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ABSTRACT 

Thi s  report addresses energy conservat ion opportunities in the U . S .  
s teel and petrochemical indus tries . The pr imary focus is on the potent ial 
for waste minimizat ion and waste util izat ion to improve energy 
efficiency . Areas e specially recommended for inc lus ion in s teel indus try 
re search and development programs are re finement and reuse of scrap, 
including phys ical separat ion, hydrome tallurgical separat ion, and 
pyrome tallurgical separation ; techniques for near-net-shape forming , such 
as electromagnetic casting , spray cas ting , and twin rol l  cas t ing ; 
processes  to produce s teels low in nitrogen and carbon in an e lectric arc 
furnace to expand the use of scrap ; improved ins trumentation and control 
procedure s to el iminate defects in cold-rolled and hot-rolled slabs and 
sheets ; cos t-e ffective technologie s for the recovery of energy in was te 
streams ; and low-cost , high-temperature me tall ic and ceramic mater ials for 
use in recuperators . 

The pe trochemical indus try already follows energy-conserving practices 
to a high degree ; however, a critical problem of the indus try involves the 
treatment and disposal of hazardous was tes . S ince inc inerat ion i s  the 
preferred method of disposal, and s ince the disposal of hazardous was tes 
is  an important problem fac ing the nation as a whole, further research on 
the sc ience base underlying the inc inerat ion proces s  is recommended . 

i i i  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .
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EXECUTIVE SUMHARY 

The Office of Indus trial Programs (OIP)  in the U . S . Department of 
Energy is  charged with evaluating new and existing technologies, economic 
elements , and legis lated direct ives that could encourage or enhance energy 
conservat ion in the industrial sector of the economy . To carry out this  
charge , OIP has funded a var iety of projects and s tudies .  The National 
Research Counc il ' s  Commi ttee on Industr ial Energy Conservation has, at the 
request o f  the Department, assessed various parts o f  OIP ' s act ivi t ies , 
including those for spec ific indus trial segments as well as the overall 
program . 

This report is directed at energy conservation opportunities in the 
s teel and petrochemical indus tries . Both of these industries consume 
large amounts of energy, and the commi ttee examined the potential of was te 
recycl ing and was te reduc tion in improving the ir energy e ffic iency . 

The s teel indus try is  an important segment of the U . S .  economy . It is 
beset by a wide range of s tresses , from changing technologies to reduc­
tions iri demand to fore ign competit ion . Savings in energy consumption 
could be an important factor in revital izing the indus try, but better 
uti l izat ion of energy would not by itself be enough to increase its 
international competit iveness . 

The commi ttee reviewed industry trends and practices and explored four 
areas that could lead to reduced energy consumption: recovery of was te 
energy ; process improvements to increase yield and decrease metal l ic 
wastes ; increased recycl ing of scrap ; and improved pollution-abatement 
techniques .  Revolutionary advances in these areas are not anti c ipated, 
but incremental advances could still  provide s ignificant improvements in 
energy ut i l izat ion . A reduc tion of more than 0.3 quad o f  energy is 
pos s ible ( out of the present 1 . 7  quads consumed annually by the indus try) 
if  the technological improvements identified here are pursued . 

The committee speci fical ly recommends that OIP cons ider the following 
areas for inc lus ion in its research and deve lopment programs: refinement 
and reuse of scrap, including research on phys ical separat ion, hydro­
me tal lurgical separat ion, pyrome tallurgical separation, and the e ffects 

1 
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of res idual containments in scrap ; development and improvement of 
near-net-shape forming techniques such as electromagnetic casting, spray 
casting, and twin roll casting ; development of processes ; development and 
demonstration of improved instrumentation and control procedures to 
identify and e l iminate defects in cold-rolled and hot-rol led slabs and 
sheets ; deve lopment of cost-effective technologies for the recovery of 
energy in waste streams ; and the development of low-cost, high-temperature 
metal l ic or ceramic materials for use in recuperators . In addition to 
these, the committee feels it is part icularly important to develop 
processes to produce s teels low in nitrogen and carbon in an electr ic arc 
furnace to expand the use of scrap . 

The petrochemical industry is one of the largest energy consumers in 
the nation, us ing in recent years some 6.1 quads annually . Although only 
a few projects relating to this indus try have been funded by OIP, the 
industry itself has addressed energy conservation through its heavy 
inves tment in proprietary processes for a cons tantly expanding l ine of 
products . 

