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I. SUMMARY 

A. OBJECTIVES 
The Federal Government, through the Department of Energy (DOE), has' in- 

itiated a 'program to develop innovative energy-saving technologies. In the specific 
area of high-temperature processes, DOE'S Office of Industrial Programs has focussed. 
on developing energy-saving technologies relating to such industries as iron and steel, 
aluminum, copper, magnesium, and stone, clay, and glass. If successful, these tech- 
nologies would significantly reduce the dependence of these industries on all forms of 
energy, particularly on natural gas and liquid fuels. 

At present, the DOE has numerous energy conservation projects involving high- 
temperature processes in various stages of detelopment. The s'tatus of these programs 
range from a fact-finding stage to those ready for commercialization. The purpose of 
this assignment was to analyze these projects to: 

Quantify their energy conservation potential; 

Determine their present status of development; 

Identify their research and development (R&D) needs and estimate the 
associated costs; and 

Determine the most effective role for the Federal Government in devel- - .. 

oping these technologies. 

In this study, in addition to analyzing specific energy conservation projects in 
- detail, we developed a preliminary list of other potential energy conservation projects 
in these industries which may be of further interest (see Appendix A). 

B. SCOPE 
The scope of this program was limited to analyzing 25 energy conservation 

projects, selected by DOE, in the following high-temperature industries: 

Iron and steel, 
Aluminum,. 
Copper, 
Magnesium, 
Cement, and 
Glassmaking. 

C.  APPROACH AND FlNDlNGS 
Our basic approach to meet the objectives described above was to collect and 

analyze technical literature describing the energy conservation projects under consid- 
eration. Information sources included the DOE, our own in-house data bases, pub- 
lished articles, and information gained in interviews with selected industry experts. In 
analyzing this information, we determined both the energy conservation potential of 
these projects and R&D needs and then estimated costs incurred in undertaking theee 
projects. 

Arthur D Little, Inc. 



The methodology for accomplishing this analysis was generally project-specific ' 
and, as such, we have included a project description within separate sections. In each 
of these sections, we have discussed the following topics: 

General description of the energy-conserving project; 

. Energy ~onservation'~otentia1 (based dn 100% market penetration); 

Present status of development; 

Research and development needs;-ind 

Role of the Federal Government in aiding or expediting project devel- 
opment. 

An overview of these findings. is sunln~urized ill Tuble 1-1 highlighting: 

National energy conservation potential; 
Develop~lle~ltal costs; and 
Elapsed time for commercial development. 

Arthur U Little, Inc 



TABLE 1-1 

OVERVIEW OF ENERGY.SAVINGS AND DEVELOPMENT COSTS OF SELECTED TECHNOLOGIES 

Potential Estimated 
. Potential . ' Total Total Energy Development ~ e v e l l ~ e m o ~  

' Con'wntional , Energy Savingsf. Production . ~aved+ Time Cost 
Technology Product, (million Btu l ton)  (lo6 tonlyr) . (i012 Btulyr) (yr) (lo6%) 

Technology Proposed 
t o  DOE Present Status 

By-product Coke 0-0.11' 53.5 0-6l 3-7 100-500 
coke oven 

Form coke Limited BF tests promising. No 
large coke plants in  existence. 

Dry quenching Wet quenching Coke 1.2 53.5 64 2.5 10-20 Demonstrated outside US. 

Blast furnace Pig Iron 0.08- 1.2 87. . 7-1 10 3-10 5-100 Modifications proposed to 
demonstrate technology. 

Improvements in  blast 
furnace technology 

Cupola with no Foundry 0.1-1 1 1 .  1-10 2-5 0i2-0.5 
air preheat iron 

Hot blast c u ~ o l a  Under test. 

Blast furnace Pig iron 2-1 0 10-100 (3) 87. 13) Direct reduction 
(coal based) 

Reliable coal based energy 
efficient process is needed. 

External dgulfurization Deydfurization Pig iron . 0.8-0.9 87. 75 0-3 0.2-0.5 
in  blast furnace 

Commercially developed. 

CL) 
BOF off-gas utilization BOF Raw steel 0.66-1.04 83. 56-86 2-5 1-10 Economic system needs to 

be demonstrated. 

Scrap preheat, BOF Raw -&eel 0.6-3.85 83. 50-320 , 2 0.2-20 
steelmaking 

KMS concept demonstrated 
abroad; under development 
in U.S. 

Computer model of 
electric furnace 

Electric 
furnace 

Raw steel 0.25 34. 8.5 2 4  0.25-0.50 Being tesied. 

Laboratory scale test. Particle mehing Electric Raw steel 0.34 
furnace 

Hot inspection Reheat furnaces ' Raw steel 2.3 128. 294 3-5 7 Initial design phase. 

Being commercialized Improved slot forge Slot forge Steel forging 3.-5. 2 to 3 6-15 0 

Carburized 1.8 conventional 
carburizing steel 

Nitrogen-based 

> carburiring - Being commercialized 

. FIuiQbed heat treating 
% 
u 
r 
C, C, 

.K 

conventional Finished . + +  

heat treating steel 
Under development. 



TABLE 1-1 (Continuedl 

Potentia~ Estimated 
Potent~al Total Total Energy Cevelopment ~ e v e l l ~ e m o ~  

Technology Proposed Conventional Energy Savingst Production savedt Time Cost 
to DOE Technology Product (million Btult.~n) (lo6 tonlyr) (lo1* Btulyr) (yr) (10%) hesent Status 

Sludge & dust r v v e r y  

Hierarchical computer 
control 

 ire& reduction of 
aluminum 

l mproved cathodes- 
aluminum 

Improved anodes 
aluminum 

Coal in  aluminum 
melting 

Slkdge & dun Raw steel , , , 

disposal 

Process control Finished 
steel 

Hdl  process Aluminum 

Hall process Aluminum 

Hall process Aluminum 

Rernel: f urnacel Molten 
smelting Aluminum 

n.a. .. 37 . ..  3-7 . , .lo-20 Improvements needed in 
coordinating current effort 

101. 152-303 5-10 0.512 Many elements tested and 
proven in new plants. 

5. 290 10 50-200 Pregilot Plant Stage 

5. 165 " - 6 2040 pilot .plant Stage 

5. 120 5 20 Under development. 

5. 29 4 10 Pilot Plant Stage 

copper process Copper Copper 0.7-25 1.6 140 0-10 0.1-100 See Table I V 4  
improvement processing 

Magnesium production .Mhgne;ium Magnesium IPS  0.1 6 17' 3-1 0 . 2060 .Development stage. 
improvements production 

Particle size control Cemerg making Cement . .* .. 46.5 410 2-1 0 Proposal submitted. , . 

Low alkali cenient Cenem making Cement . . . -- -- . 0 Project discontinued 

Glass pellet preheating Giass making Glass 80.** 2-5 4-6 Pilot scale tests, DOE proposals 
under evaluation. 

. . 
t~ased on 100% market penetration. 
*Up to $0.2 million in monitoring costs. 

**See the section of this report dealing with identified technology. 
a. Dwelopment!Demonstration iunds (government plus private sector). 
1. Total energy saving is presently uccertain. This modification may actually increase total energy requirements for cuke manufacturing. An orderof magnitude estimate for transportation 

fuel savings, which may be counterbalanced by increased fuel consumption in mher activities, i s  a millicn barrels cf oil annually or about 0.1 1 million Btulton (see Ch. ll.B.2.b). 

, 
2. 'Estimated costs based on privste developments after Government-supported,algorithms developed. 

1 
ct 3. Potential for switching from metallurgical to steam co.al, but unlikeiy to achieve specific energy savings (Btulton). 

? 4. Fuel switching from gas or oi! to coal. 
L 
7 5. Additional gasoline energy savings from lighter weight vehicles - see Ch. IU, Section 8.3. 
u - 



II. IRON AND STEEL INDUSTRY 

A. INDUSTRY CHARACTERIZATION 

1. Description of the Industry 

a. Energy Efficiency 
Present-day U.S. steel facilities were built, for the most part, a t  a time when fuels 

were. plentiful and available a t  low cost; energy was used as economically as could be 
justified, given relative capital costs, productivity, 'and the like. Now, the iron and 
steel industry must give consideration to energy-efficient production technologies. 
This is easier to do in newer facilities. The industry has made a significant effort to 
modernize its aged plants, but there are major hindrances, including difficulties in 
retrofitting existing facilities, concern relating to capital availability, the high cost of 
borrowed capital, and necessary expenditures for pollution abatement. 

The overall energy efficiency of the steel industry, defined as the ratio of its 
useful output energy to its total input energy (Battelle, 1975), is only 42%. However, 
this is relativey good when compared to a 3.5% efficiency for the copper industry, a 
29.6% efficiency for the aluminum industry, and a 23.9% efficiency for the glass 
industry. 

b. Plant Categories 
' 

Plants producing raw steel may be categorized into two broad groups:. fully 
integrated and non-integrated. A third category consisting of steel-finishing operations 
is often identified as well. 

Fully integrated plants are engaged' in both iron- and steelmaking operations. 
The integrated plants start with iron ore and coking coal, from which pig iron (or hot 
metal) .is produced in blast furnaces. The resulting hot metal, along with' s'crap, is 
charged into steelmaking furnaces to produce molten raw steel, which is subsequently 
cast and fabricated into finished steel products. More recently, a small number of 
plants have incorporated technology for the direct reduction of iron ore (thereby 
.bypassing blast furnace operations), which is then made into steel in electric arc 
furnaces. 
. . 

Non-integrated plants (or cold metal shops) use scrap steel, pig iron, or, in some 
cases, purchased sponge iron made by direct reduction furnaces as raw materials. 
Charges of these materials are melted and refined in electric arc furnaces. A special 
group of small cold metal plants are classified as mini-mills; many of these mills have 
annual capacities of less than 200,000 short tons and limit their productiqn to bar idill 
products, rebars, and merchant bars. 

. . 
The third category of plants in the steel industry is involved in &eelfinishing 

nperntinns. These plants purchase semi-finished steel, such as slabs, blooms, or billets, 
produced by integrated or non-integrated manufacturers, which they use for finish 

. . 
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rolling and/or additional fabrication to final products. Many such plants are satellite 
finishing operations for the raw-steel-producers. 

Steel producers can also be classified by the type of steel produced: carbon, alloy 
or stainless steel. Carbon steel is the predominant grade of steel shipped, accounting 
for more than 85% of the total tonnage of steel produced in the United States. 

c. Plant Locations 
The geographical distribution of the major iron and steel facilities is shown in 

Figure 11-1. The six states bordering the Great Lakes; viz., New York, Pennsylvania, 
Ohio, Indiana, Illinois and Michigan, historically have accounted for more than 75% of 
the total U.S. steel output. Within these states are found about 80% of the integrated 
plants and ~pprnxirnat~ely 70% of the non-integrated and finishing steel plants. This 
industry concentration has resulted primarily from the accessibility of raw material 
sources, transportation arteries, and major steel-consuming markets. 

. About 80% of the industry's requirements for metallurgical-grade coal, an impor- 
tant raw material in pig iron production, is produced in West Virginia, Pennuylvtlnitl, 
Kentucky, and Alabama. The heart of the iron ore industry in the United States is the 
Great Lakes iron mining district in Minnesota and Michigan. Small but significant 
production also occurs in New York, Pennsylvania, Alabama, Missouri, Texas, Wyom- 
ing, Utah, Georgia, Wisconsin, and California. 

2. Description of Established Processes 
The flow of material and the functions of .the unit operations in the ironmaking, 

steelmaking, and steelforming sequences of a typical integrated plant are depicted in 
Figure li-2. 

' Iron ore mined in open pits or, in a few cases, in underground operations may be 
shipped direetly to thc ironmalccr or procooood a t  the mine site to produce a high iron 
concentrate in a number of ways, including both dry and wet magnetic separation, 
electrostatic separation, and flotation and gravity separation. Since the resulting 
concentrates are quite fine in particle size, it is usually necessary to agglomerate these 
materials into larger sizes by pelletizing or sintering to prevent entrainment of iron 
values in blast furnace offgases. . , 

Othcr raw materials used in ironmaking operations include limestone and coal. 
Coal must be converted to coke in large, externally heated coke ovens. In this process, 
volatile materials contained in the coal are driven off and a solid product (coke) that 
can withotand the high temperatures and tremendous crushing preseures fnilnrl in a 
blast furnace is created. 

-- 
The blast furnace process continues to be the majnr techniques for ironmaking. 

In this process, coke, limestone, and iron-bearing raw materials are fed in a t  the top of 
the blast furnace shaft. Preheated air is then forced into the bottom of the shaft, - 
through tuyeres, to react with coke and thereby generate heat (at temperatures higher 
than 3000°F) and carbon monoxide. Iron oxide is reduced to elemental iron effectively 
by reaction with the hot carbon and carbon monoxide. Limestone, calcined by the heat - 
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Source: Arthur D. Little, Inc., 1975. 

FIGURE 11-1 GEOGRAPHICAL DISTRIBUTION OF THE IRON AND STEEL INDUSTRY 



6 i ;  
to prohuc #:'lime, combines with gangue materials in the ore and coke to produce a .$ 
liquid sl' g. The molten iron, saturated with carbon (at about 4% carbon by weight), is 
tapped from the furnace bottom, along with slag. Part of the blast furnace offgases, 
after cleaning, are burned in regenerative air heaters to provide the hot air blast, and 
recovered flue dust is sent to the sinter plant for recycling. 

The hot liquid metal is transferred in ladles or refractory-lined cars to one of a 
number of steelmaking processes, where carbon, silicon and other impurities are 
oxidized from the metal phase. 

The basic oxygen furnace (BOF) has become the predominant method for mak- 
ing raw.stee1 since its introduction in the early 1950's. In this type of furnace, blast- 
furnace hot metal is the major source of iron, usually comprising 70-80% of the total 
metallic charge, with the remainder'behg scrap. In 1979, 61% of the total U.S. raw 
steel production was effected by the BOF 'method. 

The open heart-h furnace, for' many years the workhorso of tho domootio stool 
industry, 'has yielded to the dominance of the BOF process in the last 15 years. 
Although. 145h'of the total U.S. raw steel was ,produced by open-hearth furnaces in 
1979, the process is generally considered to be pbsolete due, to unfavorable economic 
and environmental factors surrounding its operation. As the open hearth continues to 
be phased out, both the BOF and electric furnace will play ever-increasing roles in. 

' domestic steelmaking. 

The'electric furnace process for steelmaking commonly uses scrap as the major 
source of iron units. Sponge iron, produced by the direct reduction of iron ore, has also 
been found to be practical for up to 50% of the charge. Electric ard furnaces may be 
used to produce the full range of carbon steels, medium-alloy structural steels, spe: 
cialty steels, stainless steels, tool steels, and super-alloys. 

After refining, molten steel is commonly tapped into ladles and then poured into 
ingot molds. Solidified ingots are stripped from their molds and placed in fuel-heated 
soaking pits. The soaking pit ensures a uniform ingot temperature for subsequent 
rolling to produce slabs, billets, or blooms. Alternatively, the energy-conserving, 
continuous-casting process is used to produce billets, blooms, or slabs directly, thus 
bypassing the.soaking pits. 

. . Slabs, blooms, and billets are normally stored before further processing to fin- 
' .ished steel products. This final processing includes such operations as rolling, galva- 

nizing, shearing, cleaning, ond finnealing. Final products i n ~ y  become struct.ura1 
' shapes, rails, bars, wire, pipe, sheet, or strips. Flat products are often galvanized, tin- 
plated, aluminum-coated or painted as an integral part of the steelmaker's operation. 

, 3. Energy-Use Profile 
Energy requirements for the manufacture of various steel products can be calcu- 

lated on a variety of bases. Two of the most.common are: 

1 
I :  

f 
t, 

- 
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Notn: I11 ORM rcfms to 0th" raw materials and includn it- such as f l u l a  

121 OM ~CILII ID 0th- r n u l l i c ~  and includn i tem rurh as f n r ~ l b y  dditions. 

131 Each box, though repesenting I P O ~ P  unit. m y  includa several stam. For surnplc: 
Coking Facilily: Includes mka orms and bv.poductr Iacililv. 
Rimdry Mills: Include bi l ln mnditioning and 'lab prprration. 

PIaI* aRd R d  Millr: Inr ludn finirhino. 
Pipe Millr: Include elraniling and finishing. 

Wltc Roductr: Include anmaling, elnnizing. nraightming. ~ t t i n g  and linishi"g. 
Tir. Mills: Includes -ling and finishing. 

I .  ' . . _  . 
141 At the right.h.nd end of the figure are the different sstego;ies of carbon nee1 poducrr 

s h i p w  by the U.S. iron and rlccl indumy. The liwrcs in parenthesis show the 
mntribvtion o l  I k t  C a m r v  of Ihlprnent as a percentage o l  the total in 1972. 

LEGEND 

- In-Plant Flow 

-- - %rap Recycle - Flows Fmm Outlidc 

Flow Streams Joined To Obtain Common ' Cost To Following Roc.. unit 

:: ; . $  c FIGURE 11-2 . ;PROCESS UNIT INTERRELATIONSHIPS 

Ancillary Faolisie* n 
Source: " S t e e l  and the E n v i r o n m e n t  - - , A  C o s t  I m p a c t  Analysis,"  r e p o r t  to American 

Iron a n d s t e e l  I n s t i t u t e  b y  Arthur D. L. i t t le,  Inc.. M a y  1975. 
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Direct use of fuels, electricity, steam, and the like; and 

Direct energy use, as above, plus energy requirements for the manufac- 
ture of materials consumed in steelmaking, such as lime or refractories. 

In energy accounting terminology, the first method is known as a Level 1 analysis, 
while the second is labeled a Level 2 analysis. In this study, Level 2 analyses were 
generally used, except as noted. Quantities of energy used for the iron and steel 
industry, as a whole, can be examined from three different viewpoints: (1) by major 
process unit; (2) by finished product; or (3) by type of fuel consumed. 

a. Major Process Unit  
Figure 11-3 presents an estimate of the 1979 energy'consumption in the U.S. iron 

and steel industry broken down by process unit. Blast furnaces are, by far, the largest 
energy consumers, accounting for about 45% of the total energy used in the industry. 
Heatinglannealing furnaces, coke ovens, steelmaking furnaces, and casting1 
breakdown operations use roughly 10% each. The remaining 15% is used in all other 
process units. 

b. Finished Product 
Processes involved in producing finished steel products require varying and 

different process steps to achieve desired properties for the end-use. Figure II-4 shows 
the distribution of energy consumption for majdr U.S. steel product lines in 1979, s s  
reported by the American Iron and Steel Institute. 

. . . . 
'c. Type  of  Fuel Consumed 

Energy consumption in 1979 by fuel type for the domestic steel industry (calcu- 
lated from AISI statistics) is shown in Table 11-1. Fuels directly derived from coal 
supply about 65% of the total energy used. Natural gas and petroleum-based fuels 
supply 3096, and purchased electricity contributes the remaining 5%. 

1. Conventional Technology 
Approximately 1.46 tons of metallurgical coal are consumed in the production of 

each ton of metallurgical coke. This coal is a specially selected blend, having particu- 
lar characteristics of sulfur content, volatile content, and caking properties. It is 
usually delivered to steel plants in rail cars. A portion of the coal delivered to the site is 
put into storage, and the remainder is transferred to a conveyorized coal preparation 
system, typically by a tracking stackerlrgclaimer. Coal reclaimed from or bypassing 
the piles passes through a bar grizzly station equipped with a tramp metal magnet 
used to remove any large or ferrous foreign material. The coal is then screened, and the 
oversized material. is crushed to 'particles less than '/2 inch in size. The crushed coal is 
typically metered from storage bins by weigh belt feeders to obtain the desired coking 
coal blend in the feed to the coke ovens. Oil may be mixed with these blended coals to 
control .bulk density.   he resulting coking coal blend is stored in stocking bins above 
the coke ovens. 

. . 
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TABLE 11-1 

NATIONAL ENERGY CONSUMPTION IN THE STEEL INDUSTRY 
BY FUELTYPE 

Fuel Tvpe 

Coal 
Tar and Pitch 
Coke 
Coke Oven Gas 

. Natural Gas 
Middle Distillate Fuels 
Residual Fuel Oil 
Liquid Petroleum Gas 
Other Petroleum Fuels 
Purchased Electricity* 

'Other Fuels 

Total Energy Consumption 

Gross Energy 
Consumption 

(10' Btulyr) 

Percent of Total 

"Based on 3413 Btu/kWh 

Source: AlSl Report to U.S. Department of Energy on Energy Efficient 
Improvement and Recovered Material Utilization, 1979. 

The coke oven battery is a refractory structure consisting of many slot ovens, 
each typically 50 feet long, 20 feet high, but only 16-Yz inches wide. The gas spaces 
between the'slot ovens form combustion and flue gas chambers in which the coke oven 
gas, or enriched blast furnace gas, burns to heat (underfire) the ovens. Hot combustion 
products pass into brick checkerwork regenerators beneath the ovens on a cyclic basis; 
alternately, combustion air is blown through the hot regenerators to preheat it prior to 
combustion. The coking coal blend is charged through three or four charging ports in 
the .roof of each slot oven commonly by a special coal-charging vehicle, oallod a larry 
car, which runs on rails along the roof of the battery. 

During coking, the coal is baked in the oven for 16 to 20 hours, reaching temper- 
atures as high as 2012'F. Since air is excluded from the slot ovens, the 'coal does not 
burn, but is transformed to hard, porous coke. Volatile gases and liquids are driven off 
from the coal during coking and are evacuated from the oven by steam aspirators. The 
gases are collected in mains that run the length of the battery and are conveyed to the 
byproduct plant, where valuable tars and oils are recovered and noxious gases (such as 
H2S) are removed. Some of the gas is returned from the byproduct plant to the coke 
oven battery for underfiring; the remainder is used as fuel in other parts of the steel 
plant. 
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On one side of the battery are special pushing machines which move on rails the 
length of the battery. These. machines serve two purposes: 

They push levelling bars through the ovens, just beneath the roof, to level 
the charge of coal in each oven, and .: 

They push the coke out of the ovens. ' ' . 

.When the coal in an oven is fully coked, 'the pusher machine lines up with the door, 
opens the door, and uses a ram to expel the coke through an open door on the other; or 
coke, side of the oven. On the opposite side of the battery are coke-side door machines, 
which open the doors on that side and,  to reduce air pollution, may tow portable coke 
guides which enclose the coke as it exits from the oven. 

. . 

When the coke is discharged from the oven tkough the coke guide, it is collected 
in a hot coke transfer car. This car. conveys the hot coke to a quenching station or 
tower, where it is cooled by overhead water sprays. Once quenched, the coke is 
discharged onto a coke wharf, where further cooling takes place and where hot spots 
can be detected and extingukhd. The cool coke is then icreened into blast furnace 
coke (particles greater than 3/4 inch) and smaller buckwheat coke and coke breeze. 

The raw coke oven gas withdrawn through the slot oven ascension pipes is rich in 
valuable tars and oils, but contains noxious gases, such as NH,, H,S, and HCN. 

. Traditionally, this gas is quenched to 10O0-200°C by flushing liquor (primarily water) 
sprays in the coke oven gas mains. The gas is further cooled by indirect heat exchange 
in the primary coolers located in the byproduct plant. Tars and naphthalene are 
recovered by condensation. Much of the ammonia is recovered by absorption in the 
flushing liquor; the remainder may be recovered by various absorption processes. Light 
oil (consisting primarily of benzene, toluene, and xylene) is typically recovered by 
absorption in a petroleum oil. A number of processes are available to desulfurize of the 
coke gas. The light oil is generally sold to petroleum refiners or chemical companies; 
the tar and naphthalene recovered may be either sold or burned on site as boiler or 
blast furnace fuels. 

In addition to the common byproduct oven. there are two variations of coking 
technology which are employed: preheated byproduct ovens, and beehive ovens. 

Over the last decade, a number of domestic coke plants have been built or 
retrofitted with coal preheating systems. A typical coal preheating operation involves 
further crushing of the coal to particles less than '/e inch. Coke oven gas, blast furnace 
gas, or natural gas is burned to supply a high-velocity, inert gaa stream that will 
entrain, heat, and dry the coal as it is conveyed in a series of risers and cyclones. The 
preheated coal, a t  approximately 392-482OF and 1% moisture, is collected from the gas 
stream by cyclones and e1ectrostatic.precipitators and is conveyed to hot coal charging 
bins. From these bins it travels to.the.6vens . . by a stream-fluidized pipeline, enclosed 
chain conveyor, or modified larry car. 

Coal preheaters are more thermally efficient than slot ovens in raising coal.to a 
temperature level of 200-250°C. The use of preheated coal also reduces the residence 

. . 
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time.required in the slot ovens. Fuel use may thus be reduced, typically by lo%, 
compared to non-preheated batteries. 

Beehive ovens represent a much simpler means of producing coke than byproduct 
ovens. In beehive, or other non-recovery-type ovens, the hydrocarbons and other gases' 
released during coal pyrolysis are not recovered and refined. Instead, the pyrolysis 
products are used directly to fire the ovens or other equipment. Beehive ovens account 
for a very small (<I%) fraction of the coke produced, and have limited applicability 
because of environmental concerns. 

In 1977, approximately 53.5 million tons of coke were produced in the United 
States, almost all by the conventional byproduct oven technology described above. 
More than 90% of this coke was consumed by blast furnaces, lil lhe rule uf 
approximately 0.61 ton of coke for each ton of steel produced. Production of this coke 
consumed 84.7 million tons of metallurgical coal. 

The production of each ton'of metallurgical coke yields 13,000-19,000 SCF of coke 
oven gas containing 450-550 BtuISCF. About 40% of this gas is returned to underfire 
the oven; in 1977, 200~10 '~  Btu's of gaseous fuel (COG, BFG, and natural gas) were 
consumed in underfiring coke ovens. Total energy consumption in coke ovens-includ- 
ing steam and electricity consumed by the ovens themselves, by the coal preparation 
systems, and by the byproduct plants-represented approximately 276~10 '~  Btu's in 
1977, excluding the fuel value of the metallurgical coal. 

2.. Formed Coke 
.. . 

a. Description . . 
Formed coke processes represent the most direct approach to reducing the steel 

industry's consumption of metdlurgical coal. Although numerous variations of the - 

pr&ess have been developed around the world, all have in common, to varying 
degrees, the substitution of cheaper, non-coking coals for conventional metallurgical 
coal. This substitution is accomplished by more sophisticated chemical processing of * - 

the coals and mechanical forming of the coke product. In general, formed coke 
processes may be either continuous or batch continuous, but all are totally enclosed. 
As such, they hold the potential for more effective pollution'cont~ol than can bc . , 

-- 

achieved with convention.al coke oven batteries. 

Two formed coke processes have been developed in the United States to demon- 
stration scale: the FMC Formcoke process and the Formcoke Associates' coke pellet 
process. The FMC process ('Figure 11-5) is the most"advance8 formed coke process in 
the world. Coal of any type is flash-dried, if necessary, and ground to particles of less 
than 2.5 mm. It is then heated by partial combustion to ~uccessively higher temper- 
atures in three fluidized beds operating a t  320, 905, and 1562'F, respectively. Volatile 
matcrial~ are collected by a tar condenser, and a low-Btu (100-200 Btu's per SCF) fuel 
gas is produced. The calcinate is cooled to about 212°F in another fluidized system 
before being blended with air-blown pitch produced from the tar. The process is self- 
sufficient in pitch if the feed coal contains more than 35% volatiles. The mix is 

- 
I 
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briquetted in a double-roll press, and the briquettes are cured in oxygen-free air in a 
moving-grate oven. The cured briquettes are finally coked a t  elevated temperature in a 
shaft coker, similar to the Lurgi Spulgas oven. 

The Formcoke Associates' coke pellet process was developed by a consortium 
composed of the Consolidation Coal Company, Bethlehem Steel, National Steel, and 
Republic Steel. In this process, preheated,'crushed coking coal is mixed with recycled 
coke fines, finely divided char made in a fluidized bed, and perhaps pitch. This blend 
of products is hot-pelletized in a rotary kiln a t  842°F. The pellets are then coked in a 
continuous shaft furnace of the Lurgi Spulgas design. The process is outlined schemat- 
ically in Figure 11-6. 

Perhaps Llir ~riust tidvariced foreign process is the BFL process (Figure 11-71 
developed by Bergbau Forschung GmbH (BBF) and Lurgi Mineralotechnik GmbH 
(West Germany). A char-making coal of anv rank is  ground to pellets of leas than 10 
mm, flash-dried to less than 2% moisture, and then fed to a carbonizer of the Lurgi 
Ruhrgas (LR) type. In the carbonizer, the drv coal is mixed with 5-10 parts of hot, 
(1382°F) recycled char,, passed through a devolatilization chamber, and is finally 
calcined in a vertical-shaft flash calciner, reaching a maximum temperature of about 
1372°F. (Alternatively, carbonization may occur in a fluidized bed; Lurgi claims, 
higher product density with the LR carbonizer.) off-gas from the LR carbonizer has a 
heating value of 500-600 Btu/SCF; some tar and oil. are recovered with this gas. A 
binding coal with more pronounced caking qualities is also ground and dried, and then. 
mixed with the char (and some tar) for briquetting in a double-roll press. Normally, ' , 

the briquettes are then heat-cured a t  1022°-11120F for 1 to 3 hours to reduce volatiles 
to 5% . and . to improve strength and abrasion resistance. Briquettes are finally cooled.in. . . 
a water bath and stored with 2-3% moisture content. Lurgi claims these "green" 
briquettes call be used directly in a blast furnace. Alternatively, to produce fully coked 
briquettes, Lurgi suggests the use of a BBF sand-shaft carbonizer. 

Other formed coke processes are under development in other countries: the DKS 
formed coke process in Japan, the HBNPC process in France, the Ancit process in 
West Germany, and the Sapozhnikov process in the U.S.S.R. 

b. Potential for Energy S a v i n ~ s  
Formed coke processes were not developed with the intent of saving thermal 

energy or oil or gas, but rather of substituting more abundant non-coking coals for the 
conventional metallurgical coals. Those developed to date do this with varying degrees 
of success. The FMC process can reportedly use almost any coal without requiring the 
addition of coking coal to a blend. The BFL and Formcoke Associates' coke pellet 
processes do require some coking coal, ranging from 5% to 25% of the total blend, 
depending on the other coals used. Generally, formed coke processes require slightly 
more coal per ton of coke than do conventional byproduct ovens, but the exact ratio of 
coal tn coke varies considerably, depending on procees configuration and on coal 
quality. 

/ .. 
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The impact of formed coke technology on the domestic consumption of oil and 
natural gas is less clear. The limited data available suggest that the net fuel byprod- 
ucts available from formed coke processes will be comparable to that of byproduct 
ovens. Since formed coke processes can permit the use of more readily available coals, 
energy consumption for coal transportation may be reduced. If, for example, the 
average haul were reduced by 140 miles through the use of different coals, then fuel 
used in rail transport of coal fir coke might be diminished by 1 million barrels of oil per 
year. However, in terms of Btu's, this swing might be overwhelmed by differences in 
the net gas make of formed coke and conventional coke technologies. The net gas make 
of a given technology is s.trongly inf1uenced.b~ the.quality of the coal feed and by the 
objectives of the plant designers in terms of whether coke yields or gas production are 
maximized. Thus, accurate estimates of net energy savings with formed coke can only 
be made on a site-specific basis. 

The key question regarding the byproduct energy available from formed coke 
processes is not so much the quantity available, but rather the heating value of the 
byproduct gas. It would be very difficult and expensive to retrofit existing steel plants 
designed to use 500-Btu coke oven ga.s to a new fuel gas with a much lower Btu content. 
The off-gas available from the FMC process generally contains an average 150 Btu's 
per SCF. (Some unpublished pilot, plant work suggests that 300-400 Btu's per SCF 
may be achieved.) The off-gas from ,the BFL process is of higher heating value, as 
already mentioned. The average heat content of the' net gas from the ~ormcoke 
Associates' coke pellet process is believed to be in the 300-400 Btu's per SCF range. 

c .  Present State of Development 
FMC began to develop its process.in 1956. The first blast furnace test of its 

Formcoke occurred in 1962, and others were conducted by Armco in 1967, by Inland 
Steel in 1970-71 and 1973, and by British Steel Corporation in 1970-71. The later tests 

were very successful. Formed coke from FMC's ~ e m m e r e r ,  Wyoming, plant is report- 
edly available to the steel industry for blast furnace testing a t  a cost of approximately 
$120 per ton. 

We understand that Inland Steel Corporation' recently prepared a proposal 'for 
the demonstration of blast furnace coke production using the FMC process. Prelimi- 
.nary engineering of this project was undertaken in the preparation of the proposal. 
Currently, agencies of the Federal Government are considering what roles they might 
play in such a demonstration. 

Davy-McKee, licensor of the FMC process, is simultaneously attempting to sell 
commercial plants to other steel companies and other interested parties both in the 
United States and abroad. As yet, no commitments have been made for the construc- 
tion of a new formed coke plant. 

The Formcoke. Associates' coke pellet process represents 'an improvement over 
Consolidation coal's disco process, which was originally developed in the early 1930's. 

' 

In 1964,4'0 tons of coke pellet were produced for testing by the U.S. Bureau of Mines in 
, . 

Arthur Il Lttle, Inc 



the experimental blast furnace a t  Bruceton, Pennsylvania. A large demonstration 
plant was built in the early 1970's a t  Bethlehem Steel's Sparrows Point facility, but it 
was shut down in July 1977 without ever achieving design production rates or extended 
operating runs. The plant has been mothballed by its sponsors for lack of funds. A 
proposal for resuming the development of this technology has been prepared by 
.Formcoke Associates. 

~ e r g b a u  Forschung began studies on a continuous formed coke process in 1962. A 
~ - t b n - ~ e r  hour pilot plant began operation a t  Essen in 1965. Since then, BF and Lurgi' 
have jointly developed the process and produced more than 25,000 tons of both green 
and coked briquettes. Blast furnace tests have been conducted fairly successfully by 7- 

AIRBO,* .Hoesch, Rheinstahl and the British Steel Corporation (BSC).. Two large 
plants were built for BSC and Ruhrcoal, but the latter was shut down in 1973 and has 
not 'been successfully restarted. At last report, the BSC-operated facility was still not 
in operation. 

d.  R&D Needs and Development Costs - 

The economics of formed coke are uncertain, since few successful plants have 
been built. However, we estimate that formed-coke processes will cost as much as 
conventional byproduct ovens with, associated pollution control technology. The cost - 
of the first unit of a modified FMC ~ormcoke demonstration plant of a 1000-tpd 
capacity has been estimated to be $100 million or more. The construction of such a 

" plant is the logical next step in developing the technology; it would demonstrate the -. 

operational reliability of the process and allow long-term blast furnace tests under 
;. . controlled production conditions to confirm the suitability of the product for this use. . 

When long-term blast furnaces are included, total development and demonstration - 
costs may approach $500 million (total private sector plus any Government funding),., 

The environmental impact of a formed-coke process and the quality of byprod- - - 
U C ~ E  oould also be dotormined from thio domonetration plant; byproduct quality and 
operational reliability will directly affect the overall economics of the demonstration 
plant. Any formed coke produced by a new or updated process would need extensive ..- 
blast furnace tests before being accepted by the steel industry. 

The developers of formed-coke processes have long claimed that their product -- 
can be produced more cheaply than conventional metallurgical coke. If this is proved 
by a large-scale demonstration project, then steel producers should have a strong 
economic incentive to consider formed-coke plants. 

.-. 

c. Rolc of thc Fcdcral Goucrnmcnt 
The DOE has sponsored a number of evaluations of the formed coke proposals it - 

has recently received. All of these studies reached conclusions that were generally 
favorable to the developers of the technology. Although there was some disagreement 
on specific approaches to the demonstrations, all found that formed coke might truly 

'Assoclatlon lnternatlonale pour Les Recherche8 au Bae Fournsau d'Ougr8e 
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improve blast furnace efficiency, reduce coking emissions relative to conventional 
byproduct ovens, permit the use of a wider range of coals in coke production, and be 
demonstrated a t  a cost comparable to that proposed. None of the studies specifically 
addressed the potential impact of formed-coke production on the domestic use of 
premium fuels (i.e., oil and gas), although it is difficult to do so, given the lack of large- 
scale operating data. 

The limited data now available indicate that commercialization of formed-coke 
technology would have a small impact on the U.S. consumption of oil and gas, 
compared to several of the other technologies ,reviewed in this report. Thus, an 
appropriate federal role should be  carefully evaluated. Although the formed-coke 
process would permit the use of a wider range of coals, some studies have suggested 
that the domestic supply of conventional metallurgical coals appears to be adequate. 

Other federal agencies may be more appropriate sponsors of formed coke. The 
Environmental Protection Agency 'has a clear interest in the promise of reduced coking 
emissions. conventional coke plant? are major sources of criteria pollutants (SO, and 
particulates),'and are of real concern as hazaldois air pollutants come under scrutiny 
(e.g., benzene, polynuclear aromatics). Thus, the EPA might be an appropriate source - 
of demonstration funding; it might also provide other, non-monetary forms of encour- 
'agement. For example, one of the concerns steel companies have about formed-coke 
technology is the reliability of the plants as they might be operated; another is the 
uncertainty that a new design would actually reach its design capacity. The EPA 
might find it useful to permit extended operation of dirtier, but more reliable, conven- 
tional batteries to protect the operating company from such uncertainties as a pro- 
longed outage of the formed coke plant for repair, for example. 

