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Glossary

Abbreviated notation of lime and fluorspar in slag

In order to simplify the notation of the fluxing additive of lime and fluorspar, the following
notation was used in this report. Composition (L) is located in the low fusion temperature
trough near (Ca0)/(SiO,) of 1.2 in the Ca0-SiO,-Al,03 phase diagram. The slag compositions
were abbreviated by indicating the amounts of additional lime used in percent as a suffix, for
example, Lps and L; indicated lime additions of 0.5% and 1%, respectively, over that of
Composition (L). The amount of fluorspar (abbreviated to FS) added in percent was also
indicated as a suffix, for example, LosFSg2s, which represented that 0.25% by weight of
fluorspar was added to a feed mixture with Slag Composition of Lgs.

Atmosphere control
Atmosphere control in the LHF refers to the control of the atmosphere directly above the feed
compositions regarding reducing gas composition, (specifically CO and H,, with the absence of
oxygen), and the volumetric turbulence of the combustion products that have an influence on
these compositions.

Basicity
_ cao

T Sio,

Ca0O+Mgo
Si0,+ Al,03

2 B, =

Bimodal Super Stoichiometry

Bimodal Super Stoichiometry or BMSS is a term given to the practice of using a coarse and fine
size fraction of carbon reductant in the reaction mixture for production of NRI. The fine
fraction provides the reductant source for conversion of iron oxides to reduced iron while the
coarser fraction survives the furnace atmosphere to allow the carbon solution reaction to
sufficiently reduce the melting temperature to enhance the kinetics for production of metallic
iron.

Bio-Coal
Bio-coal is defined as a coal or carbon substitute produced from a biomass resource.

Fusion time

NRI fusion time, also referred to as residence time, is defined as the time required in the box
furnace or LHF to fully reduce a composition consisting of iron oxide, carbon reductant and
fluxes to metallic iron. Reducing fusion time correlates to an increase in productivity for a given
furnace dimension.

Micro NRI

Both in box furnace and LHF tests, NRI with a range of sizes formed depending on the test
conditions used. The magnetic products after each test was collected with a hand magnet and
screened into +6.35 mm (1/4”), -6.35 mm (1/4”) +20 mesh and -20 mesh. Plus 6.35 mm (1/4”)
fractions were fully metallic when the products were judged to be fused. Minus 6.35 mm
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(1/4”)+20 mesh fractions were essentially all metallic and referred to as “micro NRI.” Minus 20
mesh fractions had large amounts of fine carbon particles to which small metallic iron particles
were attached. They are generally considered as unacceptable product as they typically contain
higher levels of sulfur and their relatively small size can negatively influence EAF productivity.

Stoichiometric amount

In an attempt to quantify the amount of coal, coke or char needed as a reductant in feed
mixture, the amount of carbon required to reduce iron oxides to metallic iron with the
formation of CO was calculated and termed “stoichiometric amount” according to

FeO+C=Fe+CO
FesO4+4C=3Fe +4CO
Fe,O3 +3C=2Fe + 3CO

Fixed carbon from proximate analysis was used in the calculation.

Torrefaction

Torrefaction is a mild pre-treatment of biomass at a temperature between 200-300°C under
low oxygen conditions to remove moisture, light volatiles and accumulate the carbon
component. The resulting product is a partially carbonized biomass, essentially moisture-free
and friable which allows it to be used similar to coal. Torrefied biomass has the potential to be
composed of several biomass sources (ex. wood by-products, agricultural by-products, grasses,
energy crops etc.) giving them similar material handling and processing capabilities.
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Executive Summary

The current trend in the steel industry is an increase in iron and steel produced in electric arc
furnaces (EAF) and a gradual decline in conventional steelmaking from taconite pellets in blast
furnaces. In order to expand the opportunities for the existing iron ore mines beyond their
blast furnace customer base, a new material is needed to satisfy the market demands of the
emerging steel industry while utilizing the existing infrastructure and materials handling
capabilities. This demand creates opportunity to convert iron ore or other iron bearing
materials to Nodular Reduced Iron (NRI) in a recently designed Linear Hearth Furnace (LHF).
NRI is a metallized iron product containing 98.5 to 96.0% iron and 2.5 to 4% C. It is essentially a
scrap substitute with little impurity that can be utilized in a variety of steelmaking processes,
especially the electric arc furnace.

The objective of this project was to focus on reducing the greenhouse gas emissions (GHG)
through reducing the energy intensity using specialized combustion systems, increasing
production and the use of biomass derived carbon sources in this process. This research
examined the use of a solid fuel-oxygen fired combustion system and compared the results
from this system with both oxygen-fuel and air-fuel combustion systems. The solid pulverized
fuels tested included various coals and a bio-coal produced from woody biomass in a specially
constructed pilot scale torrefaction reactor at the Coleraine Minerals Research Laboratory
(CMRL). In addition to combustion, the application of bio-coal was also tested as a means to
produce a reducing atmosphere during key points in the fusion process, and as a reducing agent
for ore conversion to metallic iron to capture the advantage of its inherent reduced carbon
footprint.

Combustion Systems

Each of the combustion systems were compared on a relative basis, using the standard air-
natural gas system as the baseline. The results of this comparison show the oxy-gas burner
system resulted in a 57% reduction in carbon dioxide emission in the flue gas. Although the use
of solid fuels, including the thermally processed bio-coal, was successful for production of NRI,
the configuration of the burner system with an air swept eductor to convey the fuel, resulted in
air contamination, therefore minimizing the impact on reduced GHG to 12-15%. It is very likely
that this technology could be used with a dense phase transfer system. Although the emission
analysis for the coal based testing and the bio-based tests were essentially equivalent within
the error capabilities of the equipment, the carbon footprint for the bio-based fuel is
significantly lower.

Use of Bio-coal in the Reduction/Smelting Process

To evaluate bio-coal application as a carbonaceous reductant, a series of furnace tests were
conducted that showed that the fusion behavior using biomass derived carbon reductant
resulted in significantly faster fusion time (over 30% faster than base condition) while reducing
sulfur content of NRI to 0.028% - 0.031%. This indicates that fully fused metallic NRI can be
formed in about 60% of the time when compared to the baseline mix with med volatile
bituminous coal as a reductant. Further application of the bio-coal was evaluated as a means to
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control the reducing atmosphere of the furnace during the important smelting phase of the
process. Late stage carbon addition tests demonstrated that effective control of the
atmosphere layer over the reaction mixture has the potential to increase productivity by 15%
through improved heat transfer.