The committee reviewed technology needs in the petrochemical indus try 
with respect to was te reduc tion and recycl ing. It concluded that the 
industry follows energy-conserving practices to a commendable degree; 
approximate ly 95 percent of the energy content of the feedstocks used can 
be recovered or recycled within a given plant. The treatment and disposal 
of hazardous was tes i s  the mos t  critical problem fac ing the petrochemical 
indus try . S ince inc inerat ion is the preferred method of disposal, and 
s ince the disposal of hazardous was tes is  an important problem fac ing the 
nation as a whole, the commi ttee concluded that there is a need for 
further research and development on the sc ience base underly ing the 
inc ineration proces s. The committee recommends that research on this 
science base be pursued by the Environmental Protect ion Agency, the 
Department of Defense, and other offices within the Department of Energy . 
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Chap ter 1 

INtRODUCTION 

In July 1978 the U . S .  Department of Energy ' s Office of Indus trial 
Energy Conservation Programs was directed to examine and take appropr iate 
act ion concerning 

• Exi s t ing but underutil ized technologies whose implementation could 
be s timulated by an identifiable federal action ; 

• New technologies from research , des ign ,  and development (RD&D) that 
provide advanced concepts with proven economic and technical feas ib i l i ty 
in indus trial operating environments; 

• Economic �ncentives , such as tax credits , that reward indus trial 
ac tions in the national interest ; 

• Other ac tions that have been legislated to es tablish requirements 
and motivation for indus try ; and 

• A market - oriented commerc ial ization effort to ensure accelerated 
trans fer of technologies to spec ific related indus trial users and the 
maximum implementation of these technologies with regard to fos tering 
energy conservation by the indus trial sector . 

S ince this  program was initiated , the federal government ' s  cumulative 
inves tment has been more than $200 million , and more than 200 projec ts 
have been undertaken by DOE ' s Office of Indus trial Programs (OIP) . These 
projects have been carried out by indus trial companies , consulting firms , 
research ins titutes , univers ities , and government laboratories . 

In 1980 the National Research Counc i l  was asked by DOE to evaluate the 
Indus trial Energy Conservation Program . The Committee on Assessment of 
the Indus trial Energy Conservation Program , appointed within the National 
Materials Advisory Board , performed a series of evaluations during the 
period 1980-1985 and documented its findings in five reports : 

3 
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• An As ses sment of the Indus trial Energy Conservation Program , 
Volume 1: Summary (September 1981 ; Publ ication NMAB 395-1) 

• An As ses sment of the Indus trial Energy Conservation Program , 
Volume 2: Final Report (May 1982 ; Pub l ication NMAB 395-2) 

• Critique of Department of Energy--office of Indus trial Programs 
Fiscal Year 1982 Research and Deve lopment Programs (September 1982 ; 
Publ icat ion NMAB 407-1) 

• An As ses sment of the Indus trial Energy Conservation Program for the 
Pulp and Paper and General Manufacturing Indus tr ies (June 1983 ; 
Publ ication NMAB 407-2) 

• As ses sment of the Indus trial Energy Conservation Program : FY 1985 
and Planned 1986 (Augus t 1985 ; Publication NMAB 429-1) 

Following its asses sment of the FY 1985 and planned FY 1986 Indus trial 
Energy Conservation Programs, the comm ittee directed i ts attention to an 
evaluation of energy conservation opportunities in the s teel and 
pe trochemical indus tries. Both of these indus tries are large energy 
consumers , and the pos s ib i l i ty of increased energy efficiency through 
was te reduc tion and was te recycl ing was selected as a focal po int for the 
asses sment . In addition, the s teel indus try was chosen because of its 
importance to the national economy and the s trong pres sures i t  is under 
from fore ign competition. The committee sought to de termine i f  there were 
technological needs that could be addres sed by OIP that would lead to more 
efficient energy use by the s teel indus try and , if adopted , would improve 
i ts competitive pos it ion. Throughout its his tory, OIP has funded only a 
few projects relating to the petrochemical indus try. I t  seemed prop i tious 
to review thi s  indus try' s technology needs with respect to was te reduc tion 
and recycling to de termine if energy conservation opportunities exis ted. 