The Department of Commerce has an interest in the viability of the domestic 
steel industry, and in the impact of material shortages on foreign trade. For the. last 
decade, steelmakers have been forced to spend enormous sums on pollution control 
and have been strongly pressured by foreign competition. The ability of the industry to 
finance much needed capital improvements, not to mention R&D of new technology, 
has been impaired. Refurbishment and replacement of coke batteries has been partic- 
ularly hard hit, and coke may once again be in short supply if the industry returns to a 
high level of activity. A significant amount of coke has been imported in response to 
past or anticipated shortages, with a negative impact on the U.S. balance of trade. 

Certain states would also benefit from the commercialization of formed coke, 
through increased use of local coals. They might be an appropriate source of financial 
incentives for a formed-coke demonstration project. 

3. Dry-Coke Quenching 

a. Description 
In conventional cokemaking, the sensible heat of the incandescent coke leaving 

the oven is wasted as the coke is quenched by water sprays in a wet-quench tower. The 
objective.of dry-coke quenching is to recover this considerable amount of sensible heat 
by transferri~g i t  to a hot inert gas, which could then, in turn, be used to heat steam, 

2 3 
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compressed air, or some other working medium for power recovery, steam generation, 
coal preheating, or other applications. 

Two dry-coke quenching systems are now available: 

The Soviet system, now being promoted in this country by the Patent 
Management Company; and 

The Sulzer process, now exclusively licensed in North America by the 
Pennsylvania Engineering Company' from American Waagner-Biro 
Company., Inc. 

The two systems are quite similar, as illustrated in Figure 11-8; the most significant 
difference is the addition of a "pre-chamber" (hulding bin) in the Soviet system which 
allows an equalization of coke temperature and stabilization flow rate in the coke- 
cooling chamber. The resulting equalization in heat extraction is accomplishcd diffcr- 
ently in the Sulzer process by incorporation of a recirculating gas bypass, which allows 
a portion of the cooled gas from the heat exchanger to bypass the coke cooling chamber 
and mix with the hot gas returning to the heat exchanger. 

Referring to Figure 11-8, one can see that dry cc.~nlitig is accornpliehed by collect- -- 

ing the hot coke from the ovens in hot coke hoppers. These hoppers are conveyed by 
rail. to the dry-coke quenching facility and lifted to the top of the hot' coke bunker, 
where they are discharged. Pollutant emissions a t  this transfer point are minimized by . -. 

careful control of the local pressure during hot coke loading. The coke drops into the 
cooling bunker a t  1832"-2012°F. As cool (392°F) inert gas flows upward through the 
hot coke, i t  picks up heat and leaves the cooling bunker a t  1200"-1470°F. An impact- - .- 
type, coarse-particle separator removes large coke particles from the hot inert gas in 
the Sulzer system; a dropout chamber performs a similar function in the Soviet 
system. From the coarse-particle separator, the hot gas passes through a heat ex- 
changer system, where its heat is usually transferred to water, generating high- 
pressure steam. When it leaves the heat exchange section, the inert gas has cooled to 
300"-390°F. Fine coke particles are removed in a cyclone before the gas is returned by a 
blower to the cooling bunker. 

b. Energy Conservation Potential 
Estimates of the thermal energy recoverable in dry-coke quenching ~ystemw vary 

from 1.1 to 1.3 million Btu per ton of coke, depending on the coke temperature and the 
design temperature of the gas leaving the heat exchanger section. If we use a reason- 
able average of 1.2 million Btu per ton and assume that dry coke quenching is applied 
to all coking facilities in the United States, we find that 6 4 ~ 1 0 ' ~  Btu per year would 
potentially be recovered. This thermal energy recovery will require some additional 
consumption of electric power, but the latter would be small in comparison with the 
thermal energy retrieved. 
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c.  Present Status of Development 
Hundreds of dry-coke quenching facilities were installed earlier in this century, 

but almost all were abandoned when cheap supplies of energy made their operation 
uneconomical. One of these early facilities has been operated a t  Ford Motor Com- 
pany's Dagenheim, England, plant since the 1930'9, and a similar operation is still in 
use in Homecourt, France. The Soviet Union has been actively developing dry-coke 
quenching systems since the 1960's and now has more than 50 installations in oper- 
ation; such facilities are now mandatory in the U.S.S.R. for all new coke oven 
batteries, as well as for rebuilt batteries, if space permits. Variations of the Soviet 
designs have been licensed and constructed by the Japanese, but no dry-coke quench- 
ing systems have yet been built in North America. 

Un the basis of the above experience, the energy recovery pvtential of dry-coke 
quenching can be accepted as proven. 'l'he major questions that remain concern the 
influence of dry-coke quenching on coke yield and blast furnace operations, potential 
environmental benefits, and reliability. 

The capital cost of a new 2 million ton per year dry-coke quenching facility is 
approximately $20 million. This is much more than the cost of a conventional wet 
quenching facility of equal capacity. However, if constructed as a part of a new 
cokemaking operation including coal preparation, coke ovens, and coke handling 
equipment, the cost would represent less than 10% of the total capital investment. In a 
recent economic analysis, by American Waagner-Biro Company, Inc., projected a 3- to 
5-year payback rate for the capital investment in a dry-coke quenching facility. This 
analysis was based on firm cost estimates made for 10 prospective customers, and on a 
steam energy value of $3.75 per million Btu. 

In contrast, a study by AISI* showed a pretax payback period of about 18 years. 
The major differences between the two studies were that: 

(1) AISI's estimated investment per annual ton was $20.54, while Waagner- 
Biro estimated $10.00, and 

(2) the AISI study valued steam a t  about half the cost used by Waagner- 
Biro. 

Recently, the DOE funded a study of a method of dry-coke quenching by the U.S. 
Steel (USS) Corporation. The most significant difference between the USS concept 
and the designs already described was the relocation and reconfiguration of the 
batterylquench coke transfer system. In the USS concept, coke falls into a cooler 
adjacent to the battery, and is isolated from the atmosphere during the transfer hy a 
movable coke guide. This eliminates the potential for emissions present in the hot coke 
transfer system of the Soviet and Sulzer designs. The USS effort is just beginning, and 
will involve construction and testing of a pilot plant. 

"Energy Conservation In the Steel Industry," 84th General Meeting of ~rnerlcan Iron and Steel Instltute. 
May 1976. 
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d.  R&D Needs and Development Costs 
In recent years, the U.S. steel industry has been short of capital and has main- 

tained that dry-coke quenching facilities could not be justified on the basis of the 
potential return on investment. In.addition, it has-shown no confidence in the limited 
information available concerning the operational reliability and benefits of the pro- 
cess. This attitude will probably obtain until dry-coke quenching is demonstrated in 
this country. 

The potential environmental benefits seem almost certain. However, the EPA 
has had difficulty mandating this technology in new installations, because it has not 
been adequately demonstrated; the mijor operational experience has been in the 
U.S.S.R., and the information available from that country has not been adequate to. 
convince U.S. producers. 

The energy conservation potential of dry-coke quenching is a certainty. Both 
theoretical analyses and actual operating experience have indicated recovery poten- 
tials in the same range. Actual capability to use the recovery energy will depend on 
individud steel mill layouts. The first step in demonstrating this conservation poten- 
tial would be a new engineeriig study of a dry-coke quenching facility adapted to a 
particular site. The next step would be the construction of an actual facility to quench 
1-2 million tons per year. The required capital investment for such a facility would fall 
in the range of $10-20 million. Once this plant was constructed and operational, blast 
furnace testing of the resulting coke and environmental monitoring of the process 
operations would determine the validity of other claimed benefits. 

This demonstration phase of dry-coke quenching technology could be 
accomplished within five years. Since a large number of domestic coke ovens will have 
to be replaced in the coming decade, the potential exists for significant.penetration of 
the industry by this new technology within 10 to 15 years. 

e. Role of the Federal Government 
Both the DOE and the EPA have reason to be interested in dry-coke quenching; 

the techndlogy can both save energy that might conserve oil or gas, and can also reduce 
particulate emissions. Certainly funding of a dry-coke quenching process may enhance 
adoption of this technology. If the prices of fuels were higher than they are now, then 
the steel industry would find it easier to justify dry-coke quenching on economic 
grounds. However, the industry is concerned with the reliability of dry coke quenching 

. . 
systems. 

C. IRON AND STEELMAKING 

1. Conventional Technology 
Conventional technology in irbn and &eelmaking cbisists of the produdtiin of 

hot metal (pig iron) in a blast furnace, after which i t  is refined into raw steel in an 
open-hearth, electric arc or basic oxygen furnace. Because the open-hearth process is 
considered to be an obsolesce'nt technology, a description df the process will not be 

. . ,' . . 
described. 
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a. Blast Furnace 
In 1979, domestic blast furnaces produced about 87 million net tons of pig iron 

and consumed about 134 million net tons of iron-containing raw materials (ore, pellets 
and sinter), 17.2 million net tons of flux and about 50 million net tons of metallurgical 
coke. AISI statistics on blast furnace charge materials per ton of pig iron produced are 
presented in Table 11-2. 

TABLE, 11-2 

MATERIALS USED BY BLAST FURNACES IN THE MANUFACTURE 

OF IRON (PIG AND MOLTEN) IN 1979 

Material 

Ore: 
lron ore (including manganiferous and block) 
Manganese ore (including ferruginous mariganese) 
Agglomerated products (sinter., pellets, etc.) 

Total ores and agglomerated products 
Less flue dust and sludge .produced 

Net - ores and agglomerated .products 

Scrap: 
Total scrap 

Less produced a t  blast furnaces and auxiliary units 

Net - Scrap 

Net Ton Used 
per Ton of 

lron Produced 

Mill cinder, roll scale, etc. 0.054 

Limestone, dolomite, other flux materials 0.1 98 

Coke: 
Total coke 0.596 

Less coke breeze reco;ered 0.02 1 

Net coke '0.575 

The blast furnace is basically a vertical-shaft unit that burns solid carbon fuel in 
the presence of iron-bearing raw materials and flux (charged to the top of the shafts) 
and reduces the iron oxides to elemental iron as the charge descends. Hot air, injected 
under pressure through tuyeres in the base of the furnace, causes partial fuel combus- 
tion, producing carbon monoxide and hydrogen, the principal reducing agents for iron 
oxides. Furnace offgases are cleaned and recovered to supply some of the other plant 
fuel needs and the collected flue dust is sent to the sinter plant for recycling. 

. -- 
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. . 

While the basic principles of the blast furnace process have been known for a long 
time, many significant improvements have been made in recent years. Among the 
several technological innovations which have resulted in major gains in blast furnace 
productivity during the last three decades are: 

Increased furnace size, , . 

Improved burden preparation, . . 
e Higher blast temperatures, 

Higher top pressures, . .. 

Injection of supplemental fuel, and 
Oxygen enrichment of blast'air. 

The blast furnace is currently one of the industry's largest production units. The 
largest blast furnaces in the late, 1930's had hearth diameters of approximately 26 feet. 
This size remained fairly constant .until the 1960's when a radical change occurred; 
furnaces with hearth diameters of 38-45 feet and working volumes in excess of 100,000 
cubic feet. were built and are in operation. 

Burden preparation also has been improved, both physically and chemically. 
Physical improvements were derived primarily from more rigorous sizing, while chem- 
ical improvements included high iron contents with.less gangue, more uniform chem- - ical composition, and the elimination of volatiles. 

Since 1950, better hot-blast stove practices have been developed. Presently, hot- 
- blast temperatures of 1400"-2000°F are typical, with most operations automatically 

controlling blast moisture content via steam additions. Increasing the pressure in the 
top of a blast furnace significantly increases the rate a t  which air can be injected into 

- the tuyeres and, hence, the furnace production rate. In the United States, top pres- 
sures of 30 to 45 psig are common, but even higher pressures are used in some other 
countries. 

Techniques have also been developed to, inject .cold hydrocarbon fuels into blast 
filmace tuyeres to control flame temperature and to substitute for some coke. Until 
fairly recently, fuel injection WAS used in the production of more than 80% of the 
world's iron, but oil and gas shortages and price increases are discouraging this 
practice. Natural gas, coke oven gas, fuel oil, pulverized coal, tar and coal-oil.slurries 
have also been used. Generally, when tuyere-injected fuels .are utilized, the.moisture 
content of the blast furnace must be decreased. 

According to AISI statistics, in 1979 domestic blast furnaces consumed 1.37~10 '~ 
Btu's of Level 1 energy, or about 45.3% of the total fuel-derived energy of the domestic 
iron and steel industry. In terms of a Level 2 energy arialysis'(fu'el$ and raw ma'terials), 
blast furnaces consumed 1.38~10 '~ Btu's in 1979. 

. 

b. Basic Oxygen Furnace (BOF) 
Since the BOF process was first introduced in the United States in 1954, raw steel 

production by this melhud has cliinbed to about 83 million net tono in 1978, or about 

29 
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60% of the total U.S. production of raw steel. This growth has come largely a t  the 
expense of open-hearth shops, which could not compete economically or environ- 
mentally with the.BOF. 

. Oxygen steelmaking processes of commercial significance include the BOF, 
Stora-Kaldo rotor, and the more recent Q-BOP, OBM and KMS variations. The BOF 
process is the predominant system in use around the world. In this version, the furnace 
consists of a cylindrical steel shell closed a t  one end and lined with basic refractory 
material. The furnace vessel rotates about a lateral axis for charging and tapping. 

Hot metal from the blast furnace is the largest and most important source of iron 
in the BOF and usually comprises 70 to 80% of the ferrous charge. The composition of 
the hot metal and tcmpcrature both directly affect 1l1e clie~nistry and thermal baloncc 
of the proccss. Because of the thermal constraints, the upper limit for scrap utilization 
is generally considered to be 30% of the metallic charge. 

In a typical opcrntion to produce low-callbun slsel, the furnace is tilted for 
charging with scrap and hot metal and is then returned to a vertical position. With the 
injection of oxygen through a lance lowered into the furnace, a visible reaction flame 
begins to leave the furnace mouth. Lime ~ n d  fluorspar fluxes are added to the furnacc 
through an overhead chute. When the carbon content has reached the desired level, 
temperature readings, slag samples, and refined metal samples are extracted for 
analysis. Finally, the furnace is tilted to tap the raw steel into a ladle. Carbon, ferro- 
manganese, ferro-silicon, aluminum, and other alloying or modifying agents may be 
added to the ladle as the tapping proceeds. Occasionally, alloying agents are added to 
the furnace immediately before tapping, but these are largely confined to such alloys 
as nickel, copper, and molybdenum, that  do not readily oxidize. 

An extension of the basic oxygen furnace is the OBM process developed by 
Eisenwerk Gesellschaft Maxhuette of West Germany. This development has spawned 
a n'umber of recent innovations or improvements to the BOF, including the Q-BOP, 
OBM-S, and KMS processes. These variations will be discussed in some detail in 
Section 11-7. 

c. Electric Arc Furnace 
The general configuration of the electric arc furnace for steelmaking is a shallow- 

depth, large-diameter cylindrical shell with a dished bottom. The shell is covered with 
a removable roof through which three graphic electrodes are inserted. The entire shell 
and roof are lined with high-performance refractories. 

Steel scrap is the principal raw material for electric furnace steelmaking. Sponge 
iron from direct reduction has also been found to be practical for up to 50% of the 
metallic charges; if this raw material is available, i t  is expected to have increased 
importance in the future. 

The capacity of electric arc furnaces has increased from 4 tom per heat in the .  
first U.S. installation (1906) to more than 200 tons per heat in modem electric arc 

--7 
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furnncea. Operating practice has been improved with the installation of high-power- 
capacity transformers. With the higher power, melting is more rapid and furnace heat 
schedules have heen decreased to periods of 3 to 4 hours for a complete carbon steel 
cycle. 

A furnace heat cycle begins with the loading of a partial charge to the top of the 
furnace. The roof is then closed and the electrodes are lowered so that an arc is formed 
between the electrodes and the charge. After the initial charge is melted, the balance 
of the charge is put into the furnace and melting and refining proceed to completion of 
the heat. When target chemistry is attained, the heat is tapped into a transfer or 

' .  teeming ladle and the remaining slag is dumped from the furnace into a slag pit. The 
refractory lining is then patched to make the furnace ready for the next heat. 

The process is characterized by flexibility of operation and close control of heat 
chemistry. Therefore, it may be used to produce the full range of carbon and medium- 
alloy structural steels, as well as specialty alloys, stainless steels, tool steels, and 
superalloys. In 1979, about 34 million net tons of raw steel, equivalent to 24.88% of the 
total U.S. production, .were produced in electric arc furnaces. 

2. ' Blast Furnace Energy Conservation Technology 

a. Description 

., Table 11-3 presents a profile of energy use in the blast furnace. Coke, which is 
used to reduce iron oxide and provide heat, is the most expensive form of energy 
consumed in the blast, furnace. The average U.S. practice called for 1,192 pounds of 
coke per ton.of hot metal jn 1979, which represents 1.27 quads f"r a, production of 87 
million tovs of hot metal. 1ron and steelmakers have long 'devoted considerable time 
and effort toward reducing the "coke , iate" . .  or , weight . of coke neceesary to produce 1 ton 
of hot ,metal. 

b. Coal Injection in  the Blast Furnace 
The injection of auxiliary fuels through the tuyeres is one method of reducing the 

coke rate effectively. The firsl fuel to be widely accepted for this purpose was natural 
gas, which was followed by oil when natural.gas shortages began to occur. Depending 
on present specific blast furnace practice, coal injection can represent either of two 
possibilities: 

A coke substitute, if no other fue1.i~ presently being injected; or 

An oil or natural gas substitute, if either fuel is.presently being injected. 

Several plants inject tar, but usually on,! very limited scale for technical and 
economic reasons. Coal would displace tar. as well. 

Figures 11-9 and 11-10 depict the coal-injection ,process,.based on systems used .by 
Armco Steel. All the components shown are standard, from the pulverizers to the 
compressors. The innovation lies in the way the components are used. 
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TABLE 11-3 

ENERGY CONSUMPTION I N  THE BLAST FURNACE 

Iron Ore, Pellets, Sinter 
Limestone 
Refractories 
Coke 
Fuel Oil 
Tar and Pitch 
Natural Gas 
Coke Oven Gas 
Blast Furnace Gas 
oxyye11 

Electrical Energy 
Stcom 

Byproduct Credit 
Blast Furnacb Gas 

Energy Consumption 
(Million Btu per Net Ton Hot ~ e t a l )  

The coal is first dried with preheated air. It is then pulverized to the same extent 
required for pulverized coal combustion in steam boilers. It is stored under inert 
atmosphere (CO, + N,) in a buffer tank slightly above atmospheric pressure. The 
injection system operates under pressure. A series of standard compressors provides 
the necessary energy to move the cool through thc circuit. 

The problem of distributing the pulverized coal uniformly to each of the tuyeres 
is overcome by proper fluid flow and piping geometry. 

The following limitations restrict the flexibility of coal injection: 

8 Like any other material charged to the furnace, the coal being injected 
must be of constant quality, in order to facilitate the control of the 
process. In particular, the amount and composition of the ash influences 
the hot illeta1 cl~eil i istr~.  

Up to 28% of the coke has been replaced by injected coal a t  Armco. Other 
experimental furnaces have been operated with even higher rates of 
substitution, However, incomplete coal combustion becomes a serious 
problem a t  such levels; 20% is considered ti prticlictil mtiximum. This 
clearly is an area for research. 

. - 
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The thermal energy obtainable from injected coal varies with its ash 
content. For a'given heat input to the furnace, the replacement of a ton 
of coke might require 0.91 ton of metallurgical coal but 1.28 tons of 
higher ash, non-metallurgical ccial. The following equation, which was 
developed by Armco engineers, quantifies this relationship: 

. . 

Cokelcoal replacement ratio = 1.48 - (0.666) (% coal ash/% coke ash) 

c. Potential Energy Savings 
The following discussion assesses the potential energy impact'of coal injection on 

.the U.S. iron and steel industry. First; the following assumptions are made: 

Blast furnaces operate a t  the 1979 level of 87 million tons of hot metal 
production. 

262 pounds, of coal replace 233 pounds of coke per ton' of hot metal. This 
assumes no improvement'of present technology. 

All blast furnaces switch to coal injection. 

Under these assumptions, 11 million tons di. steam coal would replace 10,million 
tons of coke per year. On one hand, this would lower the national consumption of 
metallurgical coal by nearly 15 million tons. On'the other hand, i t  would deprive the 
steel plants of 0.082 quad of coke oven gas, which would have to be replaced by another 
fuel. Oil is the most likely candidate, whicG nullifies the energy saving from the 
process. 

Alternatively, one might takc the following more realistic approach. That is, less 
than half the U.S. blast furnaces are presently operated with auxiliary fuel injection. It 
would probably be realistic to expect that this same fraction of the hot-metal produc- . . 

ing capacity would be amenable to coal injection. The total energy saving would then ' 
be of the order of 0.11 quad. We have used this figure for the purpose of this study. 

d.  Present Status of Development 
Coal injection is practiced in the United States by Armco Steel. The first system 

was installed on the Bellefonte blast furnace of Ashland Works in 1966 and a second 
system was installed on the Amanda blast furnace in ,1973. 

Coal" injection is more costly than oil injection in terms of capital costs. The 
operating cost in a blast furnace has been estimated a t  $6 per ton of injected coal, 
exclusive of coal cost. However, for a new facility having the choice of installing or not 
installing tin injection system, an AISI study indicated that the payback period on a 
coal injection system would be 3.5 years. 

From a technological standpoint, coal injection has been demonstrated only for a 
.narrow range of conditions. In the steel industry's view, a systematic comparison 
between various grades df coal and with other auxiliary fuels is needed. Unfortunately, 

. .  . 
production blast furn~ces  are generally not available for test p'urposes. 

. . 
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e. R&D Needs and Developm'ent Costs 
' '  The consensus among the steel companies is that a demonstration program is 

needed to ascertain the advantages and disadvantages of coal injection. More specifi- 
cally, a wider range of coal than in the past should be investigated, so that interested 
companies could gather data on coals available to them. Although two furnaces are 
now operating with coal injection, these furnaces are not available for research and 
development purposes. 

f .  Role of the Federal Government 
A role for the Federal Government may be the sponsorship of a program to 

demonstrate the feasibility of coal injection with a wide range of coals. Should coal 
injection be found desirable, further research could be done in the field of coal 
combustion, in order to lift the present ceiling of 20% maximum coke replacement. 

g. Other Energy-conserving Blast Furnuee Concepts 
( I )  Injection o j  Hot Reducing ~ a s e s  in the Stack - The endothermic reduction 

of higher iron oxides to FeO ooouro in thc otaclr of thc blast furnace. Partial metal- 
lization to iron also takes place and continues toward completion as the. charge 
descends. The ascending gases generated by the combustion of coke in the tuyere zone 
are therefore cooled and oxidized in the stack. As a result, both'their heating potential 
and reducing potential, are depleted. 

Injecting hot reducing gases (1832°F or high&)' in the stack is a way to reduce the 
coke rate while providing sufficient. heating and reducing potential to the gases 
working in the furnace. These injected gases can be generated externally from fuels 
other than coke. Gasified coal is a prime candidate; one of the cproposals evaluated in 
this study includes a coal burner with a wide range of potential applications. 

A number of preliminary experiments on gas injection have been run over the 
years. All used oil or natural gas as primary fuels from which hot reduoing gaoco werc 
derived. 

Among the little published data are those disclosed by Professor Pierre Coheur of 
the Belgian CRM in 1971 (Arthur D.' Little, 1978). Injection of hot reformed natural 
gas was found to decrease the coke rate of the experimental blast furnace a t  Ougree. I t  
was also found to be compatible with ordinary fuel injection through the main tuyeres. 

The problem has always been to find a n  economical source of reducing gas a t  
sufficient temperature. The hot reducing gas could be generated from coal, as noted 
above. The probable net effects would be: 

A shift from coke (metallurgical coal) to steam coal; and 

A slight increase in the total energy consumption on a straight Btu basis. 

The impact of such a technology could be of the same order of magnitude as that 
of ordinary coal injection. Good proposals showing the technical and economic feasibil- 
ity of this concept should be considered for potential funding. 

. ... 
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(2) Evaporative Steam Cooling - Thic concept involves using evaporative cool- 
ing systems generating low-pressure steam to replace once-through or recirculating 
water systems on blast furnaces. If every U.S. blast furnace we;e fitted with an 
evaporative steam cooling system, the total energy generated in the form of low- 
pressure steam would be less than 80,000 Btu/ton or 0.007 quad per year (based on hot 
metal production of 87 million tons). The steam is saturated and low in pressure, so i t  
is difficult to use in the blast furnace area. A suitable use is for steam heating. A 
smaller energy saving is that no pumps are required to circulate the coolant through 
the system. . .. 

' (3) Conversion of  Top Pressure to Electricity - Modern blast furnaces operate 
under 30 to 45 psi pressure. The gases leaving the top of the furnace must be cleaned, 
cooled, and reduced to the pressure of the blast furnace gas distribution system. This 
pressure drop can be used to drive an expansion turbine which can, in turn, drive an 
electric generator. In this fashion, part ofthe energy expended by the turbo-blowers in 
cornpressingthe gas could be recuperated. 

Blast furnace gas is collected in the uptake, a manifold located a t  the top of the 
furnace. It then flows down a large pipe called the do-comer. The coarser portion of 
the dust is collected in a dust catcher, where the velocity of the gas is reduced and its 
direction is changed. A wet scrubber is then used for secondary cleaning. Because of 
the very. abrasive nature of blast furnace dust, expansion turbines have to be located 
downstream of the wet scrubber. 

Both axial and radial turbines have been used for energy recovery systems in 
Europe and Japan. In axial turbines, the gas flow is parallel to the axis of the machine. 
To avoid damaging the turbine, the dust content of the gas must be less than 0.004 
gram per SCF; The temperature must also be high enough to prevent cqndensation 
during expansion in the turbine. In some cases, this necessitates reheating the in- 
coming gases, as they have been cooled in the scrubber.   he overall efficiency of the 
energy recovery.drops as a result of this reheating. 

In radial turbines, the gas is admitted a t  the outer edge of the rotor and is 
directed toward the center: This design alleviates the problems of dust content and 
water condensation. 

All new blast furnaces will operate under high top pressure. However, it will be 
some time before all the atmospheric pressure furnaces are replaced. Assuming that 
about 20% of the U.S. blast furnaces will utilize high top pressure in the coming 5 to 10 
years, expansion turbines would save the nation about 0.01 quad per year. 

Locating the turbine llpstream from the wet scrubber would increase its effi- 
.ciency. The problem is to select a material and turbine design that will minimize 
erosion of the blades. This problem may not warrant a special study by DOE, but if 
there were an opportunity to gain further insight into the problem as part. of a more 
comprehensive program of blast furnace experimentation, its inclusion in the total 
scope of effort would he worthwhile. 
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(4)  Burden Composition and Distributional Control - In order to provide the 
blast furnace with an optimal.burden, the burden composition and distribution a t  the 
top of the furnace are automatically controlled. The computer keeps track of available 
raw material cha'racteristics, including estimates of water content of coke which are 
measured on line. Minicomputers have been found to be especially valuable in the 
sequencing of bell-less (Wurth) tops. While Wurth tops are being placed on new blast . 
furnaces, there may be potential for demonstration of retrofit under U.S. conditions. 

3. Cupola 

a. Description 
The cupola is the most widely used furnace in the iron foundry industry. 

According to our estimates, there are about 1,000 foundries in the United States which 
have cupolas. The distribution of the cupolas by melting capacity is as follows: 

Melting Capacity 
(tph 

Percent Distribution 

- 

It is estimated that there are 1400 to 1500 cupolas in the U.S. foundry industry. 

.- 
111 Lilt? cu~ive~~l iu~ ia l  cupola, Ihe off-gases contain 12 t o  28% carbon monoxide, 

(CO) with a typical concentration of 16%. The amount of CO in the off-gases depends. 
on many factors, including the amount of coke charged and the temperature of the 
melting zone. To meet EPA regulations, it is necessary to burn the CO before dis 
charging the cupola off-gases to the atmosphere. The "afterburner" is the most 
common method of burning the CO to meet these regulations. Many of the hot blast 
cupolas use special burnerlrecuperator combinations (e.g., the Escher system) to 
perform this function. These systems also recover the latent and sensible heat of the 
cupola off-gases and, a t  the same time, reduce the CO levels in the stack gases. A large 
proportion of the U.S. cupolas melting more than 60 to '18 tons per day now use hot 
blast in order to decrease coke coneumption and reduce costa. The coat savings are 
usually significant on smaller cupolas as well, but the unit capital cost of the preheat 
system is high. For this reason, smaller companies find it difficult to justifya hot-blast 
cupola. 

The afterburner, which is used to burn the CO in the cupola off-gases, consumes 
about 0.10 to 1.0 million Bt.u's of oil or natural gas in the afterburner per ton of hot 
metal produced. The wide variation is the result of the type of afterburner, its location, 
high- or low-stack cupola, operating practice, etc. It is one of the more energy-intensive 
process steps in a cupola-based iron foundry. 

Arthur LI Little. Inc. 



To eliminate the use of an afterburner and thereby reduce energy consumption in 
a cupola, Professor A. Draper of Penn State University has proposed the addition of 
secondary air a few feet below the charge door, a t  a spot where the temperature is 
about 1400°F. The proposed process is expected to permit the carbon-monoxide 
content of the effluent to be reduced sufficiently to eliminate the rieed of ' the 
afterburner and thereby reduce energy consumption. 

b. Potential for Energy Savings 
The amount of energy (natural gas or oil), consumed by the afterburner depends 

on the type of cupola.operation (e.g., low coke or high coke), the capacity of the cupola, 
as well as other factors.. However, as indicated above, a cupola uses 0.10 to 1.0 million 
Btu's in the afterburner per ton of hot metal produced. 

If we assume that all the cupolas, including the ones employing the hot blast 
concept, implemented Penn State's stack burner concept, and that this concept would 
eliminate the requirement of the afterburner (this is required to meet EPA's regu- 
lations for CO), then the adoption,of the Penn State stack burner could potentially 
save, on the average, about 0.5 million Btu's for each ton of hot metal produced. 

If we translate these figures into the total energy that could be saved in the 
United Statesif this concept were implemented on all cupolas, we estimate that up to 
0.01 quad of energy could be saved - all in the form of natural gas or oil. 

It is important to note that a large proportion of the larger cupolas in the United 
States use the hot-blast system. The use of the Penn State concept on these cupolas is 
limited. Further, the Escher recuperative system, which is a sort of a competitor to the 
Penn State stack burner, has already been installed on about 5% of the U.S. cupola 
capacity with good success. The Penn State concept is also unlikely to be used-on.the 
,cupolas which have already adopted this technology. 

c .  Present Status of Development 
The Penn State stack burner is still in the development and testing stage; as of 

this date, no equipment has been built on a commercial scale. According to Penn 
State, it has cnnducted preliminary test wrok on its 24-inch experimental cupola, as 
well as done some test work on a 34-inch ID cupola in Tioga's foundry in Owego, New 
York,' and on Abex foundry's 60-inch ID cupola. We understand that the Modern 
Equipment Company has designed a Penn State stack' burner for comniercial testing , . . 

a t  the Tioga foundry. 

According to Professor A. Draper of Penn State, there are plans to test the system 
on cupolas larger than the one a t  Tioga, iie., on the 60-inch cupola a t  Abex's foundry in 
Pennsylvania and the greater than 100-inch cupola a t  Griffin Pipe's New Jersey plant. 

, 

However, these tests will follow only after the test work a t  Tioga. 

d. R&D Needs and Development Costs . . 
. . 

One of the key questions to be answered in evaluating this technology is: will the 
Fenn State stack burner lowcr thc,CO oontent i n  the stack gases to a oufficienbly low 

. . . . 
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level to eliminate the use of an afterburner? This has yet to be proven on a commercial 
scale. Based on our discussions with both Penn State and Modem Equipment, the test 
work done to date resulted in the CO content being lowered to only about 2 to 5%. 
Therefore, inore test work is necessary before this concept can be proven capable of 
eliminating the afterburner on a commercial-scale cupola. 

The concept will also have to be tested and proven on cupolas of various sizes and 
types (short stack, tall stack, hot blast, cold blast, etc.) to develop sufficient data on . .. 

the basis of which industry would be willing to accept it without skepticism. 

We believe that a t  least $200,000 to $500,000 more in development costs will be 
necessary to  prove this concept. 

e. Role of the ~e'deral  Government. 
Before the Penn State stack burner is proven, it will have to be tested and proven 

on a commercial scale to ascertain its potential for eliminating'the afterburner, as weil 
AS its energy-conservation capability. It ie extremely importint that tho monitoring 
and reporting of the performance of the test work be done by somebody independent of 
Penn State, so that the results and performance of the unit under test in relation to 
competing systems represents objective conclusions. 

The Department of Energy must also carefully review the other alternate 
approaches to eliminating the afterburner (e.H., Escher system, Modern Equipment's 
CO by-pass burner, etc.). It is unlikely that the Penn State stack burner is ideally 
suited (technically or economically) for all types .of cupola operations and, in many 
situations, the other methods might prove to be more suitable in achieving the energy- 
eonscrvatisn objective. 

4. Direct Reduction 

a. Description 
Direct reduction is defined as any process in which metallic iron is produced by 

the reduction of iron ore, or any other iion oxide, below the melting temperature of any 
malerials invo1,ved. The product of a direct reduction process (DR process) is called 
direct reduced iron'(DR.1). Direct reduction processes can be grouped into three major 
categories: . 

(1) Those using solid reductants in granular beds; 

(2) Thoee u e i n ~  guseouo rcductant~l in granular beds; and 

(3) Those using gaseous reductants in fluidized beds. 

Table 11-4 lists well known direct reduction processes. 

. ' 3  
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TABLE 11-4 

PRINCIPAL DIRECT REDUCTION.PROCESSES 

Solid Reductanb ~as'~eductants Gas Reductants 
in Granular ,Beds . . in Granular Beds . in Fluidized Beds 

. ,. 

(Continuous) (Continuous) (Continuous) 

Krupp-Renn 
Basset 
Orcarb. 
Strategic Udy '. 

R - N  
SL'IRN . . 

K ~ ~ P P  , , 

Kawasaki 
S D F: 
SPM 
D R C  
Dwight-Lloyd- 
McWane 
Heat Fast 
Echeverria 
Kinglor-Metor . 

(Batch) 

Hoganas 

Wiberg 
Republic' ' . 

Fihsider * .  ' ' 

Armco ' 

Purofer . . 

Midrex . 

ACCAR . . 

Nippon Steel 

(Batch) 

Stelling 
Novalfer 
Fior 
H.I.B. 

(Batch) 

H-lion 

. . . . Source: Sabakin, 1980. . . 

Direct reduced iron has suc'cessfully provided a substitute for scrap in the electric 
arc furnace. In addition, the DRI product is free from tramp elements such as copper, 
zinc, tin, chromium, molybdenum, tungsten, alid others that are usually present in 
scrap. DRI can also.be used in basic oxygen furnaces and open-hearth furnaces, or as a 
partial substitute for ore in blast furnaces. 

The three commercially demonstrated direct reduction processes in the United 
Sltilss use llydilszarban fuclo (c.g., natural gae or n ~ p h t . h ~ )  in vertical-ehaft furnaces. 
The total capacity of these plants is estimated at  1.1 million short tons of product per 
year. The exhaust gas from the furnaces has a maximum fuel value of 70 B t u ' ~  per SCF 
and is presently flared. (Typical gas volumes are 67,000 SCF per minute a t  a temper- 
ature of 1200°F for a furnace with a capacity of 400,000 tons per year production.) 
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b. 'Energy Conservation Potential, 
The. .existing direct reduction plants could be operated on gasified coal fuels 

instead of the critical hydrocarbon fuels now used. An estimated 12x101a Btu per year 
of critical fuels could be saved by this fuel change. However, since this process is very 
sensitive to fuel costs, the direct reduction plants now operating in the United States 
may .be shut down as uneconomical within five years. We believe that the present 
relatively high cost of gasified coal fuel would not change the economic picture for 
gasified fuel direct reduction processes. 

The steamlcoal-fired direct reduction processes would save metallurgical coke 
normally used in the blast furnace process but would consume more total energy. 
Table 11-5 shows that the likely direct reduction-electric arc furnace route to steel 
consumes 96% more e n e r a  than the coke oven-blast furnace-BOY route. The only 
advantage of the direct reduction route is in replacing a given number of Btu's from 
metallurgical coke with a larger number of Btu's from steam cnkc! and ale~tricit~y.. 

c .  Preser~t Stutus of Development 
The, gas-based processes such as the Midrex, HyL, and Armco are commercially 

: developed. We expect this technology to be adopted where natural gas is available, 
Steamlcoal-based processes such as the SWRN prockss (Stclco Lurgi, Republic steel 
and National Lead), the Kawasaki process, and the Krupp-Renn processes have had 
technical demonstrations. However, coal-based direct reduction processes need more 
commercial demonstration and testing before they will be accepted for use by the steel 
industry. 

Another ap~rogich i~ to  tie in coal gasification t,n a prnven ens-hnsed direct. 
reduction process. We understand that such processes are being planned. 

d.  R&D Needs and Development Costs 
. Wo undorotand that thc U.6. Gtccl Corporation is undertaking an evaluatioil of 

direct reduction technology and economics for the Department of Energy. This eval- 
uation will cover existing and new technology. The study should provide a data base 
for comparison of energy requirements of various processes. 

e. Role of Federal Government . . 

~ u n d i n ~  of a direct reduction demonstration should be done only afler careful 
consideration, because there are processes that have been commercially demonstrated. 
From an energy standpoint, the main advantage of direct reduction technology is the 
possibility of using coal either directly or by a titr-ill will1 cud gu~ification. Fuel costs 
and availability are likely to be the constraints to adoption of 'direct reduction tech- 
nology. 
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TABLE 11-5 

ENERGY REQUIREMENTS OF THE CONVENTIONAL AND 
DIRECT REDUCTION STEELMAKING ROUTES 

(million Btu per ton of steel) 

A. Direct Reduction 

Kiln 
Coal 10.96 
Electric powera 0.41 

Electric Arc Furnace 
' Electric powera 

Total Production 

Pollution Controls 

Air: Kiln (electric.power) 0.036 
EAF (electric power) . . . . 0.487 

Water: Kiln (electric power) - ' : . . 