Use of Bi-modal Carbonaceous Reductant

It was found that for certain conditions, sizing of carbonaceous materials into a coarse and finer
fraction helped control final smelting properties for the reduced iron products by aiding carbon
transfer after iron oxide reduction had completed and by helping provide a protective
atmosphere around the reduced iron to prevent reoxidation. The specific sizing for each of the
carbon fractions needs to be closely controlled to minimize the formation of micro iron nodules
and maintain high yields of primary NRI.

Concluding Comments

The results from this study indicate that the approaches taken can reduce both greenhouse gas
emissions and the associated energy intensity with the Linear Hearth Furnace process for
converting iron ore to metallic iron nodules. Various types of coals including a bio-coal
produced though torrefaction can result in production of NRI at reduced GHG levels. The
process results coupled with earlier already reported developments indicate that this process
technique should be evaluated at the next level in order to develop parameter information for
full scale process design. Implementation of the process to full commercialization will require a
full cost production analysis and comparison to other reduction technologies and iron
production alternatives. The technical results verify that high quality NRI can be produced
under various operating conditions at the pilot level.
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1 Introduction

The current trend in the steel industry is an increase in iron and steel produced in electric arc
furnaces (EAF) and a gradual decline in conventional steelmaking from taconite pellets in blast
furnaces. Currently, iron ores from Minnesota and Michigan are pelletized and shipped to the
lower Great Lakes ports as blast furnace feed. The existing transportation system and
infrastructure is geared to handling these bulk materials. In order to expand the opportunities
for the existing iron ore mines beyond their blast furnace customer base, a new material is
needed to satisfy the market demands of the emerging steel industry while utilizing the existing
infrastructure and materials handling capabilities.

Several processes have been proposed as alternatives and significant activity on a world-wide
basis continues in developing these alternative ironmaking processes. Mesabi Nugget LLC
recently commercialized Kobe Steel’s ITmk3 process by producing “iron nuggets” in a 500,000
mt/yr pilot plant in Hoyt Lakes, Minnesota. A similar pilot plant campaign has also been
demonstrated outside of Tokyo, Japan producing using JFE Steel’s Hi-QIP process 567 " As with
any new process or technology, much opportunity exists for further cost reduction and
continued quality improvement to create added incentive for commercial development.

The University of Minnesota Duluth - Natural Resources Research Institute has been developing
an advanced iron making technology in conjunction with one of the leading US EAF steel
producers. The development, first funded by the University and the US Economic Development
Administration and subsequently by the US DOE, has been summarized in a recently issued
technical report entitled “Next Generation Metallic Iron Nodule Technology in Electric Arc
Steelmaking — Phase 11”, DE-FG36-05G015185, US Department of Energy W The process,
developed by NRRI, considered for commercial development uses a specialized linear furnace
design (LHF) with oxy-fuel combustion that affords several process and environmental
advantages. Further expansion of the capabilities of the oxy-fuel combustion to utilize
pulverized solid fuels for ironmaking technologies, including carbon char produced from woody
biomass or agricultural products affords unique opportunities with respect to carbon neutrality
and reduced greenhouse gas (GHG) emissions. The LHF to NRI process uses fine concentrates
rather than fired pellets as required in the most prevalent gas-based, shaft DRI (direct reduced
iron) systems in use today.

This program focuses on demonstrating the application of oxy-fuel combustion technology to
reduce green house gas emissions while utilizing the best technology and processing conditions
for converting iron oxide resources to high quality Nodular Reduced Iron (NRI). The resulting
product will; 1) contain less gangue, 2) contain less sulfur, 3) be resistant to reoxidation, 4) cost
less to produce and 5) use the existing transportation infrastructure and material handling
systems. High quality NRI will be universally acceptable feedstock across the steel industry,
electric arc furnace (EAF), submerged arc furnace (SAF), basic oxygen furnace (BOF), iron
foundries, or as supplementary iron units to the blast furnace (BF).



2 Background

2.1 The Scientific and Technical Merit of the Technology

Currently, most iron making processes require agglomeration of iron bearing materials prior to
processing into an alternative iron product, especially if the iron bearing material is a very fine
material. The iron ore materials from the United States fall into this category of iron bearing
material. The process of converting iron ore or iron bearing waste oxides to metallic iron
containing between 2 and 4% carbon NRI has been developed by others over the course of the
last decade. The technology differs from that of Midrex/Kobe or JFE in that a linear furnace
concept is considered instead of the rotary hearth technology of the other developers.

For this application, oxygen-fuel burners offer many advantages over air-fuel burners. They are
inherently more stable throughout a wide range of operating conditions and excess oxygen
ratios. They provide good turndown performance. They can be designed and operated to
produce either compact, high velocity, low luminosity flames, or, long, highly luminous, low
velocity flames. Oxygen-fuel burners can produce a wide range of oxidizing or reducing
products of combustion streams.

Oxygen-enriched combustion can:
e Increase efficiency. Flue gas heat losses are reduced because the flue gas mass decrease
as it leaves the furnace. There is less nitrogen to carry heat from the furnace.

e [ower emissions. Certain burners and oxy-fuel fired systems can achieve lower levels of
nitrogen oxide, carbon monoxide, and hydrocarbons.

e Improve temperature stability and heat transfer. Increasing the oxygen content allows
more stable combustion and higher combustion temperatures that can lead to better
heat transfer.

e Increase productivity. When a furnace has been converted to be oxygen enriched,
throughput can be increased for the same fuel input because of higher flame
temperature, increased heat transfer to the load, and reduced flue gas.

One distinct advantage of this technology is that it can utilize solid fuel rather than natural gas
where the cost and/or the effect of the combustion products on the furnace gas atmosphere
are problematical. The technology development has focused on reducing green house gases
when compared to alternative technologies and employs oxy-fuel and oxy-coal combustion as
the prime means of providing the necessary endothermic heating requirements to the process.
In convective heat-governed furnaces, the furnace gas velocity may drop because the
convective heat transfer coefficient may decrease in a larger proportion than the increase in
gas temperature. If this happens, the conversion would do little to increase the overall heat
transfer, so reducing flue gas temperature to pre-conversion level may not be possible.

The test program was initiated using a laboratory tube furnace with subsequent testing in a
slightly larger box furnace. Over 6,000 laboratory, pilot and demonstration scale tests have



been conducted over the course of the development, which was initiated in 2001. Major
parameters investigated included such raw materials as:

(1) Taconite concentrates with different levels of silica content,

(2) Different carbonaceous reductants including Eastern anthracite, low-, medium- and
high-volatile bituminous and Western sub-bituminous coals as well as their carbonized
char and coke, and

(3) Different types of additives, such as balling binders and some specific additives for slag
fusion temperature reduction and iron nodule sulfur control.