In Chap ter 2 of this report the commi ttee ' s  review of energy 
cons ervation opportunities through waste reduc tion and recycl ing in 
s teelmaking is summarized. Chap ter 3 contains the comm i ttee ' s  as ses sment 
of the petrochemical indus try. 
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Chapter 2 

THE STEEL INDUSTRY 

S teelmaking is currently the nation ' s fourth larges t  indus try , based on 
annual revenues. I t  is  an indus try in trans i tion in the Uni ted S tates , 
with s tructural changes through plant shutdowns and corporate mergers , 
plant modernizations that incorporate advanced technologies , and adjus tment 
in pric ing and produc ts to mee t  the challenges of internal and external 
compe t i tion .  Even though s teelmaking capac i ty has dropped from a record 
160 mill ion tons in 1977 to about 130 mill ion tons in 1986 , and domestic 
production in 1985 was only 88 mill ion tons , s teelmaking is s t ill one of 
the nat ion ' s major consumers of energy. In 1985 the s teel indus try in the 
Uni ted S tates consumed 1.7 quads of energy (1) .  This  represents over 6 
percent of the indus trial consumption of energy in the country . 

Reduct ion of energy consumption by more than 0.3 quad is  poss ible , 
based on the technological improvements identified in this report. Yield 
improvements could save 0.1 to 0.15 quad , increased and better utilization 
of scrap could lead to the saving of an additional 0.20 to 0.22 quad , and 
improved pollution-abatement techniques could save on the order of 0.02 
quad. I f  energy prices begin to c l imb ,  these addi tional s avings can be 
important to the vitality of the s teel indus try. 

Among the trends in the s teel indus try are the efforts to convert from 
integrated s teelmaking , which begins with raw iron ore and produces a wide 
var iety of products us ing a batch produc tion process , to a continuous 
product ion process that is  more s treamlined and versatile. Direct­
reduct ion me thods using coal rather than coke to produce molten metal are 
be ing inves t igated. This use of coal ins tead of coke will no doubt reduce 
energy consumption , although no t significantly. 

Production in the Uni ted S tates is s teadily increas ing in minimills , 
which use scrap s teel as the ir raw mater ial and make a l imited l ine of 
fairly s imple produc ts such as wire rods and re inforc ing bars . New types 
of furnaces and me tal-cas ting me thods can further increase the effic iency 
of minimi lls  and expand the ir product lines. Specialty s teel plants , which 
make alloys and s tainles s  s teels with such properties as corros ion 

5 
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res is tance and high strength-to-we ight ratios , have also increased 
production in recent years. 

In 1976 the Committee on Technology of the International I ron and 
S teel Ins t i tute (I I S I) published a review of energy use in the iron and 
s teel indus try . This work was based on an analys is of model plants, and 
thus i t  es tab l i shed the "ideal" scenario for energy use in s teelmaking. 
In 1982 an updated s tudy (2) was published by I I S I  based on analyses 
of hypothe tical "re ference" plants that would permi t operators to compare 
the ir performance with the reference plants. The reference plants were an 
integrated fac ili ty (blas t furnace-bas ic oxygen furnace) and two electric 
arc furnaces (one fully scrap fed) that were used as the bas is  for 
compar ison. In addition to identi fying technically proven items that 
would be cons idered commerc ially viable , the report also identified a 
number of "technically unproven" sys tems that could further improve energy 
util ization with economically attractive rates of return. 

Figure s  1 and 2 show the configuration of the integrated and e lectric 
arc reference plants. Integrated produc tion of raw s teel is  based on 
smelting ore in the blas t furnace us ing coke as the pr imary fue l and then 
refining the s teel in bas ic oxygen vessels , with a few remaining open 
hearths s t i l l  in operation. In 1985 about 66 percent of all domes tic raw 
s teel was produced in integrated fac i l i ties so de fined. This percentage 
is expected to decrease by 1995 to about 60 percent as existing open 
hearths are re tired and replaced , mos tly by electric furnaces us ing scrap 
as the ir princ ipal source of iron units. 

Electric arc furnace ( EAF) product ion uti l izes electrical energy to 
both me l t  scrap and to refine the liquid s teel. In recent years oxy-fuel 
burners have been us ed to supplement the electrical energy. The trend has 
also been toward mel t ing in one vessel and refining in a second ve ssel , 
us ing electrical energy as the pr imary heat source. Elec tric arc furnace 
produc tion is us ed exclus ively in minimills and is the predominant me thod 
of produc t ion for specialty s teelmakers. Figure 3 shows the energy 
consumpt ion for these plants. Primary energy los ses for the integrated 
reference plant are shown in Table 1. The overall energy consumption for 
this re ference plant is 4597 Mcal/tcs. 

