DOE/TTY 1328 ~~7/

AISI WASTE OXIDE RECYCLING PROGRAM

Final Technical Report

By Egil Aukrust, Kenneth B. Downing, and Balu Sarma

August 1995

DISTRIBUTION OF THIS DOCUMENT 1S UNLIMITED | MASTER

Work Performed Under Contract No. DE-FC07-941D13284

Prepared for the
U. S. Department of Energy
Under DOE Idaho Operations Office
Sponsored by the Office of the Assistant Secretary
for Energy Efficiency and Renewable Energy
Office of Industrial Technologies
‘Washington, DC




DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed hercin do not necessarily state or
reflect those of the United States Government or any agency thereof.



DISCLAIMER

Portions of this document may be ilvlegible

electronic image products. Images are
produced from the best available original

document.




TABLE OF CONTENTS

Executive Summary

Pilot Plant Program

Technical Objectives

Pilot Plant Facilities

Raw Materials

Smelter Operation

Operating Results

Key Findings and Conclusions Drawn From the Pilot Plant Program

Feasibility Study

Process Fundamentals

Scaleup Criteria and Process Design
Economic Analysis

Energy Analysis

Environment, Safety, and Health Issues

Competitive Technology
Authored by P. J. Koros

Commercialization

Conclusions and Recommendations

References

11
16
47

51

51
60
66
69
70
72

83

86

88




EXECUTIVE SUMMARY

In March 1994, AISI completed a five-year, $60 million collaborative development program on
Direct Steelmaking cost-shared by DOE under the Metals Initiative. This program defined an
energy-efficient and environmentally-friendly technology to produce hot metal for steelmaking
directly from coal and iron ore pellets without incurring the high capital costs and environmental
problems associated with traditional coke oven and blast furnace technology. As it becomes
necessary to replace present capacity, this new technology will be favored because of reduced
capital costs, higher energy efficiency, and lower operating costs. The AIST Direct Steelmaking
Program Final Technical Report was published by DOE as DOE/ID/12847-7 in August 1994.

In April 1994, having failed to move forward with a demonstration plant for direct ironmaking,
despite substantial efforts by both Stelco and Geneva Steel, an alternative opportunity was sought
to commercialize this new technology without waiting until existing ironmaking capacity needed
to be replaced. Recycling and resource recovery of steel plant waste oxides was considered an
attractive possibility. This led to approval of a ten-month, $8.3 million joint program with DOE
on recycling steel plant waste oxides utilizing this new smelting technology. This highly
successful trial program was completed in December 1994. The results of the pilot plant work
and a feasibility study for a recycling demonstration plant are presented in this final technical
Teport. :

The viability of recycling millions of tons of steel plant dusts and sludges that are now typically
landfilled and converting these materials into useful products, i.e., hot metal for steel production,
a zinc-rich raw material for the non-ferrous industry, and slag for roadbed or cement production,
was demonstrated. Recycling of synthetic electric-arc-furnace dust was also tested. We have
shown that steel plant oxides can be smelted in an environmentally and economically sound
manner for an attractive return on investment. Specific results are:

. Recovery of Iron. The iron oxides and metallic iron present in steel plant waste oxides
were smelted similarly to the hematite and wustite pellets used in the Direct Steelmaking
Program. Dust loading from the smelter was less than 6%, and most of the carbon and
much of the iron dust in the smelter offgas were recovered in the cyclone and could be
recycled to the smelter. The overall iron yield in smelting on a commercial basis will be
similar to that for the blast furnace. The hot metal produced was carbon-saturated and
lower in silicon and manganese than blast furnace hot metal.
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. Recovery of Zinc. The zinc in the waste oxides reported to the sludge with a zinc-to-iron
ratio in excess of six. This sludge is a valuable raw material for the zinc industry as
verified by Canadian Electrolytic Zinc, Ltd., and other zine producers.

. Refiactories. A unique fumace design, subject of a pending patent application, provides
for the formation of a protective frozen slag layer on the inner surface of a stable brick
lining. This system consists of special water-cooled copper staves and a combination of
refractories, carefully selected for their heat transfer properties, supporting the frozen slag
layer, This systemn will result in heat losses of less than 11% in a commercial-size
smelter.

. ‘Energy. The carbon in the waste oxides was used as a fuel/reductant, which resulted in
a decrease in the fuel rate. The process offgas has significant fuel value and can be used
in ste¢] plants for stearn generation or as a partial replacement for natural gas and
desulfurized coke oven gas in slab reheating furnaces.

. Envitonment. Technology was developed to reduce the process offgas sulfur to less than
50 ppmy when operating with zinc-bearing material. This is less than 5% of the sulfur
content in desulfurized coke oven gas. Hot metal desulfurization technology was also
developed in the pilot plant to achieve hot metal sulfur comparable to blast furnace hot
metal,

*  Process Control The pilot program confirmed and clarified our understanding of the
fundamentals of smelting reduction. Process control schetnes were developed, tested, and
fuily demonstrated during the waste oxide recycling trials.

The feasibility study confirmed the design and operation of a plant to process about
500,000 metric tons per year of waste oxides into about 250,000 metric tons per year of hot
metal. This involves a fivefold scaleup in size and a threefold increase in pressure (from
0.65 atm. to 2 atm. gage) over the pilot plant. It is about a 2:1 scaleup from the Japan Iron and
Steel Federation's DIOS plant at Keihin with whom we have exchanged nonproprietary technical
information. The oxygen requirement is about 1100 metric tons per day of 95% purity.

The total project cost for a 500,000 tons/year demonstration. project was developed as part of the
feasibility study. The capital cost for such a plant would be about $70 million with & profit
potential of about $30 million/year, an aftractive return on capital once the process has been
demonstrated on a commercial basis. We expect that the successful demonstration plant project
will lead to construction of six to eight similar recycling plants in the United States.




PILOT PLANT PROGRAM

TECHNICAL OBJECTIVES

The main objective of the steel plant waste oxide recycling trials was to demonstrate the
applicability of postcombustion smelting technology (developed for direct ironmaking) to the
recovery of iron and carbon from these wastes. In addition, the concentration of zinc and lead
in a sludge suitable for use by the zinc ihdustry was to be demonstrated. Finally, the information
necessary to characterize the process was to be generated.

PILOT PLANT FACILITIES
The pilot plant flowsheet is shown in Figure 1.

Figure 1 — AISI-DOE Pilot Plant Flowsheet
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The flowsheet used was the same as that for the direct ironmaking trials. Raw materials such
as coke breeze or medium volatile coal, agglomerated waste oxides, hematite pellets, and flux
were top charged into the smelter through a double lockhopper arrangement shown in Figure 2.
A mix of the top-charged raw materials entered the vessel on diametrically opposite sides. At
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any given tirne, material was charged to the vessel from only one feed hopper. Fine materials
such as blast furnace dust, BOF dust, and smelter dust were pneumatically injected into the slag.
Oxygen was blown in through a dual circuit, water-cooled central lance. Nitrogen flow through
tuyeres installed in the floor of the vessel was used for stirring purposes.

Figure 2 ~ Schematic of the Pressurized Vessel Showing the Feed System




The configuration of the pressurized smelter vessel with the refractory lining is shown in
Figure 3. The water-cooled cone and hood (not shown) at the top of the vessel were coated with
gunnite material. The vessel was lined with refractory up to the cone. The refractory in the
freespace was backed by water-cooled copper panels. After six trials, an outage was taken to
extend the water-cooled region into the slag zone. Below the water-cooled region, the refractory
brick were backed by an insulating safety lining.

Figure 3 - Schematic of Pressurized Vessel Shovﬁng Refractory-lined
and Water-cooled Regions
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The distance between the barrel-cone intetface and the vessel floor was 4.5 meters. The vessel
diameters at the floor and the barrel-cone interface were 2.02 m and 3.45 m respectively. The
mouth of the cone was 6.17 m above the floor, and the diameter was 1.83 m. The initial set of
water-cooled panels extended from 3.28 m (vessel diameter = 3,17 m) above the vessel floor.
After additional panels were installed, they began at 1.91 m (vessel diameter = 2.77 m) above
the floor. These dimensions are representative of the end of a refractory campaign. '

The taphole was located at approximately the fifteen-metric-ton (t)° metal line. Casting was
conducted every 90 - 120 minutes. Metzal and slag were cast into a "slag box.” After the taphole
was closed, the metal was poured into “casting boxes.” Samples of the metal and slag were taken
from the “slag box” and “casting boxes.”

A sublance was used to measure metal temperature and slag height and also to obtain slag and
metal samples. The metal and slag samples were analyzed during the trial at the pilot plant
laboratory. The offgas exiting the smelter was analyzed by a mass spectrometer. The gas
samples were obtained from the duct (prior to the ¢yclone) and from locations after the cyclone.
The gas was analyzed continuously for CO, CO,, H,, H,0, N,, and Ar. A gas chromstograph
was used to measure the levels of the sulfur-bearing gases such as H,S, COS, SO,, and CS, The
NO;, and total hydrocarbon contents of the offgas were also monitored.

The gas exiting the smelter was dust-laden as it traveled through the offgas duct. Nitrogen gas,
used for purging purposes as well as for raw matetial charging, mixed with the smelter gas in
the duct. In the mixing chamber, prior to the cyclone, smelter gas was tempered by a controlled
amount of cold recycle gas. As the tempered offgas passed through the cyclone, some of the
dust was removed. This dust was either collected in boxes or reinjected into the smelter after
temporary storage in a silo. The dust discharged from the cyclone was sampled at regular
intervals. The relatively cleaner gas exiting the cyclone was split into two streams. These
streams were quenched separately with the smaller stream being used for tempering the gas
entering the cyclone., The sludge from the quenchers was sampled regularly. The gas exiting
the main quencher was bumed in the flare stack.

The modifications and additions to the pilot plant for the Recycling Program were in three
main areas:

"t is a metric ton and equals 1,000 kg. Metric symbols are used unless otherwise specified.




1. The gas cleaning plant
2. The injection equipment
3. The pressurized smelter vessel cooling system and lining.

Changes to the Gas Cleaning Plant. A significant number of problems had been experienced with
the originally installed pressure release “rupture discs,” which had opened on several occasions
due to hot conditions rather than system overpressure and interrupted continuous operation.

All these discs were removed, and an additional, blast-furnace-type bleeder valve was installed
to ensure safety release against overpressure with the ability to return to operation in a short time.

The hot cyclone was modified extensively to increase its ability to withstand higher temperatures
and to improve the efficiency. An additional larger man-access door was also installed to
- facilitate inspection and cleanout, and a water-cooled section was installed at the bottom to help
cool gamnered particulate.

A major change was made to the equipment involved in the extraction of the particulate from the
~ cyclone to eliminate blockage by occasional large pieces. A new water-cooled, high pressure
scalping screen was installed immediately under the cyclone, and the vibrating conveyor was
relocated downstream from this unit. Changes were also made to allow easier flow of the dust
back into the reinjection silo (see Figure 4).

A number of piping and other modifications were also made to the water treatment facilities to
improve operational reliability and the flow of slurries.

Changes to the Injection Equipment. One injection unit was rebuilt into a “dense phase” system
by replacing one of the existing injection systems with a dense phase system. With appropriate
software changes, the system was made operational and used successfully in the experimental
trials. '

Changes to the Smelter Vessel Cooling System. As the lining of the vessel in the earlier trials
had stabilized in front of the water-cooled copper panels installed in the upper part of the vessel
and cone at the start of the campaign, it was decided to put an additional row of coolers in the
“belly” area of the vessel where the lining had shown serious wear. This involved a complete
clean-out of the vessel to the steel shell to permit the installation of the hangers and copper
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Figure 4 — Layout of the New Scalping Screen and Cooling Conveyor
for the Dust Handling System
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coolers and the cutting of numerous holes through the vessel to accommodate the piping to and
from the coolers. '

An additional booster pump was bought and installed to ensure adequate water pressure to
maintain the necessary flow through all the coolers. Appropriate instrumentation was also
installed to allow monitoring and control of the cooling water flows and temperature.

After all of the work was completed and pressure tested, the new refractory lining was installed
and the vessel was closed again.

Engineering, Construction, and Commissioning Schedule. From the start of detail engineering
in April, a seventeen-week time frame was set to completion. This included a five-week
shutdown commencing on July 17 to complete the required demolition, the new installation work,
and the commissioning.

Long delivery items, such as the scalping screen and the bleeder valve, were ordered early and
expedited aggressively to ensure there were no delays. Any advance field work that could be
done before the shutdown was undertaken, and a competent construction staff was assembled.
The shutdown began as planned, and with the work completed on schedule, the plant was
returned to the operations staff by September 1, 1994.

RAW MATERIALS

In the direct ironmaking program, the iron units used were hematite and wustite pellets, and the
charging system was designed accordingly. Steel plant waste oxides are much finer materials,
and it was not possible to top charge them directly into the smelter using the existing charging
system. Therefore, it was decided to use agglomerated waste oxides. The agglomerates, which
were top-charged, were prepared by briquetting with molasses and cement being used as the
binder. Dry blast furnace and BOF dusts were injected directly into the slag. Anthracite was
added to the BOF dust as a flow aid.

Several types of agglomerates were used during the trial program. Tables 1 and 2 summarize
the physical and chemical compositions of these agglomerates. The zinc content in the
agglomerates was gradually increased over the duration of the trial program. BF dust, BF sludge,
BOF dust, BOF sludge, and rolling mill sludge were used to prepare the agglomerates. In
integrated steel plants, a mixture of the generated BF/BOF/rolling mill waste oxides can have a
zinc content up to about 3.5%. This was the case in agglomerates A, B, C, D1, and D2. In the
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EAF-based steel plants, the zinc content in the wastes can be as much as 25%. In agglomerates
E1l and E2, the zinc level of EAF plant wastes was simulated by using zinc calcine.

Table 1 — Physical Composition of Agglomerated Waste Oxides

[Agglomerate EF Dust EF Siudge BOE Dust udge  Rolling nc Calcine evel
' Studge
(%) (%) (%) (%) (%) (%) (%)
A 40 40 20 0 ¢ 0 0.87
B 40 20 20 0 20 0 0.7
c 22.5 225 20 35 0 0 0.81
D1 25 25 50 0 0 Q 1.27
D2 25 25 50 0 's] 0 3.48
E1 1] 1] 70 0 g 30 21.08
B2 18 15 330 0 0 40 24 .58
Table 2 = Chemical Composition of Agglomerated Waste Oxides
__Agglomerate A B c D1 D2 B E2
Used in Trials Rt R3 R8 RS R7, RS R8-R12 R13 R13, R14
8iQ2 1.82 8.41 £5 6.77 5.58 3.5 4.17
Al203 2.11 1.99 2,37 2.2 1.32 0.82 1.05
CaQ 13.83 12.78 12,18 18.84 11.73 .22 8.87
MgO 1.25 1.47 1.35 2.4 T AT4_ 1138 114
“FaO (XE 10.49 §.42 892 | 7327 5.16 5,04
Fe203 49.5 46,87 80.67 44.75 38.7 £0.46 35.98
Fe metallic 1.42 0.89 121 1.38 1.1 0.79 0.5
Na20 0.13 0.1% 0.27 0.024 0.1 1.1 Q.227
K20 0.53 0.58 0.48 0.13 0.23 0.33 0.281
Zn0 0.83 0.87 1.01 158 433 26.85 30.57
PBO 0.079 0.082 0.11 0.029 0.023 0.0_38 0.028
[ 16.87 18.18 12.57 10.31 9,81 1.78 8.93
8 045 0,43 0.34 0.41 0.31 Q.76 1.01
Ci 0.3 0.23 0.14 0.2 0.2
P 0.25 0.25 0.35 0.088 0.15
Total Fe 40,88 41.88 44,01 38.08 45.74 40.13 32.41
Total Gangue 24.81 22.85 21.40 30.21 20.36 15.03 15.48

The fuels used at the pilot plant were coke breeze and medium and high volatile coals. At the
conclusion of the direct ironmaking program, it was determined that restrictions in the pilot plant
charging system limited the process performance when high volatile coals were used.! Further,
with the closing of sinter plants and soaking pits, the ¢ost of coke breeze had been reduced and
become comparable to that for coal, and from an economic standpoint, the waste oxide recycling

10



process appeared more attractive. For these two reasons, it was decided to use coke breeze for
most of the waste oxide recycling trials. A medium volatile coal was used to demonstrate the
operability of the recycling process and quantify the process parameters with coal. The
compositions of coke breeze and coal are shown in Table 3. Also shown are the compositions
of the injected BF dust, topcharged hematite, and fluxes. During the early trials of the program
when low zinc-containing agglomerates were used, higher zinc input levels were maintained by
charging zinc sinter. The composition of the zinc sinter used is listed in Table 3. Injection of
dry BOF dust was conducted using an injection system different from the one used for dry blast
furnace dust and high volatile coal. The composition of the injected BOF dust is also shown in
Table 3.