Furnace operating conditions included temperature and residence time, furnace atmosphere,
hearth layer materials, iron nodule and slag chemistries as well as iron nodule size. A major
difference between the test conditions of the LHF and the box furnace is the high CO,, low CO
concentrations and high turbulence of the burner combustion products. From computational
fluid dynamics (CFD) modeling of the LHF, the furnace gas was noted to be circulating
vigorously within each zone, and while the temperature at the surfaces of trays in Zone 3 was
relatively uniform 1427°C (2600°F), furnace gas velocities approached 1-3m/s (3-10ft/s) in
localized regions at tray level. In the box furnace, on the other hand, the furnace gas velocities
were estimated at as much as two to three orders of magnitude less, 0.03-0.003 m/s (0.1-0.01
ft/s). Furnace atmosphere profoundly influenced the temperature needed to form fully fused
iron nodules. Increasing concentrations of CO, required higher temperatures, but the fusion
behaviors of iron nodules became less sensitive to the presence of CO, above 1400°C. In
laboratory tests, fully fused iron nuggets could be formed at as low as 1325°C (2417°F) under a
N,-CO atmosphere, and sulfur in iron nuggets could be lowered to as low as 0.01% or less.
Thus, from both a product quality standpoint and from an operating standpoint, furnace
atmosphere control becomes a key control variable and must be considered in design of the
overall furnace operating conditions.

The choice and amount of addition of carbonaceous reductants was found to be an important
factor in iron nodule formation. While anthracite, low- and medium-volatile bituminous coal as
well as coke worked well both in dry balled feed and a feed without prior agglomeration, sub-
bituminous coal was totally unsatisfactory in balled mixtures, and its char generated
inordinately large amounts of micro nodules under similar conditions. The optimum level of
carbonaceous reductants was determined to be 75-85% of the stoichiometric requirement for
metallization for the reaction mixture, based on Fixed Carbon analyses, when the furnace
atmosphere consisted of N,-CO mixtures.

Certain additives were found to be effective for lowering the fusion temperature of NRI, while
some other additives lowered sulfur in iron nodules to as low as less than 0.01%. The
generation of micro nodules, which need to be recycled, had been a drawback to the newly
developed approach, but methods to control the generation of micro nodules have been
developed.



2.2 Innovation, Originality and Feasibility of the Technology
2.2.1 Linear Hearth Furnace Design Considerations

The alternative processes previously described utilize a Rotary Hearth Furnace (RHF) design
where the NRI process make use of a Linear Hearth Furnace (LHF) that affords some unique
opportunities:

(1) The LHF creates an exit end which provides opportunity to recuperate sensible heat in a
heat recuperation zone that cannot be done with an RHF. Combustion gas exhaust
temperature in the LHF will be lower (inherent ‘self’ recuperation) than in the RHF, since
the exhaust gas duct will be located away from the hot fusion zone.

(2) The LHF has the advantage of the charging and discharging being accomplished outside
of the kiln, in a more accessible location. External charging and discharging has the added
advantage of simplified dust control, outside of the kiln. Additionally, under ambient
conditions for unloading, the product, slag and hearth layer can be removed
magnetically, dumped, scraped, vacuumed or with a non-cooled auger — options not
available in the RHF where the only practical discharge mechanism is an expensive water-
cooled screw taking all material off at one time.

(3) It is a simple matter to incorporate an in-line drying zone with LHF, utilizing recoup-heat
from the process; this cannot be done directly with an RHF.

(4) The LHF affords segregation of combustion gas atmosphere from reducing atmosphere in
reduction/fusion zones. This would be very difficult to engineer, build and maintain in an
RHF.

(5) For all but very large RHFs, the product is not symmetrically loaded and side to side
uniformity is affected. This causes the production tonnage to be greater at the outer
diameter than the inner diameter requiring asymmetrical application of heat. Exhaust
flow around the RHF tends to follow the inner diameter.

(6) The RHF is less efficient in building space use and therefore more capital intensive. LHF
can be constructed on grade, whereas the RHF requires an elevated hearth to allow
access to the inner circle of the furnace.

(7) Uniform feeding, product removal and temperature distribution have to be considered in
the RHF. Symmetrical loading affects side to side uniformity. Also, exhaust flow around
the RHF tends to follow the inner diameter. An LHF is simply more uniform. In addition
to the side to side uniformity discussed above, the co-current flow from hottest to
coolest product is more easily controlled in an LHF. Since the charge and discharge are
adjacent in an RHF, any seal that is less than 100% at this point allows exhaust flow to
short circuit between these two points.

(8) A change in length requirements is only applicable to an LHF in order to allow an increase
in production.

(9) The LHF design facilitates the creation of side by side batteries of reduction smelting
furnaces that allow kiln cars to be shifted to the next furnace in a close and compact
manner for processing material in the reverse direction in order to effectively increase
facility productivity.

(10) The current LHF burner system employs oxy-fuel burners and allows the off-gas to be
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more readily concentrated and treated for CO, reduction compared to the air-fuel
systems employed by competitor processes.

(11) The use of oxy-fuel systems also reduces the contact of the products with furnace flue
gases that potentially cause high slag FeO contents.

When a fuel is burned, oxygen in the combustion air chemically combines with the hydrogen
and carbon in the fuel to form water and carbon dioxide, releasing heat in the process. Air is
made up of 21% oxygen, 78% nitrogen, and 1% other gases. During air—fuel combustion, the
chemically inert nitrogen in the air dilutes the reactive oxygen and carries away significant
amounts of the energy in the hot combustion exhaust gas. An increase in oxygen in the
combustion air can reduce this energy loss in the exhaust gases and increase heating system
efficiency.

2.2.2 Oxy-fuel Combustion Systems

Oxygen-fuel burners can produce a wide range of oxidizing or reducing products of combustion
streams. They can be designed and operated to produce either compact, high velocity, low
luminosity flames, or, long, highly luminous, low velocity flames. For the LHF, an oxygen-fuel
burner capable of producing an optimum atmosphere in the furnace, along with low emissions
and a low momentum, highly radiant flame, is the desired goal.