Kiln (fuel) , . 

Total poilution 
. . 

Total: 

B. Base Line 

Coke Oven 
Blast Furnace ' 
Basic Oxygen Process b 

Total Production . . .. . 
. . 

Pollution Controls, 

Air (electric, power)a 0.34 
Water (electric powerla 0.08 
Water (fuel) 0.25 

Total Pollution . , 0.67 

~ b t a l :  11.84 

a. 1 kwh = 10,500 Btu fuel equivalent at power source. 
b. lncludes 0.44 x lo6 Btu credit for CO recovery. 

Source:. Arthur D. ~ i t t l e ,  Inc., 1976. .' ' . . , . 
. . . . 
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5. External Desulfurization 

a. Description \ 

The trend in blast furnace operation in the united States during the last 20 years 
has been to increase the degree of burden preparation in order to decrease coke 
consumption. As the use of highly beneficiated iron ore pellets has grown, blast furnace 
slag volumes have declined. At the same time, the sulfur in coke has gradually 
increased and the blast furnace hot metal has also tended to increase. Control of alkali 
in the blast furnace has required the use of leaner slags and has also resulted in 
increased sulfur in hot metal. The requirement to control sulfur a t  the blast furnace 
(i.e., in hot metal) has increased, because the basic oxygen process, the predominant 
steelmaking route utilizing hot mteal, has a limited ability to remove sulfur. 

Consistent predictable attainment in the BOF of low sulfur levels, particularly 
fl.15 find O . f l l %  s~~lf i l r  maxirn~lm, repr~sent~s R fnrmidahle t ,a~k and reqllire~ st,rict, 
control and preparation of the charge. All charge materials-hot metal, blast furnace 
slag brought by hot metal, scrap and tluxes-are all sources of sulfur. External 
desulfurization of blast furnace hot metal is practiced for attainment of 0.01 to 0.015% 
sulfur BOF tap level. If a 0.005% sulfur BOF steel jrather than steel) is consistently 
required, external desulfurization of steel is necessary. 

The energy savings associated with external desulfurization of hot metal, en- 
hanced desulfurization during BOF steelmaking, .and external desulfurization of steel 
relate to the fact that high-sulfur hot metal can be made in a more energy-efficient 
manner in the blast furnace. consequently, we have examined desulfurization of hot 
metal in greater detail. 

External desulfurization of hot metal is practiced in order to salvage otherwise 
unusable hot metal (0.04 to about 0.02 sulfur) and for the preparation of low-sulfur hot 
metal for the BOF. Desulfutization of hot metal is done when required; it is not done 
on every torpedo car or ladle of hot metal charged to the basic oxygen furnace. For 
example, a t  Jones and Laughlin, Cleveland Works, approximately 20-30% of the hot 
metal is desulfurized and is typically used in 40-60% of the BOF heats (Orton, et al., 
1977). The practice is to desulfurize when necessitated by the sulfur content of hot 
metal and the sulfur requirements of steel to be produced from it. 

The location for treatment, method for contacting reagent and iron, reagent 
selection and means of slag cpntrol are factors very dependent on: 

(1) Plant conditions and thc pmplulatory planning in the layout of thc blast 
furnace-steelworks combination; 

(2) Capacity objectives - high throughput, lower cost systems generally 
involve major capital outlays; and 

' ' (3) Low-sulfur attainment targets. 
, 

Table 11-6 lists major hot metal desulfurization processes in use. 
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TABLE 11-6 

, . 
HOT METAL DESULFURIZATION PROCESSES 

Type and Treatment Mode- Basic Equipment Reagent ~dvanta~es' . 

Blast Furnace Runner Paddle stirrers in Carbide, soda Simple, cheap 
- Continuous stirrers troughs 

Sub-Batzh Dunking (mag-coke) . Stems, counterweights Mag-coke, Low capital cost, 
Magdolomite simple, reproducible 

- Injection 

Transfer ladle 
- Pouring and/or mixing 

P 
ul - Dunking (mag-coke) 

- Stirrers (K-R, 
Reinstahl, Stora) 

- Injection 

Lanes;dispenser,s - Powders-ma,g, lime, Fast, controllable, 
carbide, Mg-AI lowest cost 
alloys 

None Soda ash 

Stems, counterweights Mag-coke 

. . 

~echanical.~addles, etc. Carbide, lime, 
etc. to create thcrough soda ash 
mixing 

Lanes, dispensers Powders-carbide, 
lime, soda 

Disadvantages Country of Use 

Poor control, smoke Japan, Germany, UK 

Slow, high cost 

High capital cost, ' World-wide, most 
operator training prevalent technique 

Cheap, simple Unable to reach'low S - World-wide for 
. . variable ;esults, smoke salvage 

. . 

Low capital cost .' Charging interference, Few shops - Japan, U.S. 
. . fume 

Best for ultra low .Interfere&e, hiih cost, Japan, Germany 
sulfur slagaff before and after 

Lower cbst than Interference, cannot blend Germany 
stirrers costs, slag-off before' and 

after 

*Basic reference i s  the'pr&edings of the McMaster University Symposium on External Desulfuriz'ation of Hot Metal, W.K. Lu, Editor, 1975. 

Source: (Orton, et. al., 1977). . . 



For low-sulfur operations, the hot metal treatment methods'selected, by most 
have been designed either for use a t  a site between the blast furnace aild the 

steel ,plant in subs (submarines, torpedo car) or open ladles, or in a. transfer ladle 
between the subs or mixers and the BOF vessels. The latter alternative, although in 
large-scale use in Europe and Japan, is ruled out in most U.S. shops, except for very 
intermittent use, because the charging bays in BOF shops, unless designed for this 
specific purpose, cannot support the added activity. 

. . '   he transfer ladle treatment systems are generally limited by cost and through: 
put considerations to'.the "low-sulfur" work, whereas,.the objectives often include 
extensive salvage treatment of high-sulfur iron: ~ e n c e , '  in most cases, where external 
de~ulf~r izat ion has been added to an existing blast furnace-BOF complex, sub: 
desulfurization techology has been selected. 

The advantages of troatmont prior to delivery of iron to a BOF shop inoludo: 

r! Soparation of funotiono, loading to loeo oluttor in tho oharging bay; 

Flexibility in extending desulfurization capacity by "blending down" off 
analysis hot metal with intentionally overdesulfurized. hot metal 
batches; and 

Ease in preparing the'full charge for extra low-sulfur heats. 

All hot metal desulfurization processes require intimate contact between the iron 
and the reagent and, to a certain extent, the separation of sulfur-rich blast furnace slag 
that accompanies the hot metal. 

The reagent and introduction method selection depends on the plant objec- 
t.ives - hatch processes such as mag-coke offer minimal capital cost, but are rela- 
tivcly slow and costly per treatment. The injection technique is accepted as fast, 
reliable, and less costly per treatment, although injection stations are expensive to 
install. At the present, most steel plants rely either on magnesium- or calcium carbide- 
based reagents for low-sulfur work (0.015 or less in hot metal). With exceptionally 
clean hot metals, in a few instances lime alone is used. 

b. Energy Conservation Potential 
External desulfurization has been viewed as a means of correcting for the increas- 

ing sulfur content of fuels used in the blast furnace. The objective is to prevent the 
reduetion in capacity and increase in energy use that would be required if deeulfuriatl- 
tion were done in the blast furnace by introducing more lime. The latter would 
increase slag volume and basicity, but would also increase coke and injected fuel 
consumption. 

- 
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In 1978, Arthur D. Little, Inc., estimated the potential energy saving attributable 
to external desulfurization from 0.04% sulfur in hot metal to 0.02% sulfur a t  0.9 million 
Btu per ton of hot metal, using either calcium carbide or &ag-coke. However, others 
have estimated 0.82 million Btu per ton of hot metal for the same starting sulfur 
content and percentage removed using mag-coke. 

In addition to the energy balance between fuel savings and desulfurizing reagent, 
there is approximately a . 5 0 0 ~  temperature drop in the hot metal during desulfuriza- 
tion. This energy loss is small (1670 ,Btulton of hot metal), but it must be 
accommodated in subsequent steelmaking operations. Some of the data on external 
desulfurization tend to confuse the picture, because when sulfur levels are higher, 
more reagents are required for the same blast fumace operating practice; thus, there is 
no comparison between the above and what the blast furnace energy consumption 
would have been a t  these higher sulfur levels if sulfur removal were effected in the 
blast furnace. The indications are that the energy savings are about 0.86 niillion Btu 
per ton of hot metal. 

-- The major long-range purposes of external desulfurization are to: 

(1) Extend the domestik resources of coking coal (which would mean high- 
sulfur coke and more sulfur in the biast'furnaces); and 

(2) Prevent the increase in energy consumption that would occur if desul- 
furization were to be done in the blast furnace. 

. . 
. - 

As a rough indication of the annual energy saving, the aniount of hot metal produced 
in 1979 multiplied by 0.86 million Btu per t ~ r i ' ~ i v e s  0.075 quad. 

.. . 
' '. - .  

.c. Present Status of Development 
A number of hot metal desulfurization processes are in use. ~ h u s ,  the technology 

for hot metal desulfurization has been demonstrated. , .  . . . 

. . .  

' d. R&D Needs and ~ e v e l o ~ m e n t a l  Costs 
It would be advisable to develop and demonstrate fully external desulfurization 

as a regular procedure for every ladle of hot metal produced, for the'following reasons: 

To establish the extent of permissible sulfur content of metallurgical 
coke. Many high-sulfur coals have' good coking qualities. With external 
de~~lfurization,  some of these coals could .be used to make metallkgical 
coke. If the sulfur specifications on good coking quality coals could be 
r ~ l ~ x e r l ,  tohe lJ.S. re~erves of coking coal could be greatly extended. , 

To determine the best desulfurization practice and the preferred reagent 
for higher sulfur levels in the hot metal to be treated. 

To establish capital requirements, operating, costs, and the effect on 
energy consumption for production of low-sulfur hot metal. 
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Of the remaining two approaches, enhancing the kinetics of desulfurization is 
economic as well as conducive to energy conservation. An understanding of the de- 
sulfurization reaction will require knowledge of the mechanism of the reaction and 
understanding of factors that determine the reaction rate. In addition, CaF, has been 
used as a slag conditioner that enhances desulfurization. Economic and environmental 
considerations are forcing steelmakers to find substitute materials. 

Such research will lay the foundation for enhancing the desulfurization of steel. If 
acceleration of the desulfurizing reaction is achieved, savings in operating and capital 
costs are possible as future benefits. The research projects identified are estimated to 
cost about $100,000 to $200,000 per year over a time frame of 2 to 3 years. 

e. Role of the Federal Government 
External desulfurization of hot metal is a demonstrated technology and is prac- 

ticed in various parts of the world. Because of the quality of raw materials and more 
stringent specifications on sulfur in steel, it is likely that external desulfurization will 
be increasingly required. Most desulfurizing agents are very energy-intensive. The 
national energy impact of various desulfurization technologies should be assessed, 
with a view to identifying lower energy use systems, Fundamental researcfi in desulfur- 
ization processes in BOF, Q-BOP steelmaking aimed a t  understanding and enhancing 
the desulfurization process is very desirable. 

6. BOF Off-gas Utilization - 

a. Description 
In basic oxygen furnace steelmaking, oxygen is blown into the vessel containing - 

hot metal and scrap. The reactions of the oxygen with silicon, manganese, carbon, and 
iron in the hot metal produce the heat required to melt the scrap. While reactions with 
the other elements produce solids that eventually enter the slag phase, the reaction - 

with carbon produoee carbon monoxide; about 10% of this gas is oxidized to carbon 
diuxillt! as iL evulvss fru111 Llle DOE' vessel U I I ~  reucllss a Lelllye~alu~e uf aLuu12700nl?. 
The off-gas possesses both fuel value and sensible heat. 

In most BOF installations in the United States, the exhaust gases are collected in 
open hoods over the vessels. Considerable air infiltration occurs, and the off-gas bums 
in the hoods. Flame temperature of about 3000°F are obtained. The hoods are either 
steam-cooled or water-cooled, causing the gas temperature to drop to about 1850°F. In 
some plants a part of the heat from the burning off-gas is recovered as steam by heat 
transfer to the water-cooled hood or by radiant-heat transfer. After the gases have becn 
further oooled and cleaned, they are released to the atmosphere. 

Two major types of gas cleaning systems are used for dust removal from BOF off- 
gas: (1) electrostatic precipitators and (2) venturi scrubbers. In each case, water is 
used to cool the gas to temperatures that can be handled by the gas-cleaning system. 

Most of the sensible heat is removed from the combueted gasee by injecting a 
water spray, which is rapidly vaporized by the hot gaees. The heat removed by 



vaporization of the water spray is wasted. Typically, when steam is generated and 
utilized, the energy recovered from the off-gas is estimated at 150,000 to 250,000 Btu 
per ton of steel. 

Energy contained in BOF off-gases can. be utilized in two ways: 

BOF gas recovery (suppressed combustion system) in gas holders for use 
within the steel mill, e.g., enrichment of .blast furnace gas, boiler fuel, 
fuel for lime kilns, soaking pits or reheat furnaces, blending with coke 
oven gas, fuel for scrap preheat; 'or . . 

Installation of waste heat boilers'with complete combustion systems. 

In the .United States, there is cvrrently little economic incentive to improve 
steam-generation efficiency from BOF off-gas over that already attainable with water- 
cooled or steam-cooled hoods. Some steel plants simply have no need for additional 
steam, particularly steam that is generated only intermittently. Even in plants where 
steam is needed, the capital and operating costs of installing large boilers over the BOF 
vessel would likely exceed the cost of operating conventional steam boilers. Only 
drastic increases in fuel prices above even the present high levels would make BOF 
boilers economically attractive in the united States. 

Of the approximately 38 U.S. plants that have BOF's, 9 have boilers, and the 
steam is utilized in 7 of these. The 9 plants with boilers represent a capacity of about 
29 million tons; those with boilers and utilizing the steam represent a capacity of about 
22 million tons (EPA, 1976). Information was not readily available on the size of the 
boilers and the amount of heat recovered, 

In Europe and Japan, large boilers have been installed over some BOF furnaces 
to produce steam more efficiently. Assuming boiler efficiencies of 8096, it should be 
possible to recover 0.5 million Btu per ton of steel. The installation of such boilers is 
favored in locations where fuel prices are high and the steel plant needs additional 
steam-raising capacity; the cyclic output of the waste heat boilers can be integrated 
into a larger steam system. 

In this section we have examined.the recovery of carbon monoxide (CO) in BOF 
off-gas using suppressed combustion systems. The schemes for the collection of basic 
oxygen furnace off-gas utilize a closed-hood system over the BOF vessel so that the 
combustion of CO is suppressed. The gas volume handled in suppressed combustion 
systems is one-third to one-seventh that handled in complete combustion systems.'As 
a result, the gas cleaning system is more compact. Figure 11-11 is a schematic of a BOF 
off-gas recovery system. 

Thc collected gas is potentially valuable as a low-sulfur fuel which can be used to 
augment the gaseous fuel supply within the plant. At both the beginning and the end 
of a blow in a partial-combustion system, the CO emitted from the vessel is burned; 
this is done to form a plug of inert combusted gas for flushing out the dudtwork and 
preventing the formation of an explosive mixture of CO and air. For thie reason,' i t  is 
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'Source: .P.ISI, 1976. 

. . 
.FIGURE 11-11 . SCHEM4TIC OF BOF OFF-GAS.REC0VERY SYSTEM 



..If the off-gas recovery system is designed for collection around peak'carbon 
monoxide generation, approximately 2500 SCF per ton of steel is collected, and the gas 
has a heating value of 220 Btu per SCF. This repre'sents a fuel value of 0.55 million Btu 
per ton steel. Developments in suppressed-combustion systems have made it possible 
to collect off-gases for almost the entire blow. Per ton of steel, this results in the 
collection of approximately 3600 SCF of gas with a heating value of 185 Btu per SCF, 
and represents a fuel. value of 0.67 million Btu per ton of steel. Further savings of 
energy can be realized if the sensible heat in the off-gas is recovered. 

practical to collect the off-gas for only a limited portion (usually half) of the blow. 
During the col'lection period, the CO content of the gas is relatively constant. About 
60-90% of the gas volume is collected. 

Other advantages claimed for the closed-hood system include: 

(1) Increase in steel yield of about 1 percent, due .to lower slopping losses, 
and 

(2) Easier dust collection, as dust particles in the non-combusted off-gas 
are generally coarser and less ,oxidized. 

The'major suppressed combustion systems are the OG system and the IRSID- 
CAFL system. In the United Stat-es, these systems are licensed and sold by Cliemico 
(OG) and Baumco and American Filter (IRSID-CAFL) . 

b. Potential for Energy Savings 
Tho oxygen consumption in BOF steelmaking ranges from 1500 to 240Q SCF per 

ton of steel. On the basis of a material balance (Healy, 1966), about 60% of the usage, 
'or 900 to 1440 SCF, is for the oxidation of carbon in the hot metal to carbon monoxide. 
Hence, the carbon monoxide generated ranges from 1800 to 2880 SCF. In practice, 
about 10% of the carbon monoxide burns in the vessel. The carbon monoxide that 
could potentially be  collected^ falls in the range of 1620 to 2590 SCF having a fuel value 
of 0.52 to 0.83 million Btu per ton of steel, based on 321 Btu per SCF for the 
combustion of CO to CO,. In addition, the temperature of the off-gas is ,2700"F; 
therefore, the total energy content including the sensible heat ranges from 0.61 to.0.98 
million Btu per ton steel. The gas volumes handled in suppressed-combustion systems 
are one-third to one-seventh of those handled in complete-combustion systems, result- 
ing in an electrical energy saving of .the order of 6 kwh (0.06 million Btu) per ton of 
steel. . . 

The potential for. energy savings in BOF off-gas recovery is: 

(1) Production of byproduct CO-rich fuel that could replace natural gas or 
oil on the order of 0.61 to 0.98 million Btu per ton steel; and 

(2) Electrical energy savings of the order of 0.06 million Btu per ton steel. 

If all plants were to adopt BOF off-gas recovery, 'a potential saving of 0.56-0.87 quad is 
possible (based on BOF production of 83 million tons). 
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c .  Present Status of Development 
The technology for gas collection is fairly well established. About 175-200 sup- 

pressed-combustion units are either in operation or being built in Japan, France, the 
United States, the United Kingdom, Belgium, and U.S.S.R. A number of Japanese 
and European plants have installed gas holders, controls, and compression equipment 
to recover gas from suppressed-combustion hood systems. By contrast, the United 
States has five BOF shops with suppressed-combustion hood systems, all of which 
flare the recovered carbon monoxide. Shops having suppressed-combustion hood sys- 
tems represent an annual capacity of 18.2 million tons of steel. 

d. R&D Needs and Development Costs 
The technology for BOF off-gas collection and storage has been demonstrated. 

An area of research would involve development of ways of better utilizing the sensible 
heat in the off-gas. This research could be done by equipment manufacturers, sup- 
ported by steel companies, and could be encouraged by DOE support. Benefits from 
such research would be realized in. the longer term (i.e,, up to 10 years). ' 

e. Role of the Federal Government 
The constraints to adoption of BOF off-gas collection, storage, and utilization are 

mainly economic, and an appropriate role of the Federal Government may be to 
provide financial incentives. 

7. Scrap Preheating in Oxygen Steelmaking 
In a typical BOF operation, the only source of energy required for steelmaking is 

hot metal produced in the blast furnace; the sensible heat of the hot metal provides 
about 50% of the input energy, while the combustion of carbon contained in the hot 
metal (normally about 4% by weight) provides approxir'nately 20%; the remaining 30% 
of t.he input energy is supplied by the combustion of silicon, iron, manganese, and,  
phosphorus. 

Booauoo tho rofining of hot motal in a BOF io highly owotho~mio, forrouo oorap (or 
a substitute, such as direct reduced iron pellets or ore) must be added as a coolant. 
However, since external sources of energy are not provided on a typical BOF, the scrap 
fraction of the charge is set by the thermal balance in the furnace. Sufficient scrap 
must be added to prevent meltdown of furnace linings, but not, so much as to freeze the 
bath. In general practice, about 28% of the metallic charge i i  scrap. To increase this 
fraction of scrap in the charge and thereby conserve energy expended in blast furnaces 
to produce hot metal, it has been suggested for many years that the BOF scrap be 
preheated. 

a. Description ~. 
Scrap usage in a BOF can be increased by (1) reducing the heat losses of the 

process; (2) adding additional fuels, raising .the temperature, of any or all of the 
reactants; or (3) recovering heat from the end products in such a way'that i t  can be 
used. Of these possibilities, only scrap preheating has .been used to  any significant 
extent, most notably by the Alan Wood BOF shop (now closed). On a limited scale, the 
Alan Wood shop demonstrated that scrap charge ratios up to 45% could be achieved 
with scrap preheating. 

1 
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However, significant disadvantages are associated with scrap preheating in BOF 
vessels, which is usually accomplished with an oxylfuel top lance. The economics of 
this technique are questionable because of severe refractory lining wear (with resulting 
high refractory costs), and because of significantly decreased furnace availability. 
Furthermore, the relatively low-heat transfer efficiency resulting from the top burner 
arrangement (less than 50%) adds significant fuel costs. 

To overcome the difficulties associated with BOF scrap restrictions and to'im- 
prove overall meltshop efficiency, a number of modifications to the basic BOF have 
been proposed and recently installed on large-scale units. The first of these, developed 
and tested during the early 1.970's, was the OBM process (Oxygen Bottom Maxhuette), 
named the Q-BOP process by U.S. Steel. In this process, oxygen is injected into the 
bottom of the converter through an annulus of gaseous hydrocarbon to protect the 
tuyere; the OBM process has proved successful in many respects, probably the most 
significant of which is the'close approach to equilibrium that can be obtained com-. 
pared to top blowing. However, this closer approach results in less iron oxidation (and 
therefore higher yields) which, in turn, decreases the energy available for scrap melt- 
ing, since the combustion of iron is exothermic:'~n., the average, the scrap melting 
'capability of the OBM/Q-BOP is lower than a typical BOF by about 2 to 4%. 

- .  . 

- Two principal methods have been used to increase the scrap capacity of the 
OBM. The first of these involves the use of the bottom tuyeres as oxy/fuel burners. 
However, these tuyeres, with their annular gaps designed for a propane flow equal to 
about 3% or less of the oxygen flow rate, cannot be used a t  practical pressures for the 

- much higher flow rates required to achievea sufficiently large heat input rate. Hence, 
long time periods are required for scrap preheating and furnace productivity is 
lowered. (Preheat efficiencies of about 60% can be obtained.) The second method 

- - involves charging scrap together with coke. An oxygen blow through the bottom 
tuyeres is used prior to charging hot metal to combust the coke rapidly and provide 
heat throughout the charge. Although relatively small-scale tests indicated an im- 

- - provement of about 8% in the scrap change weight (from 25 to 33%) with a preheating 
efficiency of 70%, tests in 200-ton vessels have not been entirely successful, probably 
because of uneven coke distributions. 

i- 

To avoid these problems, Maxhuette developed the OBM-S process (the "S" 
stands for increased scrap melting capacity). In this system, the annular gap for 

A hydrocarbon flow will permit a sufficiently large flow of liquid fuel for short preheating 
times. Alternatively, gaseous hydrocarbon is injected during the regular oxygen blow. 
Combined with the bottom tuyeres are two or more side tuyeres for oxygen injection to 

-- promote complete carbon combustion. A schematic of an OBM-S converter is given in 
Figure 11-12. Demonstration tests have shown that the fuel efficiency of scrap pre- 
heating is Lelween 65 and 75% and that scrap charges of 48% are feasible, Scrap 

-- charges can be further increased by the injection of carbon through the bottom tuyeres 
(Schempp, 1979). 
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FIGURE 11-12 SCHEMATIC DIAGRAM OF AN OBMS FURNACE 
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b. Potential for Energy Savings 
Energy savings result from scrap preheating in BOF steelmaking furnaces be- 

cause less hot metal is required per ton of raw steel produced as the fraction of scrap in 
the charge is increased. Hence, less energy must be expended in blast furnaces per ton 
of raw steel. 

The approach taken here to estimate the energy conservation potential was to 
consider two cases: 

1. BOF scrap preheating with top-lance injection of natural gas; and 

2. OBM-S scrap preheating with bottom-blown fuel oil. 

For both cases, we assumed that the consumption of .oxygen, flux material, refrac- 
tories, and alloying agents would be identical to that of a typical BOF operation. For 
top-lance injection, we assumed a preheat efficiency of 50% and a scrap chaige of 40%, 
while for the OBM-S case, we assume a preheat efficiency of 70% and a scrap charge of 
:45% (Schempp, 1979). We also assumed that the OBM-S process would result in a 1% 
improvement in iron yield. 

The energy consumption for these two situations is given in Table 11-7, along 
with the energy consumption in a typical BOF shop without preheating. It should be 
noted that the energy consumptions shown i n . ~ a b l e  11-7 do not contain allowances for 
oxygen, flux materials, refractories, or allowing agents, since we assumed the con- 
sumption of these items would to be identical for these three cases. 

Table 11-8 presents the energy savings associated with scrap preheating, taken 
from Table 11-7. Energy savings are presented in terms of Btu's per tori of raw steel; 
Btu's per incremental ton of scrap; quads per year, based on BOF production; and 
.quads per year based on available scrap. In the latter two cases, we assumed, respec- 
tively that: 

. .  . .  

(1) All BOF operations currently in producti&n in the united States would 
adopt scrap preheating and that total BOF raw steel production would 
be 83 million tons IAIME, 1979); and 

(2) Only 10 million tons of scrap, the current level of U.S. scrap exports, 
would be available for use in BOF furnaces utilizing scrap preheating. 
As indicated, total energy savings range from 0.21 to 0.32 quads per 
year. 

While these potential energy savings for scrap preheating are reasonable within 
the context of the assumptions made, it must berealized, that the domestic integrated , 

steel industry, as a whole, tends to limit its involvement with domestic scrap processes 
because of the volatility of the purchased scrap market. The steel industry has 
effectively utilized purchased scrap when supplies are available and the price low, but 
has only done this on a site-specific and time-dependent basis. To expect ail BOF 
shops to convert to top-lance scrap preheating or to OBM-S systems, and to operate 
these furnaces a t  maximum scrap capacity on a full-time basis would be unrealistic. 

. . 
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Case 

TABLE 11-7 

ENERGY CONSUMPTION FOR TWO SCRAP PREHEATING OPTIONS~ 

UnitsITon lo6 Btul 
Charge Units Raw StaeD lo6 ~ t u R l n i t  Raw Steel 

Hot metal tons ' ' 

Scrap .tons 

Total Energy Consumption 18.15 

BOF with top-lance Hot metal. tons .650 23.12~ 15.03 
preheatisgb Scrap tons .434 0.5e .22 

.Natural gas. lo3 cuh .41 1 .od .41 

, Total Energy ~on'sum~tion 15.66 . 

Hot metal tons 
Scrap . tons 
Oil gal 

Total Energy Consumption . 14.32 

a. Consumption of fluxes, oxygen, refractories, and alloying agents assumed constant for a l l  cases. 
b. Assumes 43% scrap charge and 50% preheating efliciency. 
c Assumes 5% scrap charge, 70% preReating.efficiency, and 1% imprivament in ircn recovery. 
d. Battelle Columbus Laboratories, "Potential for Energy Conservation in the Steel Industry," Contract No. C0-04-51874-00, 

May 30,1975. 
e. Kusik, C.L., and C.B. Kenahan, "En~rgv Use Patterns for Metal Recyding," U.S. Burezu of Mines Information circular, 

l C87&1,1978. 



TABLE 11-8 

POTENTIAL ENERGY SAVINGS ASSOCIATED WITH 
BOF SCRAP PREHEATING 

BOF with Top 
Energy Savings Lance Preheating OBM-S . . 

. . lo6 Btulton raw steel 
. . 

1 o6 Btulincremental ton scrap 20.67 22.81 

Quadslyear based on production , , 

of BOF raw steela . . 0.21 0.32 

Quadslyear based on "available" 
scrap b 

a. Assumes all BOF operations adopt scrap preheating and that total BOF production 
is 83 million tons of raw steel. 

b. Assumes that only. 10 million tons of &rap (the current level of U.S. scrap exports) 
are available for use in BOF scrap preheating operations. 

, .  . 

Therefore, the actual energy savings that could realistically be obtained .with scrap 
preheating would range from 0.05 to 0.15'~uad per year, or 0.60x108 t o  1.81x108 Btu's 
per ton of raw steel, based on the production of BOF raw steel in 1979 (83 million tons). 

c .  present Status of Development . . 

. . 
BOF scrap preheating using top lances as oxy-fuel burners has been utilized for 

many years by the domestic steel industry'when supplies of scrap are high and scrap 
prices low. Installations, such as the Alan. Wood BOF shop, have used this technology 
on a day-to-day bas&. while tests in other plants have tended to be short term, or 
small scale, the technology must be =insidered filly developed aird well known 

. . 
throughout the steelmaking industry. 

On the .other hand, the OBM-S process has only recently been introduced to 
American steelmakers. This .prodess, however, has bein demonstrated in 235- and 250- 
ton vessels in West Germany, where it was developed. At present, there is only one 
plant that has implemented this process, viz., National Steel's Granite City operation. 
National is proceeding with the modification of the plant's two 235-ton 'top-blown 
basic oxygen furnaces to make them jointly top and bottom blown. This process, 
known as the KMS (Klochner Maxhuette Scrap) system, is similar to t h e  OBM-s 
process, except that bottom-blown oxyacetylene is used for scrap preheating. Because 
of its proprietary nature, National Steel will' not divulge more specific information. 
However, conversations with National Steel's research managers revealed that the 
KMS will allow scrap charges of 45% to be used, increase iron recovery by 1-1.596, and 
produce a cleaner off-gas. Scrap utilization can be further increaued by injecting 
carbon through the bottom tuyeres. . . 
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The completion of Granite City's furnace conversion project is scheduled for the 
end of 1980. National Steel had also planned to install the KMS system in its Great 
Lakes division, but is presently holding up on the project because of a lack of capital. 

d. R&D Needs and Development Cost 
Top-lance preheating in a BOF converter can be coniidered a fully developed and 

demonstrated process technology. Potential improvements to this process would be 
operational in nature and include such items as decreasing preheat times and re- 
fractory wear. The OBM-S process has been demonstrated in European steelmaking 
plants (Boudin et al., 1979; Schempp, 1979) and is presently being installed in one 
U.S. operation. We understand that coke injection through bottom tuyeres to increase 
scrap capacity beyond 45% will also be tested. However, within the context of this 
study, thcse proccsscs arc being, or have been, demonstrated on a reasonable scale and 
with industry support; therefore, the rationale for Federal Government support should 
be carefully evaluated. 

e. Role of the Federal Government 
The domestic steel industry sees several advantages associated with the OBM-S 

process, from improved metallurgy to scrap flexibility, and is carefully monitoring 
~ a t i o n a l  Steel's progress in installing the KMS system. Should National Steel be 
successful, other companies will undoubtedly begin evaluating the possibility of instal- 
ling OBM-S systems in their own plants. 

8. Computer Model of Electric Arc Fur'nace 

a. Description 
Electric arc furnace production in the United States currently.runs to about 34 

million tons of raw steel per year. An examination of announced capacity increases in 
steelmaking indicates that electric furnace dapacity will increase by about 5 million 
tons. In addition, the rate of BOF to electric arc furnace production is about 1:l for 
planned capacity additions.. Since the BOF does not have' the scrap-melting capacity 
of the open hearth, electric arc furnades will take over part of the scrap melting 
function of the open- hearths that presently remain and are expected to close over the 
next decade. 

Electric furnaces consume a reported average of 480 k w h  per ton of raw steel; this 
translates into 0.17 quad for the 34 million tons produced in 1979. 

The principal heat losses arise from the following: 

Air drafts into the furnace and, from there, into the pollution control 
system; 

Losses from the furnace shell to the environment; 
' 

Cooling during charging; and 

Resistance losses in the electrical system. 
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. . 

An optional design should therefore include: 
. . 

Fast and efficient melting, which would require a modern ultra high- 
power supply and possibly preheated scrap; 

Efficient heat'transfer for &st melting and minimum shock to the refrac- . . 

tories; and 

Fast charging procedures. 

b. Potential for Energy Savings 
The thermal efficiency of electric furnaces is of the order of 75% a t  present. A 5% 

improvement would represent 24 kwh per ton (0.25 million Btulton), or 0.0085 quad in 
1979. Such savings would be reflected in the amount of fuel used by power generating 
stations. 

c. Present Status of Development 
The Massachusetts Institute of Technology, supported by the Department of 

Energy, is directing a project involving the development of a mathematical model of 
electric arc furnace operations. The purpose of the investigation is to develop a 
quantitative understanding of both the fundamental principles underlying the oper- 
ation of electric arc furnaces and the operational dynamics of melt shops. This project 
was started in 1977. Work has been done in the following areas: 

Mathematical Modelling of the Plasma Arc - A mathematical model 
has been developed to calculate velocity fields and temperature profiles 
in single-phase DC arcs. A heat balance has been established and the 
rate of heat transfer to the anode has been related to various operating 
parameters. 

Systems Modelling of Electric Arc Furnace Shops 

d.  R&D Needs and Developmental Costs - 

In spite of numerous past investigations, no satisfactory theoretical account of 
heat transfer, fluid flow, and melting phenomena in the electric arc furnace has been 
produced. A better understanding of such phennmena could lead to improvements in 
thermal efficiency; perhaps 5% would be a reasonable goal over the coming decade. 
The steel industry would certainly be receptive to better operating ideas; implementa- 

- .- tion would then be a question of overall economics. 

Further work with respect to electric arc furnace modelling would involve an 

-- examination of the interaction of the plasma jet (electric arc) on the molten metal on 
which it impinges. The goal of such modelling would be to extend the three-phase 
electric furnace plasma jet. The results of such modelling might be useful in under- 
standing the plasma steelmaking process that has been proposed (ASEA-SKF). 

e. Role of the Federal Government 
This work is of a theoretical nature and, since i t  is unlikely that steel companies 

would mount significant research effurt of a basic nature, continuation of this project 
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should be supported by the DOE. Potentially, it could result in a more energy-efficient 
&actice for all electric arc furnace operators, including those who could never afford 
that type of research. Thus, modest funding by the  DOE may play a meaningful role in 
this potential energy-conserving project. 

9. Particle Melting 
Fragmented scrap and direct reduced iron (DRI) pellets could become increas- 

ingly important to the steel industry in future years. Both of these sources of ferrous 
values conserve metallurgical coke, since blast furnace operations are not necessary in 
thcir production. Both will serve primarily as electric furnace feedstock, although the 
possibility of limited use in BOF and open-hearth operations also exists. Because of 
the size and shape of these materials, i t  is feasible to continuously feed them into 
electric steelmaking furnaces and thereby improve productivity. In fact, the con- 
tinuous feeding of D-R pellets has been practiced for several years in a number of -- 
installations. 

However, Elliott (1978) suggested that the mechanisms involved in the melting of . . 
fragmented scrap and D-R particles are not well understood; hence, the data necessary 
for the design and operation of an optimal melting system for energy conservation (or 
for other purposes as well) are not available. Therefore, Elliott has proposed that an 
investigation be directed into the factors that determine the rates at which particles of 
D-R materials and scrap are melted in steelmaking operations, and how it might be 
possible to  accomplish melting with greater efficiency in the use of energy, both by 
improved melting operations and by the use of energy-conserving raw materials. 

a. Description 
The mclting of D-R materials and scrap particles is a complicated process. 

Particles must be transported through an agitated slag layer to the slag-metal inter- 
face. During this time, the particles are heated by radiation from furnace walls and 
from the slag, and the heat conducted from slag and metal interfaces. The extent to 
which a frothy slag affects the heat transfer process is unknown, but i t  is generally 
accepted that good bubbling action decreases furnace wear, and so a frothy slag is 
usually encountered. The melting process for both D-R materials and scrap fragments 
should be similar, except that D-R materials engender gases which may or may not 
improve heat transfer. The effects of varying the degree of metallization of D-R 
particles (and thereby influencing the volumes and rates of gas evolution) on electrical 
energy consumption is not known. Although a particular D-R product may be "op- 
timal" with respect to the reduction process from which it was produced, i t  may not be 
"optimal" with respect to the melting process. 

The investigation proposed by Professor Elliott involves experimental measure- 
ments of various types of D-R materials and laboratory and computer modelling of the 
heating and melting particles in an electric arc melting system. 

b. Potential for Energy Savings 
Unlike most other energy-saving projects evaluated in this report, this particular 

project does not involve a new technology, but rather improved operating conditions. 
' 

, 

. . 
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Furthermore, it is a theoretical investigation based on laboratory studies. While this - 

project deals primarily with the use of DRI materials, the results may be applicable to 
the melting of scrap agglomerates and ~articles. This would include fragmented scrap, 
turnings and borings, and slag scrap fines, Although this study's potential for energy 
conservation is broad in scope, the data necessary for calculating energy savings 
cannot be well defined. Therefore, the approach taken here was to consider this project 
to be essentially an effort to improve operating procedures for electric furnace steel- 
making. Based on experience with other investigations involving improved operating 
practices, such as the implementation of computer control, a potential energy savings 
of 5% of total energy input is reasonable to expect. This energy savings should include ; 
both a reduction of electrical energy and a savings in electrode use. If one assumes that 
550 kWh,of electrical energy is required per ton of steel produced, and about 0.96x108 
Btu per ton of energy is lost in electrode wear (Battelle, 1975), an improvement of 5% 

, . 

would result in a savings of 

0.05 $50 kWh/ton x 10,500 Btu/kWh + 0;96x108 Btulton] 
= 0.34xlV Btulton. 