The Office of Indus trial Programs has sponsored a number of projects 
relat ing to energy use by the iron and s teel indus try. The se projects and 
the ir goals are summarized in Table 2. Cons iderable progress has been 
made toward the development of a base of technology and op t ions for 
improved energy ut ilizat ion by the indus try. As cap i tal improvements are 
be ing made in existing plants, some of these changes are be ing adopted. 
Better energy ut ilization by itself is not sufficient to enhance the 
international competitiveness of the iron and s teel indus try. 
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FIGURE 1 Outline configuration of the integrated reference plant . 
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FIGURE 2 Outline configurations of the electric arc furnace reference plants. 
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FIGURE 3 Energy consumption in the reference plants. 

TABLE 1 Energy Los ses for Integrated Reference Plant 

-
• u 
s. 
l:l 

20.41 

u.u 

•••• 

0 

Energy Loss 
Mcal/tcsA MBtu/tcsn Source 

Coke oven and by-product plant 515 2 . 04 

S inter plant 433 1.72 

BOF and cont inuous cas ting operat ions 703 2.79 

Hot roll ing 558 2.21 

Cold roll ing 287 1 . 14 

Boiler plant 26 0.10 

Other operations _!i 0.18 

Total 2567 10.19 

!!.Mcal/tcs 
hMbtu/tcs 

106 calories per ton of cas t  or raw s teel 
106 Br itish thermal units per ton of cas t or raw s teel 
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The pos s ib i l i ty that collaboration be tween federal laboratories , 
univer s i t ies , and indus try could ass is t  in solving the long- range problems 
of the domestic s teel indus try has been sugges ted by members of the 
Pre s idential Commi ttee on Indus trial Compe titiveness , George A. Keyworth, 
Sc ience Advisor to the Pres ident , and Howard M. Love , Chairman of the 
National Intergroup. During the period from May to September 1984 , four 
task groups under the direc tion of a joint s teer ing comm ittee made an 
intens ive and wel l-documented search for new approaches in s teelmaking , 
cas t ing , produc t development ,  and control engineering. As a result of 
these s tudies , opportunities for long-range and novel technological 
development were identi fied in two areas: the direct production of l iquid 
s teel from iron ore and the cas ting of near-net-shape s olids from mol ten 
me tal. OIP has incorporated these suggestions into its current program. 

AS SESSMENT OF TECHNOLOGICAL OPPORTUNITIES 

The committee undertook a review of the trends and practices wi thin 
the indus try that relate to energy use to determine what , if any , efforts 
could be undertaken by DOE ' s Office of Indus tr ial Programs to ass i s t  
s teelmakers i n  reduc ing energy consumption o r  i n  us ing i t  more 
effectively. 

Based on its s tudies ,  the comm ittee focused i ts attention on yield 
improvements ,  was te uti l ization , and scrap recycl ing. A mee ting was 
convened in Washington to rece ive and discuss input from persons 
knowledgeable in the current was te and energy is sues fac ing the s teel 
indus try and on the s tatus of technology relevant to these problems. 
Representatives from the Office of Indus trial Programs partic ipated in the 
mee ting , along with J .  Elliott (Mas sachusetts Ins t i tute of Technology) , 
V .  Fol tz (ARMCO) , R. Landre th ( Inland S teel Co.) , and T. Weidner 
( Bethlehem S teel Corp.) as invited speakers . 

The efficient use of energy in ironmaking and s teelmaking has been 
under s tudy by the indus try for a number of years. This report identifies 
where DOE can play a role in achieving implementation of new technologies 
for effective energy use in the iron and s teel indus try and where DOE can 
as s i s t  in the development of these technologies through generic research 
and development that augments and complements the efforts of the indus try 
and others. Based on the background information previous ly described and 
several other published reports (4,5), the comm ittee chose to direc t 
its attention to four areas that appear to have promise for energy 
reduct ion in s teelmaking: 

• Energy and heat cascading and/or recovery 

• Decreased generation of metall i c  was tes by process yield 
improvements 

• Increas ed recycling of scrap by improving scrap qual i ty and/or 
deve lop ing new processes that can economically and thermal ly util ize a 
higher ratio of scrap than the present BOF 

• Improved treatment of sludges and dus ts to make them more amenable 
to recycl ing 
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TABLE 2 Projects Sponsored by the Office of Indus trial Programs 
Relating to Energy Use in the Iron and S teel Indus try 