Table 3 — Raw Material Chemical Composition

Materig| MV Coal | Coke Breeze | BF Dust | Hematite | Zn Sinter [Magnesite; Dolomite |BOF Dust
Sio2 2.16 4.54 6.69 5.39 7.89 1.77 1 1.88
Al203 23 2.44 1.66 0.29 5.23 0.55 1.63 0.25
Ca0 1.07 0.26 5.23 4.89 276 1.34 54.47 16.63
MgO 0.13 0.1 1.44 1.65 0.33 95.33 38.5 4.67
FeQ 7.63 0.83 1.05 5.92
Fe203 0.56 1.32 45.37 85.59 8.54 0.97 4.4 59.41
Fe met 1.03 0.72 0.41 0.86
c 83.92 88.12 273 0.087 0.026 2.24
S 0.75 0.83 0.35 0.011 0.08 0.067
H 4.61 0.12 0.05
N 1.23 1.26 0.29
o 317 u
Zn0 67.75 7.35
PbO 0.36 0.86
Moisture <3% <3% <0.5% 5-8% <0.5%
SMELTER OPERATION

A typical trial began with the charging into the smelter of about 13 t hot metal, melted overnight
in an induction furnace. The charging hole was closed, following which an oxygen test was
conducted. Thereafter, smelter operation continued until it was decided to terminate the trial. "

The objectives of the trials were decided in advance, and an operating plan was prepared for each
trial.

The duration of a trial was typically about twelve hours. The first hour was used for slagmaking,
while the next two hours involved the smelting of hematite pellets. By this time, the offgas
handling system was sufficiently heated to allow the input of zinc, lead, and alkalis such that

11
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their deposition in the offgas ducts and cyclone was not a problem. The smelting of waste oxides
(agglomerated or injected) was continued until all experimental objectives were completed and
adequate data to characterize smelter operation were gathered. After the addition of waste oxides
ended, the smelter was operated with hemstite pellets until the “finishing practice” was
implemented. The vessel was then drained and allowed to cool before it was inspected.

The technical objectives of each trial were to demonstrate stable operation with the raw materials
being used. This primarily implied temperature control which involved postcombustion (PC)
control and an understanding of the energy balance. The experimental variables available were
the oxygen flow rate, material feed rates, and lance position. After the start-up period, the
oxygen flow rate was typically 5500 Nm®/h. The hematite pellet and waste oxide feed rates were
adjusted, based on the energy balance, to maintain a hot metal temperature in the range of
1500 - 1575 °C. The coal/coke breeze addition rate was adjusted based on the PC level and the
FeO cantent of the slag. This control strategy worked successfully, and the process was well
characterized by the energy and materials balance.

The vessel, offgas duct, cyclone, and charging system were inspected, and the required
measurements and samples were taken after every trial. Samples taken during and after the trial
were sent to a commercial laboratory for chemical analysis. The trial resuits were discussed in

postirial reports.

Example of Smelter Operation. During a trial, several process parameters were measured, and
adjustments to the material feed rates, oxygen blowing rate, and lance height were made as
required. Figures 5 through 7 illustrate smelter operation when a medium volatile coal was used.
Figure 5 shows the PC, total solids input, heat losses to the water<ooling circuits, and the
sublance temperature. The PC was above 30% for most of the trial. During the last few hours
of the trial, the smelter was operated at a PC level of about 38%. This was accomplished by
decreasing the char weight. The sublance temperature is also depicted in Figure 5. As can be
seen, after the early part of the trial the temperature was in the 1500 - 1550 °C range.
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Figure 6 shows the raw material feed rates to the smelter.

Figure 6 — Operating Parameters During Trial R12
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Agglomerate additions began at about 15:45 hours. As the PC level was increased and the heat
losses decreased, the agglomerate addition rate and BF dust injection rate were increased in
accordance with the energy balance. After it was determined that the trial objectives were
accomplished, agglomerate additions were stopped at about 21:40 hours, following which the
finishing practice was implemented.

Figure 7 depicts the oxygen blowing rate and the FeO content of the slag. The FeO content of
the slag was obtained from slag samples taken by the sublance and was below 6% for almost the
entire trial. |

Figure 7 — Operating Parameters

Oxygen Flow Rate
< 6000
"SOODW‘ S — o— ~
£ 4000
= 3000 -
gZOOO
> 1000
&8 0
O O O O O 0 0O O OO O 0O 0O O OO0 0O oo o o o o o o o
B2 U888 e833833838228¢E
=TT T T T YT YT T v T T v e v v o v (NN NN NN
Time of day
FeO Content in Slag
7
- B *
§5 [ ] !! -
04 & ... ® ._.—.——_—_——
'23 . 2 v 9
2 1
1
Q0 O C 0O O © O C Q O O O C O O O O OO0 oo oo o 0 o o
SECRESSSETLTIEBRIEBITRISS22RS
N T Y= T Xt TE T T T e e ™ e o v v v ™ NN N NN N
Time of day

The results obtained during the waste oxide recycling trials were reproducible. The main process
parameters such as the postcombustion degree, heat losses, offgas temperature in the duct, dust
composition and rate, hot metal and slag composition, and the total solids input rate were
predictable and reproducible. The process was operated using rigorous energy and materials
balances, and the results obtained at the pilot plant conformed to these calculations.




APR 21 ‘98 ©8:45AM PROC. SERV. DIV, : -~y

» A, ;

As stated earlier, the trials were about twelve hours long, and the individusl operating periods
within a trial were up to five hours long. The stability of the operation over that period was
considered sufficient to draw interpretive resuits from the data gathered. In this regard, it is
waorthwhile to review the issue of the response time of the smelting reactar.

The smelting reactor responds very repidly to changes made in the operating parameters. The
mesn residence times for FeO and char in the reactor are of the order of three and 13 minutes
respectively. The residence time for the gas is of the order of one second. The process responds
to changes in the blowing mte, material feed rates, and lance position in a matter of seconds and
reaches stability in a few minutes. The low response time is a result of the enhanced rates of
mass transfer and chemical kinetics due to the high temperatures and reactions occwiting in the
Hquid state.

The twelve hours of continuous operation demonstrated the stability of the process, considering
the fast response time. Long-term operating reliability of the equipment could not be tested in
this mode of operation. However, extensive engineering analysis and the nonproprietary
technology exchange with JISF on DIOS have provided assurance on long-term operating
reliability.

OPERATING RESULTS

During 8 trial, several stable operating periods were conducted. These operating periods are
characterized by the rate of agglomerate additions, the rate of injection, the type of agglomerate
ot injected material, the oxygen blowing rate, and initial and final temperature measurements.
The operating results for twenty operating periods during the recycling program are shown in
Tables 4 and 5. Cases 1 - 5 are for operation with hematite pellets with small amounts of dust
injection and/or agglomerate additions. Cases § - 8 are for operation with hematite pellets and
higher amounts of BF/BOF dust injection. Cases 9 - 20 are for operation with higher rates of
agglomerate additions. ~

In Tables 4 and 5, the trial in which the operating period was conducted is shown along with the
time the period started and the length of the period. The type of fuel, agglomerate, and injected
material used is indicated in items 5 - 7. The oxygen flow rate and the solid material feed rates
are shown in items 8 - 16. The hot metal temperatures measured by the sublance at the start and
end of the operating period are shown in items 17 and 18.
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The smelter dust and sludge rates and composition are shown in items 19 - 27. The smelter dust
is defined as the material leaving the smelter. This includes zinc, lead, and other volatile
compounds that may be in the vapor phase when they exit the smelter. The smelter dust rate and
composition were calculated from the measured cyclone dust and smelter sludge rates and
compositions. Additional information on smelter dust is presented in a later section.

Postcombustion, Fuel Rate, and Productivity

Up to 60% PC was achieved with coke breeze as the fuel source. However, for most operating
periods, the aim PC was in the 50 - 55% range. The total solids input rate was about 17 tph, and
the hot metal production rate was about 5.9 tph when operating with hematite pellets as the iron-
bearing feed. The fuel rate (wet basis) and oxygen rate were about 1060 kg/t and 940 Nm’/t.
The slag production rate was about 2.25 tph.

For operation with agglomerated and injected waste oxides, PC levels of 50 - 55% were
demonstrated with coke breeze as the fuel source. The total solids input rate was also about
17 tph. However, the hot metal production rate was lower at about 5 tph, while the slag
production rate was higher at about 3 tph. The fuel rate (wet basis) was lower, while the oxygen
rate was higher.

As stated earlier, the agglomerates were prepared by briquetting using cement as the binder. The
binder comprised about 10% of the agglomerate. This resulted in the agglomerate having a lower
iron and carbon content and a higher gangue content. These issues are reflected in the lower
hot metal production rate and the higher slag production rate. Nevertheless, it can be concluded
that the iron oxides present in the waste oxide were smelted and the iron was recovered.

The lower fuel rate obtained during operation with waste oxides was due to the presence of
carbon in the waste oxides. The fact that the fuel rate was lowered demonstrates that the carbon
in the waste oxides was used as a fuel/reductant.

For operation with a medium volatile coal, an average PC of 34.5% over a five-hour period was
demonstrated. The PC in the last couple of hours was raised to about 38% by decreasing char.
When operating at 38% PC, with coal, the total solids input rate was similar to that for operation
at 50% PC with coke breeze.

Injection of the recycled dust from the cyclone, blast furnace dust, and BOF dust into the slag
was successfully conducted in several trials. Injection rates of up to 2.5 tph were achieved with
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BF and BOF dust. Under appropriate opersting conditions, blowthrough of the injected waste
exides did not occur, and this was confirmed by the measuzed dust and sludge rates,

Smelting of synthetic EAF steelmaking waste oxides was also successfully demonstrated. Zine
inputs in excess of 1 tph were used, and the results showed that zinc and lead reported to the
sludge.

As stated eatlier, the hot metal production rate when operating with hematite pellets was about
6 tph. The vessel volume up to the barrel-cone interface was about 24 m?, resulting in a
production intensity of 6 t/(m’ day). In the case of the direct ironmaking flowsheet, the iron feed
to the smeltef is preheated wustite, This reduces the thermal requirements in the smelter, and
production intensities in excess of 8 t/(m’ day) can be achieved. This level of production -
intensity is more than three times that of the blast fumnace,

In summary, it can be said that the postcombustion smelting technology developed for the
smelting of hematite and wustite pellets was used to smelt steel plant waste oxides. The iron “
oxides present were reduced to produce hot metal, while the carbon present in the waste oxides
was used as a fuelfreductant, The smelting of injected waste oxides was successfully
demonstrated. The zinc and lead present reported to the sludge. Zinc-to-iron ratios in the sludge
in excess of six, as required by the zinc producers, were obtained.

The heat losses and heat fluxes to the vessel walls were well quantified by direct measurement

of the refractories and the gas temperature and the temperature increase in the watercooled )
circuits. The results with respect to the heat losses, heat fluxes, thermal efficiency, and heat

transfer are presented below.

Table 6 lists the heat fluxes and losses to the various regions in the smelter vessel. The heat -
fluxes to the refractory, barrel and belly coolers, and cone were estimated based on the exposed

sutface area in each zone. The vessel dimensions, which were used in calculating the areas of

the individual regions, were presented in the pilot plant equipment section. The diameter of the

lance was 27.3 cm, and the exposed length was 5.53 m.

In Table 6, resuits for operation with and without the belly coolers are shown. For the case with
belly coolers, the total heat losses to the refractory, barrel/belly, cone, and lance were 3.6 -
4.7 Geal/h as compared to 3.1 - 4.2 Gealth for operation without belly coolers. The increase in
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heat losses was about 0.5 Gcal/h. This is consistent with that calculated from a heat balance
using actual temperature measurements. The heat flux to the barrel was estimated to be 0.04 -
0.05 Geal/(th m?) when the water<ooled portion was in the free space. After the panels were
lowered, the estimated heat flux increased to about 0.06 Gcal/th m?). This was due to the
refractory wear in a narrow band in the upper slag (shown in Figure 8) such that the panels were
exposed to slag.

Table 6 — Heat Losses and Heat Fluxes to Different Regions in the Smelter

Without Belly Coolers
}
Region Heat Loss Area Heat Flux
(Gcai/h) {m2) Gcal/(h m2)
i Refractory 0.9-1.2 30.35 0.03-0.04
Barrel 0.5-0.6 12.77 0.04-0.05
Cone 0.9-1.2 15.4 0.06-0.08
Lance (at 3 m) 0.8-1.2 4.8 0.17-0.25
3.14.2
With Belly Coolers
Region Heat Loss Area Heat Flux
{Gcal/h) m2 Gceal/(h m2)
Refractory 0.5-0.7 17.8 0.03-0.04
Barrel + Belly 1.4-1.6 25.52 0.055-0.063
Cone 0.9-1.2 15.4 0.06-0.08
Lance (at 3 m) 0.8-1.2 4.8 0.17-0.25
3.64.7 |




APR 21 98 #B8:47AM PROC. SERV. DIV,

Figure 8 — Wear Profile at End of Campaign After Trial R11
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At the pilot plant, heat losses to the water-cooled hood played a crucial role during operation.
These heat losses varied from 0.5 Gceal/h to 2.5 Geal/h, depending on the thickness of material
coating them. Much of the contribution to the hood heat losses was from direct radiation as
opposed to heat transferred from hot gases. It is important to consider these radiation losses
when designing the smelter hood and offgas cooling system.

The total heat generated in the smelter during the waste oxide recycling trials was about
21.5 Geal/h. This heat consists of contributions from the combustion of C to CO and CO and
H, to CO, and H,O. The heat required for vaporization of moisture, reduction reactions that are
endothermic, and raising the temperature of the produced hot metal, slag, offgas, and dust to the
operating temperature is about 17 Geal/h. Previous work' has shown that the heat transferred to
the smelter did not correlate to the cross-sectional area of the vessel. The correlation obtained
between the heat transferred and the total slag volume suggests that heat transfer scales up
volumetrically rather than scaling up with the reactor cross-sectional surface area. The heat
losses to the refractories, lance, barrel, belly, cone, and hood are about 4.5 Gcal/h with the
resulting offgas temperature being equal to the hot metal temperature. Thus, the thermal
efficiency of the process was about 80%.

The offgas from the smelter has substantial chemical and sensible heat. The sensible heat is lost
as the offgas cools through the ducts and is quenched. The chemical heat is recoverable,
although this was not demonstrated at the pilot plant. The chemical heat content of the offgas
after quenching, for operation with a mid vol coal, is about 200 BTU/scf.