The principle of CO; capture by oxy-fuel combustion is to burn fuel with oxygen rather than air
so that the flue gas consists mainly of CO, and water with little nitrogen. When CO, capture is
not required, oxy-firing is inherently more expensive than combustion with air using current
state-of-the-art technologies. Potential advantages of oxy-firing deriving from smaller
equipment size are offset by costs related to cryogenic air separation and flue gas recycle
necessary to maintain acceptable temperature levels in the equipment (boiler/heater/gas
turbine). When considering CO, capture, however, oxy-firing has the unique advantage to
generate an effluent stream composed almost exclusively of CO, and H,O0. It is very inexpensive
and easy to capture CO, of the necessary purity for sequestration from this stream, simply by
water condensation. Applications in other industries have shown that the major additional
capital and operating costs in oxy-fuel combustion for CO, capture are those associated with
oxygen production when new gas turbine design costs are excluded. New and lower cost
oxygen production methods are under active development which means that the overall cost of
oxy-fuel concepts, i.e. those using flue gas recycle, should fall significantly. Combustion in pure
oxygen or in oxygen enriched air in special high temperature furnaces is widespread in the
metallurgical, glass and other industries, and therefore the operational and safety issues of
oxygen combustion are well understood 9,10)

2.2.3 Oxy-Coal Combustion

Ordinarily coal combustion results in only about 15% CO; in the flue gas. The capture of CO,
from the flue gas for sequestration is made difficult due to its relatively low concentration and
the presence of other gaseous species like sulfur oxides that interfere with its separation. As an
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alternative, nitrogen can be separated from the air stream prior to combustion. However,
combustion with pure oxygen results in very high flame temperatures that the current
materials of construction cannot withstand. A method for using enriched oxygen for coal
combustion with flue gas recycle to control the adiabatic flame temperature has been
investigated so that the new technology can easily be applied as a retrofit to existing boilers.
This method may result in more than 90% CO; in the flue gas (12),

2.2.4 Oxy-Biomass Combustion

Biomass as an energy source has several important advantages. Renewability and an infinite list
of plant, byproducts, and waste materials that can be used as feedstock are very attractive
features. Also, biomass consumes atmospheric CO, during growth and therefore may have no
net generation of CO, during use and, therefore no negative impact on green-house gases.
Although wood is clean and renewable fuel which, compared to coal, contains little ash, sulfur
and nitrogen, it is not an ideal fuel for gasifiers. Its optimum gasification temperature is rather
low (below 700°C) due to the high O/C ratio. As a result, wood is generally over-oxidized in
gasifiers leading to thermodynamic losses. It is possible to reduce these thermodynamic losses
by prior thermal pre-treatment in the range of 250-300°C, i.e. wood torrefaction. If the heat
produced in the gasifier is used to drive the wood torrefaction reactions, the chemical energy
preserved in the product gas has been shown to increase provided that both torrefied wood
and volatiles are introduced into the gasification process @3 The opportunity exists to utilize
the existing technology for oxy-fuel combustion and pulverized coal firing techniques to use
torrefied woody biomass or agriculture by-products as a low cost carbon neutral fuel for
ironmaking. In addition to the benefits afforded by the concentration of CO, gas, the woody
biomass products are also relatively free of sulfur oxides, creating more opportunities for CO,
capture technologies. The LHF technology has the potential to apply these technologies, by
taking advantage of the radiant flame of the oxy-fuel combustion, the reduction in NO,, coupled
with the potential for CO, enrichment afforded by the carbon source firing, and the carbon
footprint benefits associated with the woody biomass fuel.

2.3 Potential Energy, Carbon Emissions Reduction, and Environmental Benefits
2.3.1 Potential Energy Reductions

The total energy requirement for a competitive technology was estimated at 16,282 J/mt (14.0
MM BTU/st). This compares favorably with recently published data of the ITmk3
demonstration project of 15,689 J/mt (13.49 MM BTU/st) W The analysis for the proposed
process led to overall energy savings of 3,489 J/mt to 5,815 J/mt (3 to 5 MM BTU/st-MIN), or 23
to 37% reduction over competitive processes. This benefit is in addition to reported energy
savings of 30% for similar technologies over the current integrated steelmaking process 23) For
a one million st/y plant, therefore, potential energy savings would be 3to 5 T BTU/y (3 to 5 x
1012 BTU/y). Furthermore, the proposed technology reduces emissions over ITmk3’s reported
reduction in emissions of more than 40 %' %"



2.3.2 Potential Carbon and Emission Reductions

The principle of CO, capture by oxy-fuel combustion is to burn fuel with oxygen rather than air
so that the flue gas consists mainly of CO, and water with little nitrogen. When considering CO,
capture, oxy-firing has the unique advantage to generate an effluent stream of the necessary
purity for sequestration from this stream by simple water condensation. In addition, replacing
air-fuel burners with oxygen-fuel burners is reported to save natural gas by 50 to 60% in a steel
reheating furnace 10 " This fuel savings can be directly related to reduced CO, emissions.
Therefore, the principle behind CO, reduction is two-fold; (1) reduced products of combustion
by reducing fuel requirements by 40-50% and (2) the absence of nitrogen in the combustion
system makes the CO, more available for capture by containment and reduced separation
requirements. Typical oxygen combustion results in very high combustion temperatures
without the nitrogen diluent from air. Recent designs of oxygen-fuel burners allow for staging
of the combustion oxygen deeper into the flame zone and further out into the fired chamber,
reducing flame temperatures. In addition, this oxygen staging capability produces NOx
emissions that are 80% lower than conventional, non-staged designs. In fact, NOX emissions
decreased from 5.0 to 0.8 Ib/st (84% decrease) in a glass furnace ©)

2.4 Previous Laboratory Development

During the course of the laboratory investigation, various combinations of variables were
studied in order to determine the best combination of mix chemistry and processing conditions
that would result in the production of high quality metallic NRI that contain little residual
gangue material, possess low sulfur levels (<0.05%), and contain high amounts of carbon
(>2.5%). The reduction of iron ore with coal and fluxes is simple in concept, but various factors
must be controlled in order to effectively hit target chemistries and at the same time minimize
energy requirements and avoid potentially catastrophic processing problems (e.g., aggressive
slag attack on refractories and equipment). Various phenomena occur in the process of
carbothermic reduction and these phenomena are summarized in Table I.