Program 

Formcoke 

Coke pellet process 

Blas t gas ification 

Coke dry quench 

Direc t sme l ting 
of iron 

Cupola furnace 
modification 

Hot inspection 
and s carfing 

Computer control 

Iron particle 
mel ting 

Electric arc 
furnace model ing 

Slot forge furnace 

Fluidized bed heat 
treatment 

Nitrogen-based 
carbur ization 

High-temperature 
sensors 

Thin s trip cas t ing 

Objective 

Develop environmentally acceptable coke 
manufacturing process 

Develop environmental ly acceptab le coke 
manufac turing process 

Produce low- to medium-Btu gas us ing idle blast 
furnace capac i ty 

Modify coke oven batteries to permit recovery of 
heat res ident in coke 

Develop process for direct product ion of s teel 
wi thout a blas t furnace 

Permit off-gas recovery and combus t ion in 
cupola operation 

Develop process for inspection and correc tion 
of flaws in hot s teel slabs to permit continuous 
process ing to flat rolled product 

Develop hierarchical computer control sys tem for 
energy management in integrated s teel mills 

Develop mathematical model for e lectric furnace 
operations optimizing energy requirements for 
mel ting direct-reduced iron ore and s teel scrap 

Develop computer model using new control 
me thods 

Develop and demons trate modifications to improve 
furnace efficiency 

Demons trate commerc ial-scale furnace of fluidized 
bed heat treatment of me tal parts 

Develop and demons trate nitrogen-based 
atmosphere for carburization of steel parts 

Develop sensors to obtain real-time process 
for on;l ine analysis and control 

Develop twin moving mold and planar flow wheel 
cas ting techniques for thin s trip s teel 

Source: An As ses sment of the Indus trial Energy Cons ervation Program (3) 
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A discus s ion o f  each of these  areas follows , with recommended actions or 
projects that could be undertaken by the Office of Industrial Programs to 
enhance the technology base available to the s teel indus try for more 
effect ive energy use. 

WASTE ENERGY RECOVERY 

Potential improvements for energy recovery from was te streams can be 
divided somewhat arb i trari ly into four categories: 

1 .  Technically proven concepts that cannot be adopted in a specific 
plant because o f  plant-specific problems such as product mix, space 
availab il i ty , logis tics , e tc. 

2 .  Technically proven concepts that are not be ing adopted but that 
probably would be if  demons trated in a wide variety o f  real istic , 
real-plant s ituations 

3. Technically proven concepts that are be ing adopted by the indus try 
as financ ing permits 

4. Technical ly unproven concepts 

Clearly , the Office of Indus trial Programs has no role to play in 
category 1 and 3 concepts . Energy conservation via category 2 i tems would 
be enhanced by DOE funding of demons trat ion projects , but thi s  appears to 
be outs ide the scope of the high-risk , high-payoff phi losophy o f  the 
department . (A complete l i s t ing o f  new but technically proven concepts 
that could be demons trated is  available in the I I S I  report.) Category 4 
�tems c learly fall within the scope of OIP ' s current charter . 

The commi ttee was advised during i ts del iberations that making use of 
the energy from was te gas s treams had an important conservation potential 
but that it needed further technological development and verification. 
This is  cons is tent wi th the I I S I  report (2). The I I S I  identified the 
following was te-gas energy-saving potentials that require further 
deve lopment: 

• For the integrated plant ( e s t imated savings are shown. in 
parentheses) 

--Coke oven gas sens ible heat recovery ( 19 Mcal/tcs) 

--Blas t furnace and BOF slag sens ible heat recovery (30 Mcal/tcs 
each) 

--Axial top pres sure turb ine operation with hot , dry cleaned gas 
(20 Mcaljtcs) 

• For the scrap and directly reduced iron-fed electric arc furnace 
plant 

--S team-cooled walled pane ls 

Copyr ight  © Nat iona l  Academy of  Sc iences.  A l l  r ights  reserved.

Increas ing Energy Ef f ic iency in  the Stee l  and Pet rochemica l  Indust r ies  Through Waste Recyc l ing and Reduct ion
ht tp : / /www.nap.edu/cata log.php?record_ id=19174

http://www.nap.edu/catalog.php?record_id=19174


12 

The I I S I  report further concludes that , in general , when choos ing 
between a variety of energy-s aving options , it is advantageous to 
concentrate on was te energy sources that are large ; ass oc iated wi th a 
gaseous phas e ; suitable for recycl ing rather than recovery ; and , in case of 
sens ible heat recovery , at a high temperature. 