Since about 34 million tons of raw steel were produced by electric furnace in '1979 
(AISI, 19791, total energy savings per year would be about 1.14~10'~ Btu's.per year. 
.Importantly, since electric furnaces are expected to increase their share of raw steel 
production, this potential for energy savings should increase in the future. I t  should be 
noted that this calculated energy savings does not include credits for increased scrap 
utilization or for the use of direct reduced' iron pellets. 

c. Present Status of Development 
. . 

The investigation of the factors involved in the melting of D-R materials and 
scrap particles is currently being conducted under the direction of Professor Elliott a t  
the Massachusetts .Institute of Technology. The status of the three-phase investigation 
(described in subsection (a) above) is as follows: 

Task 1 - MIT has conducted previous studies to determine the volume 
and composition of the gases evolved from commercially available D-R 
inaterials as they are heated (Elliott, Naumnn, Sadrncehaad, 1878; 
Sadrnezhaad, 1979). Included are tests done on Midrex pellets, coarse ' 

ore, and HyL pellets. This work is presently being expanded to include 
FIOR and HIB briquettes and SL-RN product. Work is also proceeding ' .  

on the important question of developing D-R eamples of consistent 
... . .  . 

properties. 

Tusk 2 - Work on the phyeical modelling of heat tranafer in a boiling 
slag using pellets made of pivalic acid in air agitated water (or glycerol- 
water) has been completed. These testa showed that heat transfer can be 
described by the following dimensionless relationship: 

Nu = 0.167 ( K O ) " ~ ( S C ) ~ ~ ~ ,  

where Nu is the.Nusselt number, KO the.Kolmogoroff number, and Sc 
the Schmidt number. It ,was also determined that, for clumps of par- 
ticles, the heat' transfer area of concern is the exposed area and not the 
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sum of individual particle areas. No further work along these lines is 
planned. 

Task 3 - Work on developing a computer model of continuously feeding 
DRI and fragmented scrap to an electric furmice has not yet been 
started. It will be initiated toward the completion of Task 1. 

d.  ~ & ~ ' ~ e e d s  and Development Costs 
Based on 'conversations with Professor Elliott, we estimated that the additional 

budget required to complete the project would range from $50,000-$100,000. Within 
the next two years, full-scale testing would be necessary to demonstrate concept 
feasibility. We estimated that $200,000-400,000 would be necessary for this work. . 
Hence, we estimate the total additional development costs necessary to demonstrate 
improved particle melting techniques will range from $500,000-$1,000,000. This work 
would involve only the melting of D-R m ~ t . o r i ~ l s  and scrap in electric furnaces. The 
application of improved melting techniques to other steelmaking furnaces would 
require additional expenses which cannot be estimated a t  this time. 

e. Role of the Federal Government 
In view of the theoretical nature of this work and of its broad consequences, it 

may be appropriate for the Federal Government to fund the initial studies, that is, the 
present work and any follow-on work that might be necessary to complete the compu- 
ter modelling task. Additional Federal funds should be used to provide the incentives 
for the various steel companies to initiate full-scale testing. This might include 
publicizing laboratory findings and providing for measurement equipment and trained 
man-power for initial full-scale tests followed by disseminating results. 

D. STEELCASTING, REHEATING AND HEAT TREATING 

1. Convenlior'1a1 Technology 

a. Steelcasting 
The conventional-and original-method of casting steel, not only in the United 

States, but largely throughout the world, involves pouring molten steel (from the 
various steelmaking processes) into cast iron molds of various designs and dimensions. 
In this process, molten steel is poured into receiving ladles, which are transferred by 
crane to a line of ingot molds standing on small rail cars. The molten steel is 
discharged (teemed) from the bottom of the ladle through a cnnt.ro1 valve into the 
molds. After solidification, the filled ingot molds are usually transferred by rail tao a 
stripping building where the molds are removed from the ingots. Ingots are then 
reheated in soaking pits to 2200'-2400°F and rolled into slabs, blooms, and billets on 
primary breakdown mills. 

In continuous casting, a newer technology, molten steel is directly converted to 
semi-finished forms, e.g., (slabs, blooms, and billets), thus eliminating the need for 
soaking pits and primary breakdown mills. The basic concept is to use an open-ended 
mold for casting product to the approximate dimensions of the final or intermediate 

... < 
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product. Besides saving the energy associated with soaking pits and primary break- 
down mills, continuous casting also results in a higher yield and improved labor 
productivity. 

b. Reheating 
Steel is reheated to make it plastic enough for economic reduction in size.to the 

desired shape by rolling or forging. Ingots are reheated in soaking pits prior to being 
formed into slabs, billets, and blooms, and these shapes, in turn, are reheated prior to 
various hot rolling and working operations. 

The heating furnaces used in the steel industry are of three principal types: 

Soaking pits for primary heating, 

Slab/bloom reheaters for intermediate heating, or reheating, and 

Billet reheaters for intermediate heating, or reheating. 

Estimated capacities of U.S. steel industry soaking pits and reheating furnaces . are . 

given in Table II-9. 
. . 

TABLE 11-9 

ESTIMATED CAPACITIES OF U.S. STEEL 
INDUSTRY SOAKING PITS AND REHEATING FURNACES 

(millions of tons) 

Type of Furnace capacity 

Ingot Soaking Pit 
Cast Bloom and Billet Heating Furnaces 
Slab Reheaters - Plate 
Slab Reheaters - Strip 
Bloom Reheaters 
Billet Reheaters 
Pipe Mill Reheaters 
Tube Mill Reheaters 
Forging Reheaters 
Heavy Structural Mill Reheaters , 

Rail Mill Reheaters 

Source: , Arthur D. ,Little, Inc. 

A soaking pit is a heating furnace in which "as-cast" ingota are preheated to 
2150"-2450°F prior to hot rolling. The temperature of the soaking pit varies with the 
grade of steel, size of ingot, and rolling mill characteristics. Various designs of soaking 
pits are used, depending on the requirements of ingot shape, reheat temperature, 
furnace atmosphere, and the like. The United States has more than 2,500 soaking pits 
with an estimated total reheat capacity of approximately 186 million tons. The 
capacity utilization factor for these units is about 60-70%. 
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Slabbloom reheat furnaces are used to reheat slabs and blooms for further 
conversion into hot-rolled mill products. Their temperature is generally in the 2200- 
2400°F range. Two principal types of slabhloom reheating furnaces are used in the 
U.S. steel industry: the pusher type and the walking-beam type. 

About 90% of all slabbloom reheating furnaces are of the pusher type. In these 
furnaces, the inspected slab (which is usually a t  ambient temperature) is moved by a 
s mechanical pusher through the furnace on longitudinal pipes or "skids" a t  a controlled 
rate. Normally this furnace has several combustion zones, each with separate temper- 
ature controllers and burners. 

. Walking-beam furnaces, a newer technology, were introduced to overcome some 
of the limitations and drawbacks of the pusher type. These furnaces have a set of 
stationary water-cooled skids an well as a set of movable skids. Slabo arc lifted by the 
movable skids, advanced a few feet toward the discharge end, and lowered back on the - 

stationary skids. The movable skids then return to their starting point and a new cycle 
begins. Walking-beam furnaces provide a higher rehe~ting capacity per unit hearth 
area and a more uniformly reheated slab than do pusher-type furnacoo, but capital - 
custs are higher and energy efficiencies are lower. 

The billet ieheating furnace is used to reheat steel billets to 2100-2300°F for . . - - 
rolling in a rod or bar mill. Practically all of these furnaces are of the pusher type. 

c .  Heat Treating - -- 

Heat treatment is a process of controlled heating and cooling of steel workpieces . 
such that desirable physical and/or mechanical properties are attained through 
changes in the steel's microstructure. Various heat-treatment methods are used in the 
steel industry, including annealing, norhalizing, carburizing, and tempering. Of 
thesc, annealing uses the largest amount of energy in the U.S. steel industry because of 
thc tonnages treated. - 

T l ~ e  ~~ri l~cipt l l  purposes of annealing are to relieve stresses induced by cold or hot 
working and to soften the steel so as to improve its machinability or formability. It . -- 
may involve only a subcritical heating to relieve stresses, or heating above the critical 
temperature (that temperature above which phase changes occur) with subsequent 
transformation to pearlite on cooling. 

The ~implcst  annealing furllaces are Ihe direct-fired batch type with manual 
control. The more elaborate installations, used for large production lines, are con- 
tinuous-strip furnaccs with automatic program control. Approximately 60% of all 
annealinw furnaces are direct-fired, h ~ i t  in situatioi~n whurt, furnace atmoophcrc control 
is critical, muffle furnaces and radiant tube-fired furnaces are among the available 
choices. The most common types of annealing furnaces are: box, car-bottom, bell, and 
pit. 

Normalizing involves reheating the steel above its critical temperature and air 
cooling. It has two primary purposes: (1) to refine the grain, and (2) to obtain a 
carhide-size distribution which will be more favorable for carbide solution on sub- 
sequent heat treatment than the "as-rolled" structure. 
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In carburizing, a high-carbon surface layer is produced on low-carbon steel by' a 
surface reaction with carbonaceous materials. On quenching, the high-carbon "case" 
becomes very hard, while the low-carbon cone remains comparatively soft. The result 
is a wear-resistant exterior combined with a tough interior. 

Carburizing is most commonly carried out by packing steel in boxes with carbo- 
naceous materials, sealing to exclude the atmosphere, and heating to about 1700°F. 
This process is known as pack carburizing. Carburizing may also be,performed by 
heating steel in direct contact with carburizing gases, in which case it is known as gas . 

carburizing. Less commonly, liquid baths of carburizing salts are used. 

2. Hot lnspection of Steel 

a. Description 
Steelmakers have to inspect and remove many surface defects from all inter- 

mediate shapes. The process to remove the surface defects, called conditioning, is 
 especial!^ important to slabs, since mills process slabs into sheet and plate steel where 
high surface quality is essential. Hot inspection permits both the identification and 
the spot removal of the defects and permits further processing of hot intermediate 

. . 
shapes, such as slabs, blooms, or billets, without cooling for inspection. This procedure 
precludes the conventional requirement for reheating the intermediate shape to hot- 
rolling temperatures, thereby conserving the reheating energy. 

. . 

b. Potential for Energy Savings 
The potential energy saving that might accrue for hot inspection and spot 

scarfing arises from the elimination of thc reheating step for rolling. Comparisons with 
' conventional rolling indicate energy savings of 2.2 million Btu per ton of hot strip mill 
product. An additional 0.1 million Btu per ton is conserved a t  the soaking pits by 
careful management of charging and holding practices. The combined energy savings 
amount to 2.3 million Btu per ton of steel mill product over conventional (cold) 
inspection of slabs and subsequent reheating. 

On the basis of the above estimates, the potential energy saving hot inspection in 
1979 would have amounted to 294~10 '~  Btu, or approximately 0.29 quad. Table II-10 . 
shows the methodology used in deriving the energy saving that would accrue from the 
total adoption of the technology based on 1979 production figuree. 

TABLE 11-10 

ENERGY SAVING FROM HOT INSPEmION AND CONDITIONING 
FOLLOWED BY DIRECT ROLLING 

Hot Inspection Energy Saving Total Raw Steel Production Total Energy Saved 
(Btulton) (tonlyear 1 (Btulyear) 
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c .  Present Status of Development 
In a joint program partially funded by the DOE'S Office of Industrial Programs, 

the Honeywell Corporation and the U.S. Steel Corporation are in the initial stages of 
developing and testing a prototype system for hot inspection. In this program, the 
sensors and computer logic that will permit the detection of surface flaws on the hot 
steel shapes are being developed. If all the project goals are realized, the hot inspection 
prototype should be built and tested within the next three years. Until the prototype 
system is built and tested, however, we will not know whether the system has reached 
a point of development that will foster a wide adoption by the steel industry. 

d. R&D Needs and Costs 
We could not conrl1.1ct an independent aoscssment of the lechnology, since the 

detailed reports on the technology were not available to us. The critical tests of the 
adequacy of a hot-inspection system will occur during a forthcoming testing phase. 
The Lotal cost of developing hot-inspection to the demonstration stage is estimated a t  
about $7 million with this program calling for funding support of $3.8 million by the 
the U.S. Department of Energy. 

e. Role of the Federal Government 
The Federal Government should consider continuing its support of the project if 

it fits within its prevailing energy and budgetary guidelines. The program is in the 
high-risk development phase where it might be discontinued without the incentives of 
Federal cost-sharing. 

3. Slot Forge Furnace 

a. Description 
The forging industry uooo olot furnaces t.0 Bcdt 111eLul "sluuk" (rods, bus, billets, 

and the like) of various sizes in preparation for forging into various shapes, such as 
automotive parts, hand tools, and the like. Basically, the slot forge furnace is a 10-foot 
wide insulated box fired by one or more oil or gas burners. Along t,he hnt.t.orn of one side 
is a slot (4-6 inches high) through which the material to be heated is handled. This 
openlng usually has no door or enclosures. These furnaces typically operate a t  a very 
low efficiency, largely beca~lse the hot gas from the furnace interior exists a t  a high 
temperature. Other large sources of heat loss include radiation from the slot and, as in 
other furnaces, condu~t~ion tabrough the walls, roof, and bottom. The schedule of t l ~ e  
furnace operation (starts, slowdnwns, ~ n d  shutdowns) also affeoto furnnca efficienry 
In a typical slot forge furnace, only 5 to 15% of the heat content of the fuel is consumed 
in heating the stock. Energy efficiencies of 5 to 10% are common. 

Under contract with ODE, Hague International, Inc., of South Portland, Maine, 
developed and demonstrated a new high-efficiency slot forge furnace. The principal 
features of this furnace include: 

- A high-temperature ceramic recuperator;' 

. .- 
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- A recirculating burner; and 

- An improved furnace design (slot closure doors, insulation, sensors, and 
a cold frame). 

The greatest improvement results from reducing the stack gas temperatures by 
using a high-temperature ceramic recuperator which consists of multiple ceramic 
(Sic) tubes, ball and socket-jointed and spring-loaded. All components are manufac- 
tured by Hague International. 

The recuperator is a simple cross-flow type, with design effectiveness of about 
55%. A new design version with two-stage cross-counter flows is being developed, and 
its effectiveness has been measured as high as 67%. The recuperator is designed to be 
able to preheat combustion air to '1500-18000~; to date, however, a maximum preheat 
temperature of 1350,OF has been achieved, and in a more typical field operation, air is 
preheated to the 1000-1200°F range. 

The recirculating burner is of the transjet type, designed to recirculate a unit 
mass ratio of furnace gases to combustion air. Improved furnace design included a 
roof-fired furnace designed for 250°F external wall temperatures with 2500°F furnace 
temperature. The Hague furnace also incorpor'ates an 8-inch high slot with an enclo- 
sure or door. .Use of a coavoil slurry was also tested. 

b. Potential for Energy Savings 
According to Hague International, the mean specific heating rates of steel pro- 

cessed in its slot forge furnaces could be as low as 750 Btu's per pound. This is 
significantly lower than the industry practice of 2500 to 3500 Btu's per pound of steel 
processed (5 to 7 million Btu's per ton). However, since most original test work on the 
Hague furnace was done under controlled and optimum operating conditions with a 
relatively well trained staff, the results are probably optimistic for actual plant 
operating conditions. We expect that, under plant operating conditions, the slot forge 
furnace might achieve 800 to 1200 Btu's per pound of steel processed (1.6-2.4 million 
R t ~ l ' s  per ton), depending on the throughput, operator training, maintenance, and 
other factors. 

If all of the slot forge furnaces in the United States were to be replaced by Hague 
International's fuel-efficient furnaces, a projected sum of about 0.01 quadlyr of oil or 
natural gas energy might be saved. Most of the fuel (-80%) used - and thus to be 
saved - in the existing slot forge furnaces is natural gas. 

c.  Present Status of Development 
The Hague I~ternational fuel-efficient slot forge furnace is fuiiy developed and is 

presently being commercialized. According to Hague International, 12 systems, in- .  . 

cluding 6 retrofit systems, have already been installed. However, as is the case with 
any new equipment development, design modifications can be expected to improve 
furnace performance. 

. . 
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d. R&D Needs and Development Costs 
There are only minor, if any, R&D needs and development costs that remain, 

except for the commercialization and monitoring phase of this project. The monitoring 
phase is extremely important and should preferably be done independently by individ- 
uals not within Hague International. A well organized monitoring phase could cost as 
much as $200,000 and is an important phase of the total commercialization program. 
In the monitoring phase, the performance of the equipment and drawbacks, if any, 
should be reported and commercialization strategies recommended. 

e. Role of the Federal Government . 

Hague International's slot forge furnace has proved to be energy-efficient and 
already a number of units have been sold. Thesubstantial saving justifies considera- 
tion of. a number of actinns or roles the Federal Government could play Lo promote 
commercialization of this system. These should include: 

- Irnplemeiitation of an education program (through seminars, literature, 
etc.) for suppliers and potential users to learn from each d h e r  the pro's 
and con's of the system. Various components of energy-efficient fur- 
naces (e.g., the ceramic recuperator recirculating burner, etc.'), are also 
made by suppliers other than Hague International. They should also be 
a of the total program. 

- Provision of financial incentives, such as federal tax credits, loan guar- 
antees, and the like, to promote faster commercialization. 

4. Nitrogen-Based Carburizing 

ti. Descripliun 
Carburizing is a high-temperature process in which a carbonaceous material 

imparts a high-carbon surface layer or "case': to low-carbon steel. In pack carburizing, 
one packs the steel in a bed of solid carboneous material, such as coke, and heats the 
materials. in the absence of.air to 1700 F. In gas carburizing, which includes nitrogen- 
based carburizing one heats the steel in direct contact with a reducing atmosphere of 
carburizing gas containing active gases, such as methane or carbon monoxide. One 
may represent the reactions as follows: 

CH, + 3Fe -Fe,C + 2H,t 
2CO + 3Fe-Fe,C + C0,t. 

The principal advantages of gas carburizing over pack carburizing center on quicker 
processing of' the desl tl11L1 closer tolerances on the case depth. The princip~l dis- 
advantage of gas carburizing is the typical practice of using either natural gas or oil as 
feed material to generate the atmosphere. The steel manufacturers presently process 
most of their case-hardened steel by some form of gas carburizing. 

The object of the development is to reduce the amount of natural gas or oil 
needed to generate the carburiiing atmosphere. The development involves the use of 
nitrogen produced from an air-separation plant with the additions of other gases active 

- 
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in the carburizing process such as methane, methanol (it decomposes on contact with 
the steel to produce carbon monoxide and hydrogen), and carbon dioxide. The idea is 
that less natural gas or oil would be consumed generating the atmosphere in this 
fashion. An alternate method of reducing the gas and oil needed would be to use a coal- 
fired burner to generate the feedstock for an endothermic gas. 

b. Potential for'Energy Savings 
The Air Products Corporation has made several measurements of potential 

energy saving, based on both the energy needed to produce the atmosphere and 
changes in the feed needed to keep the furnace a t  temperature. The highest energy 
saving measured for a carburizing atmosphere was 17%, reported in the firm's Sixth 
Quarterly Report. It was effected'if the processor took advantage of a piocess offering a 
shorter treating time. A preliminary estimate of the effect of a 17% saving would be 
10.2 trillion Btu's per year from conversion of endothermic atmospheres to nitrogen- 
based carburizing atmospheres. Table II-11 lists the assumptions used in deriving the 
savings. 

c .  Present Status of Development 
As of April 1980, about 20 plants employed a nitrogen-methanol system to gas- 

carburize steel products. Systems have been developed by the Linde Division of Union 
Carbide and Air Products. Corp. In earlier visits, INEL/EG&G personnel who in- 
spected several of the heat treaters using the nitrogen-methanol system found that the 
users were highly pleased with their systems. The commercial viability of the process 
seems well advanced. 

d.  R&D Needs and Development Costs 
Since the process has been commercially applied by the Linde Division, t h e  

,project has passed the commercial demonstration. stage. The estimatedcosts for all 
companies to test and prove this process for commercialization has been set a t .$ l  
million. 

e. Role of the Federal Government 
The Federal Government should review its involvement in the program because 

of the present high commercial viability of this process. 

5. Fluid Bed Heat Treating 

a. Description 
If a reservoir containing finely divided, inert particles is constructed so that a gas 

(or liquid) can be distributed and passed up through the bed of particles, a fluidized 
state in which the individual particles become microscopically separated from each 
other by the rising gas stream can be achieved. The fluidized bed behaves remarkably 
like a low-viscosity fluid, exhibiting characteristics which are generally attributed to a 

. . , , 

liquid state. 
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TABLE 11-11 

ENERGY SAVING FROM CARBURlZlNG ALL HEAT-TREATABLE 
ALLOY STEELS 

For 1978 Short Tons Short Tons 

All Alloy Steel Produced . 18,070,315* 

Non Treatable Alloy steelst 

High-silicon Steels 1,171,803" 
High-strength Steels 6,446,889" 
Miscellaneous Steels 910.702" 

Total Non-Heatable . 

Heat-treatable Alloy Steel by Difference 

Therefore, 62.8% of all alloy steels are heal-treatable 

Total Alloy Steel Shipments 10,556,740"' 

Total Heat-treatable Alloy Steel 
(52.8% of the Total) 

At an energy consumption of 10.8 million Btu's per Ton of Steel*"" for the atmos- 
phere and heating of the furnace, the maximum potential saving would be: 

Saving = (5,574,000 tons) (10.8~10~ Btu/ton)(O.l7) = 10.2 Trillion Btu's 
. . 

. * 

"MetalSratistics 1979, Fairchild Publications, A Division of Capital Cities Media , . . 

Inc., New York, N.Y., 1979, page 196. 
"/bid., page 208. 

% ***Air Products Corporation data for a continuous-belt furnace, reported in Sixth 
Quarterly Report. 

+AS designated by Air Products 

Because of the excellent contacting characteristics between the solid particles 
and the liquid or gaseous phase, the f l i i id ix~d hed has found numerouo industrial 
applications in areas involving heterogeneous heat transfer, mnss transfer, and chern 
ical reactions. One of the main usera of this technique is the oil industry, where 
fluidized beds serve as reactors for production of high octane gasoline, thermal crack- 
ing of petroleum feedstocks, catalytic cracking of heavy hydrocarbons to lower molecu- 
lar weight compounds, and carbonization and gasification of oil shale, coal, and coke. 
Physical operations perfornisd in fluidized beds include drying of granular materials 
and powders, mixing of powders, quenching hot gases, and coating plastic materials on 
metal surfaces. 

. .- 
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Heat treatment in fluidized beds was originally patented in 1950: However, in the 
earlier furnaces, it was only possible to heat the beds electrically, making their use for 
metal processing a t  temperatures above 1300°F. difficult and inefficient. The tech- 
nique was therefore not widely adopted in industry. Recently though, with the advent 
of fuel-fired fluidized beds (in which a gaslair mixture is used both as a heating and 
fluidization medium), temperatures up to 2200°F are attainable in an effective and 
efficient manner. As a result, fluidized bed furnaces are available to perform standard 

. heat treating operations, such as: 

Tempering, 
Annealing, 
Case hardening (carburizing), 
Carbonitriding, 
Patenting, and 
Recrystallization. 

There are currently two types of fuel-fired fluidized beds: (1) internally fired beds 
that operate a t  high temperatures (1400-2200°F) and (2) externally fired beds that 
function at lower temperatures. 

An example of an internally fired bed is shown in Figure II-13. Gas and air are 
mixed together in near stoichiometric proportions and passed through a ce- 
ramic distribution plate over which the particles are fluidized in the gas stream. The 
bed is held in a metallic or refractory container and is ignited by initially lighting the 
combustion mixture a t  the top. The flame-front gradually moves down the depth of 
the bed until it stabilizes above the ceramic plate. The combustion then takes place 
spontaneously within about liinch of the plate surface. Metal components to be heated 
are immersed into the fluidized bathof particles as,if it were a liquid. 

Typical operating fluid velocities lie in the range of 0.5 to 3.0 feet per second with 
particles ranging from 300 to 800 microns in diameter. These parameters are usually 
chosen more to achieve stable fluidizing conditions than maximum heat-transfer 
conditions. At higher temperatures, however, a radiation effect minimizes the effects 
of particle diameter and fluid velocity on the heat transfer coefficient. Normal oper- 
ating temperatures for internally fired fluidized beds lie in the range of 1400 to 2200°F. 

Because it is difficult to stabilize internally fired beds a t  temperatures below 
1400°F, externally fired beds must be used. In one type of externally fired fluidized bed 
(shown in Figure 11-14) an excess air burner fires into a plenum chamber over which a 
fluidized bed is supported on a porous metallic distributor plate. The temperature of 
the bed is controlled by varying the gas supply to the burner a t  a constant air input. 
The bed is fluidized by the products of combustion from the plenum chamber. At the 
lower temperatures employed in externally fired beds, typically 450" to 1400OF, stable 
combustion conditions and radiation are not considerations. Particles within the bed 
are sized to achieve the maximum heat transfer coefficient consistent with good 
fluidization characteristics. 
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FIGURE 11-14 SCHEMATIC DIAGRAM OF AN EXTERNALLY FIRED 
FLUIDIZED BED FURNACE 
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Fluidized beds can also be heated electrically by suitably sheathed internal 
resistance elements which radiate heat to a metal container and thereby preheat 
incoming gas. The major disadvantages of electrically heated beds are their slow 
heating rate from cold conditions (typically 4-5 hours to 1500°F) and a slow recovery 
rate. Since the heat source is remote from the particles, a drop in heat-transfer 
efficiency results from heat having to pass through the interphases. 

b. Potential for Energy Savings 
Several investigators have reported that fluid bed heat treating can result in 

energy savings of more than 50% when compared with conventional heat treatment 
furnaces (Reynoldson, 1978; Fennel1 e t  al., 1978). These savings are generally the 
result of 

(1) Shorter processing times (which decrease furnace heat losses per ton of 
product), and 

(2) The ability to shut off a fluid bed furnace when it is not in uae due to its 
rapid heat-up characteristics. 

Both of these benefits derive from the 5- to 10-fold increase in heat-transfer coefficients 
for fluid beds over conventional forced-air circulation furnaces. 

Although the above energy saving per ton of product is fairly well documented, 
because of the amorphous nature of the heat treating industry, i t  is difficult to assess 
the impact of such savings on a national basis. Based on AISI statistics for finished 
steel, it has been estimated here that about 40 million tons of steel were heat-treated in 
1979. Since the bulk of this steel was heat-treated in a neutral atmosphere (annealed, 
tempered, etc,), it is conservatively estimated that 1-3 million Btu's per ton of product 
are required for heat trcating (Arthur D. Little, Inc., 1978). Hence, tolal energy 
requirements for heat treating are estimated a t  4x1018 to l.2x1014 Btu's for 1979. On the 
assumption that fluid bed technology could be applied in 50% nf all heat-treating 
f~c i l i t i es ,  and that a 50% reduction in snorgy oonoumption would rsnult, the total 
energy saving potential of fluid bed heat treating is estimated a t  1xlOl8 to 3x1018 Btu's 
per year. This estimated energy saving does not include the application of fluidized 
beds to other heating practices, such as scrap preheating or steel reheating. 

c. Present Status of Development 
Fluidized bed technology for heat-treating ferrous products is fully developed 

and commercially available. What remains to be done is to convince practicing heat 
treaters that  the technology can result in a significant energy saving, while a t  the same 
time competing eoonomiaally with convcntionnl frjrn~caa. 

At present, the main drawback to fluidized bed technology appear8 to be capital 
costs. Although these costs are somewhat lower than comparable salt baths (when 
required pollution control equipment is considered), they are higher than forced-air 
circulation furnaces. Furthermore, the impact on the heat-treating industry of rapidly 
replacing present operating furnaces with fluidized beds would be tremendous. There- 
fore, it appears that this technology will have to be phased in during the normal, albeit 

. slow, course of capital replacement and improvement programs. 
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To reduce the capital costs associated with fluid bed furnaces, DOE is currently 
investigating the feasibility of converting a typical conventional heat-treating furnace 
into a fluidized bed. This study, undertaken by Procedyne Corp., can potentially 
result in a conversion kit which could be made available to heat-treating shops and 
allow them to adopt fluid bed technology a t  reduced capital costs. ~onversations'with 
Procedyne indicate that an integral quench furnace has been successfully converted, 
and that field studies to document furnace performance will be performed in'the near 
future. 

d .  R&D Costs and Development Needs 
Since fluidized bed technology is commercially developed, R&D needs are min- 

imal and, in general, tend to be associated with peripheral operations, such as mate- 
rials handling. The application of fluidized bed technology to such heating operations 
as scrap preheating or steel preheating deserves further investigation. It is estimated 
that $200,000 to $500,000 may be required to investigate new applications for fluid 
beds and in determining optimum operating practices. 

e. Role of Federal ,Government 
Within the context of fluid bed technology, the role of the Federal Government is 

seen as one of monitoring and documenting the energy saving in operating plants and 
in its findings. It may also be appropriate for the Federal Government to 
undertake basic studies into the applicability of fluidized beds into such areas as scrap 
preheating. 

E. OTHER ENERGY CONSERVATION OPPORTUNITIES 

1. lron and Steelmaking Dusts and.sludges 

a. Description 
. Flue dusts, mill scale, and other implant fines are generated in significant 
quantities a t  various stages of the iron and'steelmaking sequence. In addition to iron, 
these materials contain such valuable constituents as carbon, zinc, and lead. Table II- 
12 summarizes our estimates of the quantities and origins of emission of these mate- 
rials in the United States, based on 1978 figures. 

Examination of Table 11-12 shows that about 19 million tons of flue dusts and 
mill scale are generated by the iron and steelmaking industry. Traditionally, the iron- 
making flile d11st,s have been recycled to sinter strands, with both the iron and coke 
breeze values contained in the flue dust thereby being utilized. Mill scale has been 
recycled both to the sinter strand as well as the blast furnaces. As indicated in Table 
11-12, mill scale typically contains about 66-67% iron and predominantly conaiste of 
iron oxide. 

Steelmaking flue dusts traditionally have not been recycled in the steel industry 
because of the large amount of zinc they contain. In the past few years, changes have 
started to occur in the iron and uteel industry, with the resulting implication reflecting 
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Process Unit 

Iron Making . 

Blast Furnace 

Steel Making 
Open Hearth 

Basic Oxygen Funnace 

Electric Arc Furnace 

Subtotal 

TABLE 11-12 . . 

ORIGIN AND QUANTITY OF RECOVERABLE MATERIALS 
FRONl FLUE IWSTS AND MILL SCALE IN THE 

U.S. IRON AND STEEL INDUSTRY (1978) 

Nature and Composition Amount of Quantity of Recoverable Materials 
of Effluenr Effluent (Million tons) 

Flue Dust: Fe 41%, C 33% 44 Iblton 

Flue D'wst: Fe 39%, Zn 5-9% 22.5 Iblton 

Flue Dust: Fe 46.6%, C 1.85%, 
Zn 3-6.3% 47.5 lbhon 

Flue.Dust: Fe 32%, C 1.85%, 
Zn 16.24.8%, 
Pb 2 . s  24 Iblton 

Steel Fabrication, Finishing 
l ngot Preparat'on, 
Rolling Mills Scarf ins Mill Scale: Fe 66;4% 2 1 3.4 Iblm I 

raw steel 

TOTAL 



upon the ability of steelmakers to recycle these materials. Because a larger and larger 
proportion of the iron making units fed to a blast furnace consist of pellets rather than 
sinter, there has been a decrease in the use of sinter strands in the United States. In 

.addition, a large number of sintering facilities are relatively old and have large 
pollution control problems, with the result that many sinter strands are being fofced to 
close because of pressures from air quality proponents. As a result, i t  is becoming more 
difficult to recycle blast furnace flue dusts and mill scale to on-site sinter strands a t  
steel facilities. 

Finally, many of the steel mills are relatively old and, as cities have expanded 
around the mills, available space around the mills has often become limited. As a 
result, many such mills are beginning to encounter difficulties in disposing of steel mill 
waste materials by land filling. This is especially true of the blast furnace flue dust and 
the steelmaking flue dust which account for more than 4.5 million tons of material 
annually. To a large extent, mill scale can still be recycled since some of it can be 
introduced into blast furnaces. 

If a waste product is recycled to the blast furnaces or steelmaking furnaces, i t  
would have to meet certain chemical and physical requirements. For example, in the 
blast furnace, the zinc and lead content of the flue dust must be low. Furthermore, the 
product must have physical strength, while having adequate reducibility and softening 
characteristics. If the recycled product is introduced into the blast furnace, iron.can.be 
in the form of an oxide. However, if such a product is introduced into the steelmaking 

.furnaces, such as the electrical arc furnace or the basic oxygen furnace, the iron oxide 
would have to be reduced because such steelmaking furnaces have little capability for 
econonically carrying out the reduction reactions. 

Several processes have been developed for recycling of flue dust outside the 
United States, depending upon whether there is a need to de-zinc the material or not. 
All of the commercialized processes are pyrometallurgical in nature. The 
hydrometallurgical processes have not been developed to the point where they have 
been commercialized, although several patents do exist. Table 11-13 summarizes the 
main processes that have been developed for recycling. The predominant processes 
which have the capability to remove zinc have been developed abroad. These include 
the German Lurgi process and the Japanese developments by Kawasaki, Sumitomo, 
Ryoho, and Sotetsu. 

The predominant non-dezincing processes (i.e., those that do not have the ability 
to remove zinc) include the Grancold, asphalt bonding development by Heurtey and 
Shell in France, the Ferrocarb process, the Aglomet process and the MTU process (also 
known as the Pelletech process). Typically, these non-dezincing processes, are not 
carried out in a reducing atmosphere and thus the final product is an oxide which is 
only suitable for addition to blast furnace. 

b. Potential Energy . Savings . 

Most recycling processes provide an outlet for coke breeze. They also make use of 
the large amounts of carbon contained.in blast furnace flue dusts. In this fashion, they 
oon~biile natural reeource recovcry and fuel saving. 
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. .. TABLE 11-13 

PROCESSES FOR RECYCLING FLUE DUSTS AND IN-PLANT FINES . 
' 

: 

Process Developer 

Dezincing Processes 

Kawasaki Kawasaki Steel Corporation, Kawasaki Heavy 
Industries Ltd.; Japan 

Sumitomo 
Sumitorno Dust Reduction (SDR) Sumitomo Metals, Sumitorno Heavy Industries, Japan 

Sumitomo,Pre-reduction Method (SPM) Sumitomo Metals and Kuboto Iron Works Company, 
.lapan 

Ryoho Recycle Ml~sublsh! and ToRo Zinc AEN, Japan 

Sotetsu Metals (Waelz) Kiln Process Sotetsu Metals,.Japan 

Lurgi .Process (SLIRN) 8 Lurgi GMBH, Germany 

Nondezincing Processes 

Grancold Process Granges A-B, Sweden 

Asphalt Bonding. S.A. HeurteyIShell Francaise, France 

Ferrocarb Process Reclasource, Subsidy, Berwind Corporation, U;'S.A. 

Aglomot Process Aglomet Corporation 

MTU Cold Bond Process (Michigan Pelletech Corporation, U.S.A. 
Technical University) 

Green Pelletizing Process Bethlehem Steel Corporation, U.S.A. 

Pre-reduced pellets made from steel mill dusts, sludges, and the like, require 
about half  the coke needed b y  oxide pellets in blast furnace smelting. These processes 
spare metallurgical coal, conserve natural resources, and save the energy used in 
ni i~ i ing,  beneflciation, agglomeration, and transportation. Additional savings nre 
associated w i th  the zinc concentrate. A net energy balance for these recycling pro- 
cesses has to be developed. 

. . 
It is no t  unreasonable to cxpcct the amount of waste mabrialw recycled t o  the, 

blast furnace to average 6% of the iron units contained in the burden. Such practice 
applied'to pelletized prereduced materials would save about 0.037 quad in the form of 
coke (Arthur D. ~ i t t l e ,  1978). 

-- 
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Asphalt bonding in essence substitutes asphalt for metallurgical coke. The over- 
all energy balance on a straight Btu basis is about even; the energy expended in 
briquette preparation is practically offset by the energy saved in recycling carbon- 
bearing dusts. 

Other cold bonding processes save energy in that they represent an on-site source 
of ~ a w  materials and thus eliminate ener'gy use in mining, milling, and transportation.. 

c. Present Status of Development 
All of the de-zincing processes have been demonstrated outside the United 

States. The Ferrocarb, Aglomet, and Pelletech processes were developed.in the United 

-- States. 

Steel mills have been reluctant to invest in such dust recycling facilities for a 
variety of reasons: 

It is unusual for a single plant to generate enough flue dust to supply a 
minimum, economic size flue-dust-recycling facility. 

.. Concerns have been voiced about a facility that would be jointly held by 
several steel companies, largely because it might trigger antitrust action. 

Because of limitations in internally generated capital funds and limita-, 
tions in the ability to raise capital from outside sources, the steel in- 
dustry 'would rather invest in steelmaking facilities which can increase 
the productivity, or otherwise might make them more competitive. As a 
result, there is a reluctance to invest in a flue-dust-recycling facility that 
is only ti pedyheral function to steelmaking'activities. A 300,000 ton per 
year plant (the typical size of industrial kilns) would cost: upwards of $20 
million. 