Table 1: Sequence of Events

Mixture Temperature Range

Event | Description °C °F

1 Dehydration of free water 100 212
Emission of volatile matter from

2 coal 350 to 500 662 to 932
Dehydration of bound water from

3 Ca(OH), 427 800
Calcination of calcium and

4 magnesium carbonates ~727 ~1340
Reduction of magnetite and

5 hematite to iron >827 >1521

6 Melting of fayalite (2Fe0.SiO,) 1177 to 1204 2150 to 2200

7 Melting of carbon saturated iron | 1150 2102

8 Melting of slag >1311 >2392
Melting of wustite (depending on | 1373 through 2503 through

9 dissolved oxygen content) 1426 2599

10 Melting of fluorspar ~1418 ~2584

11 Melting of pure iron 1538 2800

2.4.1 Laboratory Tube Furnace Tests

The test program was initiated using a tube furnace with a 50.8 mm diameter x 1168 mm long
mullite tube, which takes 25.4 mm wide x 101.6 mm long and 25.4 mm high graphite boats, to
screen the test conditions for use in laboratory box and pilot plant linear hearth furnaces. To
control the furnace atmosphere, N, and CO were supplied to the combustion tube via
respective rotameters. Tests were carried out with a mixture, consisting of N, and CO mixture
at 2 and 1 L/min, respectively.

Several major parameters have been investigated including such raw materials as: (1) multiple
forms of iron oxide such as different taconite concentrates with different levels of silica
content, a natural hematite ore and mill scale from an industrial plant, (2) different
carbonaceous reductants including Eastern anthracite, low-, medium- and high-volatile
bituminous and Western sub-bituminous coals as well as their carbonized char and coke, and
(3) different types of additives, such as balling and briquetting binders and some specific
additives for slag fusion temperature reduction and NRI sulfur control.

In addition, furnace operating conditions, such as temperature and time at temperature,
furnace atmosphere, hearth layer materials, NRI and slag chemistries as well as NRI size, were
varied. Taconite iron ore concentrates with different levels of silica indicated that magnetite
concentrates with 6% SiO, produced NRI more readily than a more expensively produced



flotation concentrate of 4% SiO,, or super-concentrate of 2% SiO,. All the iron bearing
materials tested could be used to produce acceptable NRI.

The choice and amount of addition of carbonaceous reductant is an important factor in NRI
formation. While anthracite, low- and medium-volatile bituminous coal as well as coke worked
well both in dry feed and feed without prior agglomeration, Powder River Basin (high-volatile
sub-bituminous) subituminous coal was totally unsatisfactory in agglomerated (briquette or
pellet) mixtures due to low strength development, and its char generated inordinately large
amounts of micro NRI (<2.54 mm + 20 mesh) under similar conditions. The optimum level of
carbonaceous reductants was 75-85% of the stoichiometric requirement for NRI formation,
based on fixed carbon analyses with minimum generation of micro NRI, when the furnace
atmosphere consisted of N2-CO mixtures and a carbon hearth layer was used. Certain additives
were found to be effective for lowering the fusion temperature of NRI, while some other
additives lowered sulfur in NRI to as low as less than 0.01%. Furnace atmosphere profoundly
influenced the temperature needed to form fully fused NRI. Increasing concentrations of CO,
required higher temperatures, but the fusion behaviors of NRI became less sensitive to the
presence of CO, over 1400°C. The laboratory apparatus used for the studies are shown in
Figure 1 and 2. The tube furnace was used to screen variables and the box furnace was used to
confirm test conditions on a larger scale.

Figure 1: Laboratory Tube Furnace



Figure 2: Laboratory Box Furnace

2.4.2 Box Furnace Tests

Laboratory investigations were scaled up from the tube furnace trials using an electrically
heated box furnace. This furnace shown in Figure 2 consisted of two 304.8 mm x 304.8 mm x
304.8 mm heating chambers with the two chambers capable of controlling temperatures up to
1450°C independently, and which accepted a 127 mm wide x 152.4 mm long x 38.1 mm high
graphite or ceramic fiber board tray. To control furnace atmosphere, N,, CO and CO, were
supplied to the furnace in different combinations via respective rotameters. Total gas flow
could be adjusted in the range of 10 to 50 L/min. In most tests, graphite trays were used, but in
some tests, trays made of fiber board with a thickness of 12.7 mm were used. After introducing
a tray into the cooling chamber, the furnace was purged with a gas, typically a mixture of N,
and CO at 18 and 2 L/min, respectively, for 15 minutes to expel the air when a tray was
introduced into the cooling chamber. Initially, the tray was pushed just inside of the flip-up
door, held there for 3 minutes for preheating, then into the first chamber, held at 1149°C, for 5
minutes, and then into the second chamber, held at 1400°C for certain periods of time. After
the test, the tray was pushed to the back of the flip-up door and held there for 3 minutes, and
then into the cooling chamber. After cooling for 10 minutes, the tray was removed from the
cooling chamber for visual inspection to see if NRI was formed. A major emphasis was placed in
developing methods to produce larger-sized NRI by feeding mounded raw material mixtures in
an attempt to circumvent costly agglomeration and drying steps. It was found that various sizes
of NRI could be routinely produced, ranging from 8.38 mm to 63.5 mm. Box furnace tests
provided an opportunity to further develop methods which showed promise in controlling the
generation of micro NRI and for achieving desired sulfur levels in the metallized product.
Modifications of hearth materials as well as proper selection of additives to feed mixtures were
studied. It was found that high quality NRI could be produced using non-agglomerated mounds,
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and various agglomerated mixtures (pellets or briquettes) at smelting temperatures < 1450°C.
During the course of the laboratory investigation, it was also found that control of slag
chemistry and the atmosphere above the reduction mixtures was essential to allow complete
smelting of the iron oxides to metallic iron and for separation of the gangue components to an
easily removable slag phase. The atmosphere within the tube furnace and box furnace was
much less turbulent than that encountered during pilot scale testing in the larger linear hearth
furnace that will be discussed later. In addition, the degree of mixing of the off-gas from the
reduction process was very low relative to a gas fired furnace. These differences proved to be
very significant in evaluating the actual performance. The laboratory tests were extremely
useful for developing mix compositions and hearth carbon and cover compositions that could
be employed at the next scale, but these furnaces could not duplicate the conditions that
actually occurred in the larger gas fired linear hearth furnace.