In January 1982 , the Gas Research Ins t i tute (GRI) pub l i shed a report 
that included an assessment of how energy could be used more e ffect ively in 
ironmaking and s teelmaking (5). With regard to energy recovery and 
reuse , the report recommends the following as areas needing research: 

• Development of low-cos t me tallic materials wi th high-temperature 
s trength , creep res is tance, and res is tance to high-temperature corros ion 

• Development of high-veloc i ty burners that can accept high air 
preheat temperatures and provide high turndown capab i l i ty ,  and 
demons tration of such high-veloc i ty burners on reheat furnaces , soaking 
p i ts , and anneal ing furnaces 

• Demons tration of plate- and fin-type or other compact ,  high­
effectiveness  recuperators on annealing furnaces 

• Investigations of ceramic mater ials to characterize mechanical and 
thermal properties and development of improved fabrication and repair 
techniques 

Additional areas recommended in the GRI report for research and 
demons tration on was te heat recovery include 

• Development of low-cos t , more compact was te heat bo i lers 

• Improvements in flame control capab i l ities when us ing higher 
temperature preheated air to ensure satis factory furnace operation 

• Methods to reduce amb ient air infiltration into furnaces to minimize 
dilution of was te gas s treams 

• Use of elec tr ic arc furnace exhaus t gases to preheat scrap (6) 
and also  the use of BOF off-gases for scrap preheating 

• Use of Freon or other bottoming cycles to recover heat lost from 
areas such as furnace walls and BOF hoods 

Research s tarted at GRI in 1986 on a gas-fired scrap mel ter with an 
integrated heat recovery sys tem and on a gas-fired hot metal trans fer 
sys tem with heat recovery . 

WASTE HEAT ENERGY 

An attrac t ive use of was te energy that has been developed but may need 
a demons tration in the United S tates to fully document its advantages is  
scrap preheat ing with the off-gas from an electric arc furnace .  A typ ical 
heat balance for an EAF indicates that up to 20 percent of the energy (100 
kWh/ton) leaves the furnace as hot gases; this is enough energy to 
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potentially preheat the scrap to 6so•c (1150°F ) .  Scrap preheating in 
Europe , for example , is accomplished in the charging bucket with a special 
hood . Reduc tions in energy consumption (50 kWh/ton) , e lectrode consumption 
(2 to 3 lb/ton) , and mel ting t ime (6 to 8 minutes )  have been observed . In 
addi t ion , the zinc content of e lectric furnace dus t , a hazardous was te , i s  
increased , which makes i t  a marketable product . 

WASTE REDUCTION THROUGH PROCESS YIELD IMPROVEMENT 

Figure 3 shows that the energy consumption for a modern , energy­
effic ient integrated s teel plant would be 19 . 24 GJ per metric ton of cast 
(raw) s teel ; for a modern, energy-effic ient electric arc furnace scrap­
based s teel plant it would be 8 . 49 GJ per metric ton of raw s tee l . 

Energy s tatis tics spec ifically for integrated product ion or electric 
furnace product ion are not available . However, from a reported average of 
29 . 0  GJ per metric ton (25 MBtu/short ton) of shipped product in 1985 , 
factored by the percentage of integrated and EAF production, one can 
e s timate the average energy consumption for domestic integrated EAF 
production in 1985 as 28 . 1  and 13 . 6  GJ per metric ton , respect ive ly . These 
differences represent the relative degree of modernizat ion and energy 
effic iency of the average domestic s teel plant compared to the 
hypothetical s tate-of-the-art plants dep icted in the 1982 I I S I  s tudy 
(2). 

Integrated produc tion accounted for s l ightly more than 80 percent of 
the energy consumed by the domes tic s teel indus try in 1985 . 

Yield Performance 

Yield performance is the decimal ratio of finished tons to raw s teel 
tons expres s ed as a percentage . Table 3 shows that, in the pas t 10 years, 
average domestic s teel production yields have increased from 70 percent to 
83 percent . This  increase is highly correlated (r - . 996 ) with the 
increase in percentage of s teel continuously cas t . For every percent 
increase in raw s teel continuous ly cas t, produc t yield has increased almost 
one-half percent . This  is somewhat mis leading . Probably less than half of 
the improvement in yield can be attributed directly to continuous cas ting . 
The res t is a reflection of corollary improvements in downs tream processes 
and the clos ing of  older fac i l i ties . 