The most advanced processes are the high-temperature de-zincing processes. 
They have been proven under Japanese conditions, but not under U.S. conditions. 
Economic calculations show them to be increasingly attractive, because of higher costs 
for disposal of flue dusts. 

There is some technological risk, because'flue dust processes are very difficult to 
operate properly, and because site-specific conditions may require major specific 
adaptations. 

Because of present concerns relating to capital availability, the steel industry is 
not likely to make such an effort on its own. The lower temperature, cheaper processes 
have aroused enough interest to lead to industrial tests, but these tests have not been 
definit.ive to date. 

- 

d. R&D Needs and Developmental Costs 
A Level 2 energy accounting study (including the energy of materials consumed) 

,should be made to determine whether energy. can he conserved by such recycling, Most 
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of the available processes have been developed in response to environmental pressures 
and are not optimized with respect to energy use. There is a need to determine if -7 

existing processes can be optimized with respect to energy use. 

Most of the de-zincing processes produce a zinc concentrate. Adequate tech- 
nology has to be developed to handle such concentrates; i.e., to produce zinc metal or 
zinc oxide. Various hydrometallurgical and pyrometallurgical approaches have been 
suggested. One novel approach is the use of hydrocyclon.ing of flue dusts-as zinc 
content of fines is richer with respect to zinc. Because of the variety of technologies 
involved, it is difficult to estimate developmental costs. 

e. Robe of Federal Government 
As recycling might be a better way of addressing concerns about hazardous waste - 

disposal, a Government-indu~try program aimed a t  developing opt,im~lm recycline 
technology is desirable. Goverriment agencies, such as the EPA and DOE, would 
probably be involved in such an effort. -- 

2. Hierarchical Computer Control .,. 

. -. . 

a. Description 
An all-encompassing hierarchical electronic data processing (EDP) system is 

shown in Figure 11-15. Theoretically, it starts with subsystems under unit digital or 
analog control (Level 1) and winds up with a management information system (MIS) 
a t  the top (Level 4). The four-level distinction is not unique to the steel industry. With 
minor variations, it represents the general configuration adapted far cnmplex indus- - - ,  

trial integrated EDP systems. A brief description of the four levels follows. 

Level 1 is the base of the pyramid. I t  consists of numerous autonomous - 
regulators that control individual plant equipment (e.g., individual fur- 
naces, casting machines, roll trains). 

Level 2 is the process control level which supplies optional set points to - 

autonomous regulators. 

Level 3 coordinates the production level for each major plant subdivision 
(coking, blast furnace, steelmaking, rolling), executing the correspond- -- 
ing short-term preliminary production plant defined by Level 1. 

Level 4 is concerned with control planning in view of the order backlog 
and production data; it performs a number of administrative tasks that 
include short-term preliminary production plans for the operation as a 
whole. 

The result is a fairly complex network of computers communicating with each 
other via a high-speed data highway or phone link. Each level controls the level 
immediately below it, and interferes as little as possible with any level above it except - - 

for feedback information. 
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b. Potential for Energy Saving 
~ierarchical  EDP control would provide information to schedule materials and 

equipment throughout the steel plant. In addition, such a system would provide 
additional benefits in terms of improved yields and product quality and increased 
productivity of equipment and labor, with further energy conservation implied in 
improved productivity. Professor Theodore Williams of Purdue estimates a 5% energy 
reduction from "control enforcement" and an additional 3-5% from improved sched- 
uling efficiency, or a saving of about 1.5-3.0 million Btu per ton of steel. It is possible 
that these savings are optimistic; however, no hard data are available. Major savings 
are likely to be realized primarily a t  the process level by better instrumentation, 
software development, and computer hardware. 

c. Present Status of Development 
The state of the art in integrated EDP systems is to be found in Japan, The large 

modern plants of Oita (Nippon Steel) and Kimitsu (Nippon Steel) are described as the 
most advanced achievement in the field. 'l'he Oita system (Figure IT-16) is close to a 
complete "hierarchical" systcm. What is missing is eseentially an optimizing 
algorithm that would use the data acquired by the system to supervise the entire 
operation. A number of links are still missing; 

While no U.S. companies have systems integrated to the scale developed by the 
Japanese; the start of such systems is operational in the form of working linkages and 
data transfer between levels in six plants for four major U.S. companies (Long, 1978). 

. In 1973 the Purdue Laboratory for Ap$lied Industrial Control established a 
project to develop the specification for an overall hierarchical computer control system 
for a large industrial manufacturilig cdmplkx - a steel mill, for example. These 
specifications have been developed (Williams, 1980). In addition, major additional 
results were'developed, as listed in Table II-14.. The project was sponsored by the 
National Science Foundation and several U.S. and Canadian steel companies. 

d. R&D Needs and Developmental Costs 
The Purdue Laboratory for Applied Industrial Control has proposed a project to 

the Department of Energy to determine the potential energy benefits and costs of 
hierarchical computer control systems in an integrated eteel plant. Such a project 
would quantify the energy saving to be derived from hierarchical computer control. 

Substantial progress has been made in the needed technologies: sensnra, than- 
retical models, computer hardware, and data processing. However. the environment 
(heat, dirt, corrosives, etc.j in this industry precludes the use of many commercially 
available sensors and analyzers. The need is then for development of suitable on-line 
sensors and anlyzers which can be profitably produced and are cost effective to 
purchase. 

Levels 3 and 4 are still plagued by the following problems: 
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Source: Transactions, IS1 J, 1976. 

FIGURE 11-16 ' THE OITA HIERARCHICAL COMPUTER SYSTEM 



TABLE' 11-14 

RESULTS FROM PROJECT ON HIERARCHICAL COMPUTER CONTROL SYSTEMS - 
PURDUE LABORATORY FOR APPLIED INDUSTRIES CONTROL 

Comprehensive steady-state model of the blast furnace. 

Simplified geometric analog model of ingot heating and cooling which allows on-line optimization 
of the task. 

Optimization models of soaking pit, slabbing mill, and associated units; these techniques are adaptable 
to other parallel and sequential steel mill processingunits. 

Overall steel mill simulation model. 

New technique for carrying out the adaptive control in establishin0 rolling mills, 

+ Roliobility study simulation scheme. 

A.new keuristic computer-based algorithm for optimization of the scheduling of steel plant production. 

Simulation of a rail transportation system within the plant. 

Study of intercomputer communication techniques to select the best for incorporation into a proposed 
hierarchical computer control system. 

Technical feasibility and specifications of computer capabilities necessary for an on-line defect detection 
system .for strip steel products from hot and cold rolling mills, pickling lines, temper mills, coating lines. 

* Serics of simulation techniques for the study of manpower requlrements and manlmachine interface 
needs for all steel mill operations as well as those for other industries. 

A 

!' 

Source: Williams, 1980. 

. . - 

Some uf the lowor lcvcl arca or processes are  rot ul~dsr dynamic control. - 
The blast furnace is perhaps the he8t exarnpl~ nf II process unit in which 
closed-loop control technology is not state of the art, and this precludes 
higher level supervisory control. -- 
Present-day computer~ and control in~trurnmt3 manufaclurwd by differ- 
cnt companies have poor compatibility, which makes it difficult to 
interconnect them. - , a 

t 

The mass of data to be analyzed is staggering. Inland Steel's Indiana r 

Harbor plant, for instance, req i~ i r~s  that track be kept of about 7,000 
ingots, 15,000 slags, 50,000 billets or bars, and 30,000 finished products - 
at  any one time, since the plant produces more than 8 million tons of raw 
steel per year (Sugarman, 1978). The problem is one of timely data 
collection and retrieval under tight cost constraints. 

T 
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Production supervision involves difficult non-linear programming. Reac-' 
tion kinetics, energy transfer rates, equipment breakdown or jamming 
probability, and costlquality trade-offs are all variables that are not yet 

. well enough in hand for any cost-effective supervisory control to be 
possible. The need clearly is for a major basic and applied research effort 
that is not likely to pay off for some time, especially considering the 
diversities of c'ompanies and process'unit a t  any site. 

e. Role of the Federal Government 
Integrated computer system development for the steel industry is hampered by a 

number of considerable obstacles: 

The cost of R&D work required is such that few, if any, single companies 
can afford it. 

Any algorithm, once,developed, may well be so plant-specific that it . 

might be very difficult to derive from models applicable to other plants. 

An optimization model is only as good as the optimization criteria used.. 
For instance, it may be difficult to take into account the "goodwill" 
value of satisfying a customer according to schedules different from the 
most cost-effective ones in the hope of increasing the company's volume 
of business with him. 

The present.interna1 accounting system ,of domestic companies does not 
give a solid basis for cost optimization. 

Many facilities are too old to even be candidates for total computer 
integration. 

Government support of steel company efforts in collecting and analyzing time- 
related data for the development of dynamic models might well shorten the time 
needed for development of such models. 

We note that many of the instrumentation and process control needs are unique 
to the iron and steel industry. High developmental costs and limited markets for any 
sensors and instrumentation developed do not make the steel industry a particularly 
attractive market for instrumentation and control companies. The steel industry has 
the technical resources and facilities to undertake the development and implementa- 
tion of these concepts if they are shown to be cost-effective. However, the initiation of 
such projects has been hampered by economic constraints, financial limitations, and 
capital expenditure for more pressing problems, such as regulating agency-mandated 
projects unrelated to energy considerations. With Government support of cost-shared 
projects, the elapsed time for the commercia! acceptance of sound, economically viable 
projects would be undoubtedly shortened. 
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Ill. ALUMINUM INDUSTRY 

A.' INDUSTRY CHARACTERIZATION 

1. Description of Industry 
The U.S. aluminum industry consists of 12 primary aluminum producers with a 

total capacity of more than 5 million tons annually. Approximately 750 plants produce 
aluminum semi-fabricated products and about 90 secondary aluminum plants recycle 
aluminum. The principal operations of the primary aluminum industry consist of: 

I 

Refining of bauxite ore by the Bayer process; 

Electrolytic reduction of alumina to aluminum by' the Hall-Heroult 
process; and 

Prduction of semi-fabricated.products. 

The principal operations of the secondary aluminum industry consist of: 

. Collection of scrap, 

Preparation of scrap, and 
' 

Smelting of scrap to produce hot metal or ingot that is consumed princi- 
pally by foundries. 

a. Energy Efficiency 
. . 

Significant quantities of energy are consumed in aluminum production, about 1 
quad in 1979, about 11% of which was in alumina and bauxite operations, 70% in 
smelting, and 19% in fabrication. Present-day U.S. aluminum facilities (average age, 
20.5 years) were built largely a t  a time when fuels were plentiful and available a t  low 
cost. Energy was used as efficiently as could be econoniically justified by relative 
capital costs, productivity, and the like. The aluminum industry consumea a consid- 
erable amount of energy, mostly electrical. A large portion of this energy is consumed 
in smelting. The aluminum industry has reduced the energy used in smelting from 
more than 12 kwh per pound of aluminum to about 8 kwh per pound a t  present. The 
best available commercial U.S. Hall-Heroult techndogy requires about 6 kwh per 
pound of aluminum. The pilot commercial operation of the Alcoa smelting process 
reportedly uses less than 5 kwh per pound. Some of the hindrances in increasing 
energy efficiency have been difficulties in retrofitting existing facilities, limited 
availability of capital, the high cost of borrowing capital, and necessary expenditures 
for pollution abatement. 

b. Plant Locations 
( I )  Primary Aluminum Industry - Figure III-1 shows the locations of alumina 

plants and aluminum smelters in the unitedstates,. Of the nine alumina eight 
are located in the cnntinental United States and the ninth ie located in the Virgin 
Islands on the Island of St. Croix. Table III-1 lists the alumina plants in the United 
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FIGURE 111-1 LOCATION OF ALUMINA PLANTS AND ALUMINUM SMELTERS IN  THE UNITED STATES 



TABLE 111-1 

Coinpany and Plant 

U.S. ALUMINA'PLANTS/CAPACITIES 

Capacity in 1976"" 
(Equivalent Aluminum) 

(thousand short-tonslvear 1 

Aluminum Company of America 

Mobile, AL 
Bauxite, AR 
Point Comfort, TX 

Martin Marietta 

St. Croix, VI 

Kaiser Aluminum and Chemical 

Baton Rouge, LA 
Gramercy, LA 

. . 

Reynolds Metals Company 

Hurricane Creek, AR 
Cropus Christi, TX 

Ormet Corporation* 

Burnside, LA 

Total U.S. 

Plant Company 

*A 66-34 joint venture between Consolidated Aluminum Corporation and 
, . 

Revere Copper and Brass, Inc. 
**Complete data not available for 1978. 

* a *  At an equivalency' factor of 1.89 ton alumina per ton of aluminum, the total 
capacity in 1976 is approximately 7.7 million short tons per year. , 

Sources: ' ~ ine ra l  Commodity Profile, MCP-14, May 1978 and Arthur D. Little, Inc., 
estimates. 
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States and gives their repective capacities. Individual plant capacities range from 
1.385 million short tons per year to'370,OOO.short tons per year. The U.S. alumina 
plants are considered small by modern standards. Most newer installations have a 
capacity of a t  least 1 million and more typically 2 million tone per year. With the 
exception of the plant a t  St. Croix, which was built in the 1960'5, all of the present U.S. 
plants are relatively old. The oldest plant was built by Alcoa a t  Mobile, Alabama, in 
1940; two more (Kaiser a t  Baton Rouge and Reynolds a t  Hurricane Creek) were built 
prior to 1946; the rest began operating in the late 1940's and early 1950's. 

Most of the alumina plants are located on the Gulf Coast because of the 
availability of natural gas. The two plants in Arkansas, a t  Hurricane Creek and 
Bauxite, were originally based on Arkansas bauxite. As the quality of Arkansas 
bauxite became poorer, these plants turned to foreign sources for part of their bauxite 
supply. - .  

Some a l u ~ n i ~ ~ a  plants are located near aluminum smelters. At Point Comfort, 
Texas, fur example, Alcoa has both an aluminn plnnt, rrnd rrn ~ l v r n l n ~ ~ m  smelter. The 
Reynolds alumina plant in Corpus Christi serves Alcoa's Texas smelters as well as the 

. Reynolds smelter in Corpus Christi. Sources of alumina are therefore not always 
captive. 

The twelve primary alvminum producers operate 32 aluminum reduction plants. 
Table 111-2 lists these reduction plants and their respective capacities. All the plants 
except Alcoa's Palestine, Texas smelter, are based on Hall-Heroult technology. The 
Palestine plant is based on Alcoa's chloride process. 

'l'he reduction plants are located primarily in three areas: along the Mississippi 
River system, in the Pacific Northwest and in upper New York a t  or near Massena. A 
decision on where to locate an aluminum smelter is determined by two factors: access 
to river systems for transportation of alumina and availability of what was originally 
low-cost power. Plants in Missouri, Kentucky, Indiana, Ohio, West Virginia, Ten- 
nessee, North Carolina, and Alabama take advantage of both the Mississippi River 
transport system and/or the availability of low-cost coal. The two plants in Massena, 
New York, have access to the St. Lawrence River for transportation and low-cost 
hydroelectric power. Plants in Washington (7), Oregon (2), and western Montana (1) 
are also located near hydroelectric power sources. 

(2) Secondary Aluminum Industry - Most of the 90 secondary aluminum plant4 
are located near heavily industrialized areas that give them proximity to a supply of 
scrap as well as tq  their customore. About 3694 of the U.6.. secondary aiumin.um 
production occurs within a 100-mile radius of downtown Chicago. Another 20% of the 
production can be found within a similar radius of Cleveland, while the remaining 45% 
is located primarily near New York City and Philadelphia, in the Southwest, and in 
California. 

(3) Others - Aluminum foundries are heavily concentrated in the Great Lakes 
states where most of the automotive plants are located. The Pacific etatee, the center 
of the aerospace industries, also have a large number of aluminum foundries. 
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TABLE 111-2 

U.S. PRIMARY ALUMINUM PLANTS/CAPACITIES 

Capacity End of 1979 
(thousand short-tonslyear) 

Company and Plant Plant ' Company 

Aluminum Company of America 

Alcoa, TN 
Badin, NC 
Evansville, IN 
Massena, NY 
Point Comfort, TX 
Rockdale, TX 
Vancouvei, WA 
Wenatchee, WA 
Palestine, TX 

Anaconda Aluminum 

Columbia Falls, MT 
Sebree, KY 

Consolidated Aluminum 

New Johnsonville, TN 
Lake Charles, LA 

Martin Marietta 

The Dalles, OR 
  old end ale, WA 

Intalco* 

Bell'ingham, WA 
Mead, WA 
Ravenswood, WV 
Tacoma, WA 

Hannibal, OH 250 

Noranda Aluminum Company 

New Madrid, MO. 140 

National Southwire Aluminum*** 

Hawesville, KY 180 
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Plants producing mill products are distributed throughout the United States. 

c. Plant Categories 
(1) Primary Aluminum Industry -. The U.S. aluminum industry has always 

depended on imports for most of its supply of bauxite.. Typically, abbut 90% of the 
bauxite used in the United states is imported. The Arkansas bauxite deposits repre- 
sent the only domestic source. Primary sources of U.S. bauxite are the Caribbean, 
northern South America, and Australia. 

Within the United States, there are nine alumina production plants with a total 
capacity estimated to be equivalent to 4 million tons per year of aluminum (or 
approximately 7.7 million short tons per year of alumina) in 1976. 

The 32 aluminum reduction plants in the United States had a total production 
capacity estimated a t  5.3 million tons a t  the end of 1978: 

(2) Secondary Aluminum Industry - Tlie eecu~~dary aluminum industry is 
comprised of: 

Prndllcern of alloy ingot, hot metal for foundrics and die casters, and bar 
and shot for steel de-oxidation; and 

Producers of secondary extrusion ingots used in extrusion plants. 

~ o s t  of the production a t  the 90 individual secondary plants falls in the range of 
3,000-50,000 tons per year. 

(3) Others - In addition there are  bout 1,400 fuundries ih the Unitcd States 
that are primarily producing aluminum castings. About 960,000 tone of aluminum 
castings were produced in 1978. In addition, there nrc! a number of companies and 
plants invnlverl in t,hp rn~ni.lf~cture ~f aluminum mill p ~ n d ~ i c t l ~ .  

2. Description of Established Processes 

a. Primary Aluminum Production 
The major raw materials used in the primary U.S. aluminum industry are 

imported alumina and imported bauxite, which is domestically refined to alumina. 
Bauxite is refined to alumina by the Bayer process. The alumina is converted to 
aluminum by the Hall-IIeroult; process. 

(I) Bayer Process - In the Bayer process, shown in Figure XLI-2, finely 'ground 
bauxite (-35 mesh), URIIRIIY wet. ground in spent digestion liquor, is digested a t  
elevated temperatures under pressure. The digesting liquor contains sodium 
aluminate and free caustic. 

Bauxites used in the production of alumina contain alumina trihydrate 
(A1,0,.3H20) and alumina monohydrate (A1208.H20). The U.S. aluminum industry 
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has hktorically been based on bauxites from the Caribbean which are primarily 
trihydrates, whereas the European industry has historically been based more on 
bauxites that are typically much higher in monohydrates. The optimum reaction 
conditions vary with hydrate type as follows: 

Trihydrate: 128-192 gh NaOH @ 250"-340°F (50-60 psi) 
Monohydrate: 257-389 gh NaOH @ 390"-570°F (up to 500 psi) 

Therefore, trihydrate ores are preferred because of milder operating conditions; 
however, the use of ores with increasing amounts of monohydrates is becoming neces- 
sary in the United States and the Caribbean plants. The average monohydrate content 
of bauxites imported into the United States ranges from 15-20%. Digestion temper- 
atures of 400°F and 200 psi are becong common in U.S. alumina plants. 

After the digestion step, the insoluble components of the bauxite - primarily 
oxides of iron, silicon, and titanium - are removed by thickening and filtration. The 
separated solids are known as red mud. Silicon is a particularly undesirable impurity 
in bauxite, oopccially in the form uf elay, since it is itetiJily Jisvulved in caustic liquor. 
Although the silica can then be precipitated as complex sodium aluminum silicates, 
these complex silicates cause problems with equipment scaling and filtration, in 
addition to the precipitate carrying a proportionate amount of sodium and alumina. 

The ~ a ~ e r  process can be modified into the so-called combination processes. 
which permit treatment of high-silica bauxites. In the United States this process is 
used only on high-silica domestic ores which are used to produce alumina, principally. 
in the production of refractories. 

Following digestion, which requires about 1 hour! the caustic slurry is cooled to 
its atmospheric boiling point of about 250°F in a series of flash tanks. The steam 
flashed off duringQcooling is used to preheat the new fresh bauxite-caustic mixture 
prior to entry into digestors. The digestion temperature is obtained either by steam- 
jacketing the reaction units or, more commonly, by direct injection of steam. After 
cooling, the residue (red mud) is removed from the caustic slurry in thickeners. Some 
10 .to 20 pounds of starch are used as a flocculating agent with warm water or spent 
liquor to help settle the red mud in  the thickeners from the pregnant liquor. The red 
mud discharged from the thickener goes to a mud washer filter where the mud is 
washed with water to recover the sodium hydroxide. This compound is sent back to the 
thickener and into the main pregnant liquor process stream. The quantity of red mud .. 

removed from the caustic slurry following digestion varies with the bauxite used and 
ranges from 0.33-2.0 tons per ton of alumina produced. About 0.8 ton of red mud per 
ton of alumina is typical in U.S. plants. 

The resulting main process stream of sodium aluminate goes to a clarifying filter 
and the .clarified "green liquor" then goes to precipitation. This liquor, clarified and 
diluted, is cooled in a heat cxchangcr to 120°-140°F and placed in large preoipiltition' a 

vessels that are seeded with alumina trihydrate crystals and mildly agitated to precipi- 
tate about 50% of the dissolved aluminum trihydrate. The precipitate is separated by 
settling and filtration., The product trihydrate is washed to minimize caustic soda 
losses during the filtration step. 



Spent liquor is a caustic solution which contains about half of the sodium 
aluminate present before the precipitation ia recycled to the proceee for reuse. The free 
caustic content of the recycled liquor is increased by a combination of evaporation of 
excess water and the addition of makeup caustic. Caustic makeup is usually 
accomplished by adding caustic directly, but more typically it is produced by the .  
addition of lime and soda ash. 'In the United States, the latter practice is more 
common. Typically, a portion of the spent liquor is taken off and evaporated to higher 
concentrations to precipitate sulfates. The sulfates may also be .controlled by contact- 
ing the spent liquor with red mud during the clarification step, using spent liquor for 
dilution. 

The consumption of chemicals is also a function of the composition of .the 
bauxite. Most of the caustic is recycled, but makeup is needed to replace losses; 
including that amount consumed by silica a s  sodium aluminum silicate. Typical 
makeup requirements amount to 100-200 pounds of soda ash and about the same. 
amount of calcined lime per ton of alumina. Based on 1.8 tons.of the limestone needed 
to produce a ton of lime, the lime requirements translate to 180-360 pounds of 
limestone per ton of alumina. 

. . . In most U.S. Bayer alumina plants, the resulting alumina hydrate is calcined in 
rotary kilns which are operated a t  2100°F to remove moisture and water of hydration. 
The resulting alumina is called pot-feed alumina, which is the raw material used in the 
production of aluminum metal via the Hall-Heroult process. 

(2) Hall-Heroult Process - This is an electrolytic reduction process in which 
alumina is dissolved in molten cryolite. The cryolite is electrolyzed in a cell in which 
the aluminum is liberated a t  the cathode; a t  the carbon anode, any oxygen liberated 
reacts with the carbon to produce carbon dioxides, largely CO,. 

The basis of this process is that alumina dissolves readily in molten cryolite 
forming a eutectic a t  16% A1,0, at  1725OF. The electrolytic reduction is conducted a t  
about 4.6 volts a t  or near the temperature of the electrolyte. The cell electrolyte 
contains 80-85% cryolite, 5-7% calcium fluoride, 5-7% aluminum fluoride, and 2-8% 
alumina. 

Modern Hall-Heroult electrolytic cells consist of large steel. boxes lined with 
insulating refractory and carbon. Carbon blocks a t  the bottom of the cells serve as the 
cathode in the electrolytic circuit. During electrolytic reduction, the aluminum 'metal 
is deposited as a liquid a t  the bottom of the cell on the surface of the carbon cathode. 

Carhnn hlcrck cathodes constitute n more or less permanent installation. Typi- 
cally, such cathodes last three to six years, about the same period as the life of the cell 
itself. The cathodes are replaced when the cell is taken out of 'service,. rebuilt, and 
refitted. Although cathodes are purchaJd from carbon producers, anodes are pro- 
duced at  the aluminum plants. 

The anodes are made of carbon; they are suepended in the electrolyte from steel 
rods that are cqnnected to the anode bus.   he carbon anodes used in the reduction 
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cells are produced by two methods - Soderberg and prebake. In both systems, a 
combination of petroleum pitch and petroleum coke is used to produce the anodes. 

In the Soderberg system, Soderberg paste is fed continuously into the top of the 
steel Soderberg casing. There the heat from the cell and current flow bakes the paste 
and removes the volatiles. In the prebake system, the volatiles are removed in a 
separate prebaking operation. 

In the Soderberg system in which the prebaking of the anodes occurs above the 
cell, i t  is difficult to recover the volatile hydrocarbons in the presence of fluorine and 
fluorides, carbon dioxide, and carbon monoxide, by a simple collection system. Also, 
power consumption is higher in the Soderberg system, because expensive electrical 
energy is used to bake the paste. For these reasons, it appears that the prebake system 
will he used in new facilities and will probably be oubstituted for Ssderhtrg ayste~~is  ill 

existing plants. 

'l'he Soderberg system uses an anode which is baked by the reaction heat from 
the cell itself and the resistance heat genoratod by thc curront pasaing through the 
paste. The carbon paste, which is used as the anode material and is fed to the t i p  of 
the anode casing. As the paste moves down, it is baked, forms the anode, and then is 
consumed as carbon dioxide is formed and released. The carbon that is removed is 
replaced by the paste injected into the top of the anode, and thus a continuous anode- 
making process occurs. 

In the prebake system, prcbaked anodes are'manufactured in a separate installa- 
tion. They are made from a high-purity petroleum coke, which is ground, calcined, and 
blended with pitch to produce a paste which can be pressed into high-density shapes. 
Approximately 1975 pounds of petroleum coke, plus about 444 pounds of pitch, are 
required to produce li lon uf anode carbon. The cokc is either purchased in the calcined 
state, or it is calcined a t  the plant and it is ground and mixed with pitch in a ratio of 4 
pounds of ground calcined coke to 1 pound of pitch. These materials are mixed and 
p~ooocd into anodes of the required allape. T l ~ e  pressed t l~~ude  blocks are then baked at 
temperatures up to 2000°F for periods as long as 30 days (baking and cooling period), 
after which they are fitted with steel connector rods which support the anodes and 
provide a connection to the anode bus. Molten cast iron is then poured into the anode 
socket to effect a good electrical connection between the steel rod and the carbon 
anode. 'l'hese anodes are consumed by oxidation of the carbon, and are replaced as 
required to prevent the steel from contaminating the cell electrolyte and the 
aluminum. 

The cross-section of a t<ypic~l cell and two t.ypes of Soderberg cells are preecnted 
in Figures 111-3, 111-4, and 111-5. 

Aluminum reduction cells operate continuously with periodic additions of 
alumina and electrolyte additives, replacement of anodes, and removal of molten 
aluminum. The aluminum is removed periodically a t  one- to three-day intervals and 
blended with the output of other cells to attain a uniform purity level. The blended 
material is degassed and cast into ingots or sows, or delivered as molten metal to 
fabricating plants. 
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FIGURE 111-3 AN ELECTROLYTIC FURNACE WITH BAKED BLOCK ANODE 
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'1.n addition, aluminum, calcium fluoride (fluorspar), aluminum fluoride, and 
cryolite are added periodically to make up for losses of fluorine; which is released a t  the 
anode from the partial reduction of the electrolyte. Approximately 50 pounds of 
fluorine are released per ton of aluminum produced. 

b. Secondary Aluminum Production 
. The secondary aluminum industry provides about 25% of the aluminum supply. 

It consists of numerous dealers and collectors, about 90 secondary aluminum smelters, 
' 

and a few primary producers who are significantly involved in recycling. In this 
industry, scrap is gathered by collectors who accumulate various metals. The collec- 
tors then haul the scrap to a dealer (processor) who sorts it into various metal and alloy 
groups. 

The-scrap preparation methods vary according to the the type of scrap to be 
sdrted. For exampie, new aluminum clippings, forgings, and solids,'if clean, require no . 

prcparation. If thc ~olido havc iron incluoiono or contain otkcr contaminants, thcy are 
usually run through a shredder to reduce the size of the scrap and later through a . 

magnetic separator to remove the iron. 

Aluminum borings and turnings are charged into a crusher which reduces them 
to a uniform size. They are then dried in a rotary kiln-type dryer where oil and 
moisture are volatilized. Finally, the borings are passed over a magnetic separator 
where tramp iron is removed. 

Most aluminum drosses, skimmings, and slags are processed by milling, screen- 
ing, and magnetic separation to obtain an end-product with a minimum 60% to 70% 
metal that is suitable for charging into thc melting furnace. Rich metallic skims 
normally do not require milling prior to use. 

Aluminum cast. (or shcet) containing massive iron pieces, or large quantities of 
iron, is processed in a "sweat" furnace where the aluminum is "sweated" 'away from 
the iron. Old scrap usually has enough free iron rivets, bushings, and other tramp 
attachments or contaminants to require shredding to small size before being subjected 
Lo rriagllslic ssptlraliu~l. 

Aluminum wire .scrap is handled by wire chipping methods; wet preparation 
methods are also used, as well as rotary salt bath techniques for dross processing. 

The main processing m.ethod used in the secondary aluminum industry is rever- 
beratory (reverb) melting of aluminum scrap. The reverb furnaces are either gas- or 
oil-fired. The scrap is melted to specification hot metal or cast to specification ingots, 
and the resulting products are utilized by the foundry industry. 



3. Energy Use Profile: Primary Aluminum 

a. By Major Process 
In 1979, the aluminum industry consumed just over 1 quad of energy 

(1.041x10'SBtu).* Of this amount, 11% was consumed in bauxite and alumina oper- 
ations, 70% in smelting, and 19% in fabrication. Energy use by major process is 
discussed in the following subsections. 

( I )  Alumina Production - Bayer plant operations differ in certain respects since 
the bauxite that comes from the several Caribbean sources differs in composition. 
This, in turn, causes variations in the consumption of raw materials, chemicals, and 
thermal energy. The bauxite required . to  produce a ton of .alumina via the Bayer 
process depends upon the alumina content of the bauxite, the amount of trihydrate 
and monohydrate present, and the inherent impurities, such as silica, iron, and 
titanium. 

Power is consumed in the Bayer plants mainly for grinding the bauxite, with 
lesser quantities used for grinding lime and for driving mixers, rotary kilns, pumps, 
and the like. The power consumed in .grinding depends ,upon the hardness of the 
bauxite. Power consumption per ton'of alumina has been variously estimated a t  200- 
300 kwh per ton of alumina. These estimates were made on the assumption that 
trihydrate bauxite was being fed to the plant, and on the basis that it had been 
previously crushed. With monohydrate bauxite, power consumption for grinding can 
be as much as 40% greater. Actually, about one-quarter of the bauxite imported into 
the United States arrives in the form of a crude, undried, uncrished product. If one 
t,akes this into account and the fact that these imports contain up to 15-20% mon- 
ohydrate, we believe that the average power consumption per ton of alumina is 
approximately 275 kwh per ton of alumina. 

Fuel is used in the refining stage, mainly to generate steam for digestion. and 
evaporation, but also for firing the calcining kilns. Steam consumptioh has been 
estimated to vary as follows: 

Trihydrate-based bauxite plants: 3000-8000 pounds of steam per ton o f .  
alumina; and 

Monohydrate-based bauxite plants: 4500-14,000 pounds of steam per ton 
. . 

of alumina. 

Most of the major alumina producers have their own limestone quarries because 
a 'high grade of lime - and thus limestone - is required to preclude introduction of 
'impurities in the system. The lime calcination is carried out a t  the quany or a t  the 
aluminum plant and therefore constitutes an  energy requirement of the process. 

. . 

'Based on 10,500 Btu per kwh. 
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Since limestone requirements range from. 0.09-0.18 ton per ton of alumina and 
the heat requirements for calcination are 4.25x10e Btu's per 1.8 tons of limestone, the 
thermal energy requirements for 'lime calcination range from 0.21-0.43x10e Btu's per 
ton of alumina. 

Thermal energy is also required for the calcination of alumina. It has been 
variously estimated to range from 2.7-5.0 xlOe Btu per ton of alumina, depending on 
the size and efficiency of the calcination system. We believe that  the average fuel 
requirement for calcination in the U.S. Bayer plants runs about 4.0x10e Btu's per ton 
of alumina. 

Table 111-3 summarizes the ranges of materials and energy requirements in U.S. ' 

aluniiria plants and the considered averages. 

TABLE 111-3 

BAYER ALUMINA PRODUCTION 
RANGE O F  REQUIREMENTS AND CONSIDERED AVERAGE REQUIREMENTS 

Present U.S. Operations - Csnventional Technology 

Range U.S. Industry Average 

Raw Materials: tonlton alumina tonlton alumina 

Bauxite 
bimest~ne 
Soda ash 
Starch 

Power: 

Fuel: lo6 Btulton alumina lo6 Btulton alumina 

8tcom gcncrotlon 4.4 - 11.3 1.33 
Line calcination '.21 - .43 .31 
Alumina calcination 2.8 - 5.0 . 4.00 - 

'J- 

(2) Aluminum Production - In aluminum production, energy is consumed 
primarily in the form of electric power, but thermal energy is also required for anode 
baking and casting. Moderr1 Hall-Heroult cells, using ti pmb~kerl  tinorle system, -- 
typically draw 150,000-160,000 amperes operating across a relatively small voltage 
drop, typically in the range of 4-5 volts; a 4.6-4.7 voltage range is common in the U.S. 
industry. -- 

t 
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The electrolysis step is, by far, the most energy-intensive in the aluminum 
production sequence. Electricity consumption per short ton of aluminum ranges 
broadly from a low of 12,400 to as high as 26,000 k w h  per short ton of aluminum. 
Historically, the United States has had the advantage of relatively low electricity 
costs, so that to reduce capital investments, electricity consumption has been moder- 
ately high, in the range of 14,000-18,000 k w h  per short ton of aluminum. The average 
is currently about 15,600 kwh per short ton. 

Electricity consumption in the smelting of alumina to aluminum metal is bas- 
ically the result of a trade-off between power costs and capital investments required in 
the cell. In France and Switzerland, the power costs have been relatively high com- 
pared to the United States. Producers have reduced power consumption considerably 
- to the range of 12,400-13,600 k w h  per short ton. On the other hand, countries with 
cheap power costs, such as Canada and Norway, report 15,000-17,250 k w h  per ton. We 
have recently learned that power consumption in the best cell lines can be as low as 
12,000 kWhIton in prebaked Hall-Herqult-type .cells.   his is about the minimum 
attained to date in the most modern cells, but i t  is a target that. could be reached if all 
the cell lines were modernized by installation of large Hall-Heroult-type prebakedcells 
using the most modern technology. This would require an enormous' investment by 
industry and would be difficult to justify, unless the cost of electricity increases very 
dramatically, a t  which time the oldest, most inefficient plants would be modernized or 
closed down. 

In addition to the electricity required in the aluminum smelters, thermal energy 
also is required for calcining green coke and baking anodes and for casting sows or 
semi-finished forms. 

Most aluminum smelters today are purchasing calcined coke, so the energy 
requirements for calcination of petroleum coke are presently being borne .by the 
refineries prior to.shipment to the aluminum smelters. The fuel for calcination is no 
longer a major consideration a t  the smelter. With the fue1,availability and waste. gases 

, and waste heat a t  the refinery, the calcination is more logically carried out on a, larger 
scale a t  the refinery rather than on a small scale a t  the carbon plants of the aluminum 
~me l t~e r s .  

However, energy is required to produce the prebaked anodes. Various estimates 
fall in the range of 2.3 to 3.6x108 Btu's per ton of aluminum. We believe that  the 
average requirement in modern baking installations would amount to about 2.6xlV 
Btu's per ton of aluminum. This is the net energy input to the baking; i.e., the external 
fuel used in baking. Combustible gases and part of the tar used in the anode forming 

.are baked out in the anode-baking operation; later they are burned a t  the top of the 
baking ovens with air lances to control pollution emissions and provide some direct 
heat to the baking. The amounts lost are modest, roughly 222 pounds of material per 
ton of anodes, but totalling only about 100 pounds of fossil fuel values per ton of 
aluminum. The Btu value of the material would be about 10,000-12,000 Btu's per 
pound, but in a typical layout baking operation i t  would be extremely difficult to 
recover this material. 

. . 
Arthur D Little. Inc 



Requirements for casting range from 1.5~108 Btu's per ton of aluminum for 
simple casting of the aluminum metal in the form of sows to a requirement of 11x10" 
Btu's for production of semi-finished forms, such as a product mix of 35% rolling slabs, 
35% extrusion billets, and 30% sows. However, we believe the average to be about 4x1O8 
Btu's per ton of aluminum for casting. This means that the total average thermal 
energy requirement is about 6.6x10e Btu's per ton. 

, . Table 111-4 presents a range of materials added per ton of alumina and the 
' . estimated average additions or consumptions of alumina, cryolite, aluminum fluoride, 

calcium fluoride, petroleum coke, and petroleum pitch. It also presents the range of 
power and fuel consumption and considered aver-ages in U.S. smelters. 

