accomplished through the TRP is difficult to quantify. Some TRP technologies  
enter the industry very quickly, e.g. Laser Contouring of vessels and CFD modeling. Others, such as  
Alternative Ironmaking, take longer. These are very high risk, capital intensive technologies that 
may take many years to become commercially viable, and some may not become commercial at all. 
Still, high risk research is highly valuable and much knowledge is gained. This know-how is rapidly 
transferred to the shop floor. The TRP has developed and continues to develop new steelmaking 
technologies. Since much of its research was completed rather recently, its benefits have only begun 
to filter into the plants.

Because of advances over the last two decades, the state-of-the-art processes and technologies the 
industry operates today are highly optimized. This means that in order to continue to make significant 
reductions in energy use, revolutionary new technologies and processes are required. Three of these 
technologies were launched in the TRP program: the Paired Straight Hearth Furnace, Molten Oxide 
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Electrolysis, and Suspension Reduction of Iron Oxide. These transformational iron and steelmaking 
technologies will be perfected and deployed over the next 10 –15 years and show great promise in 
drastically reducing CO2 emissions.

In addition to the benefits to the steel industry, many even greater benefits accrue to the users of steel 
and to the U.S. economy as a whole. For example, far greater energy may be consumed and CO2 
generated when using a steel product than when it is manufactured. Automobiles provide a classic  
example. A life cycle analysis of a five-passenger compact vehicle using a University of California,  
Santa Barbara (UCSB) model calculated the greenhouse gas (GHG) reduction that is achieved by  
optimizing the vehicle’s design using Advanced High-Strength Steel (AHSS) compared to conventional 
steels. The AHSS vehicle will realize a 5.7 percent decrease in CO2 emissions over its lifetime

Through 2005, TRP performed vital research to develop and optimize the use of AHSS in automobiles. 
Even though the benefits at the steel plant level are nominal, the downstream energy savings are signi- 
ficant. Leveraging only $4.2 million of federal funding focused on crash modeling, welding, and forma- 
bility, the following benefits are calculated using a market penetration of only 7% of AHSS-type vehicles:

Savings per year
Savings per year  
per federal $ spent

Dollar savings per  
year at $50/barrel

Barrels of oil  4,071,429 0.84 barrel $203,571,450 

CO2 emissions reduction (tons) 2,100,000 0.5 N.A.

Equally important, AHSS vehicles cost no more to manufacture than conventional steel vehicles  
and achieve the highest safety ratings in crash-performance modeling. Note, AHSS-intensive  
vehicles are now (2010) the norm in automotive design.

In addition to the development of new technologies, the TRP has provided a large number of other 
important benefits for the steel industry. It supplemented the in-house R&D of the various steel 
companies. TRP provided a vehicle for performing collaborative R&D for projects that benefit the 
entire industry rather than a single company. It made it possible to pool resources for research  
projects that were too costly and too risky for a single company or whose benefits (if any) would  
be realized too far into the future to justify current expenditures.

TRP introduced the steel industry to new and cross-cutting technologies developed outside our  
industry, e.g. Laser Sensors from Sandia National Laboratories and CFD modeling of the blast  
furnace and vessel off gas from Purdue Calumet and the University of New South Wales.

The program taught colleges about the steel industry, and they now provide an improved training 
ground for young engineers. TRP projects generated 56 post baccalaureate degrees and countless 
new engineers with a greater knowledge of steelmaking for the industry. It helped to revitalize 
university metallurgy programs that had been suffering during recent years because of too few 
research funds. Finally, by licensing its technology, the TRP generates funds to support continued 
R&D, fulfilling its goal to increase the competitiveness of the U.S. industry while saving energy and 
enhancing the environment.
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