In 1985, the indus try continuously cas t 44 percent of the raw s teel 
produc tion and exhibited a raw-s teel-to-product yield of 83 percent . 

Po tential Energy Savinss 

Base line figure s of 25 GJ per me tric ton of raw s teel for integrated 
produc tion and 13 GJ per metric ton for EAF production are used here to 
analyze the effect of incremental yield improvements on energy conservation 
for the indus try . This provides a conservative estimate o f  potential 
savings . 
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TABLE 3 Indus try Yields and Continuous Cas t ing Ratios 

Year Percent Continuous Cas ting 

1975 69 9 . 1  

1976 70 10 . 5  

1977 73 12 . 5  

1978 71 15 . 2  

1979 74 16 . 9  

1980 75 20 . 3  

1981 73 20 . 3  

1982 82 29 . 0  

1983 80 32 . 1  

1984 80 39 . 6  

1985 83 44 . 4  

Ayield calculations do not take into account annual inventory 
variations . 

By 1995, total domestic shipments (demand - imports + exports ) is  
projected to be no more than 63 mi l l ion metric tons . At  current yields 
this  equates to a raw s teel requirement of 76 mi l lion metric tons . S ixty 
percent of  these  shipments i s  expected to be produced by integrated 
plants, princ ipally in the form of plate and light flat-rolled products . 
The remaining 40 percent will be produced in electric arc furnaces . This 
product ion ratio and the basel ine figures given project an annual energy 
consump tion by the domes tic s teel indus try of 1, 760 , 000 GJ or 1 . 67 quads 
i f  the raw-steel-to-produc t yields were to remain the same . 

I f  yields were improved to 100 percent, annual energy requirements 
would be reduced by about 0.2 quad . This level of improvement, while 
unrealistic, prov ide s an absolute limi t on achievable sav ings through 
yield improvements alone . 

Sources of Yield Improvements 

There are three po tential areas for further yield improvements in the 
indus try . The firs t is to continue the ins tallation of s tate-of-the-art 
continuous cas ters for s labs and blooms . Minimills or spec ialty mills 
that can utilize bille t cas ters are now almost 100 percent cas t . A 
practical limit is for 90 percent of  all s teel to be continuous ly cas t . 
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(Section s ize and order s ize cons traints will preclude certain products 
from being continuous ly cas t . )  Increasing the cas ting ratio to 90 percent 
should increase overall yields to 90 to 91 percent , with a consequent 
energy savings of 0 . 1  quad . No new technology is needed to achieve these  
energy savings . In fact , s ince 1985, addi tional cas ting fac i l ities have 
either been installed or plans have been announced to increase the level 
of cas ting capacity to 70 percent of the projected 1995 raw steel 
requirements for integrated plants . 

A second potential area for yield improvements is the modernization of 
downstream roll ing and processing faci l i t ies and improvement in practices 
related to these facilities . There is  no single generic need in thi s  
area . Rather, the requirements t o  achieve improved yields are spec ific to 
each fac i lity and operation . Application of current best prac tices could 
probably improve overall yields an additional 2 to 3 percent, both in 
integrated plants and in spec ialty p lants . Some improvements will  occur 
as a higher percentage of capac i ty is taken over by new minimills . 

The third potential area for yield improvements, which to s ome degree 
overlaps the preceding two, is near-net-shape cas ting . Succe s s ful 
development o f  thin slab cas ting or s trip cas ting could supplant 
conventional slab cas ting and could avoid the need for modernizing certain 
downstream fac i l i ties . I t  is  es timated that thin slab cas ting could 
provide 2 to 3 percent added yield savings over slab cas t ing for light 
flat-rol led products . On the basis of the preceding analys is , the 
potential energy savings from yield improvements alone would be about 0 . 02 
quad . 

To summarize , energy savings of the order of 0 . 10 to 0 . 15 quad are 
po tentially available through the improved yield performance of domes tic 
s teel plants . The bulk of this  improvement is attainable through the 
appl ication of currently available continuous cas ting and proces s  
technology . 