2.4.3 Findings from Laboratory Tests

The optimum size of coal added as a reductant was determined to be -65 to +100 mesh. Finer
mesh-of-grind of coal formed NRI just as effectively, but the amount of micro NRI increased
somewhat. The use of coarser coal required increased amounts of coal for forming fully fused
NRI, suggesting that a certain amount of fine coal was necessary. Optimal size of coke or
anthracite char used as hearth materials was found to be less than 10 mesh. Effective fluxing of
the feed mixtures could be achieved using manganese oxide and fluorspar with a lime to silica
ratio (1.5 to 1.7) that produced a fusion temperature of the slag under 1400°C. Other fluxes
such as borax were investigated, but fluorspar was found to be most effective. It was also
found that the height of a reaction mound or the size of the agglomerate was a very significant
factor in controlling total process time. This indicates that the time needed for radiant heat
transfer was significantly impacted by the surface area exposure to the radiant heat source.
The mechanism for NRI formation was also investigated in some detail in the laboratory studies.
Formation of fully-fused NRI depends not only on the effectiveness of the radiant and
conductive heat transfer, but also on the rate of carburizing of the sponge iron with carbon
coming from the hearth layer and also perhaps from the cover layer. Briquettes heated at
1400°C for different periods of time showed that slag was observed to form initially at the
bottom of the briquettes.

2.5 Linear Hearth Furnace
2.5.1 Description

The Linear Hearth Furnace (LHF) can be best described as a moving hearth iron reduction
furnace simulator. The furnace is 12.2 m long, consisting of three individual heating zones and a
final cooling section (Figure 3). The LHF has undergone several stages of development,
transitioning from a walking beam, natural gas-air fired furnace to one with a continuous
moving car system and three distinct combustion systems that can be used individually or in
combination. It has routinely been used to test a variety of the variables shown to be
important from tube and box furnace tests. The primary goal of the program was to develop
sufficient understanding of the controlling variables associated with iron oxide reduction and
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smelting using coal based reductant materials. The research has allowed sufficient knowledge
to be developed so that nodular reduced iron (NRI) can be routinely produced with low levels of
tramp impurities using various carbonaceous reduction materials. The laboratory furnaces
allow very precise manipulation of key variables under very controlled experimental conditions.
The LHF facility allows these basic studies to be expanded to a significantly larger scale and to
create bulk samples of product for further testing. The conditions studied in the course of this
project have shown that nodules of iron can be produced with various additives and operating
conditions by manipulating the correct variables.

Figure 3: Pilot-Scale Linear Hearth Furnace

Atmosphere and Combustion - A major difference between laboratory electric furnaces and the
LHF is the high turbulence associated with the natural gas — air burner combustion products. In
the natural gas-fired LHF, operating under sub-stoichiometric gas and air mixtures simulates the
required reducing conditions for reduction and smelting. The resulting furnace gas atmosphere
contains a relatively low ratio of CO:CO; (approximately 1:5). Partially metallized iron ore from
the reduction zone directly contacts the high CO,, low CO, further enhanced by the highly
turbulent furnace gas at high temperature as they enter the melting zone. Exposure of the
partially metallized feed mixtures to this atmosphere causes rapid loss of added reductant
carbon and formation of high FeO slag. The FeO content in the slag controls the oxidation state,
and consequently, makes sulfur removal to the slag less favorable. The furnace atmosphere and
the high FeO content of the slag coupled with the operating temperature typically 1450-1550°C
as claimed in previous patents, appears to lead to some difficulty in lowering sulfur in iron
nodules to below 0.1%S. Processing of high sulfur nodules in the EAF would lead to higher
steelmaking costs and extra energy use as more slag forming compounds would be needed to
purify the steel.
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A simple Computational Fluid Dynamic (CFD) model of the furnace was built and used to
demonstrate the impact of nitrogen introduced via burners firing with air, on turbulence in the
furnace. Output from the CFD model using air fired burners shows the velocity scale ranges
from 0 to 2.5 m/s. With the same level of energy input, using oxygen at 90% purity the velocity
range is decreased to 0 to 0.8 m/s. This reduction of turbulence reduces the interaction of high
CO, containing furnace gases and aids the metallization process efficiency. As a result, the LHF
furnace has been equipped with three distinct combustion systems that can be operated
separately or in combination:

e Natural Gas — Air Fuel Combustion System
e Oxygen - Natural Gas Combustion System
e Dilute Phase Pulverized Coal — Oxygen Combustion System

Thus, from both a product quality standpoint and from an operating standpoint, furnace
atmosphere control is a key control variable and must be a key parameter in design of the
overall furnace operating conditions. Various concepts for atmosphere control were tested.
One method that was found to be very useful was to use a carbonaceous cover on top of the
reaction mixture. This effectively shielded the reaction mixtures from the highly turbulent and
oxidizing gas atmospheres. Other control methods included use of various reducing gas
mixtures during the reduction stage of the process (>1093°C to ~1250°C).  Finally, the use of
oxygen-fuel burners reduces the volume of flue gas, thereby alleviating the turbulence within
the furnace and conserving the energy associated with heating chemically inert nitrogen @
Turbulence may also be further reduced through flame shape characteristics.

Oxygen-Fuel Burners - Natural gas-air fired linear hearth furnace (LHF) tests generated high CO,
(10%CO0,, 2-4%C0O) and highly turbulent furnace gas as compared to the electrically-heated box
furnace. This difference made it difficult in the LHF to produce satisfactory iron nodules
consistently and the nodules produced often had sulfur contents that were undesirably high
(0.1-0.3%S). The LHF remodeled with an oxy-fuel combustion system was tested initially by
comparing the effect of oxy-fuel and air fuel burners on fusion time using bituminous coal-
added briquettes. The results show fusion time was shorter by 10 to 30% when oxy-fuel
burners were used as compared to air-fuel burners. This difference was related to the high
turbulence of the furnace gas with air-fuel burners and their effect on the endothermic carbon
solution reaction. NRI quality at fusion time analyzed 3.0 to 3.6 %C and 0.04 to 0.05 %S under
the conditions tested.

Oxy-Coal Combustion - A 590,343 kJ/hr oxy-coal burner was positioned to fire horizontally from
the end of the furnace, down the length of the LHF. The coal is fed by a variable feed Acrison
screw conveyor/hopper through an eductor system for dilute phase coal injection into the
burner. Oxygen is then monitored through the Programmable Logic Control (PLC) system to
match coal addition and adjust stoichiometry. Atmosphere control was investigated while
simultaneously controlling temperature by minimizing airflow, operating the burner in a sub-
stoichiometric manner and controlling furnace zone pressure to prevent heat transfer into
adjacent zones. The installation resulted in the LHF operating successfully on the coal-oxygen
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burner system, controlling both atmosphere and temperature. This was accomplished by
reducing the ratio of conveying air to coal with increased fuel flow rates and using sub-
stoichiometric oxy-gas burners to control oxygen content. The coal-oxygen burner system was
capable of controlling the set point temperature of 1413 °C in zone 3 while maintaining good
atmosphere control for production of NRI. The coal type used was a low volatile bituminous
coal. A maximum loading of 0.27 kg/min of coal or an equivalent of 507,063 kJ/hr was used as
a base energy load while the gas — oxy system was used to trim and control the temperature.
While the coal system was in operation, the natural gas system was operating at less than 10%
of full fire, and frequently less than1% on a single burner.