TABLE 111-4 

HALL-WEROULi ALUMINUM SMELTING RANGE OF REQUIREMENTS 
AND CONSIDERED AVERAGE REOlJ!REMENTS 

Present U.S. Prebsked Plant Operatlsti - Conventional Technology 

Range U.S. Industry Average 

Raw Materials: tonlton of aluminum tonlton of aluminum 

Alumina 1.91 - 1.95 1.93 
Calcinated petroleum coke 0.43 - 0.60 0.52 

' Pitch 0.10 - 0.20 0.15 
Cryolite 0.01 - 0.05 0.035 
Aluminum fluoride 0.01 - 0.05 0.03 
.Calcium fluoride 0.003 

Power: kwhlton of alumirium kWhIton of aluminum 

Fuel: 

Baking anodes 
Casting 

'Simple casting of SOWS. 

14,000 - 18,000 15,600 

lo6 Btulton of aluminum lo6 Btulton of aluminum 

b. Byproducts 
. . 

Processes involved .in producing semi-fabricated aluminum products and by- 
products were not available. 



c. By Fuel Usage 
Of the approximately 1 quad of energy ( 1 . 0 4 1 ~ 1 0 ~ ~  Btu) consumed by the primary 

aluminum industry in 1979, 68% of this energy was in the form of electricity, which was 
used almost entirely in smelting. The energy needs of the aluminum industry, by fuel 
type, were distributed' as follows: coal, 45%; hydro, 11%; natural gas, 32%; and 
petroleum 12%. Thus,, 44% of the aluminum industry's energy needs were supplied by 
natural gas and petroleum. For comparison, 73% of the total energy needs of the 
United States are supplied by petroleum and natural gas. 

4. Energy Use Profile: Secondary Aluminum 
Table 111-5 summarizes the energy use, by type of scrap, in aluminum scrap 

preparation. Tables 111-6 and III-7 summarize the energy requirements for reverb- 
melting of aluminum scrap to alloy 380 ingots and hot metal (alloy 380). Table I D 8  
presents the energy requirements for recycling aluminum can to hot metal for can 
sheet stock. The tables show that .the energy requirements range from 8.7 to 19.6 
million Btu's per net ton of product (alloy 380 ingot, hot metal; alloy 380, can stock). 

. - ENERGY USE IN SCRAP PREPARATION 

Aluminum Scrap Type 

Clippings 
Boring5 and turnings 
Drosses 
High-iron scrap 
Sheet and cast scrap 

Energy Required 
(Million Btu per 

Net Ton Prepared Scrap) 

B. ALUMINA MANUFACTURE AND ALUMINUM REDUCTION 

1. Conventional Techilology 

a. Current Practice 
Aluminum is produced by the Bayer-Hall-Heroult process. The first step (Bayer 

process) consists of the manufacture of alumina from bauxite ores; the second is an 
electrolytic step (Hall-Heroult) in which the alumina, dissolved in a cryolite melt, is 
reduced to aluminum metal. 

The Bayer-Hall-Heroult process, in use for more than 80 years, is, with one 
exception, the only process used throughout the world for producing aluminum. The 
exception is a chloride electrolytic yrucew developed by Aleoa (the Alcoa smclting 
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TABLE 111-6 

ALUMINUM: REVERB FURNACE MELTING ALUMINUM SCRAP TO ALLOY 380 INGOTS 

Units per Energy Required 
Net Ton of per Unit 

Product (million Btu) 

Million Btu per 
Net Ton of 

Product (Step Number) Process Unit 

(1) Reverb melting 
Natural gas 
Electrical energy 
Sodium chloride 

. KCL by flotation 
Cryolite 
Aluminum fluoride 
Gaseous nitrogen 
Gaseous chlorine 
Refractory 
Silicon 
Scrap-cli ppings 
Scrap-borings & turnings 
Scrap-concentrations 
Scrap-sheathed sows 
Scrap-sheet and cast 

Cu. ft. 
Kw hr 
Net ton 
Net ton 
Net tori 
Net ton 
Net ton 
Net ton 
Net ton 
Net ton 
Net ton 
Net ton 
Net ton 
~ e t  ton 
Net ton 

0.00 1000 
0.01 0500 
0.490000 
2.590000 

155.000000 
5 1.400002 
2.900000 
18.000000 
26.600000 

0.91 0000 
3.050000 
1.060000 
9.280000 
1.180000 

Subtotal 

Ingot.Casting 
Electrical Energy Kw hr 

Subtotal 

Total process energy 

Air pollution control 
Electrical energy Kw hr 23.4000 . 0.0 10500 ' 

Subtotal . 

Total pollution 
control energy 

Space heating 
Natural gas Cu. ft. 50.0000 0.00 1000 

Subtotal 

Total spce heating energy 

Total energy per net ton of product 

,* - The energy content of these alloying elements is not 
included in the total energy reported in this table. 



TABLE 111-7 

(Step Number) Process 

ALUMINUM: REVERB FURNACE MELTING ALUMINUM 
SCRAP TO HOT METAL (ALLOY 380) 

(1) Reverb melting 
Natural gas 
Electrical energy 
Sodium chloride 
KCL by flotation 
Cryolite 
Aluminum fluoride 
Gaseous nitrogen 
Gaseous chlorine 
~e f r x t o r y  
Silicon 
Scrap-clippings 
Scrap-borings & turnings 
Scrap-concentrations 
Scrap-sheathed sows 
Scrap-sheet and cast 

' *  Total process energy 

Unit 

Cu. ft. 
Kw hr 
Net ton 
Net ton 
Net ton 
Net ton 
Net ton 
Net ton 
Net ton 
Net ton 
Net ton 
Net ton 
Net ton 
Net ton 
Net ton 

Units per 
Net Ton of 

Product 

Energy Required 
per Unit 

(million Btu) 

0.001 000 
0.0 10800 
0.490000 
2.590000 

155.000000 
' ' 5 1.400002 

2.900000 
18.000000 
26.600000 

0.9 10000 
3.050000 
1.060000 
9.280000 
1.180000 

Subtotal 

Air pollution control 
electrical energy Kw hr 23.4000 0.01 0500. 

. . 
subtotal 

* Total pollution 
control energy 

Space heating 
natural gas 

Cu. ft. 50.0000 . 0.001 000 

: Subtotal 
. . , . 

. *  Total space heating 
energy 

. . 
* Total energy per 

net tori of product 

** - The energy content of these alloying elements is not 
included in the total energy reported in this table. 

. . 

. :  

Million Btu per 
Net Tan of, * 

Product 
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TABLE 111-8 

ALUMINUM: RECYCLING ALUMINUM CANS TO HOT METAL FOR CAN SHEET STOCK 

Units Per Energy Required Million Btu per 
Net Ton of par unit Net Ton of 

(Step  umber) Process Unit Product ' , (million Btu) Product 

(1 ) Shredding 
Electrical energy Kw hr  185.0000 0.010500 1.94 

Subtotal 1.94 

(2) Scrap Transportation 
. - -  Truck l on mi 2 1 ,0000' 0.002400 0.05 

Rail  Tor1 1111 812.8088 U.UUUtiYU U.41 - .  

(3) nelacquering and Molting 
Natural gas Cu. ft. 6320.0000 0.001 000 6.32 - 

Subtotal 6.32 

"f otal energy per net ton of product 

process). Also, studics of processes to produce aluinina from domestic ores other than 
bauxite are being studied extensively, but none is being commercially practiced a t  the 
present time. 

With respect to conventional Bayer processing in the area of alumina calcination 
the principal development has been flash calcining, which coneumee about 30% less 
energy than conventional rotary kilns. 

.With rcopcot to altcrnativc proccso option8 for the production of alumina, all 
efforts in the United ,States and other. industrialized. countries are currently being 
directed toward recovering alumina from domestic alumina-bearing raw materials- 
largely clays (kaolin clays in Georgia and South Carolina). The alternative prncemes 
(hydrochloric acid leaching, liquid ion exchange, nitric acid procees. liquid ion ex- 
change, Toth alumina process) generally consume more energy than the conventional 
Bayer process. The successful development of alternative alumina proceeses, however, 
would extend the aluminum resource base. 

All I-Iall-I-Ieroult cells have esue~ilicilly Ihe YLLIII~ btl~ic deeign, with the exception 
tha; there are two types of anode (prebake and Soderberg). The cell consists of a 
horizontal cathode of carbon situated in a carbon-lined steel bath; the anodes are 

- 
- ,  
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suspended immediately above the cathode so that the separation between them and 
the aluminum pool that forms on the cathode is approximately 2 inches. The electro- 
lyte is molten cryolite, NasAIF,, with an excess- of AlF, a t  1724"-1787"F, Also, it is 
common practice to add lithium carbonate to the cell to improve its conductivity. The 

- Soderberg anode is formed continuously in situ from a paste of petroleum coke and 
pitch heat by the cell. The terms horizontal and vertical applied to the Soderberg cell 
refer to the configuration of the anode current collectors and not to the attitude of the 
anode. The operating currents fall in the range of 50 to 250 kA with anode current 
densities of 600-800 ampe;es per square foot (A/ft2). 

In operation, alumina produced by the Bayer process, is dissolved in the cryolite 
to the extent of about 5 wt%. The alumina is preheated by pouring it onto the crust of 
frozen electrolyte that insulates'the top'of the cell. The alumina is then added by 
breaking the crust periodically. Overfeeding a cell leads to sludge formation which is 
difficult to disperse and can result in days of downtime. It is usual to control the 
alumina addition by depleting the cell leading to an anode effect,which is a large 
increase in voltage a t  fixed current associated with the formation of a gas film at  the 
anode. The anode effect occurs when the Al, Os content of the bath is too low. (The 
monitoring and control of the anode effect are discussed in more detail i n . a  later 
:section.) The principal operational variable is the anodelcathode distance (ACD). 1n.a 
normal cell, the level of the aluminum cathode pool rises by about 1.5 to 2.0 centinie- 
ters per day, about the same rate as a prebaked cathode is consumed. Adjustment, in 
principle, is required only when the aluminum is tapped off; however, anode consump- 
tion is not uniform and, although this effect is self-compensating, external correction is 
often beneficial. The importance of the ACD will become more apparent with the 
discussion of energy losses below. 

The theoretical energy requirement for the reduction of alumina in an electrolytic 
cell with a consumable carbon anode is calculated to be 2.85 kwh per pound of 
aluminum, based on the following reaction: 

. .  . 
. . 

2 Al,O, + 3 C -- 4 A1 + 3 CO,, . . 

.This is based on a reversiblc voltage for this reaction of 1.17 volts. In pract,ice, the 
production of aluminum consumes from 6-8.5 kwh per pound a t  cell voltages of 4.5 
volts and higher. The breakdown of .the voltage drop across a typical prebake cell 
operating a t  145 kiloamperes and a 2-inch ACD is given in Figure III-6. The irreversi- 
bility of the electrochemical processes (0.5 volt) and the resistance of the aluminum 
carbide film formed a t  the interface of the aluminum pool with the carbon cathode (0.4 
volt) make significant contributions. However, it is apparent that the predominant 
loss is due to the resistance of the electrolyte which, in turn, is strongly dependent on 

. .  . 
' . the ACD. 

The ACD is typically maintained close to 2 inches to prevent shorting due to 
surges in the aluminum pool that result from the magnetic field in and around the cell. 
This problem becomes more intense the bigger the cell and the higher the. current 
density, though improved . understanding . of these 'interactions has minimized their 
effect in modern cells. 
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The other factor to be considered in energy consumption is current efficiency. A 
back reaction is possible between molten~aluminum and the carbon dioxide generated 
at  the anode. That is: 

In all probability, the mechanism for this reaction is contact between a fog' of 
aluminum metal in the electrolyte (generated by the electromagnetic mixing) and 
bubbles of carbon dioxide coming off the anode. This is obviously affected by the ACD; 
a t  a separation of 2 inches, typical cuirent efficiency would be in the 85-90% range. 

b. Improvements to the Hall-Heroult Process 
Hall-Heroult cells currently operate in the range of 50 to 100's of kiloampeies. 

Large cells are preferred for their bett'er economics, but there is an upper limit to their 
size defined by the capability to control the magnetically induced surges in the 
aluminum cathode. Because of these very large currents, it becomes very important to 
minimize voltage losses in the system. A breakdown of the losses in a typical prebaked 
anode cell is given in Figure In-6. The largest loss is in the resistance of the electrolyte 
(1.9 volts). The polarization associated with the electrochemical process is 0.5 volt, 
since the reversible voltage for the overall reaction is 1.2 volts. 

Since the electrolyte composition has been optimized over the years, particularly 
with the addition of lithium carbonate to improve the conductivity, the primary factor 
in the control of this source of voltage loss is the anodelcathode distance (ACD). This, 
in turn, is dependent on the consumption and repositioning of the anode and the depth 
of the aluminum pad which is drained a t  intervals. The ACD, therefore, varies 
continuously, usually between 1.0 and 2.25 inches; It should also be noted that the 
ACD in a cell is not uniform, though gross variations tend to be self-correcting. 

Consideration of the above factors points to two approaches that provide the 
opportunity to reduce the ACD: (1) eliminate the need to accumulate an aluminum 
pool cathode; or (2) deploy a non-consumable anode that could be permanently 
positioned. The energy saving potential is discussed in later sections. 

c .  New Processes 
The possibility of producing alumina from such domestic alumina-bearing raw 

materials as alunite, kaolin, and anorthosite clays is of increasing interest. Nitric acid 
and hydrochloric acid leaching processes have been identified by the U.S. Bureau of 
Mines as the most economic for producing alumina from domestic clays. Clay chlori- 
nation, as in the Toth alumina process and the Alcoa chloride process, also,offers an 
alternntivc to the Bayer process and ~ppenrs ,  hmed on the limited information 
available, to be commercially viable for primary aluminum production. 

Alcoa announced its new electrolytic chloride process for aluminum smelting in 
1973. The process involves the electrolysis of aluminum chloride from an electrolyte 
consisting of alkali and alkali-earth chlorides. Alcoa has built a demonstration plant in 
Palestine, Texas, which currently has an iinnual capacity of 30,000 short-tona per year. 
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The Alcoa chloride process starts with pot feed alumina from the Bayer process. 
Specifications call for a. minimum purity of 99.426% alumina. This alumina is chlori- 
nated in the presence of carbon to form volatile aluminum chloride. This, in turn, is 
purified and fed to the electrolytic cells to produce molten aluminum a t  the cathode 
and chlorine a t  the anode. The chlorine is recycled to the chlorination system. The 
Alcoa chloride process is shown schematically in Figure 111-7. The advantages of this 
process over the existing Hall oxide electrolysis appear to be: 

Because the decomposition voltage and the bath resistivity are both 
lower for the chloride melt, the electrical-energy requirement is sharply 
reduced. 

Because oxygen is eliminated from the system, it is not necessary to 
fabricate and replace the consumable carbon anodes. Permanent graph- 
~ l e  electrodes can be used, and the expensive energy-consuming anode 
baking facililies are eliminated. 

'Because electrodes can now be permanently ~rnpl~ced ,  it is possible to 
clesig~i chloride process cells with multiple sheet electrodes stacked one 
above another (the so-called "multipolar" electrode configuration). One 
cell'then becomes the equivalent of several single cells, with consequent 
savings afforded by the much more curnpnct cell design. 

e Because no cryolite or fluoride materials are used in the chloride process, 
fluoride emissions are completely avoided. 

The chloride cell operating temperature is about 1292°F rather than the 
1742" -1832°F temperature of the Hall process. 

2. Direct Carbothermic Reduction of Alumina to Form 
Aluminum-Silicon Alloys 

-7 

a. Description 
Direct reduction of alumina in a blast furnace-type reactor, which precludes the , . 

use of electrical energy (and the inefficiencies of 'electric power generation), has long .- . 

been the goal of researchers in aluminum extractive metallurgy. In addition, such a 
development could effect a significant decrease in capital costs. The problems that 
have prevented realization of a practical process include: - - 

(1) The high temperatures required for the reduction of alumina - in 
excess of 3812°F - and the complexity of the chemical reactions in- - ...- 
volved; 

(2) The volatility of aluminum and Al10 that can be formed a t  high 
temperatures and the back reaction of aluminum in the gas phase with 
carbon monoxide on cooling result in the formition of unacceptable 

of alumina and aluminum carbide; and 

(3) The oxy-carbide liquid phase is viscous and sticky and very difficult to -., 

handle. 

--. 
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Practical approaches described in the literature are exclusively electric-arc or 
plasma furnaces with sealed operations to maintain good thermal efficiency. Vapor 
losses are minimized by condensation of the gas phase. 

However, despite efforts by many researchers over most of this century, carbo- 
thermic smelting to produce pure aluminum has never been a commercial process. 
Projects were abandoned because of low yields, high process temperatures, material 
problems, and control difficulties. 

Carbothermic reduction of alumina/silica mixtures is somewhat more straight- 
forward than the reduction of alumina. The problem of low yields is partially overcome 
by producing aluminum-silicon alloys rather than pure aluminum. The lowered 
activitico of mctal dccrease the partial pressures of 111sln1 and suboxide vapor. In 
addition, the reduction of silica to silicon carbide takes place a t  2912OF, a temperature 
considerably below that  a t  which Al,C, can be formed (3632°F). The aluminum-silicon 
alloy is formed by a sequence of reactions, such as: 

3 SiO, t. 9 C -- 3 S i c  + 6 CO, 
2 A1,0, + 3 C -- A1,O.C + 2 CO, and 
Al,O,C t- 3SiC--4Al  + 3 S i  + 4 C 0 .  

As the reaction temperatures are lowered, there is less loss due to vaporization. - .. 

-7 

The ratio of aluminum to silicon in the feed material is of obvious importance 
and should be close to two parts alumina to three parts silica. In practice, this ratio 
may be achieved by blending the ores, though this is not necessarily a convenient and -- 
ecuriomic method of operation. It is also essential that  the carbon content of the melt 
be close to thc stoichiometric requirement. If there is too little, there will be unreacted 
alumina, while any excess will remain in the alloy phase or produce solid carbon. 

Energy requirements for the direct reduction to aluminum-silicon alloy are about 
-.. 

150 million Btu per ton of aluminum in the alloy based on: . . 

Use of 4.51 tons of coke having an embodied enerqy of about 140 to 145 - 
million Btu. (About 1.33 ton$ of coke per ton of alloy would beneeded for ' . 

the reduction of alumina and silica to produce CO and the alloy. The rest 
of the carbon is oxidized with oxygen to form CO and CO, in order to 
provide the endothermic heat otreaction.) , ?- 

t '  

Use of oxygen (rather than air) having an embodied energy of 35-40 
million Btu. -. 

' By-product CO credit of ahout 36 million Btu. 

Energy consumption needs to be experimentally confirmed. Compared to the Hall- 
Heroult process consuming 208 million Btu per ton of aluminum, the energy saving 
potential of the direct reduction process is about 58 million Btu per ton of aluminum. 

--- 
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c. Present Status of Development 
Selected patents. for the direct reduction of aluminum to produce aluminum- 

silicon alloys are listed in Table 111-9. Alcoa is conducting a four-year program, 
supported by the Department of Energy, to demonstrate the technical feasibility of a 
pilot-sized direct reduction process for producing aluminum and aluminum-silicon . 

alloys. The three principal steps are: (1) reduction to produce impure aluminum- 
silicon alloy; (2) alloy purification to commercia l '~1-~i  alloy; and (3) purification to 
commercial-grade aluminum. 

Computer modelling of the reduction reactions, performed by Alcoa.predicting 
aluminum recoveries and the carbon rate to meet process energy requirements - with 
revisions of data for Al,O,C, A1,0, and the activities of aluminum and silicon - 
indicated that the process would not be feasible a t  a pressure of 1 atmosphere, unless 
some of the energy requirement wire supplied electrically. The equilibrium was 
sensitive to vapor pressure of Al, A1,0, and SiO, due to the -large amounts of CO 
generated by combustion heating. The equilibrium model indicated that - under 
certain cmditions of elevated pressure and temperature - oxygen preheat and dilu- 
tion of the alloy might make the process feasible. Arc and hybrid blast-arc processes 
are being considered as an alternative to the combustion-heated process. 

.d. R&D Needs and Developmental Costs 
Because there is a large potential market for aluminum-silicon casting alloys, 

this concept is extremely attractive as an energy saver. Studies on the technical and 
economic aspects of an arc or hybridlarc should be fully explored: We estimated 
developmental costs to be in the range of $50-200 million. 

e. Role of the Federal Government 
Because of the inherent technical risks involved in the development of a new 

process and energy conservation potential,. we feel that development of this concept 
may be hampered by lack of R&D funds. Thus, it would be appropriate for the Federal 
Government to consider demonstration of its technical feasibility on a pilot scale. 

3. Improved Anodes in Aluminum Reduction 

a. Description 
In aluminum reduction, the carbon anode is consumed to form carbon dioxide 

and, to a lesser extent, carbon monoxide, according to the reaction: 

Oxidation of the anode has a number of disadvantages. To obtain aluminum of 
acceptable purity, a relatively pure coke with a relatively low ash content has to be 
used as anode carbon. Prebaked carbon anodes have to be advanced from time to time 
to maintain optimum anodelcathode distance. Periodically, the prebaked anodes have 
to be replaced by new material. Also, a separate anode plant is required. Soderberg 
anodes have to be repeatedly charged with new material. 
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TABLE 111-9 

, . 
SELECTED PATENTS - DIRECT REDUCTION OF ALUMINUM 

TO PRdDUCT ALUMINUM-SILICON ALLOYS 

Patent Number. Description 

U.S. Patent 3,25, 1977, 
June 21, 1966: Schmidt 
assigned to Reynolds 

U.S. Patents 3661 561, 
3661 662, May 0, 1972: 
Trey, Hutchinson, Seth, 
Lanier, assigned to 
Ethyl Corporation 

U.S. Patent 3,758,289, 
September 1 1, 1973: 
Wood, assigned to 
Ethyl Corporation 

. . 
U.S, Patents 1016 668, 
September 6,1977 and 
4053 303, October 1 1, 
1977: Cochran, Das 
Milito, assigned to 
Alooa. 

This patent describes a method for producing an aluminum-silicon alloy in , 

conformity with the principles described in text, but with the additional 
feature of adding iron or titanium. The formation of intermetallic compounds 
in the liquid phase reduces the evaporation of aluminum and gives rise to a 
melt that is relatively easy to handle. On cooling, the intermetallic co~npound 
and elemental silicon crystallize out and can be separated by centrifugation. 
A 12% silicon in aluminum alloy is the final product. The yield of the alloy 

' 

can be increased by processing the solids from the centrifugation process. 
The patant cnvsry, the stczichiom~try of the process in close detail, but thcrc 
is no indication of its practice on a large scale. We estimate electrical energy 
requirements to be in excess of 12 kWh/lb. , .  , 

These patents describe a blast furnace operation for the reduction of aluminum- 
silicon ores. The blast fun.race is divided vel-tically Into two zones, one con- 
taining only carbon; the other, the ore and carbon. By blowing the carbon , 

side with oxygen, carbon monoxide is generated at a sufficiently high tempera- 
ture to effect reduction in the second zone. There is no evidence of testing 
as a large-scale process. 

A two-step reduction is  claimed in this patent; an initial reduction with a 
fossil fuel, in which temperatures of 1500-1800'~ (2172-3272O~) are reached, 
i s  followed by electric arc reduction a t  2000-2300'~ (3632-4172'~). This 
appears to be a useful dual approach with the merit of reduced electrical energy 
consumption, together with good stoichiometric control. However, the main 
energy requirement is for the endothermic reduction process (four times greater 
that the preheat) that I s  an elecrrlcal energy demand. Again, there is no evidence 
of large~scale practice. We estirr~ate the electrical energy requirement to be at 
least 6 kWhIlb. 

These patents also describe ranges of chensical co~npusitiori arld stoichlnmetrles 
fais reduction to an s lc l r r~ i r~un~~asi l i~~i  alloy. 711e lrnporrant difference, however, 
i s  that the reactions are driven thermally by the combustion of excess carbon 
with oxygen. To avoid excessive losses associated with the vaporization of 
aluminum at the higher temperatures, the overall reaction i s  carried out in 
stages: 

Apprnximntely two-thirds of the i.edclive car bull ~rlurloxlde and s slgnlflcant 
amount of the combustion carbon monoxide is removed from the system be- 
fore there i s  any production of aluminum metal. Control of feed rates of ore 
and carbon are critical if proper stoichiometry i s  to be maintained. 

-- 6 
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Theoretically 0.334 pound of carbon is needed to produce 1 pound of aluminum. 
I11 practice, however, up to 0.5 pound of carbon is consumed.per pound of aluminum. 
Dusting losses occur because interstitial carbon from the binder i$ more,reactive and is 
preferentially attacked. Research has also been aimed a t  finding alternatives to petro- 
leum coke. 

As the carbon anode manufacture and utilization is laborious and expensive, 
attempts have been made to develop inert anodes in which the direct decomposition of 
alumina to its elements occurs: 

Thus, with an inert anode, oxygen is evolved a t  the anode and can be collected 
and purified, especially if the cell is sealed. It can therefore also reduce problems 
relating to pollution of the environment. . 

To he suitable, an inert anode must have the following properties. 

- 
It must be thermally stable up to 1832OF. 

0 The specific electrical resistivity must be very small, so that the voltage 
drop a t  the anode is minimal. At 1832OF, the specific resistivity should 
be comparable with or less than that of anode carbon. The specific 
resistivity should be as independent of temperature as possible, so that 
the voltage drop in the anode remains as constant as possible even when 
temperature changes occur in its path. 

It must be resistant to oxidation and insoluble in a fluoride or oxide melt. 

It should be adequately resistant to thermal shock. 

Anode corrosion should be negligibly small. The corrosion product 
should not affect the electrolyte, separated metal or power output. 

The anode must be stable in contact with liquid aluminum, suspended in 
the electrolyte, and not have an effect on aluminum purity. 

It must be possible to. connect the anode with.the external electrical 
system in a stable way a t  reasonable cost and reasonable voltage drop. 

b. Potential for Energy Savings 
With inert anodes, the anodic reaction is oxygen evolution rather than carbon 

oxidation. This means that the theoretical open-circuit voltage is 2.21 volts as opposed 
to 1.17 volts with carbon anodes. However, because.of polarization effects, the actual 
difference in voltage is about, 0.5 volt,, i.e.; oxygen evolution is more rapid than the 
diffusion-controlled oxidation of carbon. Hence, in order. not to'increase the power 
consumption, it is necessary to reduce the anodelcathode distance. We estimate that 
there may be an overall improvement in efficiency of 8-1096, if a suitable material is 
found. A major source of energy saving is the elimination of anode consumption, and 
that energy saving is associated with the elimination of carbon anode baking. 

, . 

Arthur D L;i t t le Inc 



. .. . --- 
, ,..: . 

The energy saving arising from eliminating the consumption of anode carbon of - 
0.5 ton'per ton aluminum, based on an energy value of anode carbon of 49 million Btu 

ton of anode carbon (~a t t e l l e ,  1975), is. 24.5 million Btu per ton of aluminum. 
Although it is not likely that permanent anodes would be considered for retrofit on 
existing cells, based on aluminum production of 5 million tons, in 1979 if all plants 
were to retrofit inert anodes on their reduction cell, a potential saving of 0.12 quadlyr 
would be possible. In our assessment of energy saving, we have assumed that the 
anodelcathode distance .could be decreased sufficiently so that there would be no - 
increase in 'electrical energy savings. Because .of the geometric configuration of the 
anode-flat or round-it should be possible to decrease the anodelcathode distance to 
some extent, especially if this has not been achieved by the use of dimensionally stable - 
cathodes. 

c.  ~ r ~ e s e n t  Status of Development. 
The only open literature on this topic is in the form of patents in which there are 

claims for the utility of the following materials as inert anodes: 

e Tin oxide, iron oxide, chromium oxide, cobalt oxide, nickel oxide, or zinc 
oxide with small additions of Fe, Sb, Mr, Nb, Zn, Cr, Co, W, Cd, Zr, Ta, 
In, Ni, Cu, RA, or Bi. -. 

Spinels with the general formula XW'O, where X is a divalent or I 

tetravalent metal, and Y and Y1 may be the same or different and are 
trivalent or divalent metals. -- 

Perovskite oxides with the general formula RMO,, where R is a mon- 
ovalent, divalent, or trivalent metal, and M is a pentavalent, tetrava- . 

-. 
lent, or trivalent metal. 

It is claimcd that certain of these materials are stable in a cryolite melt contain- 
ing rlissolved alumina in an clcct~olytic eell, as luls ns Uit! [:ell is under load. There is a 
rcquireinent ful ullifur~n current denslty axid tor oxygen to contact all exposed surfaces 
of the anode. In addition, a means of handling oxygen gas a t  1000°C would have to be 
devised. Large-scale tests are reputed to have been conducted in Europe, and it is 
generally considered that, although major problems have been encountered, research 
work is continuing in this area. 

d.  R&D Needs and Development Costs 
Probably the biggest incentive for .developing a ~ermanen t  anode is the oppor- 

tunity to design a bipolar cell. Progress towards a permanent anode depends on a 
better u~~dttrslanding of the. processes occurririg a t  the 'anode. We estimate that a 
developmental program would cost about $20 million and require about five years. 

One other facet in the development of a permanent anode would be the opportun- 
ity to reduce cell voltage by the use of a depolarizing gas. If, for cxample, carbon 
monoxide were fed to the anode, the theoretical open-circuit voltage would be lowered 
to 1.29 volts. The concept has been demonstrated in bench-scale work, but the 
complexity of a large-scale cell and difficulty in maintaining a three-phase interface 
(electrode-gas-electrolyte) would probably exclude CO depolarization from practical 



use. Carbon monoxide could conceivably be used as the depolarizer if the anode were 
an oxygen anion conductor. The known oxygen ion conductors, such as doped zirconia, 
are unstable in cryolite and cannot support.very large currents. Suggestions that 
hydrogen or methane might be used as depolarizers for a permanent anode are less 
likely to be practical, because of extensive hydrogen fluoride production. 

e. Role of the Federal. Government 
Because of the technical risks involved relating to the fairly stringent conditions 

placed on the anode material, it is appropriate for the Federal Government to consider 
supporting an inert anode development program. 

4. Improved Cathodes in Aluminum Reduction 

a. Description 
The goal of this project is to develop a long-life cathode that can withstand the 

environment inside a conventional Hall-Heroult reduction cell, while allowing smaller 
anode-c3thode spacing. The major problem with carbon cathodes is that the molten 
aluminum does not wet the carbon. At the high current densities present in today's 
cells,. the pad of aluminum tends to have ripples and waves in its surface, and these 
force the operators to maintain a thick layer of electrolyte to prevent shorting of the 
cell. To accommodate a thick layer of both aluminum and electrolyte in the cells, the 
spacing between the anode and cathode is usually maintained a t  1.5 to 2.2 inches to 
prevent electrical shorting. 

The major improvement inherent in the cathodes made from materials such as 
ti tanium diboride is that the new cathodes have a very low electrical resistance and are 
readily wetted by metallic aluminum. Since the metallic aluminum readily spreads 
over the entire cathode, the operators can drain the metallic aluminum out of the cell 
as fast as it is produced, while maintaining a cathode wetted with aluminum. The thin 
film of aluminum present on the cathode does not ripple a t  present current densities or 

- even a t  higher current densities. The operator can safely run the mechanism with a 
much thinner layer of electrolye by reducing the anodelcathode spacing from 1.0 to 0.5 
inch or less. This would result in a subatantial energy saving of 20 to 25% in aluminum 

- smelting due primarily to the lower electrical resistance drop across the electrolyte and 
better current efficiency. 

The performance goal is a 3-year life for the improved cathode when in contact 
with molten aluminum and electrolyte a t  1724'-1787OF. Many of the cathodes fabri- 
cated to dat.e tend to he very brittle and develop stress cracks during operation. The 
project is designed to demonstrate a long-lived, commercially viable cathode system. 

b. Potential for Erlergy Savings 
Theoretically, 2.85 kwh of energy are required to produce 1 pound of aluminum. 

In actual practice, carbon cathodes produce a range of 6 to 8.5 kwh per pound of 
aluminum, with a U.S. average of 7.8 kwh per pound. Most of the energy inefficiency 
is attributable to electrical resistance thrgugh the electrolyte between the anode and 
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cathode. With the improved cathodes and decreased anodelcathode spacings, a con- 
- servative saving of 20% in energy use appears achievable. A total of 1 6 4 ~ 1 0 ' ~  Btu's per 

year, or 0.164 quad could have been saved in 1979 if all aluminum plants used an 
improved cathode system. 

- - 

c. Present Status of Development 
We did not have access to the details of the cell design in the present program, - 

but we understand that both brittleness and stress cracking of the cathodes are still 
major problems. We know of no successful three-year test within this program, or a t  
any of'the other aluminum companies developing their own cathodes. The solution of - 
the life problems with the new cathodes remaiils a'very difficult development problem. 

d.  R&D Needs and Development Costs , 

Development work started on the improved cathodes for aluminum smelting in 
the 1950's. Twenty-five years later, much progress has been made, but sevcrc problems 
with cathode life still hinder d~rnnnstrat.ion of the technology. We feel that another six 
years and $40 million wiil be required to bring the technology to the.demonstration 
stage under the most favorable circumstances. 

c. Role of  the Federal Government 
Because it is a relatively high-risk development project, an appropriate role ofthe 

Federal Government may be to reduce the risk and developmentldemonstration time 
for this technology. The Federal Government should consider whether there may be 
advantages to be gained by a joint aluminum company research program. 

C. ALUMINUM MELTING 

1. Conventional Technology 
- - 

In the primary smelting of aluminum, operators periodically siphon off liquid 
metal from the reduction cells and pour it into ingot molds to cool and solidify. The 
aluminum ingots are either sold to another company for further processing or, more 
frequently, shipped to another site within the company where they are rolled or cast 
into products. Since most aluminum product8 are alumin~lm nllnyn rnntaining small 
amounts of nt .h~r metals, the operatoro a t  thc fnkricnting plvrrlti remelt thc pure 
aluminum ingots in reverberatory furnaces and add the appropriate alloying metals, 
such as magnesium, manganese, copper, zinc, and silicon. The addition of alloying 
metals results in properties, such as increased strength and toughness and better 
machining. The reverberatory furnaces used in remelting the ingot are typically fueled -. 

wilh oithcr natural gas or distlllalt: uil, since it is important that only clean combustion 
gases contact the metals. 

- 

2. Use of Coal in Aluminum Melting 

a. Description -- 

The object of this program is to substitute coa1,for the hydrocarbon fuel presently 
burned in the reverberatory furnaces and still have clean combustion gases in the 
furnace. The program attempts to demonstrate that a coal-fired burner can produce a -. 
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clean combustion gas that is acceptable both to the metal and the environment. Three 
problem areas exist when one burns coal; (.I) the ash; (2) the sulfur content; and (3) 
fixing of nitrogen to produce nitrogen oxides. 

The contractor chose a cyclonic, slagging, two-stage coal combustor developed by 
the Cencral Electric Company under a U.S. Department of Energy program for closed- 
cycle magneto-hydrodynamics. The unit produces 4.0 million Btu's per hour in clean. 
combustion gases when fired with 350 pounds per hour of pulverized coal. The combus- ' 
tor burns the coal in the first stage to release the ash which is heated by the reactions to 

r 

above the melting point. 

The cyclone design of the burner imparts an axial swirl to the gases and throws 

-- the molten slag droplets onto the walls where they are trapped. The molten slag on the 
walls of the burner flow into a sunip that collects up to 90% of the ash in the incoming 
coal. 

-.- 
To remove the sulfur from the coal (up to 3.5% of its weight), the operator 

introduces either powdered limestone, dolomite, sodium carbonate, or potassium 
carbonate with the coal to react with the sulfur dioxide formed and trap it as a metallic 

-. 
sulfite. In one test, the addition of 14 parts of potassium carbonate per 100 parts of coal 
resulted in the removal of 99.8% of the splfur dioxide. The additives also act as a 
fluxing agent in the molten slag to ensure that it flows rapidly into the slag trap. 

The two-stage combustion system should also reduce the formation of nitrogen 
oxides, while fostering complete combustion of the coal. In the first stage (run with an 
air-to-fuel ratio of 0.6), the fuel-rich combustion gasifies the coal, while suppressing 
the format,ion of nitrogen oxides. In the second stage, additional air completes the 
combustion and tertiary air quickly cools the flame in the furnace to reduce the 
formation of nitrogen oxides. 