The following conclusions can be drawn. The heat fluxes and heat losses at the pilot plant were
quantified. The additional heat loss with the belly coolers was about 0.5 Geal/h. The heat losses
to the refractory in contact with slag/metal are affected by the metal and slag temperature. The
heat losses to the hood are from radiation and must be minimized by appropriate design. This
will result in improved thermal efficiencies. Consequently, for a fixed oxygen blowing rate, the

- production rate will increase and the fuel rate will decrease. A very good correlation between
the heat transfer and total slag volume was obtained, implying that heat transfer scales up
volumetrically rather than with the vessel cross-sectional area.

Smelter Dust

The offgas exiting the smelter was dust-laden. Part of this dust was captured in a dry form by
the cyclone. The dust bypassing the cyclone was collected as siudge. Samples of the cyclone
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catch, water, and solids were collected. Since the raie of water flow was known, the siudge rate
could be estimated from the dry weight of the solids and the total weight of the samples.

Figure 9 illustrates the cyclone dust and sludge rates measured. The rate was obtained by
weighing the dust collected over the entire trial (*box”). In estimating smelter dust generation,
the rate obtained from the box samples was used. In tdals RS, R7, and R14, dust from the
smelter was not collected in baxes, and in these cases, the cyclone dust rate was determined from
the “grab” samples; howevez, these measurements were considered less reliable.

Figure 9 — Cyclone Dust and Smelter Sludge Rates Measured During Trial R12
860
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As shown in Figure 9, the sludge rate decreased from 11:00 hours to about 13:00 hours, i.e., the
start-up period of the trial. This was typical of all trials and was due to lack of adequate slag
cover. As the slag weight was increased, the sludge rate decreased due to lower iron losses.
After 15:00 hours, the sludge rate increased from about 200 kg/h to 500 kg/h.  This was due to
agglomerate additions and the zinc charged to the system. Zinc reported to the sludge, causing
the sludge rates to increase. Oxygen blowing stopped at 22:58 hours, and the sample taken at
23:00 hours showed much lower sludge rates. At 23:15 hours, dust discharge into the boxes had

stopped.
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Figure 10 depicts the amount of smelter dust as a percent of material inputs. The closed circles
represent trials with coke breeze, while the open circles stand for the mid vol coal trial. The
smelter dust is defined as the sum of the cyclone dust and smelter sludge. The data shown
consider only those trials in which the cyclone dust was collected in boxes.

The total smelter dust increases with increasing zinc oxide input. This is because zinc is not
retained in the smelter. For operation with hematite pellets alone, the smelter dust was about 3%
of the total solid input when coke breeze was used as the fuel source. With mid vol coal as the
fuel source, the total smelter dust was about 6.25% of the total solid input. With agglomerate
additions, the zinc and lead input increased the dust accordingly.

The non-zinc dust was calculated by subtracting the zinc oxide content from the total dust. The
non-zinc dust as a percent of the total solid input is plotted for operation with coke breeze and
mid vol coal. As shown in both instances, the values were in a relatively narrow range. For
coke breeze, the non-zinc dust was about 2 - 4% of the total solids input, while for coal it was
5-6%.

Carbon dust is also shown as a percent of the fuel input. The carbon dust ranged from about
6 - 9% of the mid vol coal input and was mostly less than 2% of the coke breeze input. The
carbon contained in the agglomerated or injected waste oxides was not considered as part of the
total fuel input in this estimation. If this were taken into account, the carbon dust, when
operating with waste oxides, as a percent, would be lower by up to 30% of the values shown.

When operating with coke breeze or mid vol coal, the amount of iron in the dust is less than 2%
of the total oxide input (see Figure 10).

At the pilot plant, the cyclone catch was not always reinjected into the smelter. In a commercial
operation, this will be done, and much of the carbon and part of the iron will be recovered.

The amount of carbon and iron in the dust appears to be independent of the zinc input.
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Figure 10 — Smelter Dust, Carbon, and Iron Dust as Percent of the Material

Inputs
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Mechanism of Dust Formation. The following observations and discussion are based on the
results of the waste oxide recycling trials and the direct ironmaking trials.!

The amount of dust increased significantly with increasing volatile matter content of the coal.
The increase was primarily due to additional carbon losses. The carbon losses could not be
explained by entrainment of fines alone. It is known that, during coal devolatilization,
fragmentation of the coal particle can occur. This will result in the production of additional fines
that may be carried out of the smelter. In addition, carbon from the volatiles may be carried out
of the reactor as soot.

There was a substantial amount of metallic iron present in both the dry cyclone dust and wet
sludge. The amount of slag present in the smelter and the lance position affected the iron dust.
The effect was rather substantial after a heavy slag cast, at low lance heights, and during startup
of the smelter. Microscopic analyses of the cyclone dust and sludge have shown the presence
of micron-sized metallic iron particles, some of which have an outer iron oxide covering. The
sludge was almost 100% finer than 500 mesh (25 microns). Finally, the iron-to-carbon ratio in
the sludge was almost always more than 100 when operating with only coke breeze and hematite.
The above information suggests that the iron dust from the smelter primarily comes from
- vaporization or fuming of iron.

Cyclone Efficiency. Figure 11 shows the cyclone efficiency with respect to carbon, iron, gangue,
and zinc oxide.

The cyclone is highly efficient for carbon removal. For operation with mid vol coal, the cyclone
captured more than 95% of the carbon dust. With respect to iron, the cyclone efficiency varied
substantially between 20% and 80%. For gangue (CaO, SiO,, MgO, Al,0,, and other slag
compounds), the efficiency of the cyclone was mostly 60 - 80%. The cyclone throughput for
zinc oxide was over 90%.
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Figure 11 - Cyclone Efficiency for Carbon, Iron, Gangue, and Zinc Oxide
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Zinc Recovery

The pilot plant trial data (see Figure 12) show conclusively that about 95% of the zinc in the
charge material reported to the sludge, while less than 5% reported to the cyclone dust. With
recycling of the cyclone dust to the smelter that will be done in a commercial operation, this
minor amount of zinc will also ultimately report to the sludge.

Figure 12 — Zinc in the Sludge as a Function of Zinc Input to the Smelter
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This sludge, which on a dry basis might contain about 60% zinc, is a potential raw material for
the zinc industry. The value of this material to the zinc producers depends on the amount of
impurities it contains, principally as iron, alkalis, and halides. The minimum acceptable zinc-to-
iron ratio depends on the specific flowsheet at the zinc plant and may vary between 5:1 and 10:1.
The pilot plant tests showed that, with appropriate process control, the amount of iron in the dust
was independent of the amount of zinc in the smelter feed and could be kept to less than
200 kg/h in most cases (Figure 13). It was further concluded that vaporization of iron or iron
fuming is the predominant mechanism by which iron entered the offgas stream and, as such, can
be controlled by maintaining good foaming slag cover, applying soft oxygen blowing practices,
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appropriate lance height practices, and avoiding excursion of excessively high smelter
temperature. Actual zinc balances for Trial 12 are shown in Figure 14. Similar balances for
lead are also included in the same figure. The transfer of zinc and lead to the water system was
not observed, and their levels in the contact water over the entire recycling trial program were
never above 1 ppm. '

Figure 13 - Iron in the Sludge as a Function of Zinc Input to the Smelter
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Figure 15 depicts the zinc-to-iron ratio in the sludge. For situations akin to those for integrated
steel plants, the zinc-to-iron ratio was less than four. At higher zinc loads, as in waste processing
for EAF-based plants or for integrated steel plants with smelter sludge recycling, zinc-to-iron
ratios in excess of six and up to twelve were achieved. The solid line represents the expected
zZinc-to-iron ratio for a baseline iron sludge rate of 150 kg/h, and specific practices were
developed to assure that zinc-to-iron retios in excess of five can be observed. Sludge samples
from the pilot plant have been evaluated by Noranda Technology Center (NTC), on the basis of
which the sludge has value as a raw material to the zinc plants.

Figure 15 ~ Zinc-to-Iron Ratio in the Sludge As a Function of Zinc Input
to the Smelter
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Sulfur is introduced into the smelter mainly with coal/coke breeze, waste oxides, and to a small
extent, the recycling of cyclone dust. The input sulfur distributes itself between the hot metal,
slag, cyclone dust, smelter sludge, and tail gas. The amount reporting to the hot metal
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determines the extent of hot metal desulfurization required, while the amount present in the tail
gas affects the need for gas desulfurization.

Sulfur Distribution. Mass balances for sulfur were conducted using data gathered over several
hours of stable operation. The results are summarized in Table 7.

Table 7 — Summary of Sulfur Mass Balances

Trial # Period Time .| Length | Sulfur in [Sulfur Out| Closure
Start End (hours) (ka) (kg) (%)

463.34 | 469.98 | 101.43
183.64 | 162.93 88.72
42513 | 430.55 | 101.27
462.65 | 397.81 85.99

R6 12:55 20:55
R10 12:15 15:15
Ri2 12:45 21:45
R14 11:45 17:45

D [© [ |oo

Trial # Sulfur Distribution based on Input (%) Sulfur Distribution based on Output (%)
Metal & | Cyclone | Smeiter Gas Metal & | Cyclone | Smelter Gas
Slag Dust Sludge Slag Dust Sludge

R6 31.35 16.77 47.89 5.42 30.91 16.5 47.2 8.3
R10 22.11 11.3 54.02 1.33 24.88 12.73 60.88 1.5
R12 16.06 12.99 67.27 4.96 15.85 12.82 66.42 4.9
R14 32.32 6.68 45.54 1.45 37.58 7.76 52.96 1.68

Closure over the entire operating period considered ranged from 86 - 101%. Figures 16 and 17
illustrate the mass baJance calculations.
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Figure 17 shows the distribution of sulfur between the cyclone dust, sludge, offgas, and hot
metal/slag. The instantaneous closure for the sulfur balances ranged between 70 - 130%.
} Considering the small amount of sulfur input (less than 0.5% of the total solid input), sampling,
and chemical analysis issues, the degree of closure obtained was deemed to be satisfactory and
led to the following interpretation of the results. '

¥ Figure 17 — Sulfur Distribution During Trial R12
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Most of the sulfur input reported to the smelter sludge. This was the case even when operating
with hematite pellets alone. About 50 - 70% of the sulfur input reported to the studge. The
fraction of sulfur reporting to the candensed phases (metal and slag) was about 15 - 35%.

The hot metal and slag sulfur levels varied, depending on the lime-to-silica ratio and FeO content
of the slag. Less than 15% of the input sulfur was present in the cyclone dust.

The initial hours of operation were conducted with hematite pellets. After the temperatures in
the gas handling system were stable, agglomerated waste oxides containing zinc were charged
into the smeltez.

Duting operation with hematite pellets as the only iron-bearing feed, the sulfur (equivalent H,S)
content of the offgas, with coke breeze as the fuel, ranged from 75 ppm,, to 250 ppm,. With mid
vol coal as the fuel, the sulfur {equivalent H,S) cantent of the offgas varied between 100 ppmy
and 350 ppmy as shown in Figure 18.

Figure 18 — Sulfur in Offgas During Trial R12
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Charging of zinc-containing agglomerates dramatically reduced the sulfur content of the offgas.
In most cases, the offgas sulfur (S) content decreased to a stable concentration in less than
30 minutes to less than 50 ppm,. This is up to 300 ppmy lower than when operating with
hematite pellets alone. To remove an additional 300 ppmy from the smelter gas, about 15 kg/h
or 0.15% of zinc in the iron-bearing material is required on a stoichiometric basis. At the pilot
plant, several different zinc-charging rates were used. The offgas sulfur level could be reduced
to below 50 ppmy by ensuring that the iron-bearing feed contained the appropriate amount of
zinc. This compares to about 900 ppmy sulfur in desulfurized coke oven gas and confirms that
zinc is an extremely good gas desulfurizer. The fraction of the input sulfur reporting to the
offgas was less than 20% when operating with hematite alone. With zinc-containing
agglomerated waste oxides, the fraction of sulfur reporting to the gas was less than 2%.

Hot Metal Sulfur at Tap. During trials with hematite and waste oxides similar to integrated steel
plant situations, the hot metal sulfur content, samples from the casting boxes, ranged from
0.04 - 0.17%. In tdals R13 and R14, when agglomerates made by using zinc calcine were
charged, the hot metal sulfur was as high as 0.3%. This resulted from the agglomerates
containing 1% sulfur due to the high suifur content in the zinc calcine.

The hot metal sulfur content is mainly dependent on the lime-to-silica ratio in the slag, the FeO
content, slag and metal weight, and the hot metal temperature. Figure 19 illustrates the variation
in the sulfur partition ratio (L = (% S)y.e/[% Slpew) With the lime-to-silica ratio.

Figure 19 — Variation in the Sulfur Partition Ratio
‘ With the Slag Lime-to-Silica Ratio
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These results are similar to those obtained with the vertical and horizontal vessels.! Figure 20
shows the variation in Ly with the FeO content of the slag,

Figure 20 — Variation in the Sulfur Partition Ratio with the Slag FeO Content
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The sulfur content of the hot metal in the DIOS and AISI direct ironmaking situations is in the
0.25 - 0.3% range. In these cases, most of the input sulfur reports to the hot metal and slag due
to the presence of a prereducer that acts as a “sulfur trap,” Most of the sulfur in the gas and dust
entering the prereducer retums to the smelter. Since the only sulfur outlets are the studge, stack
gas, and hot metal/slag, the resultant hot metal sulfur is high.

In the waste oxide recycling situation, the prereducer is eliminated. Consequently, a major
portion of the sulfur reports to the sludge. This reduces the amount of sulfur present in the metal
and slag. Purther, the lime-to-silica ratio in the recycling situation is higher than in the direct
ironmaking case due to the raw material composition. Since the sulfur partition is directly related
to the ime-to-silica ratio in the slag, the hot metal sulfur content would be further lowered.
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In conclusion, it can be said that, based on the pilot plant results, the sulfur path during smelting
of waste oxides has been characterized. For given operating conditions, the sulfur distribution
can be quantified, and the hot metal sulfur content can be estimated.

Hot Metal Sulfur After Ladle Treatment. A technology for desulfurization of the tapped hot
metal from the smelter was developed at the pilot plant. The hot metal sulfur content was
lowered to the level pr_qserit in the blast furnace hot metal by slag-metal mixing, reducing the
FeO content of the slag, and using the desulfurization capacity of the slag. The sulfur content
of the metal and slag during a desulfurization test is shown in Figure 21.

Figure 21 — Sulfur Content of Metal and Slag
During the Ladle Desulfurization Test (Trial R14)

» - 51&3 (Mca.sw:d)
0 «— Slag (Calodated)

, Het Metal (Meosured)

s u .‘
% Hot Melad (&quUwD
fa] n/
] [a]
0 o .

i L | i | ( 1

] H i I 1] T
0 10 20 30 40 50 60 70

Time after closing Taphole {min)

The postsmelting hot metal desulfurization experiments demonstrated proof of concept, and an
invention disclosure is being filed. The objective of the tests was to show the desulfurization
potential of the smelter slag. The results showed that the smelter slag is far from saturated in
sulfur and that the slag FeO and hot metal sulfur could be substantially reduced. This simple
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ladle treatment Ieads to increased Fe yield and hot metal desulfurizstion levels comparable to
standard blast furnace practices.

Mass balances for alkalis and halogens are shown in Tables 8 through 11. The data presented
here are for the instances where samples of water and dust/sludge were taken simultaneously.
The amount of alkali metals and halogens calculated in the cyclone dust/sludge/water exceeded
that estimated to be in the input materials, The discrepancy in mass balance closure is most
likely due to inaccurate chemical analysis. Therefore, the distribution of these species was
exarnined, based on their measured outputs.