Recent testing in the LHF resulted in a failure of the firebrick refractory on the sidewalls of
zones two and three. For this project the furnace was relined with new firebrick refractories.
In addition, the exhaust ducts from two zones (zones 2 and 3) were removed to isolate the
exhaust gases to a single duct. This allowed process gases to be directed co-current to the flow
of the LHF and the gas analysis to be concentrated to a single stream for evaluation of the
process emissions under each of the combustion systems. Figure 4 shows the finished
refractory lining just prior to staged curing.

ihod
Figure 4: Refra

k-

ctory Reline in Zones 2-3 of the LHF

3 Production of Bio-coal from Biomass
3.1 Torrefaction

Torrefaction is a relatively new technology that partially carbonizes biomass, making it
moisture-free and friable. Torrefaction is a mild pre-treatment of biomass at a temperature
between 200-300°C under low oxygen conditions to remove moisture, light volatiles and
accumulate the carbon component. Torrefied biomass has the potential to be composed of
several biomass sources (ex. wood by-products, agricultural by-products, grasses, energy crops
etc.) by giving them essentially all the same material handling and processing capabilities.
During torrefaction the biomass properties are changed to obtain an enhanced fuel quality for
combustion applications. Torrefaction of biomass is an effective method to improve the
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grindability of biomass to enable more efficient co-firing with fossil based fuels. It can then be
used as a complete, or more likely partial, replacement for coal in pulverized coal facilities.

The feedstock utilized for the creation of a torrefied solid fuel consisted of mixed hardwood
biomass donated by Sylva Corporation of Princeton, Minnesota. Woody biomass was chosen as
the research feedstock due to its relatively low ash content and high availability in Northern
Minnesota. The feedstock was chipped and screened to minus three-eighths of an inch before
arriving at the Natural Resources Research Institute (NRRI). The raw woodchip moisture
content was typically 7-10% with a bulk density of approximately 200 kg/m3 (12.5 pounds per
cubic foot). Hardgrove Grindability Index for the raw wood chips was approximately 10-15 and
calorimetry on the dried wood chips was 19.05 MJ/kg (8,192 BTUs per pound). Table 2 displays
a screen analysis for the Sylva wood chips.

Table 2: Sylva -3/8" Wood Chip Screen Structure

Mesh (Tyler) | Weight % | Passing Retained Cumulative %
+8 22.5% 77.5%

+10 6.7% 70.8%

+14 17.1% 53.8%

+20 12.1% 41.7%

+28 12.5% 29.2%

+100 26.3% 2.9%

+200 2.1% 0.8%

-200 0.8% 0.0%

Total 100.0% -

Ash chemistry for the woodchip feedstock can be viewed in Table 3 below.

Table 3: Sylva -9.53 mm (-3/8") Ash Chemistry

Compound | Weight %
Si0, 5.54
Al,03 0.88

Cao 51.67
MgO 5.59
Total C 0.89

Fe™ 1.65

The raw woodchip feedstock was fed into the torrefier apparatus to create the solid fuel used in
the LHF.

3.2 Calciner Torrefier Apparatus and Testing Conditions
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The continuous process consisted of a retrofitted Calciner unit on the NRRI-CMRL campus.
Dimensions of the reactor tube were 178 mm (seven inches) in diameter by 9.53 mm (3/8”)
wall thickness by 2,134 mm (seven feet) in length. The unit was fed through a variable
frequency screw auger and was electrically heated by three heating elements, each 2.5 kW.
The reactor tube could be rotated between 1.5 and 10 rpm. Torrefaction gases were taken
away via an air blower and either condensed or flared. Figures 5, 6 and 7 display the torrefier
diagram, a photo of the device, and the feeder/temperature controller, respectively.

N e— |} 7
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ﬂ Electrically Heated Pipe

Flange

Figure 5: Calciner Torrefier Device Diagram
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Figure 7: VFD Feeder and Temperature Controller for Calciner Torrefier

The torrefier operating parameters included feed rate, feedstock preprocessing, internal
reactor temperature, and reactor rotational speed and angle. Feedstock sizing and moisture
content, along with the other operating parameters, were held constant throughout each run
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with the exception of the reactor temperature. The baseline operating conditions were as
follows:

e Feeder setting: Variable frequency drive setting of 50%

e Raw material throughput: ~10.9 kg (~24 pounds) per hour (0.18 kg (0.4 pounds) per
minute)

e Feedstock moisture content: ~7-9%
e Drum rotational speed: 9 rpm
e Device alignment: 0.5° decline from feeder to discharge end

Almost the entirety of the sample was processed between 250°C and 300°C, with
approximately 50% or more being thermally treated at 275°C in steady state. Figures 8 and 9
below show the biomass before and after roasting to produce the bio-coal.

Figure 9: Thermally Processed Bio-coal (275° C)

3.3 LHF Application and Testing Conditions
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After thermally processing approximately 385.9 kg (850 pounds) of raw feedstock, the entire
sample was ground via an Allis Chalmers vibrating ball mill (Figure 10). Fineness was judged
upon a plus/minus sieve analysis. After thermally processing and grinding the sample was
greater than 60% passing a 100 mesh sieve.

Figure 10: Vibrating

A sample was cut and sent to Standard Labs, Inc. for a chemical analysis. Table 4 displays the
proximate and ultimate analyses of the ground torrefied biomass.

Table 4: Bio-coal Proximate and Ultimate Analyses

As Received | Dry Basis

Moisture Content | 4.52% -
Volatile Content 68.54% 71.79%
Fixed Carbon 23.73% 24.85%
Ash 3.21% 3.36%
Sulfur 0.10% 0.10%
Carbon 53.55% 56.09%
Hydrogen 5.26% 5.51%
Nitrogen 0.17% 0.18%
Oxygen 33.19% 34.76%
BTU/LB 9,150 9,583
MJ/kg 21.283 22.290
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The ground torrefied biomass was fed into the linear hearth furnace (LHF) via a coal feeder, a
feed hopper, and an air conveyance system. The coal feeder and conveyor air control system
can be seen in Figure 11 and Figure 12, respectively.