The transfer of the technology developed for magneto-hydrodynamics to this 
project, if successful, could show the way to wider application of the clean combustion 
of coal in other applications now requiring gas or oil. 

b. Potential for Energy Savings 
If all the primary aluminum were remelted in reverberatory furnaces fired by a 

pulverized-coal burner, about 29x10L2 Btu's per year of hydrocarbon fuels could be 
saved. Table 111-10 shows the basis used to generate the estimate of energy saving. 
Even though the amount of energy saving is relatively modest on a national scale, even 
if one were to additionally include all the reverberatory furnaces in the secondary 
aluminum industry, the technology could have widespread applicability in many other 
metallurgical and industrial processes now using hydrocarbon fuels to produce clean 
combust.ion gases, 

c .  Present Status of Development 
The Alcoa Corporation is starting to test the burner rated a t  350 pounds of coal 

per hour on a 7-foot diarn~t~sr aluminum ladle furnace. As the program continues, a 
burner rated a t  1000 pounds of coal per hour will fire a 40,000-pound capacity furnace. 
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TABLE 111-10 

ENERGY SAVING FROM USING COAL IN ALL PRIMARY 
ALUMINUM MELTING FURNACES 

Heat Required for Warm-up to Melting Point 5.25~10' Btulton 
Heat Required for Melting t 3 . 4 0 ~ 1 0 ~  Btulton 

Total Heat in Molten Metal 8.65~10' Btulton 

Fuel Required (15% efficiency typical of these furnaces) 5 . 7 6 ~ 1 0 ~  Btulton 

With the 1979 Total Production of 5,015,000 Tons of 
Aluminum, Annual Energy Saving (nationally) 

d.  R&D Needs and Development Costs 
A key item in the development of thc burner will center on the life of tlie 

refractory matcrial on thc inside sf a cyclone burnel. T l ~ e  ~.efrtiuturies will he exposed 
to highly corrosive conditions in the presence of molten slags with significant amounts 
of alkali metals. We do not have any data on the actual performance of the refractories, 
but a successful. long-term test. will be a significant milestone in t.he project. The 
project has about four years to go to achieve the demonstration stage. The total 
development costs and testing could conservatively cost about $10 million for all 
participants. 

e. Role o f  the Federal Government 
The project is still in a developmental stage where the funding of the Federal 

Government may play a critical role in its completion. In evaluating the project's 
energy saving potential, one could view it as a test of using coal to produce clean 
combustion gases in a number of applications that extend far beyond the aluminum - 
industry. , .  
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IV. OTHER HIGH-TEMPERATURE INDUSTRIES 

A. COPPER 

1. Background 
The United States is the leading producer and consumer of copper in the world. 

In 1979, the United States produced 1.6 million tons of primary copper. Based on 95 
million Btu per ton of cathode copper (University of Utah, 1980), the energy consump- 
tion for the copper industry is approximately 0.15 quad. 

Refined copper is produced from primary sources, i.e., originating from mined ore 
or from secondary sources (scrap). Most copper is consumed as refined metal. In 1978, 
about 71% of the refined copper was consumed by wire mills and most of the remaining 
29% by brass mills. Refined copper is marketed in regular or standard shapes consist- 
ing largely of wire bars, cathodes, ingots and ingot bars, cakes, slab and billets. The 
principal end-uses are in building construction, electrical and electronic products, 
industrial machinery equipment, transportation, and consumer products. In addition, 
copper scrap is used to make brass and bronze ingots that are consumed principally by 
foundries. 

The primary sector consists principally of 12 firms. Several leading copper- 
producing companies are integrated and have mining, smelting, refining, and fabri- 
cating facilities, as well as marketing organizations. Other large producers mine and 
process through the smelting or refining stage, while still other companies mine and 
process their ore and ship the concentrate to custom plants for smelting and refining. 
.Copper smelting capacity in the United States in 1978 totaled approximately 9.0 
million tons of charge, estimated to represent 2.0 million tons of smelter product. 
Refinery capacity totaled 2.9 million tons, approximately 88 percent of which was 

.- electrolytic refining and electrowinning capacity and 12 percent was fire-refining 
(including Lake copper) capacity. 

In the secondary copper smelting and refining industry, the plants fall into two 
fairly distinct segments: (1) producers of either brass and bronze ingots; and (2) pro- 
ducers of unalloyed copper. Most of the firms in the secondary copper industry are 
small, individually owned operations having a single plant; only a few are publicly 
held. A minority of the firms (but still representing a large fraction of the production) 
are either subsidiary operations of large mining companies or subsidiaries of conglom- 
erates. The four largest companies account for about 40% of the value of shipments; 
eight companies about 70%; and the 20 largest, for about 85% of the value of ship- 
ments. 

There are about 60 plants in the brass and bronze ingot segment and about half a 
dozen producers of unalloyed copper, which may be in the form of blister copper, fire- 
refined copper, cathode copper, wire bar, continuous cast, or a finished product, 
depending on botch the prod~~ctinn scheme and the needs of the customer. Also, several 
precious metals are usually recovered as a result of electrorefining to produce cathode 
copper. 
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This section is based on data compiled in a DOE study (conducted by Arthur D. 
Little, Inc., and other subcontractors, University of Utah, 1980). It dealt wit.h energy 
use for proven and new copper processes. 

2. Conventional Technology 
Ores of copper are classified as sulfide, native copper, or oxide. Of these, sulfide 

porphyry deposits account for about 90% of the U.S. production, most of the world 
output, and most of the estimated commercial copper reserves of the world. 

a. Pyrometallurgy 
After mining, sulfide ores are primarily treated by crushing, grinding, and froth 

flotation to produce a concentrate of sulfide minerals. 

The extraction of copper from sulfide ores is conveniently divided into four 
 segment.^: 

Mining - Ore containing 0.4 to 2% copper is blasted and excavated; 

,@ Beneficiation - Copper minerals are crushed, ground, and separated. 
from thc gangue materials to produce A cc'~r~cenlrat.e containing about 
25% to 30% copper. 

Smelting - Concentrates are smelted and reacted to produce anode 
copper containing 98% to 99% copper; and 

Electrorefining - The anode copper is refined to produce more than 
99.9% pure cathode copper. 

6 .  Hydrometallurgy 
In contrast, many oxide ores are not amenable to concentration and are treated' 

with dilute sullurio tlcid to dissolve the copper. Hydrometallurgical approaches'involve 
leaching the ores to bring copper values into solution and solution purification, fol- 
lowed by electrowinning or a chemical reduction step. 

3. Assessment of Energy Consumption . 
, 

a. Mining and Concentration 
Today open-pit mining is extended to depths of as much as 1,500 feet below the 

rim. The energy use and dollar cost of hauling rock from such depths become limiting 
factors in determining the life of the surface mining operation. Energy use should be , 

clearly 'distinguished from dollar cost optimization. Each strategy will result in a 
different cutoff grade. There is an increasing bias relative to energy optimization as its 
availability is co~istrtlined as its unit cost goes up, as mining proceeds to ores of lower 
grade, and as environmental protection regulations increase, The cutoff grade signifi- 
caht.1~ affects the tonnage of the orc going to the mill and the toililage &iag lu dump 
leaching. On the basis of an average mill feed grade of 0.55% copper and a cutoff grade 
of 0.29% copper, energy use in mining is listed in Table IV-1. 
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TABLE IV-1 

ENERGY USE IN MINING FOR A 
STRIPPING RATIO O F  1.25 

Unit 

Drilling 
Blasting 
Loading 
Hauling 
Ancillary 

Total 

Million Btu's Percent 
Per Ton Cathode Total Mining 

Copper Energy 

sour&: Arthur D. Little, Inc., 1980. 

The analysis of Table IV-1 is presented in terms of energy per ton of cathode 
copper produced (Level I* and Level.2** energy requirements) and is based upon a 
copper recovery of 87.5% in concentration and 98.7% by. conventional smelting. A 
sensitivity analysis indicates that increasing cutoff grade decreases the energy per 
normalized ton of cathode copper charged to mining operations, while that charged to 
milling increases. The resulting counteractive energy values produce a small net 
energy difference in the overall energy requirements, although a minimum is indicated 
a t  the cutoff value of 0.4% copper. 

The increased recovery of copper from dump leaching as the cutoff grade. in- 
creases does not markedly decrease the average energy use per ton of cathode copper 
produced. This insensitivity results from the high energy usein curfent dump leaching 
practice. Conversely, the energy use per net ton of cathode copper produced is very 
sensitive to the stripping ratio and pit depth. 

In the energy analysis, certain areas in which further research may be fruitful ill 
the context of energy conservation, relative to mining were highlighted. These are: 

Rock haulage, 

Explosive utilization, and 

Optimization of the cutoff grade, taking into account the trade-off be- 
tween conventional concentration and dump leaching. 

Energy use in milling is very sensitive to the mining cutoff grade when norma- 
lized in terms of the cathode copper produced. The approximate energy use per net ton 
of ore is 0.156 million Btu's, 60% of which i g  in the grinding step. On the basis of an 

'Level 1 represents direct fuel requlrements; l.e., natural gas, fuel oll, eleCtrlclty, etc. 
"Level 2 includes Level 1 energy use, plus the energy requirement for consumables used in the process. 
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average copper recovery of 87.5% in concent'ration and 98.7% in conventional smelting. 
milling energy use is determined to be 42.57 million Btu's per net ton of cathode copper 
produced from a mill'head ore grade of 0.55% copper. 

It appears that any major improvement in energy use in milling will require 
optimized energy use in grinding. This conceivably may be achieved by the 
application of stabilizing control strategies in the grinding operation itself and in 
related operations, such as flotation and classification. This analysis points to a 

, 
potential energy savings in the use of autogenous and semi-autogenous mills for 
certain copper sulfide ores. Also pebble mills may be an attractive option for grinding 
when viewed in terms of energy optimization. 

b. Pyrometallurgical Technology 
Table IV-2 lists the energy use (Level 2) evaluated for several commercial and 

proposed pyrometallurgical processes. The range of values for each category are also 
listed. The mining and milling values may be adjusted relative to conventional 
smelting with a recovery of 98.7%. 

TABLE IV-2 

ENERGY USE IN COPPER PYROMETALLURGY TECHNOLOGY: 
FOR SMELTING AND REFINING 

(million Btu per ton cathode copper) 

CategqrY , Process 

ulde; 
Proven 
Processes 

Newer 
Proven 
Processes 

New 
Unproven 
Processes 

Conventional Smelting (Green Charge) 
Conventional Smelting (Calcine Charge) 
~lectr ic Furnace SmBlting 
Oiitokumpu Flach Smclting 
INCO Flash Smelting. 

Noranda Continuous Smelting 
Mitsubishi Continuous Smelting and Converting 
Oxy-Fuel Reverberatory Smelting 

Top Blown f3otarV Converter Smelting 
Queneau-Schuhmann Continuous Smelting 
Oxygen Sprinkle Smelting 
AMAX Bead Roast Blast Furnace Smelting 
Scgrcgntinn Pruii.ss 
Thermo-Electron Chlorination Process 

Range 
+-. 
8 

30-44 . . 

To obtain the total energy required for producing a ton of cathode copper, the energy for mining and con- 
centrator operations must be added. For a 98.7% reco.ve,ry in the smelting operation the estimated mining 
energy is 20.13 a i d  ooncenrratar eriergy i s  42.57 million Btulton cathode 'copper. 

'Value reported by AMAX for electro-refining is  approximately 1.5 million Btu less than value used for 
other 'processes in this study; also, the energy requirement for fugitive emissions control i s  not included. 
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It is important to note that the energy-ba~ed'com~arison among processes can be 
significantly different froin an economic comparison between the same processes, since . . 

the labor and fixed capital requirements for. the processes may vary considerably. 
Similarly, the processes produce different types of environmental intrusions (fugitive ., 

emissions, waste water, slag and sludge) and the costs or future potential cost of 
dealing with these streams may vary from process to  process. What is presented here is 
a comparative discussion of the processes based on energy consumption alone. 

Table IV-2 shows that conventional smelting is energy-intensive. It uses large 
.-- quantities of hydrocarbon fuels, deriving little energy from the combustion of the 

sulfides. Hot calcine smelting (roast-reverberatory) practice is less-energy intensive 
than the green charge practice by approximately 4 million ~ t u ' s ,  mainly resulting from 

- lower fuel and air requirements and the resultant decrease in the volume of offgas 
which must be handled. The oxy-fuel (Caletones) process a t  about 29 million Btu's . 

shows considerable improvement over conventional smelting. More important, while 
. sulfur recovery as acid in conventional smelting is below 70%; sulfur recovery i n  

Caletones oxy-fuel smelting would be more than 90%. 

Electric furnace smelting is the most energy-intensive of all the pyrometallur- 
gical processes analyzed in this study. The addition of fluid bed roasting could reduce 
.the 'fuel requirements by approximately 3 million Btu's per ton of cathode copper. 

It is evident (see Table IV-2) that two of the proven processes based on matte 
smelting, Outokumpu flash smelting and INCO flash smelting, fall in the lowest range 
of energy consumption (19-21 million Btu's per net ton of cathode copper produced). 
This is a significant improvement over conventional smelting and illustrates the 
important conclusion that, with the many technological improvements incorporated in 
these processes over the last 30 years, there has been a significant improvement in 
energy efficiency. Newer proven processes (based on matte smelting) fall in the mid- 
range of energy consumption (19-29 million Btu's per net ton of cathode copper 
produced). These are the Mitsubishi, Noranda and oxy-fuel processes. Of these, the 
Mitsubishi and Noranda processes are a t  the lower end of the range and are close in 
energy consumption to the flash smelting processes. It should be noted that improved 
reactor design, in general, also makes these processes more environmentally 
acceptable. This is particularly true for developments which reduce converter aisle- 
type operations in a process, reducing fugitive emissions. 

Six processes are newer, unproven processes and fall into two categories. Three of 
these processes are based upon matte smelting. They are TBRC, Q-S, and oxygen 
sprinkle smelting. These three processes fall in the same energy range (20-24 million 
Btu's per net ton of cathode copper produced) as other newer processes based on matte 
smelting. Three processes, not based, on matte smelting are the AMAX dead roast 
blast furnace, segregation, and Thermo Electron Corp, processes. These processes 
similarly show relatively low energy usage. 

The AMAX dead roast blast furnace process and the segregation process, have 
been tested only on a pilot plant basis, but not on a commercial scale. The segregation 
process has been tested on a commercial ecalc for rcfraotory silioate ores, but not on 
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roasted calcines. It is difficult to analyze the Thermo Electron Corp. process compara- 
tively, since background data are incomplete and are based on bench-scale tests only. 

Evolutionary ,development of pyrometallurgical processes employing matte 
smelting chemistry may be viewed in terms.of two major developments beyond 
convent.iona1 reverberatory smelting; namely, flash,smelting and continuous process- 
ing. In the future, energy saving features, improved environmental acceptability; 
minimal loss of copper in the slag, large capacity, fugitive emission control and design 
features minimizing heat loss must receive special attention. The conventional rever- 
beratory-Pierce Smith process is clearly obsolete. Flash furnace technology, now over 
30 years old, and well proven, may be viewed as a modern, transition-proven tech- 
nology, while Mitsubishi and Noranda are modern continuous-proven processes. It is 
difficult to assess whether or not these latter two are transitional. 

Mitsubishi use3 three smelting S ~ ~ A ~ S  n n ~ 1 ,  w h i ! ~  it is effective in. oonoorving on 
fugitive emission energy requirements, it deviates from a single reactor concept. The 
Noranda process is too new ?.Q assess from this point, nf view. It is continuous, but elng 
cleaning appears to be a problem. Oxygen sprinkle smelting by these criteria may be 
viewed as transitional, unproven, representing a potentially significant linking .be- 
t.ween older and newer technologics. 

The TBRC is difficult to analyze in the same framework as the other processes 
mentioned, except it must be considered a t  this point as somewhat unproven for the 
large-scale smelting of copper. It is limited in size, operates best on high-gradenmattes, 
and has the added capability of fire refining. The Q-S processes, as designed, is 
capable of going from copper feed to blister copper and falls in the category of modern 
and continuous-unproven processes. A similar version, the QSL (Queneau-Shuhmann- 
Lurgi) process for lead is now a t  the demonstration stage by Bundes Minesterium Sur 
Forsching und Techndlogie in Germany, The demonstration plant (250 tpd galena) is 
funded a t  a level of $25 million U.S., one-half by German industry and one-half by the 
German government with tests to be completed by the end of 1982. 

It appears that the reactor of the future, with a production capacity of 100,000 
tons per year, will most likely be a single continuous reactor capable of minimizing 
convective and radiative heat loss, fugitive emissions, and effective in removal of . . 
impurities. Such a single reactor should meet the following conditions: 

Produce blister copper low in impurities; 
Produce a clean slag; 

e Ivcrcaae 30, co~~ctr~rlrtlkion and minimize gas volume; 
Fully utilize the fuel energy in the copper-iron sulfide feed; and 
Provide close control over emissions. 

For smaller operations, e.g., 25,000 tons per year, other optinns nppenrly likely, e.g., 
the TBRC may be well suited to plants of this'  size as may be several - 

hydrometallurgical processes. 
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c .  Hydrometallurgical Technology 
Table IV-3 lists the Level 2 energy requirements for eight selected 

hydrometallurgical processes. Energy usage for in situ solution mining is also included. 
The hydrometallurgical procesees are grouped according to three ranges of energy 
(Level 1 and Level 2) required. The total energy values, including mining plus benefi- 
ciation, are also listed in Table IV-3. The table clearly shows that hydrometallurgical 
processes, in general, are more energy-intensive than smelting. This comes mainly 
from high use of embodied energy in consumably and ineffective use of the heat of 
reaction. The processes having lowest Level 2 components, viz., roast-leach-electro- 
win, Cymet ferric chloride leach, electroslurry and sulfite reduction, are notably less 
energy-intensive and, in terms of energy, are comparable with conventional or electric 
furnace smelting. 

TABLE IV-3 

ENERGY USE IN COPPER HYDROMETALLURGICAL TECHNOLOGY 
(million Btu per ton cathode copper) 

Process -- 

Concentrate to Refined Copper 

Range ~ a n g e  
(Mining to Refined Copper) 

Roast Leach Electrowin" 30.45 
Cymet Ferric Chloride Leach 30.92 
Roast/Sulfite Reduction 23.64 

8 .  Electroslurry-Envirotech 39.63 
U of UIMM Ferric Sulfate 

Acid Leach 49.45 
Sherritt Cominco 48.'13 

Arbiter Ammonia Leach* 
Nitric-Sulfuric Acid Leach 

.--. In-Situ Solution Mining 51.60 32-34 78-83 

"Process which have been used commercially. TO obtain the total energy required for producing a ton of . 
cathode copper, the energy for mining and concentrator operations must be added. For 98.7,percent re- 
covery in the smelting operation, the estimated mining energy is 20.13 and the concentrator energy is 
42.5/ m~ll~on tltu's per ton of cathode copper. 

3 - 

All of these processes, with the exception of the Cymet ferric chloride l e ~ c h  Rnd 
- the sulfite reduction process, employ electrowinning for metal reduction. Improvement 

in electrowinning thuscpresents an area for reduction in the overall energy use'in these 
processes. Chemical reductants used in the Cymet and sulfite reduction processes are 
clearly less energy-intensive than conventiqnal electrowinning. The ~nvirotech elec- 
troslurry cell appears to be operable with approximately 25 to 30% less energy than 
conventional electrowinning. 
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Combination processes, using both pyrometallurgical and hydrometallurgical 
steps, are generally less energy-intensive than all-hydrometallurgical processes. The 
combination processes are roast-leach-electrowin, Cymet ferric chloride, Sherritt- 
Cominco, and sulfite reduction. 

The all-hydrometallurgical processes, in general, are the most energy-intensive. 
These are the Arbiter ammonia leach, the nitric-sulfuric acid leach, and the ferric - 
sulfate leach. The electroslurry modification of the ferric sulfate leach is less energy- 
intensive than the University of U t a m a r t i n  Marietta version based on electro-. 
winning, because of the lower cell voltage of the electroslurry electrowinning step. The 
Arbiter ammoriia leach is less energy-intensive than the nitric-sulfuric acid process, 7 

resulting principally from the high heat of reaction, since sulfide sulfur is oxidized all 
the way to sulfate. ~m~rovernents  in the nitric-sulfuric acid and ~ r b i t e r  processes 
require a more effective recovery of waste heat. . - 

In .geneid, the high-energy requirement for hydrometallurgical processes results 
from electrowinning, inefficient use of reaction heat; high process steam requirements, - 
and extensive use of consumable materials. It does appear that significant improve- 
inents can be made in energy usage by. more effective waste heat recovery, new 
electrowinning technology, and the combination of alternative lower energy unit -. 

processes. 

The smelting-electrorefining processes recover byproducts such as precious met- 
als, selenium, and tellurium in the form of anode slimes. This stream of slimes is 
small, about 5 to 25 pounds per ton of cathode. The slimes are treated by a combina- 
tion of processes to recover these byproducts. Technology for the recovery of such 
byproducts from the hydrometallurgical processes is not so well developed. Further- 
more, it involves the handling and treatment of much higher volumes of solid residues 
(iron oxides and/or jarosites), about 3 to 6 tons per ton of cathode. This treatment is 
likely to entail more energy consumption than the anode slimes treatment. An excep- 
tion of this is the Sherritt-Cominco process which produces only 0.7 ton of solid residue 
per ton of cathode copper, thus enhancing precious metals recovery. In addition, this 
process can recover the associated metal values such as molybdenum and zinc. 

One of the major apparent benefits of hydrometallurgical processing is the 
absence of significant emissions to the air from process units. In pyrometallurgical 
processing, on the other hand, the control of emissions is expensive in both energy and 
economic terms. This has to be weighed against the increased potential for water 
pollution. In this analysis, we allowed for a significant amount of energy for the control 
of fugitive emissions in pyrometallurgy (about 4 million Btu's per ton of cathode). In 
spite of this, there is a significant difference in energy consumption between the two 
types of processes, generally in favor of pyrometallurgy. 

Of all the processes proposed, roast/sulfite reduction has the greatest potential 
for competing with smelting processes in terms of energy usage. However, the process - 
is unproven. Also, effective recovery of heat from the roasting stelj by an auxiliary heat 
exchange system seems capable of reducing the reported values appreciably for both 
the roast leach and sulfite reduction processes. -- 

-. 
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The construction of hydrometallurgical process plants capable of producing 
100,000 tons of copper per year seems unlikely, a t  least in the next decade. Application 
to smaller tonnages is more likely, i.e., less than 25,000 tons per year of finished 
copper. The hydrometallurgical process most likely to succeed in the future will have 
to be designed to recover process heat in a useful form and will require vastly improved 
electrowinning technology or use chemical reductants. 

4. In Situ Solution Mining 
The in situ extraction of copper from a deep-seated deposit appears to be the 

least energy-consuming process of all the extraction procedures investigated in spite of 
only 50% overall recovery assumed for this technique. The major energy saving factors 
are reduced energy involved in mining, the elimination of the concentration step, and 
more effective use of intrinsic heats of reaction under autoclave conditions in place. 
The estimated energy requirements (Level 2) of ,about 80 million Btu's per ton of 
cathode copper are a t  least 15 to 20% lower than. the pyrometallurgical processes 
considered and about 25 to 75%. lower than the hydrometallurgical techniques in- 
vest,igated. 

The energy requirements are based on an assumption that only 50% of the copper 
is recoverable in this process. If higher recoveries. are achievable, then the in situ 
extraction would be even more attractive for recovering copper from deep-seated 
deposits. On the other hand, the in situ technique is not a proven process, and 
experimental work is needed to demonstrate that the 50% recovery is possible. It 
should also be noted that such techniques would be applicable only where the geologi- 

' 

cal structure permits containment of the pregnant solution. 

5. Potential Energy Conservation Process/Concepts 
A variety of evolutionary and new energy saving ideas which have significant 

potential for decreasing the energy consumed in copper production have been 
identified. These ideas generally relate to unit operations which could be utilized by 

- many of the processes discussed in this report. i ow ever, in all cases, additiorial 
research and evaluation are necessary to verify this potential for energy saving. 
These ~ A A A S  Are pre~ent.erl helow with a short discussion of their significance. 

-- 
a. MininglDump Leaching 

Mining energy represents about 21% of the energy consumed in copper produc- 
- - tion. If the down-stream processes are not efficient and do not recover most of the 

contained copper, the contribution of mining energy toward the production of cathode 
copper would greatly increase. The areas that warrant further research and evaluation 

5 - - in mining are: 

Alternatives for ore and waste haulage, e.g., the use of belt conveyors 
versus trucks in mines; 

The trade-off between the use of more blasting agents for additional 
breakage in the mine versus primary and secondary crushing; and 

Optimization of cut-off grade to define the trade-off between energy 
consumption in dump leaching versus cut-off grade. 
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. . . It was found that. dump leaching is more energy-intensive than commonly real- 
- 

ized (University of Utah, 1980). Areas that warrant further research are: 

. Fundamentals of dump leaching; and 
a Improvements in aeration and rate of copper extraction in dump leach- 

ing. 

Grinding and concentration consume about 45% of the energy used in the produc- 
tion of cathode copper, with grinding being the major energy consumer. Since their 
introduction during the last part of the 19th Century, tumbling mills have proven to be 
superior to other grinding equipment for a very wide variety of applications. However, 
they are still quite inefficient in that no more than 1-2% of the energy consumed is used 
for the creation of new surface. Because of the large quantity of energy consumed in 
tumbling mills, even a small improvement could have a significant impact on energy 
conservation. The areas that warrant further research and evaluation (which would 
generally benefit all industries using tumbling mills) are. 

The use of pebble milling in copper ore grinding where pebbles of hard 
rock, such as quartzite, are substituted for ore (autogenous) or steel - 

grinding media; 

Research on stabilizing control strategies in grinding, classification, and 
flotation; - 

Evaluation of optimal energy consumption in size reduction by trade-offs 
between blasting, crushing, grinding, and regrinding; 

Development of techniques for more efficient classification to prevent 
the unnecessary recycling of fines to the grinding mill; and 

Evaluation of alternative grinding devices such as attrition mills which- - 
might have higher nrindinn efficiencies. 

c.  Pyrometallurgy - 

Pyrometallurgical processes are most effective when the following conditions are 
met: 

a Exothermic heat of reaction is used to 'n~elt the charge materials; 

Discontinuous batch processing is minimized; 

a The heat content of the off-gases is recovered in waste heat boilers; 

a An optimum degree of oxygen enrichment is used; 
c 

'e The process produces strong sulfur dioxide-containing streams suitable - 

for sulfuric acid manufacture; 

e Thc throwaway slag is low in copper; and 
. 

a The process results in minimal emissions of fugitives to the working 
environment. 

. -. 
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The areas that warrant potential research/evalution are: 

The use uf waste heat recovered from hot off-gases to dry and preheat. 
concentrates. At present, most or all of the newer smelting processes use 
an external source of fuel for this purpose. An energy saving of 5-10% is 
conceivable by effective waste heat recovery. 

The pyrometallurgical slag-cleaning processes could be improved to re- 
duce the copper content of the throwaway slags and increase the copper 
recovery. Energy consumption is sensitive to increased recovery since 
mining and concentration energy could be proportionately decreased for 
a given production. A 1% increase in recovery amounts to approximately 
a 1 to 2 million Btu savings in energy because of the high mining and 
concentration energy values. Since the slag is available to such process- 
ing in the molten state, the procedure requires conditions which will 
maximize the reduction and separation of the copper. It should be noted 
that the Q-S process best addresses these questions conceptually. 

Continuous one-step smelting processes are energy-efficient as compared 
to the two-step processes because of better utilization of heats of reac- 
tion. In addition, a hot-matte transport step and the attendant heat loss 
and fugitive emissions are eliminated. Several of the new generation of 
pyrometallurgical processes can be operated in continuous one-step fash- 
ion. However, the potential for transfer of arsenic, antimony, and bis- 
muth to the metallic copper phase in such processes requires special 
design criteria., Current electrorefining technology is generally in- 
adequate for handling significant levels of these impurities in anode 
copper.. Therefore, research on unit operations which would remove these 
impurities from blister copper prior to electrorefining in a single con- 

' 

tinuous reactor would be very desirable. The successful implementation 
of this research would lead to true, one-step smelting of copper concen- 
trates and may result in a saving of 10-20% of the energy used in 
smelting. Potential approaches would include ilagging and/or vapor- 
ization of the impurities. Future research for a large capacity copper 
smelting process for optimizing energy usage, environmental control and 
metal loss should be centered around the d e v e ~ o ~ m e n t  of a single con- 
tinuous reactor. 

The flue dusts collected in pyrometallurgical processing are rich in vol- 
atile impurities such as arsenic, zinc, and lead. Because of the high 
copper content (more than 5%), these dusts are generally recycled. 
However, when impurity concentrations reach such levels that  this re- 
cycling has a deleterious effect on copper quality, then the dusts have to 
be stockpiled or discarded. This reduces copper recovery and represents 
a significant energy loss. Appropriate processes for flue dust treatment 
would preclude this loss and also effect the recovery of valuable byprod- 
ucts. 

e Steam recovered from waste heat in smelters is used to generate electric 
power to drive the blowers in the acid plant and for converter air. If the 
smelter had an adjoining electrolytic refinery, the low-level steam, after 
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going through a topping steam turbine cycle, 'could be used for.electro- 
lyte heating. A detailed assessment of utility requirements in a smel- 
terlrefinery complex is necessary to quantify the potential for energy 
saving using this approach. 

d. Hydrometallurgy . 

While hydrometallurgical processes show a higher level of energy consumption 
than pyrometallurgical processes, they are a t  an early stage of development and, 
therefore, offer considerable potential for improvement. The areas that warrant re- 
search and evaluation are: 

Research to decrease energy consumption in electrowinning is important 
si~ice electrowinning consurncs 21-24 million Mu's per ton of cathode 
copper, or almost 20% of the total. This energy could be reduced by a 
direct approach to increase the efficiency nf c?l~ct.rnwinning by lowering 
overpotentials and by investigating alternative anode reactions. Another 
approach would be to find fin alternatlie use nf alact.ric energy for 
reduction (which incorporates the inefficiencies in electric power gener- 
ation) and use, instead, other reductants such as hydrogen, sulfur diox- 
ide, and other reducing gases or coal-based reductants. 

Research is desirable to optimize the transfer of heat from the exother- 
mic leaching reactions to the reactants more effectively. This would 
involve major modifications in reactor design. 

Research in hydrometallurgy process development most likely should 
' move toward processes which pretreat the chalcopyrite feed to provide a 

' more ~uitablo food material, and which ,titlicr avoid slsclruwinning by 
using chemical reduct,dnts or use some totally new, low,energy electro- 
winninglrefining step. 

+ It may bc possible to gcneralt! slecLric~1 eoergy while recovering copper 
by creatlng copper concentrates in a slurry electrodelfuel cell configura- 
tion. Research in this area has the potential for energy saving in the' 
future. 

6. In Situ Solution Mining 
While all of the research ideas discussed earlier would increase conventional 

reserves by reducing energy requirements and costs, in situ solution mining is unique 
in that it adds low-grade deep-seated deposits (which cannot be exploited economi- 
cally by conventional technology) to the reserves of available copper. 

A multi-faceted R&D program would be desirable to optimize the overall extrac- 
tion of copper by in situ leaching techniques, including a demonstration phase under 
field operating conditions to improve the technique to obtain higher recoveries than 
the.50% recovery assumed in this st.udy. Specifically, such a program would include' 
work on: 

Actual oxygen or air consumption related to the type and extent of 
mineralization; 

134 
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a Application of recent developments in,blasting stressed rock with flooded 
joints; 

Weathering and leaching characteristics of copper porphyry ores under 
an extended period of ore-solution contact; 

Quantification of lixiviant reactions with copper contained in host rock; 
and 

Modelling and simulation for optimization. 

7. Potential For Energy Conservation 
The energy saving potential of the research ideas presented in Section IVA-5 is 

not uniform. Table IV-4 shows estimates, of this energy saving potential in terms of 
millions of Btu's per ton of cathode copper in the first numerical column. Since the 
United States produces about, 2 million tons of copper from primary sources, the total 
potential for energy savings in the United States would be approximately 2 million 
times these numbers if one assumes that each technique was successfully adapted to 
primary copper production. The actual saving that could be realized would vary 
considerably. For example, improvements in mining and milling would be 
applicable to the production of other ores and minerals or mineral products, such as 
cement. .On the other hand, some of the techniques (e.g., flue dust treatment) are 
probably necessary only for a fraction of the .concentrates used in primary copper 
production. 

The second column shows the estimated probability of success in each area. The 
probabilities are designated !'very high" and "high? if the approach has already been 
demonstrated in some fashion and requires technology transfer. The probability is 
designated "medium" if the direction of research and development is reasonably well 
defined, but requires further work. Finally', the probability is designated '.'low9' if the 
direction of research is not fully defined. . ' 

The third column shows our assessment of the R&D cost implications. The fourth 
column characterizes each idea in terms of its potential for retrofit into existing plants 
versus its applicability to new grassroots plants. This is an indication of the rate a t  
.which these ideas may be adopted, if successful. The last column shows the type of 
research necessary before the techniques will be adopted by industry.' 

Finally, it is important to address concepts not included in the specific recom- 
mendations as stated, or listed in Table IV-4. 'Any, process should be considered from 
the origin of the ore (mining) to the finished product as a total system. In this context 
significant energy conservation may result by matching individual steps to optimized 
energy conservation. Matching ore chemical and physical characteristics, minor and. 
major impurities, and potential for byproduct recovery with the process steps.selected 
may have significaiit energy conservation implications. 
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TABLE IV-4 

CHARACTERIZATION OF RESEARCH IDEAS 

Potential Probabiliw 
Energy Savings of R&D Cost Range of Type of 
(MMBtu/Tonl ~uccess' lmplication3 Applicability uesearch3 

Mining 

Haulage vs. trucks 4 . VH* 1 R 
Blasting vs. crushingigrinding Tradeoff -H 1-2 R 
'concentration vs.' dump leaching 20-25 H .  1 .R 
Fundamentals of dump leaching 
Increase aeration and copper M' 2-3 R.G 

extractinn 

Grinding 

~ebblemil l  autogeneous 
Stabilizing mntrol 
Optimal onorgy oontrol 
New classif i d i o n  techniques 
Other milling devices 

I 

Waste heat for drying 
Pyrometallurgical slag cleaning 
Impurity removal from blister 
Flue dust treatment 
Waste heat nream/cogeneration 
Single continuous reactor technology 

Hydrometallurgy 

Electrowinning 
Use of alternate reduction schemes 
Reactor design for optimum 

heat transfer 

In Situ Mining 

H 
M 
M 
L 

VH' 
H 

'Where applicable. . . 

1. NA - Not available for "blue sky" type of idws. 
2. VH - Very high - approach has been demonstrated suc~ssfully elsewhere in the industry. 

H - High -approach based on technology trensfer but not demonstrated. 
M - Medium -direction of research is known; needs further work. 
L - Low - direction of research not fully defined. 

3. $0.1 Million = 1; $1 Million = 2; $10 Million = 3; $100 Million = 4. 
4. H = Retrotit; G = Grassroots. 
5. L = Laboratory; P = Pilot plant; D = Demonstration; S = Study. 
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Examples are: 

Trade off between explosives and primary crushing in the open pit; 

@ Bulk flotation followed by grinding and selective flotation; 

. Concentrate pretreatment before smelting or hydrometallurgical pro- 
cessing; and 

Merging of hydrometallurgical and pyiometallurgical steps. 
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B. MAGNESIUM 

1. Background 
Although magnesium is the third most abundant element in the earth's crust and 

is available in almost limitless amounts from seawater as well as from such land-based 
sources as magnesite, dolomite, and MgC1,-containing brines, it has not achieved more 
than a modest use. Annual production of magnesium is only about one-thirtieth that of 
aluminum for which it is a natural substitute. While magnesium has some short- 
comings, such as susceptibility to corrosion and low tensile strength, a major imped- 
iment to its increased use is its relatively high cost compared with aluminum; also 
there is a limited number of producers of magnesium. A substantial part of the high 
cost is the very large energy consumption per unit weight of product. The energy 
consumption (per net ton) for magnesium is 50% higher than for aluminum. 

During 1979, U.S. production of primary magnesium was 160,000 tons. There are 
'four compaflies that produce magnesium in the United States. Three companies 
prsduse magnesium electrolytiaally and ono by oilioot~hcrmic proccbo. Dow Chemicals 
in Freeport, Texas, uses seawater as raw material. American Magnesium in Snyder, 
Texas uses well brines, and N-L Industries in Rowley, Utah (now bought out by Amax) 
uses Great Salt Lake brines. Northwest Alloys, a subsidiary of Alcoa, uses the Magna- 
therm process. We estimate the annual capacities of U.S. magnesium producers as 
follows; Dow Chemicals, 130,000 tons; American Magnesium, 6,000 tons; N-L In- 
dustries (Amax), 24,000 tons; and Northwest Alloys, 24,000 tons. 

2. Conventional Technologies 
The principal technologies used in the production of magnesium include: 

Fused salt electrolysis of magnesiulli chloride from sea water and brines, 
e.g., Dow, IFG; and 

- 
Metallothermic reduction of MgO derived from land-based sources, prin- 
cipally magnesite and dolomite, e.g., the Pidgeon and Magnatherm 
processes. 

a. Magnesium Metal from Seawater 
Seawater is the major raw material source for the domestic production of magne- . . 

sium. Brines of the Great Salt Lake in Utah represent a minor source. In the produc- 
tion of magnesium from seawater (see Figure IV-I), magnesium hydroxide is formed by . . 
mixing seawater with calcined dolomite. After filtration, the magnesium hydroxide is - 
reacted with hydrochloric acid to produce magnesium chloride which i s  then dried and 
fed to electrolytic cells. The chlorine that evolves is converted to hydrochloric acid for 
reuse. Figure IV-1 indicates the flowsheet for the production of magnesium from 

, 9 .--. 
seawater. 

Table IV-5 sutriiiiarizes the energy requirements for producing magnesium ingot 
- 

from seawater (Battelle, 1975). These represent Level 2 estimates for energy use, i.e., 
in addition to direct energy use such as natural gas, fuel oil, electricity, coal, and coke, 
the energy content of consumables is also included. 
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FIGURE IV-1 ENERGY FLOWSHEET PRODUCTION OF MAGNESIUM METAL FROM SEAWATER 

139 
Arthur D Lttlo lnc 



TABLE IV-5 

PRODUCTION OF MAGNESIUM METAL FROM SEAWATER 

Units per 
Net Ton of 
Magnesium 

Unit Metal 

lo6 Btu's per 
Net Ton of 
Magnesium 

Metal 
lo6 Btu's 
per Unit 

Quarrying dolomite 
, Diesel fuel oil 

Other fuels 
Elecfrical energy 
Explosives 

ga 1 1.78 , 

Btu -- 
kwh .3.48 ' 

Ib 4.34 . 