For potassium, it can be seen that 70 - 90% of the output was present in the contact water. The
balance was distributed almost equally between the cyclone dust and sludge. In the case of
sodium, again, SO - 90% of the output was in the contact water. However, the ratio of the
amount of sodium present in the smelter sludge to that in the cyclone dust was greater than 8:1.
This implies that sodium that did not report to the contact water and was present mainly in the
sludge.

For chlorine and fluorine, more than 95% of the output was present in the contact water. The
chlorine and fivorine content of the cyclone dust for Trial R13 showed that the amounts of
chlorine and fluorine present were less than 0.1 kg/h and 0.2 kg/h, respectively. This was less
than 1% of the output. Thus, for both chlorine and fluotine, more than 95% of the output was -
present in the contact water, while the cyclone dust contained less than 1%.

The pilot plant results can be summarized as follows. About 70 - 90% of the sodium and

potassinm was present in the contact water. For chlorine and fluorine, more than 95% was
present in the contact water.
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Tables 8 and 9
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Neural Network Modeling by Praxair

Under a research contract with this program, Praxair developed a neural net to predict the degree
of postcombustion (PCD) as a function of 17 selected inputs, including material feed rates, slag
composition, metal and slag weights, lance position, and other process variables on which data
were available. \ '
Results show that the nets could predict very well the test data from the trials on which they
were trained but were unable to predict a new trial on which they were not trained. This may
be attributed to less than required variability in the training data and that five of the inputs were
calculated and/for interpolated values. '

At the current stage, the application of neural networks is NOT recommended for the AISI waste
oxide recycling process, based on the results obtained in this study. However, when the
demonstration plant is running and more operating data become available, neural networks will
be a good tool to provide further information about process optimization and control.

Refractory Performance

Because severe refractory wear was experienced in the postcombustion slag zone of the smelter,
the smelter vessel design was provided with stave cooling to retard lining wear, and additional
staves were added during the program. The stave and refractory system was designed to provide
a frozen slag layer on the inner face of a stable brick lining under controlled conditions of slag
composition and temperature. An invention disclosure has been submitted on this design which
consists of special water-cooled copper staves and a combination of refractories, carefully
selected for their heat transfer properties, supporting the frozen slag layer. The formation of a
stable brick thickness would provide improved lining life at reasonable levels of heat loss. The
actual stable thicknesses measured in the various areas of the vessel are shown in Table 12. The
refractory profile after a waste oxide recycling campaign was illustrated in Figure 8, page 22.

Table 12 —~ Comparison of Stable Thickness in Smelter Lining

Arec : Construction fsmbl- Refractory Thickness, mmi
Cone Gun / cooled ‘ 25.30
Upper barrsi Brick / cooled ' 150-175
Mid barrei Brick / cooled 0-100
Lower barrel / bottom Brick - ins None
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As can be seen from Table 12 and Figure 8, the refractory was womn back to the copper panels
in a natrow band in the vicinity of the upper slag. Based on the results of the direct ironmaking
and waste oxide recycling trials, the following comnments and recommendations were offered.

The overall lining performance of the smelter will be improved. Some of this improvement will
undoubtedly result from long-term operation under stabilized conditions and the svoidance of the
thermal cycling as in the pilot plant, Significant further improvements are also expected to resuit
from the following proposed design criterie.

The staves for the brick/cooled zone will be located as near as possible to the metalfcollapsed
slag zone, i.e,, somewhat lower in the vessel than the curzent lining. The coolers will all be
installed with the copper “c” cups now used in the gun-cooled zone to allow slag buildup in the
svent that the refractory is completely wom. The staves will also be designed in a manner to
provide sectiomal refractory support if the underlying refractory is wom.

The alumina-chromic oxide brick safety lining in the brick/insulated zone will be used for at least
one foot below the staves. The taphole area will follow the design (carbon block, etc.)
successfully used in modern blast-furnace ¢onstruction.

The use of a combined design using gun-cooled areas, brick-cooled areas, and brick-insulated
areas should prove successful with regsonable levels of heat loss,

Samples of the slag and metal from the vessel were obtained using the sublance. Samples of slag
and metal were also taken from the casting boxes. Tables 13 and 14 show the hot metal and slag
composition for Trial R12.

The hot metal was carbon-saturated and contained more than 4.5% carbon in all cases. The
sulfur level varied between 0.038 - 0.171%. However, in Txials R13 and R14, due to the high-
sulfur-containing agglomerate, the hot metal sulfur at cast was as much as 0.3%. The silicon and
aluminum levels in the smelter hot metal are very low. In Table 14, aluminum is shown to be
present in the hot metal This is because the samplers used contained aluminum as a deoxidant.
In some instances, samplers with zirconium deoxidant were used, and these samples revealed
very low gluminum contents, The manganese content of the hot metal was less than 0.3% in
most instances while the maximum phosphorus content was 0.08%. Most of the analyses were
in the range of 0.03%.




Table 13

Table 13 : Sublance and Cast Slag Chemical Composition (Trial R12)
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Sublance Slag Chemical Composition

ISAMPLE SAMPLE | TRIAL |SAMPLE|ANALYZED| LIME MgO | Al203 | MnO FeO P205 | SiO2 {LecoC| Leco S
# LOCATION # TIME BY RATIO % % % % % % % %
1 sublance | R12 1136 AIS] 1.26 . 1523 | 9.48% 4.32 5.90 025 | 2749 | 0.67 0.304
2 sublance | R12 | 1200 AlS| 1.28 16.47 | 8.67 4.28 5.23 023 | 2739 | 0.28 0.277
3 sublance | R12 1221 AlS} 1.20 18.16 | 9.78 3.98 3.85 0.27 | 28.28 | 0.40 0,290
4 sublance | R12 1245 AlS] 1.10 18.84 | 10.01 | 3.32 2.90 0.24 | 29.77 | 0.60 0.313
5 sublance | R12 1300 AlS| 1.20 18.23 | 9.23 3.68 4.04 0.25 | 28.29 | 0.60 0.290
3 sublance | R12 1410 AlSi 0.98 20.60 | 9.23 2.01 408 {.014 | 3120 | 064 0.337
7 sublance | R12 1440 AlS! 1.058 21.07 | 9.28 213 3.39 0.18 | 29.89 | 0.74 0.292
8 sublance | R12 1505 AlS] 1.08 21.61 | 9.14 1.97 3.37 0.14 | 29.63 | 0.81 0.311
9 sublance { R12 1640 AlSi 128 2360 | 7.79 1.44 5.28 0.17 | 26.51 | 0.34 0.383
10 sublance | R12 1715 AlS} 1.30 2165 | 7.93 1.53 4.31 020 | 27.04 | 0.41 0.413
11 sublance | R12 1730 AISI 1.22 23.45 | 8.07 1.31 3.66 0.18 | 27.51 | 0.40 0.437
12 sublance | R12 1815 AIS| 1.26 2212 | 8.04 1.46 3.94 0.21 27.40 | 035 0.375
13 sublance | R12 1843 AlSl 1.29 2152 | 796 1.58 3.68 022 | 2747 | 032 0.330
14 sublance | R12 2005 AlS! 1.26 23.39 | 7.78 1.48 4.83 0.26 | 26.74 | 0.21 0.303
15 sublance | R12 2020 AlSi 1.26 2239 | 8.10 1.49 4.23 024 | 2724 | 0.29 0.277
16 sublance | - R12 2050 AIlS{ 1.23 2254 | 8.22 1.43 2.82 0.24 | 28.18 | 0.39 0.258
17 sublance | R12 2110 AlS| 1.28 21.36 | 8.08 1.54 2.68 0.19 | 28.02 | 0.38 0.231
18 sublance | R12 2140 AlS| 1.27 18.32 | 8.20 1.61 2.48 0.19 | 2872 | 183 0.207
19 sublance | R12 2143 AIS} - 1.34 20.06 | 8.11 1.62 2.33 0.19 | 2801 | 045 0.209
20 sublance | R12 2210 AlS{ 1.19 21.88 | 8.60 1.31 2.03 0.19 | 2924 | 054 0.155
21 sublance | R12 2230 Alsl 1.29 20.34 | 8.21 1.57 2.43 0.19 | 2853 | 0.57 0.138
22 sublance | R12 2245 AlS] 1.29 19.86 | 8.26 1.52 2.66 0.19 | 28.84 | 0.32 0.140

23 sublance | R12 2110 UEC 1.28 19.55 | 9.26 1.51 3.18 0.20 | 28.20 | 0.47 0.205
24 sublance | R12 2310 UEC 1.28 18.53 | 10.13 1.47 2.49 0.19 27.67 | 0.852 0.14
Cast Slag Chemical Composition

lSAMPL.é SAMPLE | TRIAL | Cast# |ANALYZED| LIME MgO | Al203 | MnO FeO P205 | Si02 |LecoC| Leco S

# LOCATION # BY RATIO % % % % % % % %
1 Runner R12 1 AIS} 1.04 19.72 | 9.64 285 2.80 0.24 | 30.55 | 0.81 0.270
2 Runner R12 2 AIS! 1.07 22.77 | 8.35 1.89 2.98 0.15 | 29.61 0.12 | 0.272
3 Runner R12 3 AlSI 1.23 25.02 | 7.67 1.53 2.56 0.18 | 2748 | 0.14 | 0393
4 Runner R12 4 AlSl 1.16 26.22 | 8.03 1.31 2.03 0.23 | 28.00 | 0.10 | 0.312
5 Runner R12 5 AlSt 1.12 30.18 | 7.45 1.27 1.81 0.21 27.10 | 0.24 | 0279
6 Ladle R12 Drain AlSl 1.67 10.61 | 14.36 | 0.53 3814 | 0.15 | 12989 | 0.17 | 0.170
7 SlagBox | R12 Drain Alst 1.21 20.66 | 874 1.36 1.75 020 | 2950 | 0.77 | 0.138
8 Runner R12 5 UEC 1.30 28.50 | 9.00 1.43 1.48 020 | 2466 | 023 | 0.243
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Table 14
Table 14 : Sublance and Cast Hot Metal Chemicai Composition (TrialR12)
| L I I il lEFum 1 I 1 L L —
Cast Hot Meral Chemical Compoailion

tiﬁﬁté‘jgﬁj’_rai‘l!‘ TRIAL | Cestd ANALYZED| Leco ¢ Leco 8| &I Al | Mn_|TF " Fe | Cu_
W _|LOCATION| # MG BY % % % % % % s ¥
"y hingBox | Riz | 1| 1336 | AW | 473 | 648 | 0.01 | 047 | 0.3 | 004 | w444 | 068 |

2 | SlugBox| RiZ ) 1540 RBT | 0¥% 1048 [ 001 | 026 | 641 | 0% | 8588 | o0

3| EgBox | Kiz 3 1833 ABl_| 4% | 043 | 061 | 0.8 | 042 | 0.3 | €388 | 051
4 | SwmgBox | Ri2 { {956 A8l 45 .30 | 001 | 048 | 034 | 003 | 9400 | 0.02
5 | 8iugBox | RiZ g 2300 AIEl_ | 4hs | 004 [ 083 | 042 [ 021 | 008 [ 3379 [ ool
€ | LagTat | R12 | Orsin | 330 Al5I | 480 | 068 | 602 | 0.33 | 9.6 | 0.08 | 9405 | 0.01
_7 | SiagBox | Ri2 | Dnain 0025 Bl |76 | 0.04 | 616 | 043 | a.i2 | 0.3 | 83.80 | 8.5
K Ind Foe E indPea | 700 AT 4% | 009 | 004 | 0.50 | 142 | 003 | 42.88 | 0.0

5 | NMiadle | R12 | IFTap | 588 ABI__| 436 | 006 | 6.01 | 0.80 | 1.13 | 0.03 | v3.27 | 042
10 [ SlgBex | Ri3_|_ 4 155 USC_ | &7 | 8098 | <ot | 0.47 | 0.3 | 0.0 0613
if " T 8iug Box | RiZ g 2300 DEC | 489 |0.035 | 0016 | 0.18 | 625 | 0,064 0.0i37

Sublanca Hot Metal Chemical Compesition

= Dl R e i

Lgm_:_‘g‘[._é}_ﬁ_i_aﬁiﬁ"‘ TRIAL [SAMPLE [ANALYZED| Lecoc | Leco§| &) A_| Wn P ﬁe""J"'Cu,'__ o
# _ |LOCATION] _# TivE BY [ & W % % % S I O

Gublance | Wi3_| a6 | AW | &77 | 643 | 688|033 | 63 | bB4 | 9SiET o

1
T 37"\ sublance | K43 | 1300 AT 448 | 0147 | 018 | o6 | 041 | 002 | 8878 662 [ 7
5 “I'sublanee | RiZ2 | 1440 AL 4.63 045 | 046 | 6.33 | o042 | 0.02 | 9401 | 0.014
4 [ sublance | RiZ | A& | Asi | 486 S% | o8 | 622 | a.2s | 008 | 6560 | 0.06
T sublance | RiZ | 2143 UEE 3.7 0,06 | <01 | 0.286 | 0.23 | 0,088 [X31

During the waste oxide recycling trials, the lime-to-silica ratio in the slag varied depending on
whether waste oxides were charged to the smelter, The lime-to-silica ratio during operation with
hematite pellets alone was varied between 1 - 1.3. Operation with waste oxides resulted in this
ratio being as high as 1.6. The alumina content of the vessel slag was less than 10% in almost
all cases. The MgO content of the vessel slag varied between 15 - 23%. The FeO level of the
slag was maintained below 6%. The MnO content of the slag when operating with waste oxides )
was about 1.5%, while the P,O, content was about 0.4%.

Samples of slag from the waste oxide recycling trials were tested for suitability for use in
construction applications, These tests indicated that the slag is acceptable with respect to -
resistance to degradation in handling and freeze-thaw conditions but is marginal in expansion
(hydration) under a longtime water scak. This high expansion is related to the high MgO content
of the slag. The phenomenon of the formation of yellow (sulfur) type appearance associated with

' blast-farnace slags under conditions of storage in sealed water jars did not occur with smelter
slag used in the lzdle desulfurization test.

To make the slag fully acceptable as a construction-type material, the MgO content of the slag
must be reduced. This goal is compatible with the concept of a water<ooled stable lining for
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adequate refractory life. Successful use of the water-cooled lining would reduce the slag MgO
content to about 8 - 12% and eliminate the hydration and expansion concems.

The zinc oxide content of the slag was less than 0.1% in most cases. At a slag production rate
of 3.5 tph, this would correspond to 3.5 kg/h of zinc oxide being retained in the slag. The zinc
content in the cast metal was less than 0.01% in most cases. At a hot metal production rate of
5 tph, this would correspond to 0.5 kg/h. Thus, the amount of zinc retained in the slag and metal
is very small when compared to the input zinc levels. Furthermore, a special blowing and
material feeding practice was developed for removal of zinc from the condensed phases. This
becomes particularly important with high zinc loads in case of smelting of EAF dust.

The lead oxide content of the slag was always less than 0.1%. The lead content of the metal was
less than 0.005% (50 ppm) in all cases except one. The potassium oxide content of the slag was
less than 0.05% in all samples except one. The concentration of sodium oxide in the slag was
higher than that of potassium oxide and was always less than 0.15%. The chlorine content of
the slag was less than 0.01%, while the fluorine content was less than 0.05%. The chlorine
content of the metal was 0.004%. The amount of halides and alkalis retained in the slag and
metal was small. |

Samples of the hot metal and slag produced were analyzed for RCRA (Resource Conservation
and Recovery Act) metals, and a TCLP (Toxicity Characteristic Leaching Procedure) was also
performed. It was concluded that the hot metal and slag produced during the waste oxide
recycling trials did not pose any environmental concern.