Figure 12: Conveying Air Flow Measurement
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4 Results

This program compares the energy intensity and greenhouse gas emissions in a linear hearth
furnace (LHF) using a solid fuel - oxygen fired combustion system. The solid pulverized fuels are
identified as coals, and torrefied woody biomass char materials. The successful production of
high quality NRI provides opportunities for recycling steelmaking waste products, diversification
of iron ore processing and a new pure iron feedstock for the electric arc furnace steelmaking
industry, while affording unique opportunities with respect to reducing greenhouse gas
emissions (GHG) while providing process advantages. Research objectives are described below:

1. Establish the baseline energy and GHG intensity of the nodular reduced ironmaking
process using standard air-fired natural gas burners

2. Establish the energy and GHG intensity of the nodular reduced iron making process
using oxygen fired natural gas burners

3. Measure the energy and the GHG intensity of the nodular reduced iron making process
using oxygen fired solid fuel burners and a variety of solid fuel types

4. Determine the feasibility of using thermally processed biomass as a reductant carbon
source for advanced ironmaking

5. Evaluate the feasibility of using thermally processed biomass as a fuel for oxygen fired
solid fuel burners in the nodular reduced ironmaking process

All combustion systems, fuel types (natural gas, coal and bio-coal) and conditions were tested.
GHG were recorded during production of quality NRI from the baseline briquette chemistry (P-
269), with a full furnace of anthracite char to simulate a true representation for the
performance.

4.1 LHF Operation with Alternative Solid Fuel Combustion

Coal types tested were an eastern medium volatile bituminous coal, a southern high volatile
bituminous coal, and western high volatile sub-bituminous coal. The bio-coal solid fuel was
prepared using the torrefaction system previously described to a dry solid weight loss (DSL) of
30%. All baseline tests were conducted on briquettes (Mix ID# P-269) consisting of 73.5%
magnetite concentrate, 18.0% med. volatile bituminous coal and fluxing components consisting
of 6.5% hydrated lime and 2.0% fluorspar. The raw material chemistry for all components used
in this study can be found in Appendix A and individual mix compositions in Appendix B.
Results showed that residence time increased slightly by approximately 15%. This result was
attributed to the loss of radiant energy from the idled oxy-gas burners and difficulty in
controlling atmosphere due to the generation of CO, and water vapor from the conveying
airflow.

The use of thermally processed bio-coal was successful for production of NRI, however, the
steady-state operation of the solid fuel - oxygen burner system in the LHF required the bio-coal
to be processed prior to use. The successful use of the fuel was found to be dependent on
reducing the moisture content to less than a few percent, and sizing the bio-coal to a size
distribution of — 20 Mesh. The present solid fuel combustion system uses an eductor to convey
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the solid fuel, and with the current configuration this system was prone to plugging. The
relatively small size of the pilot LHF prevents the use of a larger diameter pipe to control the
solid fuel addition and minimize air contamination within the furnace. It is believed that a
larger system on a more industrial scale would not exhibit this phenomenon; however a dense
phase conveyance system is desired to eliminate air contamination. The trends for comparison
of CO, emissions by individual zone in the LHF are shown in Figures 13-16. In each case the
trend is representative of the full furnace cycle, including the feed vestibule and the cooling
section of the LHF.
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Figure 14: LHF Zone 2 CO, Measurements
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Figure 15: LHF Zone 3 CO, Measurements
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Total Exhaust CO, Gas Analysis Comparison
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Figure 16: LHF Combined Tota
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Flue Gas CO, Measurements

These trends show the increased concentration of CO, in the off gases when firing the solid
fuels over the conventional air fired system. In addition, the emissions analysis shows a 57%
reduced CO, reduction from the oxygen fired fuel options versus the air based system, on the
basis of kg CO,/mt of iron. The balances of the gases are primarily CO, nitrogen and water
vapor. It should be noted that the nitrogen and water vapor content are estimated on the basis
of a dew point calculation with the balance assumed to be N,. Complete gas analysis data and
LHF operating data can be found in Appendix C. For the intent of this study, N, and water vapor
were assumed constant and comparisons were made on a relative basis. Although the use of
solid fuels, including the thermally processed bio-coal was successful for production of NRI, the
configuration of the burner system resulted in air contamination, therefore minimizing the
impact on reduced GHG (kg CO,/mt) to 12-15%. The oxy-solid fuel combustion system uses an
air swept eductor to convey the fuel. Although the emission analysis for the coal based testing
and the bio-based tests were essentially equivalent within the error capabilities of the
equipment, the carbon footprint for the bio-based fuel is significantly lower. Figure 17 shows a
comparison of the average CO, production based on per metric ton of NRI produced in the LHF.
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Figure 17: Greenhouse gas emissions comparison by fuel type

4.2 Atmosphere Control using Late Stage Bio-coal Addition

Tests were conducted to evaluate the feasibility of late stage addition of a coarse bio-coal cover
layer (+16 mm) at a relatively high temperature ~1260°C (2300°F) to modify the atmosphere in
the LHF during critical stages of fusion to increase productivity. The objective was to determine
if waiting until the briquettes had reached a relatively high temperature, and metallization of
the iron was essentially complete, would improve productivity on the LHF. Previous testing
determined that direct exposure of the briquettes to radiant and convective heating without
the cover layer will accelerate both heat up and reduction. The addition of the cover layer at
this point has several advantages.

1. The briquettes are less than 150°C (300°F) below the temperature needed for fusion.

2. The reduction has been completed therefore the endothermic reduction reaction is not
absorbing energy.

3. Hot briquettes will accelerate the heating of the cover layer and promote the
Boudouard reaction necessary to provide the high CO levels needed to prevent back
oxidation of the iron.

4. The gases from the reduced mass have greatly subsided and a protective atmosphere is
now needed to prevent reoxidation of the reduced iron

The object of the tests was to determine if char could be substituted for coke or anthracite as a
cover layer. The feeder system delivered a uniform char layer. It was observed that the char
contained a high amount of volatiles, about the same, or perhaps a bit more, than we observed
when western US sub-bituminous coal was used as a cover layer in prior studies (not publically
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reported). The tests demonstrated that the wood char is an effective atmosphere cover layer
and has the potential to increase productivity by 15%.

4.3 Bio-coal as a Reductant

The tube and box furnace tests were used to identify the benefits of using bio-coals in the
agglomeration mixture as a reductant. Results are compared to a residence time of 5 minutes
at 1400 °C for a baseline briquette composition (P-269). Briquettes were prepared using a
common molasses binder (4%