0.139 
-- 

0.0105 
0.03 

Subtotal 

Crushing 
Electrical energy 

Transportation 

. . Rail (estimated 150 miles) net ton-mile . 1,140.0 

Calcining ' . 

Electrical e11t.1 yy  

Natural gas 
0.61 05 
0.00 1 

Subtotal 

F!occulating 
~lectrical energy 

Settling and filtering 
Electrical energy 

Neutralizing and purifying 
Electrical energy 
~atura l  gas 

0.0 105 . 
0.001 , 

Subtotal 
. . .  Evapoi-ating, filtering, 

and drying 
Electrical energy 
Natural gas 

k Wti 171.0 
cu f t  66,960.0 

0.0105 
0.001 

Subtotal 

Electrolysis 
Electrical energy 
Natural gas 
Graphite eiectrodes 

kwh 17,iog.o 
cu f t  

I .  

23,360.0 , 

net ton 0.1 

0.0 105 
.0.001 

1 60.0 
Subtotal 

Acid Plant 
Electrical energy 
Noturol goa 
Makeup chlorine 

kwh 1,334.0 
CU I 1  1 1 ,fl~7Oi0 
net ton 0.49 

0.0 105 
0:Ou1 

20.7 
Subtotal 

Magnesium purification 
Electrical energy kwh 51.3 0.0105 0.54 
Natural gas , cu f t  1.680.0 0.001 1.68 

Subtotal 2.22 

Total 358.1 6 
- 

Sour&: Battelle, 1975. 
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The principal electrolytic technologi'es available are from Dow, Norsk Hydro and 
the U.S.S.R. 

b. Metallothermic Reduction 
Commercially practiced processes involving ferrosilicon reduction of magnesium 

- - oxide include: (1) the Pidgeon process and (2) the Magnatherm process. - 
(1) Pidgeon Process - The Pidgeon silicothermic process involves the reduction 

of magnesium oxide by silicon: 

2 MgO + 2 CaO + ~i = 2 Mg + Ca,SiO,. 

The raw materials for the reaction, which is carried out in a retort, are dolomic 
limestone, reduced to oxide by elimination of carbon dioxide in a rotary kiln, and 
ferrosilicon, obtained in an electric furnace reduction of silica by carbon in presence of 
iron. Calcined dolomite contains more. than 20% magnesium and the ferrosilicon 
grades used vary from 65-85% ferrosilicon. 

The finely ground raw materials are mixed and compacted into hard, dense 
briquettes to enable intimate contact of particles and to increase charge weight for a 
fixed retort volume. The charge is distributed through the length of a horizontal tube 

-- (retort) with an 11-inch bore diameter and 10 feet long; the tube is located within the 
hot zone of a gas or electrically heated furnace. The vapor is condensed by cooling a 
steel sleeve in the extended, water-cooled section of the retort. This process is prac- 
ticed a t  Haley, Ontario, by Chromasco, Ltd. 

(2) Magnatherm Process The Magnatherm process involves the use of ferrosili- 
- - con to reduce magnesia in an oxide slag to magnesium vapor. Calcined dolomite and 

ferrosilicon are charged to an electric furnace where heat is generated by passing 
current through a resistive slag. The reaction is conducted a t  high temperatures 
(2822°F) and low pressures (0.05 atm). The magnesium gas is condensed to magne- 
sium liquid in a cvoler part of the furnace. 

Alumina is charged to the furnace to lower the melting pbint and viscosity of the 
slag. The process is conducted in a batch mode with the vacuum broken twice each 
cycle of 20-24 hours. At the first break (minor downtime), only slag is tapped; a t  the 
second break (major downtime), both slag and metal are tapped. The magnesium is 
melted, fluxed, and poured into ingot molds. 

3. Potential Energy-conserving Processes/Concepts 
In 1979, U.S. production of magnesium was 160,000 short tons. Based on energy 

cons~lmption of 358.2 million Btu's ton of magnesium ingot, the national energy 
consumption for primary magnesium production was approximately 67x1012 Btu's per 
year. If one assumes that the energy consumption can be reduced by 3096, then the 
energy-conserving potential of improved production methods for primiiry magnesi'um 
production approximates 17 trillion Btu's on the basis of a 100% market penetration. 
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The. other aspect of energy conservation is the energy saving attributable to -.. 
decreased fuel usage in automobiles arising from the use of light-weight components. 
Based on a 100,000 mile vehicle life and accounting for both'direct and indirect weight 
savings, the following net life-cycle energy credits in gallons of gasoline per pound of --. 
weight saving in substitution of a cast iron part in automotive applications have been 
estimated: magnesium, 5.5; aluminum, 3.2; and HSLA steel, 0.4 (Kenney, et al., 
1980). Life-cycle energy use comparisons should be made on a part by part basis. - -- 

The following is a listing of energy-conserving processes and concepts relating to 
the production of primary magnesium. 

, .-- 

a. Electrolytic Technology 
Use of fluid bed calciners in place of rotary kilns or'shelf dryers; 

- - 
Solar evaporation of magnesium chloride solution; 

Use of hot gases from electric generating gas turbines to spray dry 
magnesium chloride solutions; .- 

Use of hot gases from the spray dryers to preheat the feed to spray dryers; 

Improved cell design: 

- Increase thermal efficiency by reducing 12R losses; 
- Closer anodelcathode spacing; 
- Larger cell-bipolar cell technology can provide significant improve- 

ment in the spaceltime yield of a magnesium electrolytic cell, im- 
pacting energy use and reducing operating costs; 

Recovery of the energy in converting C1, to HCl; and 

High-purity magnesium chloride feed. The Nalco Chemical Company 
has recently announced a new, innovative, organic solvent extraction 
process for the production of high-quality anhydrous magneaium ohlo- 
ride. 

6;.  Metallothermic Reduction 
Operate the ferrosilicon process a t  higher preeure and make process 
continuous. 

Lowering energy requirements for ferrosilicon. 

Improvements in metallothermic technology have'been made. Over the last five 
years, a 40% increase in production capacity has been made in the average daily 
production rate with corresponding reductions in raw material, energy, and labor 
requirements. The conversion of the current batch metallothermic process to a con- 
tinuous operation would result in significant improvements in production and oper- 
ating cost reduction. 

c. Carbothermic Reduction 
Carbothermic reduction is desirable from the standpoint that the reductant used 

in metallothermic processes consumes a significant amount of the energy used in the - 
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process. Carbon would be a less energy-intensive reducing agent. One of the main 
problems to successful development of a carbothermic reduction process for magne- 

' 

sium has been the separation of magnesium vapor from carbon monoxide. A suitable 
quenching technique is needed to prevent reaction of magnesium vapor and carbon' 
monoxide. 

d.  Energy Conservation through Magnesium Recycling 
Recycling represents an important way of conserving energy. About half of the 

magnesium used in the United states is used as .an alloying element in aluminum. 
Hence, recycling as much of the contained magnesium as possible is highly desirable. 
In the past, only about 4% of the magnesium alloyed to aluminum was recycled, 
because aluminum-base scrap was predominantly used in diecasting alloys. With the 
aluminuin can recycling programs of the major aluminum companies, a significant 
effort is being made to recycle all such. scrap back into the same product, thus 
recycling the magnesium. 

When aluminum-base scrap is used to make-aluminum diecasting alloys, the 
magnesium content is reduced when necessary by demagging (reacting magnesium 
with chlorine), and this magnesium is presently . . not heing recovered. 

There is approximately a 5% loss of magnesium when it is alloyed to aluminum. 
Efforts are underway to improve the situation. Such effort should be pursued and 
augmented, if necessary. 

Recycling of magnesium - in-house scrap (such as runners and gates) - by a 
diecaster is generally practiced. There is potential for an increase in the amount of old 
scrap that is recycled. 

- 
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C. PORTLAND CEMENT 

1. Background 
The Portland cement industry in the United States is made up of 162 operating 

plants in 40 states (Pit and Quarry, July, 1980). All plants process minerals (usually 
quarried within a few miles of the plant) to form cement clinker. Many plants also 
grind the cement clinker into cement. The product is then shipped to the user. Both 
cement clinker and cement are articles of trade. 

This industry is made up of 40 operating companies, many of which own and 
operate more than one plant. No company operates more than 11 plants (Pit and 
Quarry, July 1980). Since no company dominates the industry, and since the basic 
technology is mature and non-proprietary, individual companies do not generally 
maintain a research facility for development of new techniques for cement manufac- 
ture. Instead, the U.S. companies look toward the industry trade association, Portland 
Cement Association (PCA), equipment vendors, and academic institutions for 
advances in the state of the art of cement chemistry andlor manufacturing techniques. 
In fact, much of the new technology is imported from Europe or Japan. 

The cement industry is a 'capital-intensive industry. New plants cost 
approximately $80-$125 per annual ton of product, and plant modernization or expan- 
sion costs approximately $60-$80 per annual ton of product. In early 1980, a ton of 

. cement sold for $46 (Engineering News Record, May 8, 1980). The industry is slow to 
retire old plants or replace existing capacity, and is cautious about implementing new 
technology because of the capital-intensive nature of the industry. A typical cement 
plant which manufactures ground cement from raw material that  it quarries consumes 
2.1 trillion Btu's per year of fuel and 66.7x108 k w h  of electricity to produce 500,000 
tons of cement. The cost of this energy represents approximately 25% of the cost of the 
manufacture of cement in 1977 (Annual Survey of Manufactures, 1977). 

During the last three decades, new technology has been available which reduces 
the quantity of energy consumed in the manufacture of cement. Only in the last few 
years has there been any significant shift toward these technologies. 

2. Conventional Cement Process 
The conventional cement manufacturing process which has been practiced for 

nearly a century is the reaction of ground CaCO, with the addition of A1,0,, Fe,O,, and 
SiO, in a rotary kiln. As the feed or raw meal is heated, residual moisture is drawn off, 
the CaCO, is calcined to CaO with the liberation CO,, and the finely ground mixture is 
partially melted. The partially melted material agglomerates into nodules called 
cement clinker. During the partial melting, the chemistry of the material changes from 
individual oxides to calcium aluminates, calcium silicates, and calcium ferro 
aluminates. The clinker drops from the kiln into a clinker cooler which preheats the 
combustion air for the kiln. The clinker is then mixed with a small amount of gypsum 
and ground to cement. 
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There are two variations of the basic technology which are practiced today-wet 
and dry processing. In wet processing, the raw materials are wet ground in ball mills 
and stored as slurries prior to the kiln process. In dry processing, the raw materials are 
ground dry and stored in hoppers. The wet process requires somewhat less electricity, 
because wet ball milling is more efficient than dry grinding of the raw materials; 
however, the wet process uses considerably more kiln fuel than the dry process to 
dissipate the water. All new capacity is built with dry kilns, unless the raw materials 
are particularly wet when quarried or purchased. 

Two modifications to the dry kiln process which reduce the energy consumption 
of the kiln have been introduced. Both use a portion of the waste heat from the 
clinkering to accoml~lish the processes of preheating or calcining. These technologies, 
called preheating and precalcining, operate on the raw meal prior to entering the kiln. 
A typical preheater is a five-stage suspension preheater which consists of five sets of 
cyclones in series with countercurrent flow of hot waste gases and raw meal from stage 
to stage. This technology has allowed kiln fuel requirements to drop by 30%. 

c he second technology, precalcining, first preheats the feed as described above 
with hot waste gas. In this case, however, the waste gas comes from the calciner and 
the feed goes into the precalciner from the preheater. To achieve the appropriate 
temperatures in the precalciner, auxiliary fuel is fired. This technology offers an 
additional kiln fuel saving potential of approximately 10% over a dry kiln with a 
preheater alone. 

A summary of the energy consumption of the various conventional technologies is 
shown in Table IV-6. . . 

3. Controlled Particle-size Distribution Cement 
Controlling particle-size distribution - and thus decreasing or eliminating 

  fine^" - i~ known to roduoo tho olootrioal onorgy roquirod to grind matorialoj thio 
technique, when used in closed-loop grinding and classification to reduce overgrinding, 
has been optimized in many industries to reduce energy consumption in grinding. The 
controlled particle-size distribution study attempts to explain the effects of controlled 
grinding on grinding energy conservation. A second benefit - and one which the PCA* 
has demonstrated in the laboratory - is that controlled particle-size distribution - 
cement (CPSD) is a better product with improved characteristics. It is the proof of 
these improved properties that the PCA seeks since cement, with improved properties, .. 
would be required in smaller quantities, per cubic yard of concrete, thereby saving t 

material, money, and energy. 

5 

The PCA demonstrated that it could alter the properties of cement and cement -- 
paste (cement and water mixture with no sand or aggregate) by controlling the 

-- 
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TABLE IV-6 

ENERGY CONSUMPTION PROFILE OF  CONVENTIONAL TECHNOLOGIES 

Dry Dry with Dry with Preheated, .'. 
Wet Kiln  re heater ' 81 Precalciner 

Electricity Million Btu's* per Ton of Clinker 
Feed Grinding 0.40 0.53 0.53 0.53 . . 

Kiln 0.34 0.3 1 , 0.37 0.37 
Clinker Grinding 0.70 0.76 0.76 0.76 . 

Fuel 
Quarry 
Kiln 

Total 

.*kwh = 10,500 Btu 

Million Btu'sC per Ton of Clinker 
0.34 0 . 3  0.34 . 0.34 
5.36 - 4.60 3.20 3.0.0 

7.14 6.54 5.20 5.00 
, 

particle-size distribution of the ground cement. The properties which they in- 
vestigated were short-term, 1-day strength; long-term 60-day strength; water require- 
ments; workability; and'shrinkage. This work was done under ERDA Contract No. 
EC-77-C-02-4269. 

Through the use of a simple physical model, the PCA has attempted to under- 
stand the nature of the chemistry and crystal structure of the hardened paste. The 
model explains the effects of changing particle-size distribution as being due, in large 
part, to surface-to-volume ratios and surface water film thicknesses, mass transport in 
the water-filled interstices between cement particles, and physical stacking effects due 
to spheres of different sizes. 

In the proposed Phase I1 portion of this work, the PCA would seek a'.better 
theoretical understanding'of the effects of particle-size distribution, and also conduct 
sufficient product testing to support claims that the CPSD cements are, in fact, 
superior in use to normal cements. 

The findings to date indicate that 27% of the product grinding energy per ton, or 
9.5x10L2 Btu's per year can be saved in the production of CPSD cement (PCA, 1979). 
Furthermore, the PCA anticipates an additional savings of 8.5% of the industry energy 
consumption due to the use of less cement per cubic yard ofconcrete, or an additional 
saving of 3 7 ~ 1 0 ' ~  Btu's per year (PCA, 1979). Total potential energy saving thus are 
46.5~10 '~  Btu per year. 

The future needs for research and development concerning CPSD cements in- 
clude: (1) improved understanding of the theory of size effects on physical properties, 
and (2) demonstration of the improved performance of concrete made with CPSD 
cement. The first need will benefit the eventual optimization of a CPSD cement size 
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distribution. The latter is essential before CPSD cement will be accepted by the 
standards-setting organizations and the construction industry. The program which the 
PCA has laid out in its proposal (dated August 1979) appears to address these issues 
adequately. The cost of that program should be as proposed; i.e., approximately 
$200,000, plus an approximately 10-15% factor for inflation, (or, in toto, $220,000- 
$230,000 in late 1980). 

The PCA has mentioned a third phase which would involve the design, construc- 
tion, and operation of a pilot plant for the production of CPSD cement. This phase 
would yield design data on CPSD cement equipment in addition to providing enough 
CPSD cement for some large-scale testing. Phase I11 is !ikely to cost $1-2 million, 
including engineering, purchase of equipment, operating personnel, technical support 
and evaluation, preparation and testing of samples, and limited field testing and 
surveillance. Depending on the degree of demonstration, total program costs (Govern- 
ment and private sector) could amount to $10 million. 

The Federal Government can encourage the develnpment ~ n r i   us^ nf ClPSJJ 
cement in three ways. 

Supporting basic research and further development; 

Providing investment tax credits or grants to partially offset the cost of 
equipment and research; and 

Specifying or allowing the use of CPSD cements in Federal projects to 
demonstrate that concrete made from CPSD cement is comparable or 
better and that it is as easy to use. Government use of CPSD cement also 
providce a lcnown buyer of this cemtat which will 11elp producer miike 
his decision to install this tech~iology. 

4. .Low-alkali Cement 
Under the generic description ut "low-alkali ceme~il," the PCA has investigated 

two novel techniques for removal of the deleterious sodium and potassium oxides. The 
process removes them directly from the portion of the feed materials in which they 
appear prior to feeding to the kiln rather than from the ground and mixed feed in the 
kiln. 'l'he two perceived advantages of the techniques would be the removal of alkali 
from a smaller amount of material and the wasting of less product after it has passed 
througli the kilr~. * 

Alkali metal conlpouridv (salts and oxides of sodium and potassium) are undesi- 
rable for two reasons: 

r 
These compounds tend to concentrate in the kiln and build up sticky -- 

deposits on the inside of the equipment, and 

e The alkali components react with certain reactive aggregates in concrctc 
causing structural weakness. 

The alkali content of cemen! Is controlled by removing a purge stream of the fractlon of kiln product .. 
which is richest ln the alkali compounds. 



The problem of alkalilaggregate reactions is minimized by maintaining alkali 
levels a t  0.6% by weight or less (expressed as Na,O). The various standards-setting 
bodies have defined that cement with less than 0.6% alkali as "low-alkali" cement and 
can be so specified for projects which use reactive aggregate. 

Since the sodium and potassium are natural constituents of one or more of the 
raw materials a t  many plants, some means of monitoring and controlling the alkali 
content is now employed. It has long been recognized that the alkalis are relatively 
volatile a t  temperatures in the range of 1832°F. It is this relative volatility which 
creates the observed concentration, of alkali in the kiln, since the alkalis are vaporized . . 

as the kiln material heats to 1832OF, carried with the kiln gases to a cooler part of the 
kiln, and deposited on the cooler feed or kiln walls. Normal practice is to purge a 
portion or all of the gas stream, which is rich in alkali, to control the alkali content of 
the final product and to maintain the recycle concentration a t  a level which does not 
cause physical build-ups on the interior of the equipment. 

This is accomplished in traditional wet and dry kiln by disposal of some or all of 
the dust which is collected from the kiln exhaust gas. In modern preheat or pre- 
heaterlprecalciner kiln, a portion of the hot kiln exhaust gas is removed (byipassed) 
before the preheater or precalcinei to control alkali. Dust which is removed from the 
exhaust gases after the preheater is typically recycled. 

Two techniques which were proposed and studied by the PCA under DOE 
Contract No. EM-78-C-4929 involved the removal of the alkali compounds appearing 
in typical clays. -The first technique-a "low" temperature one-attempted to vapor- 
ize the alkalis a t  1652-2012OF under various conditions.Ultimately, although the 
technique successfully lowers the alkali content of the clay, the PCA determined that 
this process would not be economically feasible because of the large capital require- 
ments for the equipment. 

The second technique-a "highH-temperature one-removes the alkalis by pref- 
erential absorption in one of two immiscible layers of fused minerals. The PCA 
observed that the alkalis could be concentrated in a lighter calcium sulfate slag layer, 
leaving thc layer of heavier alumino~silioates partially depleted of alkalis. This.project 
was primarily abandoned because no furnace refractory system which would have an 
acceptable lifetime under the appropriate conditions of temperature, chemistry, and 
atmosphere has as yet been designed. 

The PCA is developing new concepts that might reduce the energy required to 
produce cement by minimizing the losses associated with alkali removal. These con- 
cepts have not as yet been sufficiently developed to propose them to the DOE or other 
potential sponsors. 

Novel techniques for reducing energy waste associated with an alkali purge may 
offer a potential to save up to 5% of the kiln fuel or 2 0 ~ 1 0 ' ~  Btu's per year.' 

I'nlS esrlrnare Is based on lhu vlitrrination of the practice of dlsposlng of comont kiln dust (estimated to be 
5% of clinker production) as a waste byproduct. . . .  . 
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D. GLASS INDUSTRY 

1, Industry Overview 
The U.S. glass manufacturing industry can be viewed as being composed of five 

segments, based on technology, products, and markets. The four major segments are 
flat glass, container glass, pressed and blown glass, and glass fibers. The fifth segment 
consists of products of purchased glass. This latter segment is not an integrated glass- 
producing segment, since glass is not melted but only finishing operations are carried 
out. Compared to the four major segments, the products from the purchased glass 
segment are low consumers of energy and will not be considered in this study. 
Handmade glassware manufacturing is also excluded from the analysis. 

Approximately 400 glass manufacturing plants are operating in. the United 
States. The industry employs an estimated 15,000 people. The largest single segment 
is glass container manufacturing, which probably accounts for 60% of the glass ton- 
nage produced in this country. Of the total value of products, glass containers repre- 
sent 51%; wool and textile fiber, 18%; pressed and blown ware, 17%; and flat glass, 
14%. 

In general, the companies in the glass industry participate in one or perhaps two 
segments, but rarely does a single company participated broadly in more than two 
segments. In the flat glass and fiberglass sectors, the U.S. industry is concentrated in . 

relatively few firms with seven companies dominating the former, and three companies 
producing 80-90% of the fiberglass. The concentration is less intensive ia the 'glass 
container industry, although the 8 largest of the 30 firms in this sector probably 
produce 75-80% of the product. 

Since the markets for the industry are broad and very diverse, generalizing on 
industry growth is difficult. Flat-glass shipments are heavily dependent on the 
automotive and construction industry, while some pressed and blown ware are more 
closely tied to consumer spending for television, lighting, and household goods. Wool 
fiberglass markets are dominated by construction, both residential and commercial, 
while textile fibers are used in products for the marine, automotive, and construction 
business. The container glass market is highly influenced by the beverage market 
where glass competes with aluminum and steel. 

The future growth in the total glass industry is expected to continue a t  much the 
same rate as it has historically grown in the past, i.e., slightly less than that of the 
GNP. The bulk of the glass produced in the United States is concentrated in the East 
North Central, Middle Atlantic, and Pacific regions. The major glass-producing states 
ere Tllinois, Ohio, Pennsylvania. New York, West Virginia, New Jersey, and California. 

There are differences in the pattern of energy used within each sector, but natural 
gas is the predominant fuel used to melt glass, and melting is the major energy- 
consuming step in the entire glass manufacturing process. Melting accounts for about 
70% of the total volume of energy consumed in.glassmaking: 
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In recent years, the glass industry has been consuming nearly 0.4 quad of energy 
per year, about 70% of which is natural gas and 20% electricity; the balance consists 
largely of fuel oils. There have been no major shifts in fuel-consuming patterns in 
recent years. 

2. Conventional Glass Manufacturing Process 
Although the glass industry produces a large number of different products and 

serves quite different end-use markets, there are common features in the production 
process. Schematically, the process is shown in Figure IV-2. The major unit process 
may be viewed as follows: 

Raw materials, handling, and batch preparation; 
Mclt,ing; 
Refining; 
Forming; 
Finiohing. 

The first three process steps - batch preparation, melting, and refining - are 
quite similar throughout the glass industry, although refining may differ in degree in 
processes used to make different products, such as flat glass, where optical 
homogeneity is extremely important, and fiberglass, where optical properties are not 
critical. Batch preparation is not a significant energy-consuming process step. 
However, melting of the raw materials to form a viscous glass melt consumes 
approximately 70-75% of the total energy used in glass production. The refining step, 
which accomplishes the homogenization of the melt, accounts for approximately 5 -  
10% and forming and finishing, principally annealing, for 15% of the total energy used 
in glass production. The remaining energy is consumed in ancillary equipment. Me1 t-  
ing and refining are carried out in the large continuous furnace, and it is this process 
step that will obviously. receive the greatest attention in &tempt* to cnnserve PnPrgy 
through process change. 

3. GlassmakingIPelletizing-Batch Preheating 

a. Description 
Present glassmaking practice consists of heating powdered raw materials from 

room temperature to melting temperatures in a glass tank. About one third of the raw 
materials undergo a decompositional change which requires an additional energy 
input to the energy required to take these materials 'from room temperature to the 
melting tcmpcraturc. Pcllctieing tho raw matorial batch and then heating these pellets 
by utilizing the waste gases from the melter will effect an energy saving. 

Figure IV-3 is a schematic representation of a pelletizing-batch preheating sys- 
tem. Basically, the system consists of taking a weighed and mixed glass batch formula- 
tion (these operations could be done using present equipment) and conveying weighed 
amounts to a feeder which, in turn, feeds a disc pelletizer. The disc pelletizer takes the 
powdered feed material, to which about 12% water has been added, and transforms 
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this mix into pellets. From the pelletizer the pellets are conveyed to a,dryer(s) to 
remove the 12% water. Present design (Miller,* 1979) calls for a two-step drying cycle, 
the first step of which would remove about 25% of the water and the second step the 
remaining 75%. It is anticipated that this two-step drying operetion will yield a 
stronger dried pellet. 

Subsequent to the drying operation, the pellets are screened to remove fines and 
then fed to the preheater. The preheater utilizes waste heat from the melter to heat the 
pellets. To accomplish this, a recuperator installed in conjunction with the glass 
melter, provides hot gas, a t  about 1472"F, to the preheater. At this temperature the 
pellets are still in a non-stick condition, yet much of the low temperature-endothermic 
decomposition has already taken place. As the cooled stack gases pass through the bed 
of pellets, a good deal of the particulate emissions normally associated with glass 
melting is trapped -in the bed. This saving in emission will be in addition to the 
anticipated emission reductions due to pelletizing itself. 

Upon exiting the preheater, the hot pellets are'mixed with cullet (about 20-25%. 
cullet) in a chamber and then metered-conveyed to the melter. 

b. Potential for Energy Saving 
Before one can estimate the potential energy saving of pelletizing-batch pre- 

heating in the glass industry, essentially three different parameters must be estab- 
lished. One is the total energy consumed by the glass industry. A reasonable measure 
of this quantity may be obtained from the Government Census of Manufactures by 
summarizing the various energy forms consumed by the different types of glass 
manufacturers, i.e., container, flat, fiber, and the like. Of the total energy consumed 
about 70% is for melting. Therefore, the total energy consumed for glass melting is in 
the order of 0.3 quad per year a t  recent consumption levels. 

Th.? second parameter required for calculating energy saving is the potential 
reduction in melting energy due to conversion to pelletizing-batch preheating. Based 
upon laboratory experiments (Miller,* 1979; Williams," 1979), a figure of 28% has 
been indicated. It should be noted that this figure of 28% is not only due to the recovery 
of waste heat-batch preheating, but also includes a reduction in melting energy due to 
an increase in pull rates from the melter. To better understand this point, the following 
is included: 

Consider, first, the case of a melter which contains glass a t  its "melting 
temperature," but in which glass is neither being fed nor removed., Energy 
is being lost through the refractory walls and floor and also up the stack. 
These losses are inherent in a melter (although affected by melter size and 
age) and are independent of pull rate. If one assumes that refractory losses. 
are about lUxlUe Btu's per hour and stack- losses are about 5x10" Btu's per 
hour, then these losses total about 360x108 Btu's per day. For a furnace 
typically producing 120 tons per day, this would mean an energy loss of 
3x10e Btu's ton of glass pulled. If, however, the furnace output is increased, . 

as is anticipated by pelletizing and batch preheating to 200 tons per day, 
then this energy loss would be reduced to 1.8~10" Btu's per ton, .or a net 

. ' saving of 1.2x108 Btu's per ton. 

155 
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In addition to the above energy requirement, as rawlpowdered batch is fed to the 
melter and glass is pulled, additional energy or heat must be supplied to melt the 
batch. In so doing, additional stack losses occur. These losses amount to about 2x10' 
Btu's per ton and to a first approximation are independent of pull rate. This heat is, 
however, recoverable and, as such, is the basis of batch preheating. The energy 
required for melting is also about 2 x l O ~ t u ' s  per ton. 

Without heat recovery, a 120-ton per day furnace would then consume about: 

3x10' Btu's per ton (Furnace Losses) + 2x108 Btu's per ton (Melting Energy) + 
' 2x10' Btu's per ton (Additional Stack Losses) = 7x10' Btu's per ton; 

with heat recovery and increased output: 

1.8x10s Mu's per ton (Furnace Losses) + 2xlW Btu's per ton (Melting Energy) t 
1 .2x1Q8 Rtu's per ton (Additional Stack Losses) = 5x10' Btu's per ton. 

Thus, percent net saving would be: 

It would appear that the'28% net saving indicated by laboratory tests is a reasonable 
value.. Hence, if the total glass industry converted to batch preheating and the 
additionally produced tonnage could be sold, or conversely, if increased pull rates per 
furnace reduced the number of furnaces, then a total saving'of 

0.3 quad per yeer x 0.28 = 0.08 quad per year 

would be realized. 

However, it does not appear reasonable to assume that all production would 
convert to pelletizing-batch preheating. Some facilities may be space limited; hence 
the equipment would simply not fit, or the output a t  some facilities would not justify 
the capital expenditure; i.e., $2-3 mi1,lion (Miller, 1979, Williams, 1979) for this 
systern. It is this last parameter, industry conversion ratio, which greatly affects the 
calculation for determining the net energy saving for this process, as it could vary 
between 0 and 100% or a saving of 0 to 0.08 quad per year. The other two parameters 
are not expected to change much. The t .ot~l energy consumed per ton should remain 
near recent levels due to offsetting effects. Total glass tonnages are increasing, but as 
furnaces are rebuilt and better insulation is used, a seduction in energy consumption 
per ton will occur. Also, the 28% process-related saving is consistent with both calcu- 
lated values and laboratory experiments. 

'Miller, R., pr!vate cornrnunlcatlon, Corning Glass Works, Corning, N.Y., September 1979. 
"Williams. M.L.. private cornrnunicatlon, Surface.Div:, Midland-Ross Corp., Toledo, Ohio, September 

1979. 



c .  Present Status of Development 
In both this country and Europe, a form of batch preheating has been utilized, 

but only on a laboratory scale. Pilot-plant facilities in the United States are planned 
but are contingent upon funding of proposals. Although such a.system has not been 
implemented, the individual pieces of equipment are familiar to industry participants. 

d. R&D Needs and Development Costs 
Utilization of this technology will require confirmation of the calculated energy 

savings. At this time, neither the technical nor economic feasibility has been demon- 
strated. It appears as if the capital cost and demonstration program may be in the 
order of $4 to $6 million; however, this would have to be confirmed after the technical 
feasibility has been demonstrated. 

Whether existing glass plants could implement this technology, once it is deter- 
mined feasible, would depend on specific plant situations. Space limitations may 
make it difficult to alter the in-line process, arid plant output, if sufficiently small, 
may not justify such an expenditure. 

e. Role of the Federal Government 
To implement this technology, the Federal Government could consider providing 

support to the glass industry to build a pilot plant facility to demonstrate its feasibility 
a t  a production level which could be scaled to typical production levels. Also, one must 
be cognizant that this technology would not only provide an energy saving, but would 
also decrease pollution emissions. 
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APPENDIX 

POTENTIAL ENERGY-SAVING TECHNOLOGIES . '. 

Table A-1 contains a summary of general concepts and related specific tech- 
nologies in the high-temperature sector not examined elsewhere in this report. In 
addition to estimates of potential for energy conservation, Table A-1 shows the current 
status of the technology and, wherever possible, provides estimates of the relative cost 
to implement the new technology, as well as a comments column. 
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Sector 

Iron and Steel 
Industry 

TABLE A-I 

'EXAMPLES OF OTHER ENERGY-SAVING TECHNOLOGIES 

Potential Development 
Area of Process Examples of Energy- Energy Cost 

Ref inernent Saving Technology Saving ($Millions) 

Reheating 

Reheating 

Better heat recuperation C 15-25 
in steel reheating furnaces 

Furnace using direct coal C 15-50 
firing rather than gas or 
oil 

Reheating Computer control of B 0.1-10 
, reheat furnaces 

Re heating Waste heat recovery C 1-20 
in annealing 

l ncreasing scrap Scrap preheating for 
use (preheating electric arc furnaces 
technologies) 

Coal-Msed . 
. . 

New coal burher . .  . B 1 -40 
gasif ier/burner . .  . 

hgglomercition . Conversion from natural..'-. ..' C -- 
gas or fuel oil to coal in .' 
pelletizing plants 

Comments 

Reasonable to moderate 
extrapolation of currently 
available technolo'gy re- 
quired (ADL, '78) 

Engineering problems on 
coal ash need to be resolved 
prior to implementation 
(ADL, '78) 

Demonstrated abroad 
(ADL, '79) 

Reasonable to moderate 
extrapolation of currently 
available technology re- 
quired (ADL, '78) 

Good engineering concept 
needed (ADL, '78) 

Sulfur and ash removal 
needed from hot gas 
stream (ADL, '78) 

Technology established and 
being demonstrated 
(ADL, '78) 



T.ABLE A-1 (Continued) 

Patential Development 
Examples of Energy- Energy Cost . .  . 
Saving Technology Saving . ,(%Millions! . , 

Area of Process 
Ref inenent . . Comments , Sector 

Iron and Steel 
Industry (cont'd.) 

Commintrtion 
(grinding ~f iron 

ore) 

Improvement in panicle C 0.1-10 
classification 

Small improvements over . 

time (ADL. '78) 

Lime marufacture Oxygen use in lime kilns; C 1-1 0 
preheating of limestone 

Most applications'would be 
outside of the steel industry 
(ADL, '78) 

l mprovement of 
. high-temperature 

materials 

Recuperators, regenerators, C-B 1-10 
skids for reheating furnaces 

Sniall improvements over 
time (ADL, '78) 

. . 

Energy saving depends on 
specifically adopted policies; 
computer optimization i s  
not always acceptable to 
management/labor plans 
(ADL, '79) 

.:entralized computer , C-B 0.1-10 
control of energy manage- 
ment and production 
scheduling 

I mprovernent.of 
plant energy 
managemsnt 

Cogeneration 

' Steel Casting 

Use of waste heat in- C-B 20-200 
bottoming cycles 

Extent in use of 25-Hz 
power needs to  be determined 

Continuous casting B-A 5-1 00 
method, casting larger 
varieties of steel grades . 

Some technical advancements 
required before full potential 
i s  realized (ADL, '78) 

Ladle preheating More etf icient ladle c 0.1-1 
preheater 

Logistical and engineering 
problems exist (ADL, '78) 



. . 

Sector 
Area of Process 

Ref inement 

, 

TABLE A- I  (Continued) 

Potential Development 
Examples of Energy- Energy Cost 
Saving Technology Saving ($Millions) Comments 

Iron and Steel Soaking pitsfreheat lndu&ion heating of ' B-A- 0.1-10 Technology established, fuel 
Industry (mnt'd.) furnaces slabs-. oil, natural gas savings 

(ADL, '78) 

~ lu in inum Indutry Alumina manufacture Flash casting process 

Alumina manuhcture Heat Management * .  . Reduce heat loss in existing 

. . eqitipment and increase . -  
product yield per pass which 
improves the efficiency of 

. . energy use 

~eduction of aldmina Alcoa chloride process .. A 50-500 More efficient than Hall- 

. . .. . 
Heroult cells currently in 

. . use (ADL, '76) 

Reduction of al.~mina Alcan subhalide process Involves smelting of bauxite 
in an electric arc furnace to 
an Al-FeSi alloy, and subse- 
quent treatment with AIC13 

Reduction of alumina Pechiney carbothermic Involves the thermal production, 
and nitride process and subsequent high-temperature 

decomposition of aluminum 
carbide or nitride 

Extrusion Reduce scrap 
.. . 

generation. 
Improves yield, thereby Im- 

proving the efficiency of 
energy use 



TAELE A-1 (Continued} 

Sector 
Area of Pr.=ces 

Refinernen1 

Aluminum Industry Refining 
(cont'd.) 

Cement Industry 

Refining 

Extrusion 

Preheating 

Potential 
Examples of Energy- Energy 
Saving Technology Saving . 

P~rticle solidification 
rhe3 casting 

Improved rexvery in B 
aummobile shredding 

Eleclric healing of C-B 
billzls 

Sugpansion greheater B-;A 

Development . . 
c o g  .- . . . . . 

($rtlillions) : . . . Comments 

1-100 The metal is vigorously agitated 
during the first stages of solidi- 
fication to produce a non- 
dendritic "rheo cast" structure, 
the enrichment liquid can be 
efficiently separated from the 
nondendritic solution 

It10 Lower process energy require- 
ments, primarily due to signifi- 
cantly lower fuel energy (ADL, 
'7 6) 
lndustry is adopting preheating 
as a result of higher energy 
prices. 

1-10 Lqwer process energy require- 
ments primarily due to insignifi- 
cantly lower fuel energy , . 

(ADL, '76) 



Cement Industry 
(cont'd.) 

TABLE A-1 (~ontinued) 

Potential Development 
Area of Process Examples of Energy- Energy Cost 
. Refinement Saving Technology Saving. ($Millions) Comments 

Cement manufzcture Fluidized bed B-A 

~ u e l '  conversion Coal fuel 

Lower process energy due to 
generation, of total electrical 
energy requirements from 
reactor exit gases (ADL, '76) . . 

Glass melting Electric melting Glass Industry 

A See comment Energy conservation due to use 
of coal as opposed to natural 
gas and oil for heat energy,' 
industry rapidly adopting 
(ADL, '76) 

Symbols 

A - 50-500 trillion Blu's per year conservation potential (either Btu'sor oillnatural gas) 
B - 5-50 trillion Btu's per year conserva1io.n potential (either Btu's or oillnatural gas) 
C - 0.5-5 trillion Btu's peryear conservation potential (either Btu's or oillnatural gas) 

Information to be developed 

Greatly reduced energy con- 
sumption for pollution control, 
process has relatively greater 
operating costs (ADL, '76) 