KEY FINDINGS AND CONCLUSIONS DRAWN FROM THE
PILOT PLANT PROGRAM

A new process to handle steel plant waste oxides was developed at the AISI Pilot Plant using
existing technology and equipment. It is now possible to implement an environmentally correct
solution to the waste oxide disposal problem at a profit. All types of waste oxides were
successfully processed and melted to hot metal in the pilot plant, on time and on budget, to make
a success of the Waste Oxide Recycling Program. “

Several key factors led to the success of the program. One of the most important was the
dedication of the pilot plant staff and crew, acting as a team. The waste recycling pilot plant
program began with the first trial on April 28, 1994, and concluded successﬂﬂly, fourteen trials
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later, on December 20, 1994. During this time, the staff and crew lived with the process,
identified each problem, and worked on it until it was solved. From pretrial setup through

. verifying instrument and control systems, managing material handling problems and logistics,
conducting the trials and gathering data, cleaning up, solving the problems of the trial, and
preparing for the next one, this team carried on, each person contributing his energy and expettise
where needed.

Without this type of sustained, dedicated effort, the work would not have been completed within
the time and funding available. Safety and quality were a way of life. The staff and crew
operated a pilot plant with all the problems of a full-scale plant and obtained research-laboratory-
quality data and results. This type of effort and expertise was not only demonstrated for the
recycling program but also for the 0 trials and five years of the Direct Steelmaking Program.

The second key factor was the solid background in smelter operations that was gained during the
Direct Steelmaking Program. During the Waste Recycling Program, it was unnecessary to devote
time and resources to leamning and commissioning new systems. Very few equipment changes
were made to the operating equipment for the Recycling Program; most vessel equipment systems
had salready been modified and were operational. Of great importance was that the design and
operation of the oxygen lance wers established during the Direct Steelmaking Program, and only
small refinements were needed during the Recycling Program.

The time and experience gained during the Steelmaking Program also established a firm
foundation for the smelter control systems and data acquisition system. There was a solid system
in place, and only refinements and incremental improvements were required. Most changes were
made to improve system reliability and usefulness to the operator with the goal that operators,
rather than engineers, would be sble to run the process.

The offgas sampling system, 8 key input device for the process control system developed by the
AISI staff and used during the Direct Steelmaking Program, was continually improved during that
program. The high degree of confidence in the system fostered a high level of confidence in the
operation. and control of the plant when processing the waste oxides. Improvements to the
material feed system to better control the discharge rate of material into the vessel improved the
process stability and increased the reliability of the on-line mass and energy balances. The
results of the balances were monitored and were used by the operators to control the process.

One factor in the success of the program was the stable nature of the process itself over a wide
range of operating conditions and raw materials. Excursions could be studied to optimize the
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process, with the confidence that there were extremely stable conditions or ranges to which the
operators could return if a problem arose. In case of an upset, the process responded quickly to
corrective actions, and total recovery, the return to aim hot metal temperature and production
rates, could be achieved in less than 30 minutes. Not only was the process easy to start up and
shut down, but even after a one-to-two-hour shutdown, restart and return to previous conditions
could be achieved within 30 to 40 minutes. With the knowledge gained at the pilot plant,
modifications to the demonstration plant design will be made to allow for an even easier total
startup and shutdown procedure.

Refractory wear was a problem that had long plagued in-bath smelting processes. Knowledge
gained regarding water cooling of refractories during work with the horizontal (second) vessel
was applied to the third smelter vessel. During the Recycling Program, the level of experience
in watercooled refractories was increased further. The design of a water-cooled refractory
system has now been developed to the extent that good refractory wear and long campaign life
can be expected for long-term operation without extreme heat losses to the process. This is a
milestone achievement in process development.

Also, concemning refractory cost, the casthouse design was modified in the Recycling Program
to greatly simplify casting. A simple runner is the only equipment necessary to remove metal
and slag from the vessel and into a ladle. The same ladle, equipped with bottom stirring, can
be used for desulfurization, followed by either feeding a pig machine or transferring to a torpedo
car, and remaining ready for the next cast.

A key factor in process economics has been the hot metal sulfur levels. The use of smelter slag
to desulfurize the hot metal outside the vessel, after cast, has resolved that prbblem with a very
simple, low-cost solution. Discovering that the zinc in the offgas captures the sulfur in the gas
and transfers it to the sludge, where it is used by the zinc company, completed the solution to
the sulfur problem.

With the modifications made to the offgas system, it was possible to operate at and see the
effects of higher system pressures. The process was more stable at higher levels of
postcombustion with higher pressures. For a recycling plant with no prereduction requirements,
the system can tolerate a wide range of temperatures so that no recycling loop is required. This
will reduce the cost of a recycling plant. Also, the engineering and operational requirements of
the cyclone and offgas duct system for a demonstration plant can now be specified.
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The environmenta testing completed during the Recycling Program confirmed that air and water
standards have been met and that the slag is comparable to blast furnsce slag and can be used
in the same fashion. The sludge can be used as 2 feedstock for zinc production. The process
is environmentally friendly; waste oxide materials and fuel come to the site, and only products
come out. The environmental problems have been solved, not merely reduced or zelocated.




FEASIBILITY STUDY

PROCESS FUNDAMENTALS

A comprehensive experimental program was conducted by the AISI-DOE Direct Steelmaking and
Waste Oxide Recycling Programs to study the fundamentals of the smelting process. Laboratory-
scale investigations were carried out at Carnegie Mellon University, Massachusetts Institute of
Technology, McGill University, McMaster University, and the research laboratories of Praxair
and U. S. Steel. The pilot plant tests were conducted at Universal, Pennsylvania, at a facility
leased from United States Steel. The results of the laboratory and pilot plant investigations have
been summarized in annual reports to the DOE.? Based on these studies, significant progress has
been made in understanding the process fundamentals. A brief review of the technical issues
pertinent to the smelting process is presented.

Smelting Reactor Description

Figure 22 shows a schematic of the smelting reactor. The bottom of the reactor contains a -
molten iron-carbon bath that is stirred by inert gas. Above the iron bath is a slag containing low
amounts of FeO (about 5%). The slag consists of a dense slag region and a foamed slag zone.
The dense slag region has molten iron droplets dispersed in it. These droplets are present due
to emulsification of part of the iron bath caused by the agitation provided by the inert gas. In
addition, iron droplets produced by reduction are also present in the dense slag region.

Primary combustion and the reduction of iron oxides result in the evolution of CO gas which
causes part of the slag to foam. Some slag is also thrown up into the free space, and these slag
particles are referred to as spatter. The slag also contains char that remains after the coal has
been devolatilized. The size distribution of the char present in the slag has implications with
respect to reduction of iron oxides and slag foaming. Slag foaming is controlled by maintaining
a critical char-to-slag ratio.

The slag is crucial to the smelting process since it is the reduction and heat transfer medium and
it insulates the metal bath and the refractories from the postcombusted gases and oxygen jets.
The distribution of raw materials and oxygen is also an important issue with respect to heat
generation and heat transfer. '
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Figure 22 ~ Schematic of Smelting Reactor
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The key phenomena occurring in the smelting reactor are the dissolution of iron oxides in the
slag, devolatilization of coal and dissolution of carbon into iron, reduction of iron oxide from the
slag, slag foaming or release of gas from the slag, postcombustion and heat generation, and heat
transfer from the combustion reactions to the process. The production capacity of 8 smelting
reactor can be limited by any one or & combination of these subprocesses. The sbove phenomena
wete the primary focus of the laboratory investigations and were extensively studied during pilet
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plant operation. The results of laboratory and pilot plant investigations are summarized in the
following sections. ~

Devolatilization of Coal

The devolatilization of coals under smelting conditions in the gas and slag phases has been
studied in detail.>* The rate of devolatilization was found to be independent of the coal type and
the medium in which the devolatilization occurred. The amount of volatiles liberated was found
to be greater than that estimated by the proximate analysis of the coal. This was attributed to
the rapid heating to a higher temperature in the case of smelting conditions as compared to the
conditions used in the proximate analysis test. The devolatilization rate was a strong function
of the particle size. It was concluded that the devolatilization rate was primarily heat transfer
controlled. At the pilot plant, environmental testing of the hydrocarbon content of the offgases,
sludge, and contact water was conducted. It was concluded that the level of hydrocarbons present
does not present any environmental concern. This is illustrative of an inherent advantage of the
AISI-DOE postcombustion smelting technology in which the high temperature causes the rapid
breakup of hydrocarbons, allowing the direct use of coals.

Carbon Dissolution into Iron

The rate of dissolution of carbon into iron has been experimentally investigated.” The dissolution
rates were affected by sulfur in the hot metal and ash in the char. During the pilot plant trials,
the hot metal cast was carbon-saturated. This was accomplished by the high degree of stirring
prevalent and by maintaining an adequate amount of char in the slag.

Dissolution of Iron Oxides

This was investigated by using hematite and wustite pellets.® The pellets were found to dissolve
quickly. A heat transfer model developed to estimate dissolution rates showed that the predicted
dissolution time was less than five seconds. The amount of undissolved pellets in the slag at any
time was estimated to be less than 1%. These results have been confirmed at the pilot plant, in
that undissolved pellets or waste oxide briquettes have not been found in the slag samples.

Reduction of Iron Oxides

In the smelting reactor, reduction occurs in the liquid phase. Mass transfer processes and
chemical kinetics occur more rapidly; consequently, the productivity of the reactor is greater.
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The smelting vessel has about three times higher production per unit volume than the blast
furnace where reduction mainly takes place in the solid state. Extensive work has been
conducted to understand the reduction reactions occurring in the smelting process.™®

The reduction of iron oxide fram the slag is done by char, iron-carbon droplets, and the slag-
metal interface. The droplets in the slag come from (1) emulsification of part of the iron bath
and (2) iron produced by the reduction reactions. The reduction rate by iron-carbon droplets is
affected by the carbon and sulfur content of the droplets and is propotticnal to the FeO content
of the slag.” The reduction rate by char is primarily controlled by mass transfer of FeO in the
slag® and is approximately proportional to the FeQO content of the slag.

The reduction kinetics govern the relationship between the FeO content of the slag, the char
weight and size, slag weight, size and amount of iron-~carben droplets, and the iron oxide
charging rate. Rigure 23 illustrates the relationship between the above parameters.

Figure 23 — Oxygen Removal Rate Per Unit Slag Weight
As 3 Function of the Slag FeO Content
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Here, the oxygen removal rate per unit slag weight is plotted against the FeO content of the slag.
The solid lines represent calculated values based on a reduction model.® The oxygen removal
rate is representative of the iron oxide charging rate. The following conclusions can be drawn.
A higher iron oxide charging rate results in a higher slag FeQ, other parameters being constant.
The use of coal injection, which results in a smaller char size distribution, reduces the FeQO
content of the slag. For a given iron oxide charging rate, the slag weight required to maintain
a fixed FeO level can be estimated. Figure 24 shows the effect of slag weight on the oxygen
removal rate expressed per unit FeO content of the slag. Again, the same conclusions can be
drawn. '

Figure 24 — Oxygen Removal Rate Per Unit Slag FeO Versus Slag Weight
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Slag Foaming

The slag foam is important to the smelting process since it captures the heat from the combustion
reactions and it insulates the metal bath and refractories from the offgas and oxygen jets. On the
other hand, excessive slag foaming results in operating problems and limits productivity. Slag
foaming has been extensively studied in the laboratory®!® and at the pilot plant.!
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Slag foaming is represented by the foam index which is a measure of the ttavel time of the gas
in the slag.»** Labaratory investigations have shown that foaming is directly affected by the slag
viscosity and offgas velocity, while it is inversely dependent on the bubble diameter."

At the pilot plant, the slag height was measured by a conductivity probe developed specially for
this pilot plant, In earlier trials with the vertical and horizontal vessels, a chain was used to
measure the slag and spatter height. The laboratory results on foaming were confirmed at the
pilot plant. In addition, the slag height was affected by the char weight, the lance gap, and slag
temperature. The size distribution of the char for foam control was alse found to be important.

In the smelting reactor, the energy generation and utilization per unit reactor volume is high. The
high endothermic requirement created by the rapid reduction reactions is satisfied by a
combination of primary and postcombustion, At 40% postcombustion, more than half the energy
is supplied by postcombustion. Oxygen and raw material distribution play an important role in
heat generation. In addition, operating parameters such as char weight, lance hexght,
operating pressure also affect heat generation.

The behavior of oxygen jets in a high tempezﬁmre atmosphere has been experimentally studied.’
A masthematical model describing the phenomenon and able to estimate the penetration of the
oxygen jets and the jet profiles was developed.”®

~ The hest from the postcombustion reactions is transferred to the incoming raw material stream,
slag spatter in the free space, and char and metal droplets in the strongly-stirred slag. In
addition, some heat is radiated to the refractary and watercooled walls of the vessel and is
essentially lost from the process. During the pilot plant trials with waste oxides, about 80 - 85%
of the heat generated in the smelting reactor was used for smelting purposes. The remainder was
lost to the refractories, watercooled walls, and as superheat in the offgas, Previous work has
shown that heat transfer to the process scales up volumetrically rather than with the cross-
sactional area !

The support research to the AISI Waste Oxide Recycling Program at Camegie Mellon University
was concetned with the thermodynamics of dilute components in slags relevant to waste oxides
and the kinetics of postsmelting desulfurization.
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Dust from the BOF, BF, and EAF contains significant amounts of zinc, lead, and alkalis. It is
estimated that most of these elements will enter the gas phase, but some will remain in the slag.
To calculate the distribution between the slag and gas phases, the activities in the slag must be
known. An extensive literature survey was conducted to determine our current state of
knowledge on these activities, and if there was insufficient information, experiments would be
conducted. The major findings of the literature review are given below.

1. The activity of Na,O in slags is well known. Despite large negative deviations from ideal
behavior, almost all the Na goes to the gas. It was shown that less than 0.003% Na,O
will remain in the slag at 1500°C, assuming the oxygen potential in the slag is controlled
by Fe-FeO equilibrium.

Fe + (Na,0) = FeO + 2 Na (gas)

2. The activity of K,O in blast furnace slags has been measured. Using this information and
a reaction similar to the equation above, it is shown that less than 0.005% K,O will
remain in the slag.

3. The activity of ZnO in slags is not accurately known except that the activity coefficient
is greater than unity. Depending on the assumed activity coefficient, the ZnO content
would range from less than 0.005 to 0.2% in the slag. Similar behavior for PbO is

expected.

Based on the literature review and extensive thermodynamic calculations, no experimental work
was considered necessary.

Hot Metal Desulfurization

Most of the experimental work and mathematical modeling were concerned with desulfurization
of the smelter metal. Experiments have been conducted to determine the effects of Si in the
metal and FeO in the slag on desulfurization and on the reduction of FeO by carbon after
smelting. FeO in the slag reduces desulfurization by decreasing the sulfur distribution ratio. Si
increases the rate of FeO reduction and desulfurization. The results are summarized below:

In laboratory experiments, FeO reduces the rate of desulfurization as shown in Figure 25.
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Figure 25 — Results from Small-scale Experiments - Sulfur in Metal

1.00 g ,
- —— SR
wg—Run 1, n0
\\§ —o—Run 2, 5% FeO |
N
g ——Run 3, 3% FeO i _J
N\ i e BT 4, 1% FoQ
ms& \\ ! \\
\\ \\\ ! L
\
RN ~
1 T
\ i \ 1 &
i N
0.30 5 T
o 2000 4000 €000 £000 10000

Time (ssconds)

2, Si in the metal increases the rate of desulfurization.

3. Based on the experimental results, ¢ mathematical model for desulfurization was

 developed, sssuming that the rate is controlled by the transfer of S and “FeO” in the slag

and S and Si in the metal. Using this model, the rates of the reduction of FeO and

desulfurization were camputed for a hypothetical postsmelting desulfurization process in

which the smelting slag is used for desulfurization. The main objective was to determine

the effect of Si. The calculated suifur in the metal and FeO in the slag are shown in

Figures 26 and 27, The results suggest 0.3% Si in the metal significantly improves

desulfurization; more Si is of little benefit. These results encouraged and aided a
successful pilot plant trial on postsmelting desulfurization.

Figure 26 — Model Results: Metal Sulfur Content vs. Time
Comparisen of Varying STicon Conterts on Dasulturization of Ssth Smefter Metal
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Figure 27 — Model Results: Slag FeO Content vs. Time
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The rate of reduction of FeO and desulfurization by carbon only after smelting is also
being investigated. The rate of reduction of FeO depends on sulfur but not carbon except
for its effect on the activity of sulfur. The rate was measured using a constant volume
pressure increase (CVPI) technique to measure the rate of evolution of CO. Typical
results for the reduction of FeO are shown in Figure 28. Water modeling was carried out
to estimate the mass transfer parameters for postdesulfurization with large slag volumes.
This work is continuing under the sponsorship of CISR and will be reported to AISL

mot FeO
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Figure 28 — Mole FeO Present vs. Time
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The successful scalenp of 2 process requires the knowledge to adequately define the relevant
process parametets for a given output. For smelting of waste oxides, this requires the
quantification of the raw material tonnages, oxygen and nitrogen tonnages, hot metal and slag
output, offgas, and dust and sludge generation rates. In addition, the design of the raw matetial
preprocessing equipment, smelting reactor, offgas cooling and cleaning system, and casthouse will
have to be specified.

The required hot metsl production defines the raw material, oxygen, and nitrogen requirements
in addition to the slag, gas, dust, and sludge outputs based on rigorous energy and materials
balances. A gocd understanding of the postcombustion degree, heat losses, dust generation, and
recycle, necessary for accurate estimations, has been obtained from the pilot plant wark as shown
earlier,

The design of the smelting reactor is based on sound principles. The volumes of the required
amounts of metal, slag, char, and free space are based on the process fundamentals and are well
defined. The dimensions of the vesse} (diameter, height, and shape) are based on critical process
parameters such as the superficial gas velocity, oxygen distribution ratio, 2nd slag thickness.

The gas handling system is designed to control the offgas temperature such that zinc, lead,
alkalis, and halides are not captured in the cyclone and are not deposited in the offgas ducts. The
temperature of the gas entering the cyclone will be controlled by using water sprays or oxygen.
The cyclone will capture most of the carbon and at least half the iron. The venturi scrubbers will
clean the gas such that the solids are completely removed. -

In summary, it can be said that the extensive and comprehensive nature of the investigations
conducted at laboratary and pilot scale has resulted in a thorough understanding of the process.

The key process phenomena have been studied in detail and are well understood. The scaleup .
_criteria are well defined, and the design of & demonstration plant is based on a solid foundation

of fundamental and practical knowledge. .

The waste oxide demonstration plant was designed to process about 533,000 tpy of dried waste
oxides, which nomally contain up to 50% moisture. This will avoid the landfilling of about
one million tpy of BF, BOF, and HSM wastes. At the same time, the smelting process will
recover about 256,000 tpy of carban-saturated molten iron. About 122,000 tpy of slag, which
can be used in construction applications, will be generated. The thermal value of the cleaned
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offgas could be used in slab reheating furnaces as a partial replacement for purchased natural gas
or used to produce steam. About 33,000 t of zinc-rich sludge will be generated and sold to zinc
producers for its recovery.

Energy and Materials Balances

Figure 29 shows the projected flowsheet for the demonstration plant. Energy and materals
balance calculations were conducted for an annual hot metal production rate of 250,000 metric
tons, such that all products leaving the plant, including the sludge, will be usable. The results
of these calculations, important flowsheet considerations, and design of the smelting reactor are

discussed.

Inputs (kg/t}
Waste Oxides
Coal
Oxygen

Figure 29 — Waste Oxide Démonstraﬁon Plant Flowsheet

Smelter Conditions
34.0 Production Rate, tph

12 Heat Losses, Gcal/h

40 Postcombustion, %

144 kg Dust

’ Pa
Smelter Offgas @ 1700C 4
2,139 Nm3nt
539 N2
0.00 Ar Sludge
4991 CO Recycled Dust 130 kght
23.41 CO2 102 kg Dust 85 %Zn
6.85 H2 5 Zn/Fe
14.43 H20 | '
2143 —P
745 ‘—’! Smelter
1,346 "
Slag Hot Metal
478 kg 1000 kg
5 % FeO 94.85 % Fe
8 % AIRO3 500 %C
13 % MgO 015%S
2.10 Ca0/Sio2

NOTE: Units are per metric ton of HM unless otherwise specified

The raw material composition of the waste oxides to be processed is shown in Table 15. The
waste oxides will be preprocessed such that the charge to the smelter is dry micro-agglomerates
containing 3% moisture. The base coal used in smelting of the waste oxides was taken to be
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“run of mine" medium volatile coal containing about 20% volatile matter. The coal charged to
the smelter will be thermally dried 1o 2% moisture, The coal composition is also shown

in Table 15.

Table 1§ — Raw Material Composition

Waste Mid Vol
Oxides Coal
8i02 4.44 1.8
Al203 1.23 1.2
cal 10.47 0.8
MgC 3.02 0.1
FeQ 28.89 0
Fe203 el.3 1.4
Fe met 7.2 0
[o] 12.21 85.5
S 0.38 0.8
H 4.3
N 1.3
Q 3
Zn0 4.33
_PpO 0.43
| TotalFe 47.07 0.98
Total Gaggue 19.18 3.70

The flowsheet is based on producing a sludge with a zinc-to-iron ratio of five, This will require
two blends of waste oxides. The base waste oxide blend for the specific location under study
does not contain enough zinc to produce a sludge with a zinc-to-iron ratio of five. Therefore,
the sludge generated during operation with the base blend will be mixed with the base blend to
produce & second mix with a higher zinc content. The second blend will consist of about 6%
smelter sludge and 94%. of the base waste oxide blend. The operating time will be split almost
equally for the two blends. The flowsheet shown in Figure 29 represents an average for
operation with the two blends.

Operating Parameters

The values used in the energy and materials balance calculations, for the critical operating
parameters, are shown in Table 16. The aim postcombustion for operation with the low volatile
coal is 40%. At the pilot plant, stable operation at 38% PC with 2 medium volatile coal was
demonstrated. Based on the pilot plant results, the target of 40% PC for the demonstration plant,
operating at higher pressures, should be readily achievable. Further, the results of the Japanese
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DIOS Smelting Project at the Keihin pilot plant have confirmed the PC level and the projected
fuel rate.™®

Table 16 — Operating Parameters for Demonstration Plant

1. Postcombustion (%) 40

2. Heat Losses (Gcalh) ] 12

3. Offgas Temperature (C) ) 1700

4, Metal/Slag Temperature (C) 1525

5. Carbon in Hot Metal (%) 5

6. FeO in Slag 5

7. Smelter Dust (% of dry feed) 5%, (50% C, 45% FeQ, 5% Gangue)
8. Smelter Dust Recycle 95% of Carbon Dust, 50% of Iron Oxide Dust
9. lron Oxide Feed 3% Moisture, No Binder

10. . Coal Moisture 2%

1. Heat of Dissociation of Coal 0

12 Carbon Loss in Slag 0

13. Flux Additions None

14, Bottom Stirring (Nm®/h) 2000

15. Oxygen Purity (%) 95 (Balance Nitrogen)

The heat losses used for the demonstration plant smelting reactor were based on the heat fluxes
measured at the pilot plant. The heat losses to the refractories and water-cooled walls of
the demonstration plant smelter were calculated to be 12 Geal/h. In addition, the superheat in
the offgas and dust was 6.6 Gcal/h. The total heat generated in the smelter is about
116.7 Gceal/h, and the resultant thermal efficiency is about 84 %.

The aim metal and slag temperature during operation is 1525 °C. At the pilot plant trials, the
aim operating temperature was 1550 °C. The reason for the higher aim temperature was due to
high MgO content of the slags. However, with the improved lining design and extended
operation, the MgO levels are expected to be lower. Thus, the lower aim operating temperature
is consistent with other technical objectives.

The carbon in the hot metal was taken to be 5% at 1525 °C, and the slag will contain 5% FeOQ.
The projected hot metal sulfur content at tap is 0.15%. This is based on a model developed
using pilot plant results and the thermodynamic and kinetic behavior of sulfur in smelting. This
model has also been successfully used to predict the sulfur content of the DIOS process.
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The smelter dust rate and chemical composition were based on the pilot plant resuits. The dust
generation from the smelter was taken to be 5% of the dry solids input. Carbon in the dust was
9.8% of the fuel input, while iton oxide in the dust was 3% of the waste oxide input. The
cyclone efficlency for carbon and iron was taken to be 95% and 50% respectively, which is
consistent with pilot plant results.

The purity of oxygen was specified to be 95% with the balance being nitrogen, The operating
time for the smelter was taken to be 95% of 330 days. The time for relines and maintenance was
taken into account. The estimated opersting time annuslly is 7524 hours.

Fuel and Oxveen Rate

The hot metal production rate from the smelter was based at 34 tph, resulting in an annual
production of about 256,000 tons. The coal rate per ton of hot metal produced is estimated to
be 745 kg, while the corresponding oxygen: rate was calculated to be 1346 kg/t. These values
are lower than those demonstrated at the pilot plant when operating with mid vol coal. The
lower fuel and oxygen rates are explained by the differences between operation at the pilot plant
and that anticipated for the demonstration plant. At the pilot plant, agglomerated waste oxides
containing 10% binder were used. The waste oxides for the demonstration plant, which will be
micro-agglomerated without a binder, contain less gangue and more carbon and iron. Smelter
dust containing a substantial amount of carbon and some iron was not charged back into the
smelter during operation with coal. The PC level for the demonstration plant is about 5% higher,
and the heat losses per ton of hot metal are substantially lower. With scaleup, the heat loss per
ton of hot metal produced is lowered.

The estimated fuel rate and oxygen rate for 2 hot metal production rate of 35 tph based on AISI
pilot plent results are consistent with published data on DIOS. In addition, it must be
remembered that the current estimates are based on experiences at the pilot scale, with the Keihin
pilot plant being the largest at a hot metal production mte of 22 tph. It is envisioned that, in a
continuously operating commercial facility, improvements will be made over time such that the
process performance is enhanced. Some of these improvements will undoubtedly cotne from
improved raw material preprocessing and distribution, better refractory maintenance practices,
improved blowing practices and other operating practices, and the development of supetior
process sensors and control systems.




Hot Metal Quality

One of the main advantages of the postcombustion smelting technology for waste oxide recycling
is that the iron units are recovered as hot metal. The metal produced is carbon-saturated with
low levels of Si, Al, Mn, and phosphorus. The aluminum and silicon contents in hot metal
produced in the smelter are minimal, and the manganese content is much lower than that
produced in the blast furnace.

The sulfur content of the hot metal, at tap, is expected to be about 0.15%. Postsmelting
desulfurization experiments conducted at the pilot plant have shown that the hot metal sulfur was
reduced to a fifth of the cast hot metal sulfur. This was because the smelter slag was far from
saturated in sulfur. This approach will be used at the demonstration plant to lower the sulfur in
the hot metal leaving the plant such that it can be blended with blast furnace hot metal and
charged to the BOF. In the event that slag-metal stirring does not reduce the sulfur content to
that required, injection of lime, which is a proven technology, will be used.

Thus, the hot metal leaving the waste oxide recycling demonstration plant will be carbon-
saturated, molten, and low in sulfur, making it a much better feed material to the BOF as
compared to scrap or granulated/pigged iron.

Smelter Slag

About 478 kg of slag will be produced per ton of hot metal. Annually, this will amount to
122,000 t. The slag cast from the smelter will have a lime-to-silica ratio of about 1.8. The MgO
content is expected to be about 13%, while the estimated alumina content is 8%. The sulfur
content of the slag after desulfurization is projected to be 0.8%. Based on the tests conducted
on the slag from a desulfurization experiment, it can be concluded that this slag will be suitable
for use in road construction applications, provided the refractory lining performs as expected.
In addition, the leaching of sulfur under extended exposure to water, a phenomenon associated
with blast furnace slag, did not occur with smelter slag used in a hot metal desulfurization test.

Smelter Offgas
The gas exiting the smelter is dust-laden and is cleaned in two stages. In the first stage, a hot

cyclone is used where most of the carbon and half the iron and gangue are removed. The
relatively cleaner gas that exits the cyclone is then passed through venturi scrubbers where the
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final cleaning takes place. The solids are removed as sludge, while the cooled and cleaned offgas
can be used as fuel, '

The fuel value in the cleaned gas is estimated to be 1814 kcal/Nm® (193 BTU/scf). This gas
contains less than 50 ppm, sulfur (equivalent H,S), which is about twenty times less than that in
desulfurized coke oven gas. Further, it contains very low amounts of hydrocarbans and nitrogen
oxides. The volume of the gas exiting the scrubber is estimated to be 1975 Nm’/t or
67249 Nm’h. The offges could be used in slab reheating furnaces at the host site to partly
replace purchased natural gas and desulfurized coke oven gas or for steam generation.

Smelter Slndge

A critical advantage of the application of postcombustion smelting technology to waste oxides
containing zinc, lead, alkalis, and halides is the ability to process them in the manner desired.
To make the sludge suitable for zinc recovety, it should have a zinc-to-iton ratio in excess of five
and must be low in alkalis and halides. The pilot plant results have clearly demonstrated that
zinc reports to the scrubber sludge and that zinc-to-iron ratios in excess of five were achieved.
In addition, the alkalis and halides reparted to the contact water rather than the studge. At the
demonstration plant, about 33,000 t of sludge with & zinc-to-iron ratio of five will be generated.
This studge will be suitable for zinc recovery, and a letter to that effect has been received from
Canadian Electrolytic Zinc, Ltd., based on the work of their Noranda Technology Center. )

ECONOMIC ANALYSIS

The pilot plant trials showed that a variety of steel plant waste oxides can be successfully smelted -
to produce liquid hot metal similar to that from the blast furnace that can be converted to steel
in a conventional basic oxygen furmace (BOF). In additon, the smelter produces a valuable gas
that can be exported and used as a replacement for coal, natural gas, and oil in other energy-
consuming processes. Slag from the smelter can be used for road aggregate, and the sludge from N
the smelter's gas cleaning system will be high enough in zinc to be sold to 8 primary zinc
producer. Therefore, the smelting process converts steel plant wastes that must normelly be
disposed of with a cost and with some penalty to the environment into produets that have value.

Although the preparation of the waste oxides will vary somewhat depending upon their source,

it will generally consist of the drying of high-moisture-content sludges and the blending and
agglomerating of several materials to produce a smelter feed that is reasonably uniform in
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composition and can be handled in the stock bins and the feed system. The capital and operating
costs of the preparation system are included in the economics discussed below.

The economics presented herein are for a smelting plant sized to produce 250,000 metric tons
of hot metal per year. The types of sludges and dusts that are available to be smelted are for a
generic steel plant. The waste oxide blend composition is similar to that suggested to be
available for commercial operation, except that the zinc concentration was altered to reflect a
higher zinc load available from a producer who recycles a considerable amount of galvanized
scrap.

The operating costs, credits, and cost avoidances are all expressed per metric ton of hot metal.
The process elements such as coal rate and costs are shown in Table 17. The unit costs are
representative of those that might be obtained in several geographic locations. Costs andfor
usage rates such as electrical power are based on the Mannesmann Demag report on the AISI
ironmaking process. Other usage rates are based on pilot plant experience with appropriate
scaleup factors and on estimates made by experts in specific fields, such as material preparation
and refractories. ’

The total operating cost, as shown in Table 17, is about $140 per metric ton of hot metal ($/t).
The total operating cost is offset by a number of credits as also shown in Table 17. These
include a credit of about $30/t for export gas at $2.50 per million MM) Btu. Fuel for drying
the oxides and coal has been deducted.

Credit of $72/t of hot metal is shown for avoiding the cost of landfilling the waste oxides. This
derives from a $30 per metric ton cost avoidance for landfilling the waste oxides accepted by
steel companies in several geographic locations and expected to escalate at a rate of 10
percent per year.

Credit of $56/t is shown for the sale of sludge. The waste oxide feed is assumed to be
sufficiently high in zinc to produce a sludge with a zinc-to-iron ratio greater than five. The zinc-
to-iron ratio and other qualities and specifications necessary to make the sludge a salable product
have been approved by Canadian Electrolytic Zinc, Ltd., a major zinc producer, at a price of
$425/ton of contained zinc. |

The net operating profit from the smelter operation is projected to be $158/thm. This derives
from the $140/t operating cost offset by the credits for gas, landfill avoidance, and sludge sale.
The total profit for the plant is about $39.6 million per year that would provide a rate of return
of about 34% on the estimated $75 million plant cost.
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Table 17 - Steel Plant Waste Oxide Smelting Plant
Hot Metal Costs - Commercial Operation

Production Rate, iph ‘ 3.2
. 1Py 250,000
Cparcting Rots, % 85.9
Waste Material Procassed, iy (dry) 309,750
+ Investment, MM3 75 ‘
S/ Athm ‘ 300
S/At Waste Oxide 147
S4unit Unitsdth o
Raw Materigls
Mise. Waate Oxides (dry), 1 0.00 2,039 0.00 ,
Coal @ 5% H,0, 1 60.43 0,849 51.33 '
Oxygen, t 31.30 1.402 43,88
Totul Material Gast 9322
Eloctric Power, Kwh 0.05 30 1.50
Refruciories, thm e 1 3.78
Cast House & Ladle Refractorias, thm 1.25 1 1.28 |
Nilrogen, t 9.06 0.263 238
Air, M3 0.005 8.8 0.04
Cooling Warer, y ‘ , 355,000 1 142
Opsrations & Casting Labor, y {18 Pecple) 1,120,636 : 448
Materiol Praparation Labor, y {17 Pecple} 1,056,423 423
Maintenanca Labor, ¥ {12 Peaple } 744,307 298 )
R& M Materials @ 2% of Investnent 4.00
Spares @ 2 % of Invesiment 6.00
Sublanes Tips & Maintenance, thm 4.96 L 4.96
Desvifurizotion
Hot Matal - Ferro Sillcon Added, kg 0.46 3 1.98
Slag Ramavai - Pi? to Pit, 1 2.13 0.349 0.74 S
Slag Dlsposal Cast, 1 : 1.42 0.349 0.0
Plant Operating Expense, y 532,500 &13
Total Oparating Cost 13959
Scadity
Offgas Credit, MMBH {100% Ukilized) 2.50 11.84 29.61
Landfll Credlt, + (@ 15% H,0) 30,00 2.399 7196 -
Sludgs Sale, t 267.00 021 8634
Toral Cradits 15791
Operating Profit with Hot Metal @ $140A" 188,32
Toral Oparsiing Profil, SMM/y ' 39.50
BASIS & NOTRS:

1. Hot matal desyliurisnd (o 0.04% with smsliee Jlag.
. & OFgas mosvary $ 90 % Exdludws fvad for Goql {7 13 2%) and exide drying (15 10 3 %}
® 4 MMBR/ HyO,
3, Smeirer duat rette @ 5% of material feed,




The economics show that the smelting of steel plant waste oxides can be a profitable venture.
The profits will vary somewhat, depending upon geographic conditions and on the type of steel
plant waste oxides being smelted. However, following completion of this demonstration program
and verification that the process meets the design criteria, it appears clear that a return on
investment (ROT) of 35 - 40% would be obtained for a similar plant. The Technical Advisory
Committee for the Waste Oxide Recycling Program has identified six to eight locations in the
United States where such plants could be built economically in the future.

ENERGY ANALYSIS

The smelting of steel plant waste oxides can result in considerable energy saving compared with
the conventional coke oven/blast furnace method for producing hot metal. The net life-cyéle
energy required to produce a metric ton of hot metal in the blast furnace including the coking
operation is about 22 MMBtu per metric ton (MMBtu/t) as shown in Table 18. This can vary
from about 20 to 24 MMBtu/t, depending upon the age and condition of the facilities and the
operating practice employed. The energy consumption includes that for mining and transportation
of coal and ore and for the production of iron ore pellets.

The energy for the smelting of waste oxides for the case presented in the economics section of
this report is also shown in Table 18. The energy required to produce the oxygen is included.
Energy credits are taken for the export gas produced by the smelter and for the carbon contained
in the waste oxide smelter feed. The latter recognizes that the carbon in the oxides offsets the
carbon requirements from coal that would otherwise be required. For this case, the energy
required is 16.97 MMBtu/t for a saving of about 23 percent, or about 4.98 MMBtu/t. This is a
significant energy saving over that required to produce hot metal in the conventional manner.
(No energy credit has been taken for avoiding the energy for shipping waste to landfills nor
penalty for shipping off-site wastes to the recycling plant.)

About three million metric tons of steel plant waste oxides are disposed of each year. If all this
material could be smelted to produce about 1.5 million metric tons of hot metal, displacing blast
furnace hot metal, the energy saving would be about 7.5 trillion (0.008 quad) Btu per year.
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Table 18 — Energy Requirements for Producing Hot Metal

Steel Plant
Lo/ Wasts Oxida Smalting
MMat/Unit  Unitefthm  MMB/hm  Unitalthm MMBtu/thm
Coal, $ 31.24 0.70 21,76 0.807 25.23
Wasts Oxidas, t 3.47 1.899 4.58
Oxide Pellets, ¢ 2,89 1.48 429
Gravel and Limestons, t 0.29 0.25 0.07
Electricity, Kwh 0.0098 45 0.43 30 0.29
Oxygen, 2.3 1.127 3,30
Credti for Export Gas, MMBi 1.00 .4.60 440 11,84 1184
Yotal 21.95 23.85
Cradit for Carban in Wasta Oxide, MMBlu/thm 4.58
Net Energy Consumed, MMBtu/thm 18.97
Energy Saving, MMBiu/thm 4,98
% 23

NOTE: Steel plant waste oxide energy content includes carbon,

An Environmental Impact Assessment for the proposed demonstration plant to smelt steel plant :
waste oxides to produce usable products of hot metal, slag, and fuel has been prepared.

The report reviews the potential environmental effects of the proposed plant on air, surface water,
groundwater, and soils. A comparison of Canadian and U. S. regulations has been conducted.
The plant would be designed to meet the most stringent of the two, to be able to prove
compliance in either country. In addition, an evaluation of impacts on the natural surroundings
and local populace is also included. The major areas of concern and the conclusions reached are
as follows: ‘
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Potential Impact on Air Quality by the Addition of a New Source

Gases. Stack sampling tests at the pilot plant showed that the major pollutant would be sulfur
dioxide that would be formed when smelter offgas is burned at the flare stack or at other
consuming locations such as reheat furnaces. The small amount of hydrocarbons present in the
gas will be destroyed during combustion. The sulfur dioxide content of the gas is estimated at
40 ppmy after combustion. The effect of this discharge to the atmosphere was evaluated using
mathematical models approved by regulatory authorities. It was found that the impact of sulfur
dioxide is within the applicable standards for the host site. A

Particulates. Particulates in the smelter offgas will be limited to 0.01 grams per normal cubic
meter by proper design of wet scrubbers. Similarly, particulate discharges from conveyor transfer
points and the casthouse will be controlled using appropriately-sized suction fans and hoods
connected to a baghouse. As above, modeling of these discharges indicates that the impact of
particulates is within the acceptable standards for the host site.

Overall air emissions are significantly less, per ton of hot metal, for the waste oxide smelter than
for a typical coke oven/blast furnace facility, as shown in Table 19.

Table 19 —~ Air Emissions (Kg/tHM)

AlSI Waste
Process Coke Oven/Blast Furnace Oxide Smelting
Particulates 0.15 0.13
NO, 0.69 0.02
SO, 2.5 0.16

Potential Tmpact on Surface Water Quality via Noncontact and Contact Water

Noncontact Water. Noncontact water will be used to cool the oxygen lance and other cooling
members. The existing system consists of appropriate cooling towers, pumps, and hot and cold
wells.

Contact Water. Water will be used in scrubbers to remove particulates and to condense volatile
metals such as zinc. The sludge collected from the scrubbers will be sold to a primary zinc
producer. Sodium, potassium, chloride, and fluoride contained in the smelter feed will report to
the contact water. A separate water treatment system will be installed to control the buildup of
these compounds to prevent scaling and corrosion. Blowdown from this plant will be treated in
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either the host company’s existing terminal treatment plant or a new treatment plant and should
have no appreciable impact on the receiving water bodies.

Adequate air emission controls will be installed to insure that the air quality will meet local air
quality limits, Similarly, blowdown water will be treated in the existing terminal treatment
system to comply with effluent standards. PFurthermore, the plant will be designed to conform
with worker health and safety regulations regarding fugitive dusts and other worker activitxes,

including the handling of hot metal.

During the demonstration operation, comprehensive tests will be conducted to completely
characterize the environmental impacts of the smelting plant, If violations of existing regulations
are obsezved, the plant will be modified as apptopnaie to insure compliance with environmental

regulanans
COMPETITIVE TECHNOLOGY
This section is authored by P. J. Komé.

Technologies currently in use or at advanced stages of development for processing of materials
that until now have been considered steel plant waste oxides, i.e., fine particulate dusts and
sludges captured in baghouses, precipitators, scrubbers, and filters, can be classified into two
broad categories:

Internal Reyse that is, charge part of blast furnace, BOF, ladle metallurgy, and rolling mill iren-
rich oxide wastes back into ane of the iron and steelmaking process steps. As discussed below,
this approach generally leads to only partial, limited recovery of iron and carbon units and to
waste of the valuable zinc also present at increasingly high concentrations. Energy and reductant
are generally provided by the steelmaking process at a penalty in productive capability for BOF
operations with limited hot metal supply.

Dedicated Processes for reduction and separation of the metallic components of the iron-rich
dusts and sludges. Usable forms of iron, zinc, and the process slag are produced. In the AISI
smelter case, the process gases have intrinsic energy value. These technologies rely mostly on
carbon forms for energy and reduction, Although significant effort has been expended to
implement plasmas and a commercial venture has recently been announced, plasma systems have
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seen limited technical and economic success due to costs and problems in gas collection and,
until now, have been used only for dusts collected from EAF and AOD units producing stainless
steels.

The current state of development and, to the extent practicable, the economics of these processes
are reviewed below. Specific process economics depend on local conditions, such as landfill
costs and the hot metal/scrap cost balance for each plant. It is concluded that:

o Allowing for costs for briquetting, production penalties, loss of zinc and iron units, and
the continued need for landfilling, the internal reuse approach can be considered only as
a costly, limited solution to the basic problem.

° Currently there are only two processes, other than the AISI smelting technology, with
potential for consumption of the oxides generated at integrated plants: ROMELT and
INMETCO. ROMELT has a major deficiency in energy use and discharge (and scaleup
is difficult to quantify), while INMETCO has yet to be operated as a total process with
zinc-bearing dusts/sludges. As-far as can be forecast at this time, total technology favors
the AISI process.

Internal Reuse

This approach for reduction of landfill volume and for recovery of some iron units has seen many
forms throughout the years: agglomeration with binders and by cold bonding, followed by return
to one of the iron and steelmaking process steps. Current North American examples include the
programs at Stelco-Hilton and Lake Erie Works," at Inland Steel,'® at USS-Mon Valley Works,
and at Great Lakes Steel.” In Europe, Voest-Alpine'® and Klockner'® are the examples.
Nonetheless, there are technical, operational, environmental, and economic limitations (penalties)
to this approach.

Blast Furnace. Cold bonded pellets made of blast furnace dust, even at their highest strength,
are suitable only for limited use (5 - 7% of burden) in blast furnaces, due to loss in bed
permeability and, thus, iron production. Stelco” and USS-Gary have experience with this
approach. Use in cupolas has been proposed as part of the PelleTec Process, but the only use
has been with low zinc materials in a small (5t/hr) cupola in India.

. Zinc-bearing steelmaking dusts can be charged only into the steelmaking units due to
deleterious effects of zinc in blast furnaces.
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BOF. The endothermic reduction of the oxides causes an increase in hot metal consamption and,
thus, loss of production in hot-metal-short BOF shops. One permutation to this is the possibility
to agglomerate only the carbon-bearing blast furnace oxides, and assuming that carbon in the
blast furnace oxides behaves like carbon from hot metal, there would be a reduced penalty in hot
metal use for the reduction process, Table 20.

Table 20 — Effects of Waste Oxides in BOF Charges
BASIS: 10% BINDER (PORTLAND CEMENT)

Oxides Blow Time Scrap Fluxes Hot Metal

Caig %fs %C | tiSiasl | Chongs.Minules | istesl | UASteal | ttStas]

Base 0.306 0.046 0.837

BOF Dusts 572 0.35 | 0.028 0.70 0-241 0.048 0.886
BF  Dusts

FSM Shudges 3¢ | 26 | 0.028 ¥23 0.258 6.550 0.838

Environment. Environmental limitations of these approaches are serious as, even if the hot metal
ratio loss in the BOF can be tolerated, enrichment in zinc of the waste gas/oxide system would
become intolerable and blowdown to landfill would become necessary. Thus, total
recyclefrecovery of all Fe and Zn units Is not possible; Steleo’s model®® indicates 60% is the
maximum reuse rate for BOF sludges to avoid unlimited buildup of zinc in the sludge. The
buildup in lead that accompanies the rise in zinc content can turn the catch hazardous for lead
as determined by the EPA leachable lead test (TCLP). Similarly, if the approach is to
briquette/charge to the BOFR only the BF-generated (low zinc) oxides, then BOF oxides remain
waste products, that is, go to landfill. In some BOF shops, the use of agglomerated oxides has
led to slopping,}’ another source of environmental problems. The elegant approaches reported
by Voest-Alpine,”® and by Kldckner'® for a KMS installation, lead to a different outcome:
converter dusts are separated by size with the fine fraction, either hot briquetted for recharge?s
or used by bottom injection” into the KMS vessels. The recirculating zine load is allowed to
build up™ until 25% Zn is reached, at which level 2 blowdown to a Waelz kiln operstion is
made; thus, the Fe and Zn units are recovered but at the penalty of a 3:1 loss in scrap melting.
However, experience (LTV Steel) shows that conventional BOF shop environmental systems,
precipitator or scrubber, have difficulty in coping with zinc levels above 7 - 11%, so the
Voest-Alpine approach may have other aspects to address to make it practical.
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Economics. The major economic penalties from return of waste units to the iron and steelmaking
process come from (a) the cost for agglomeration ($35 to $50/NT of waste oxides) and (b) the
increased use of hot metal in the BOF process for hot-metal-limited shops. Benefits accrue from
a reduction in landfilling costs and, in shops with excess hot metal, the replacement of expensive
No. 1 scrap grades by hot metal.

Dedicated Processes

The two hot metal processes, besides AISI smelting, that have met the test of at least partial pilot
plant operation are INMETCO® ! and ROMELT.Z Although there are substantial differences
among the three, there are common features: capability to consume all steel plant waste oxides
and to produce separate, usable forms of iron (liquid hot metal), zinc (oxides), and slags. Thus,
these meet the requirement of providing for substantial, near total, elimination of the need for
landfilling, although the energy efficiency and composition and value of tail gases differ greatly.

Other processes have been proposed, and even tested, for utilization of waste oxides. Two of
these have seen limited use (Sumitomo® and Thyssen-Lurgi**), and a third (Russian) process has
seen pilot tests. All these have a major disadvantage in that their iron-bearing products are
oxides suitable only for feed to sinter plants, which are generally used in Japan and Europe but
of limited interest in North America.

Process overviews and economics are discussed below. Table 21 provides a basis for
comparisons.

Table 21 — Comparison of Waste Oxide Processes

Feed Products Reductants Tail Gas

" Rate tf | Energy

BF BOF HSM HM SLAG Zn Type HM Value

Coal (MV)/Coke Breeze 15 MM

AlSI X X X X X M IBF dust Carbon 07 | BtwNT
ROMELT X X X X X L |Coal (HV) 15 | UK

: . B.F. Carbon a/o Coke Nilto 0.3 .

INMETCO| X X X X X M |Breeze; 500 Kwhit HM tn Nit

* s >
Zinc value indication - based on Zn/Fe ratio in catch.
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INMETCO. This process, initially developed by International Nickel, is in commercial use at
the Ellwood City, PA, plant for treatment of EAF (stainless) and AOD baghouse dusts and for
grinder swarf. Mannesmann Demag hes analyzed several scenarios by which INMETCO process
plants could be installed to serve BF-BOF-CC-HSM complexes, The process steps have been
simulated individually, but a whole plant has not been operated with oxides from an integrated

plant.

The process flowsheet is shown in Figure 30. Oxides from the plant and coke breeze would be
dried, blended, and formed into green balls with sufficient strength to be rolled onto a rotary
hearth furnace. The furnece could be fired with natural gas, coke oven gas, or oil. Carbon in
the blast furnace dusts and makeup coke would reduce the iron oxides by 85 - 95%. Zine and
lead (and alkali) are reduced and leave via the gas phase where they are reoxidized to be drawn
off into a baghouse with the furnace waste gases. The partially reduced and strengthened balls
are discharged from the hearth and moved into a submerged arc smelting electric furnace. The
SAF discharges hot metal and a slag usable like BF slag. The dust catch from the smelting
furnace is returned to the front of the process; this promotes recovery of the iron units and resuits
in a very high zinc-to-iron rato in the catch from the rotary hearth furnace (high value for zine
sale).

Environmentally, this process is expected to produce/recover all the iron (as hot metal) and the
zinc and oxidized lead units as oxides, captured dry with the alkalis and halides or as sludge
without the alkalis and halides. The slag from the electric smelter is to be usable as toad
aggregate. The process gases, from the rotary hearth furnace and the smelter, are expected to
be low in SO, in cases when the blast furnace dusts/sludges provide all the reductant to the

process.

Energy consumption for a typical steel plant waste feed is reported as about 500 Kwh/tHM for
the smelter. Coke breeze consumption is dependent on the carbon input from the blast furnace

products. Range is from nil to 350 kg/HM.

76




Figure 30 — INMETCO Process Schematic
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ROMELT. Initially developed for smelting of copper and nickel sulfide ores (then known as the
Vanyukov Process), in the early 1980s the Moscow Institute of Steel and Alloys (MISA) adapted
the process concept to smelting of iron ores. A pilot facility was built (1985) at the No. 2 BOF
shop of the Novolipetsk Steel Plant. In the 34 operating trials to date, various iron sources have
been smelted/melted, culminating with the AISI-DOE-sponsored tests in 1994. By 1992, MISA
personnel realized that the only application for the process would be in waste oxide processing,

and several runs have been conducted in this mode.
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Smelting reactions occur in a horizontal, rectangular vessel, using a violently-stirred slag as the
reaction medium. Furnace pressure is slightly below atmospheric. The process flowsheet is
illustrated in Figure 31. Coal (the source of the carbon reductant) and all other feed materials
are introduced by gravity through a funnel. Slag agitation is obtained by introduction of oxygen-
enriched air through tuyeres blowing into the slag with partial postcombustion of the CO and H,
generated in the slag by oxygen blown through an upper row of tuyeres and by air drawn in due
to the negative pressure. Contrary to the use of foaming slags for heat recovery, such as for the
AIST and the DIOS processes, in the ROMELT furnace the slag is similar to that in blast furnaces
(low FeO, slightly acid, glassy appearance), and heat transfer to the slag is by way of heat
absorption by the large surface area of the slag droplets thrown into the free space. With
HV coal, the postcombustion level attained in the gases leaving the furnace outlet is of the order
of 45 - 50%, but at the slag interface, postcombustion is near 30%. The energy generated in
going from 30% to 45 - 50% is used mostly to heat the gases and the water<cooled jacket and
is not of value for smelting. At the pilot plant and in the process diagram presented recently, the
offgases are fully combusted in the offtake, and the energy leaves the process as saturated steam.
The simple materials feeding system, for the 10 - 12% moisture charge, leads to a 3% solids loss
via bypass to the waste gas system.

Figure 31 — ROMELT Process Schematic.
Waste gas desulfurization is not shown.

Dicigram of the pilos plunt
| firnace as XU,
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‘The use of high temperature energy in the furnace for drying the charge could be diminished by
predrying before feeding through the funnel. The outcome of such a change is difficult to predict
because the production rates during the trials witnessed by the AISI team were relatively low;
thus, the gas velocities also were low, and chemical analyses of the dust catch are not yet
available. In any case, as for the AISI smelter, the switch to HV coal led to a visible change in
the color of the dust catch, which indicates a similarity in process behavior; thus, feeding of dry
HY coals can be expected to lead to a marked increase in carbon losses. Behavior, i.e., short
circuit vs. retention of dry, fine steelmaking dusts when fed by way of the funnel, cannot be
predicted. -

Products from the process are carbon-saturated, low-silicon hot metal, almost completely free of
process slag, low FeO 0.9 VR slag, and sludge and dust captured from the waste gas system.
Zn and Pb are present as oxides, but as the process lacks a means to return the Fe-bearing fines
(short-circuited and generated) to the smelter, the Zn/Fe ratio in the sludge is low and would be
considered low quality for North American zinc plants.

Sulfur level in the hot metal is similar to that obtained in blast furnaces, 0.030/0.07 S. However,
because the process gases are fully oxidized, the benefits of zinc gas desulfurization are not
available, and the full capital and operating costs for SO, removal would be required.

Coal requirements for an operating unit are difficult to project because the whole issue of scaleup
effects (what limits production?) is still subject to debate.

Processes Suitable for Sinter Plant Feed

Sumitomo.”? In use at the Kashima Works, the process is based on a rotary kiln fed with all
waste oxides and using coal fines as the reductant, Figure 32. The products are iron oxide
(60% -5 mm), which is used as sinter plant feed, with the zinc and alkali units (oxidized)
captured in a baghouse and sent to the zinc industry. Kiln slag and the coarse fraction of the iron
oxide production is sent to a blast furnace.
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Figure 32 — Sumitomo Dust Treatment Process
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Thyssen-Lurgi® This process, Figure 33, consists of a circulating fluidized bed fed by dried,
oll-frec steel plant oxides and fine coal. Iron units are removed as FeO for use in sintering, and
the Zn, Pb, Nz, K, and halides form a complex oxide suitable for processing with a Waelz kiln,
A major problem developed in the pilot plant (4¢/day) when the hot, gaseous halides attacked the
whole unit; after a major, costly rebuild using stainless steel for construction, the pilot plant
operated successfully, The actual 20 t/hr plant proposed for approval has not yet been butlt.
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Figure 33 — Thyssen-Lurgi Pilot Plant for Treatment
of Steel Plant Oxides (Ref. 24)
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Another Russian process, developed by the Bardin Institute for treatment of zinc-bearing sludges
and dusts, consists of heating batches of a mixture of these with coke breeze in a furnace held
in a low-grade vacuum. Zinc and lead are reduced and vaporized for collection as oxides (with
halides and alkali). The iron-bearing product is considered suitable mostly for sinter feed or for
charging into small blast furnaces. However, the indication is that vaporization removes only
about 85% of the zinc, so that further use of the iron product may be subject to restrictions. (In
a typical sinter plant, vaporization loss of zinc is about 14%.) There is no information on the
quality of the zinc catch, that is, on whether it would need prerefining to fit into the
North American zinc industry.

Plasma-based Technologies

Plasma-based processes, such as SKF's Plasmadust and Tetronics, have been relegated to
treatment of EAF and AOD baghouse dusts because energy costs and difficulties in collection
of usable metallic zinc in splash condensers have made these economically attractive only in
special circumstances. For SKF, this is for valuable elements like Cr, Ni, and Mo. In the
mid 80s, Westinghouse, with EPRI and AISI support, conducted an unsuccessful test of the use
of their plasma cupola to smelt oil-laden mill scale. Recently,” announcements have been
received of a commercial venture (Philip Environmental, Hamilton) for construction of a plasma
cupola (Figure 34) for smelting agglomerated (pelletized) EAF and BOF dusts (80,000 t/yr target,
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capital cost about $435/at. of BAF baghouse dust) with recovery of the zinc as oxides in a
baghouse. The technical and economic viability of this effort is yet to be demonstrated in view
of earlier problems in prevention of iton oxide carry over from cupolas and the claim of new
proprietary methodology to convert low Zn/Fe ratio oxides into salable zinc.

Figure 34 — Proposed Flowsheet for Philip Environmental ZPP Process (Ref. 25)
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COMMERCIALIZATION

The goals of commercializing the steel plant waste oxide recycling technology and, subsequently,
the direct ironmaking technology are paramount. All aspects of any Demonstration Plant
Program will be planned and executed to enhance widespread deployment of these energy-
efficient technologies on a commercial basis at the earliest possible date.

A wholly-owned subsidiary of AISI, Steel Technology Corporation, pursuant to an agreement
with DOE, will facilitate this commercialization. It is clearly understood by AISI that DOE has
a strong interest in the early implementation of the results of the demonstration, through:
commercialization.

Advance planning for commercialization will include publicity activities to condition the potential
market for this technology. It also includes identification and protection of intellectual property
rights, creation of an organization to carry out commercialization, and linkage with companies
that own ancillary technologies, so that these technologies can be offered as part of a total
package by the Steel Technology Corporation.

Four drivers favor rapid implementation:
] The rising cost of landfill disposal for waste oxides.
. Existence of large, potentially valuable stocks of previously generated waste

oxides.
. Coke shortages that will eventually limit the blast furnace production.
. Increasing demand for virgin iron units.

Waste Oxide Recveling. Currently, more than three million metric tons (on a dry basis) of steel
plant waste oxides are generated annually from blast furnaces, basic oxygen furnaces, electric arc
furnaces, and rolling mills that could be recycled. Additionally, large amounts of waste oxides
have been stockpiled at steel plants, awaiting an economic recovery process. For example, after
the demonstration phase has been compléted and a proposed plant is operating on a commercial
basis, it can smelt waste oxides stockpiled in lagoons and landfills and from current production.

In addition, another three million metric tons of waste oxides are currently recycled through blast
furnaces and basic oxygen furnaces after processing through sinter plants, rotary kilns, or other
means of agglomeration. As the alternative means for processing waste oxides are retired or
displaced, these oxides will become candidates for the AISI lower cost smelting process.
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It is believed that this AISI/DOE smelting technology will become the dominant recovery process
over the next tan years. Capital cost for 2 plant to process about 500,000 mettic tons of waste
oxides will be about $75 million. Depending on local landfill cost avoidances, such a plant ¢could
offer profit potentials of up to $30 million or $40 million per year.

The first few plants will likely be similar in size and capacity to the proposed demonstration
plant. With continuing success, a few large regional plants processing as much as a million
metric tons of waste oxides are likely to be built. Opt-in participants of the current feasibility
study have indicated several locations where such plants could be built, including Cleveland,
Chicago, Birmingham, Pittsburgh, and Detroit, among others. Thus, within about ten years, five
plants processing about 1,000,000 metric tons each are visualized for North America

Warld steel production is about 800 million metric tons per year, with the United States steel
industry ac¢counting for about 12%. The generation and stockpiles of waste oxides from world
steel production are expected to be similar to that in the United States. Thus, an eightfold
increase in waste oxide recycling plants might be expected. Clearly, the worldwide market is
potentially large and could be very attractive to & variety of U. S. suppliers, including the oxygen
companies.

Iropmaking. Many steel industry analysts have expressed concern about the future availability
of coke. William T. Hogan, S.J.% has stated that “There is & strong possibility that by the mid
to late 1990'’s, coke will be in short supply because many coke-oven batteries due for replacement
or major repair have not been scheduled for rebuilds. This possibility exists despite the adoption
of coal injection and the successful development of alternative methods of making iron.”

Acceptance of the AIST smelting reduction process will mainly depend on achieving operating
cost advantages and low specific investment costs. Hot metal will have to compete with DRI,
which can be spplied to EAF steel production. The experience gained from waste oxide
recycling should advance the smelting process as a steel plant hot metal producer, both for BOR
and EAF steel production.

It seems likely that, by 2005, up to ten smelting plants with an average capacity of 0.7 million
net tons per year (0.6 million metric tons per year) could be built in North America to replace
coka oven/blast furnace capacity and to meet increased demand for virgin iron units,

The potential for simply applying the AIS/DOE smelting technology to the highly profitable
recycling and resource recovery of steel plant waste oxides provides ample justification for a
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demonstration plant proposal, in terms of both economic and environmental incentives. The very
real possibility that this will pave the way for smelting to also become the preferred technology
for future replacement of coke ovens and blast furnaces argues strongly for rapid collaborative
action by AISI and DOE.
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CONCLUSIONS AND RECOMMENDATIONS
CONCLUSIONS

A five-year, $60 million AISYDOE program resulted in the development of a technically sound,
economically favorable, and environmentally beneficial ironmaking process as a replacement for
the coke oven/blast furnace ironmaking process. This one-year, $8 million AISI/DOE Steel Plant
Waste Oxide Recycling Program has adapted the process to the recycling of steel plant waste
oxides with the following technical, economic, and environmental advantages:

Technical

. Capable of processing all steel plant waste oxides, including dusts, sludges, and oily mill
scale, by injection or agglomeration. Dusts containing high levels of zinc ¢an be
processed with the reclamation of a zinc-rich sludge for processing by zinc producers.

. Capable of using a wide variety of coals or coke breeze as a fuel

. Capable of operating as a pressurized, closed system under good process control with easy
startup, shutdown, and recovety from outages. It is a forgiving and user-friendly process.

. Capable of thermally-efficient operation with a unique, durable, low-cost water-cooled

refractory system. Energy savings of 15 - 25% per ton of hot metal compared to coke

oven/blast furnace hot metal. ' -
. Capable of simple casting and desulfurization to produce 2 blast-fumace-quality hot metal,
. Operating profits of close to $40 million/year are projected for a $70 million investment

when credits for all products (hot metal, zinc sludge, slag, and fuel offgas) and cost
avoidance for landfills are taken.

86




Environment

. Waste materials, currently landfilled, are converted to hot metal and other products, all
useful, in an environmentally correct process.

RECOMMENDATIONS

AISI and DOE should make every effort to maintain the momentum of this successful program
and push for the construction of a demonstration plant domestically or abroad. AISI will be
pleased to work energetically and constructively with any company or consortium. to build such
a demonstration plant.
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