SCRAP RECYCLING (7,8) 

The U . S .  s teel indus try consumed 1 . 7  quads of energy in 1985 , which 
represents over 6 percent o f  the industrial consumption . Producing s teel 
from scrap requires less than 45 percent of the energy needed to produce 
it from ore . The major me thod of us ing scrap is an electric arc furnace, 
which accounted for about 34 percent of s teel production in 1985 . I f  
elec tric furnace s teel produc tion could b e  increased t o  50 percent of  the 
to tal produc tion, 0 . 20 to 0.22 quad of energy could be conserved . 
Increasing scrap consump tion in the BOF or the development of  o ther 
scrap-based s tee lmaking technologies would also conserve energy. For a 
significant increase in electric s teelmaking to occur, there mus t be 
sufficient scrap of reasonable quali ty available, and the produc ts then 
can be produced in an electric arc furnace expanded to include low-carbon 
and lower nitrogen s teels . 

There is a tremendous surplus o f  scrap in the Uni ted S tates . .I t is 
e s timated that in 1985 over 120 million tons o f  obsolete scrap (excluding 
home scrap and prompt scrap )  were generated and only 36 mi llion tons were 
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sold to the U . S .  indus try . The scrap indus try exported about 9 . 5  million 
tons. It is estimated that there are 744 million tons of scrap available ; 
this figure could be disputed regarding what is actually recoverab le, but 
there is no doubt that there are adequate quantities of scrap available 
and that every year the Uni ted S tates generates more scrap than i t  uses . 

The next ques tion concerns scrap qual i ty . Scrap in s teel plants is of 
two general types: home scrap generated in the plants and purchased 
scrap . Home scrap currently represents about 40 percent of the s teel 
indus try scrap requirement, and it  is of good qual ity . However, as more 
continuous cas ting is put into produc tion, the amount of home scrap will 
decrease . Purchas ed scrap can vary in quality . The major element of 
concern is copper; the copper content of typ ical types of purchased scrap 
is listed in Table 4. 

Currently many of the products produced in electric furnace shops are 
s imple shapes such as reinforc ing bar and angles, for which copper, 
nickel, and molybdenum are not a major concern . However, if electric 
furnace s teel production is to increas e s ignificantly, i t  will be 
necessary to produce more of the crit ical grades . For example, drawing 
steel for automo tive and appliance use is a major product . Acceptable 
levels of copper and other residual elements for drawing s teel are l i s ted 
in Table 5 .  It can be seen that these levels are far below the levels 
present in mos t  commerc ial scrap . S ince the copper is often present as a 
phys ical mixture or as composite layers, phys ical and hydrome tallurgical 
separations could poss ibly remove much of i t . 

TABLE 4 Copper Content of Commercial Scrap 

Scrap Type Percent Copper 

Manufac turers' bundles 0.07 

Number 1 heavy 0 . 18 

Number 1 bundles 0.20 

Shredded 0 . 23 

Source: Inland S teel 1983 

TABLE 5 Maximum Levels of Residual Elements for Drawing S teels 

Type Cu 

Deep drawing s teel 0.06 

Drawing quality, 
commercial quali ty tin 
(�) 0 . 1  

Tin (cri tical 
application) 0 . 06 

Ni 

0.1 

0.1 

0.04 

Maximum Percent 
Cr Mo 

0.07 0.02 

0.07 0.03 

0.04 0 . 02 

Sn 

0.01 

0 . 015 

0.02 

Total 

0.12 

0.16 

0.16 
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I t  is  c lear that the s teel indus try can conserve energy by produc ing 
more s teel from scrap . In addi tion , scrap represents a competitive 
advantage for U . S .  s teel producers over mos t  other countries .  However , 
whereas the availabil i ty of scrap is  great , the amount of quality scrap 
available may not allow producers to subs tantially expand the use of scrap 
in s teelmaking . This problem was recognized as a major one by the S teel 
Indus try/Federal Laboratory Task A Advisory Committee ("Keyworth S teel 
Ini tiative" ) . That committee recommended a major four-po int program for 
scrap at a funding level of about $400, 000 to $500, 000 per year . The 
program dealing with scrap refinement cons is ted of 

• Physical separation----A projec t  to improve physical separation 
initially looking at the e ffec t  of magnetic flux and improved sighting 
methods, to be done by Inland S teel Company with input from the Ins titute 
of Scrap Iron and S teel 

• Hydrometallurgical separat ion----Work on leaching of scrap with 
various reagents , to be done at Idaho National Laboratory 

• Pyrometallurgical separation----Examination of the thermodynamics, 
kinetic s ,  and feas ib i l i ty of sulfide treatments for removing copper , to be 
done by Carnegie-Mellon Univers i ty ;  consideration of other novel methods , 
such as formation of complex halide vapor spec ies and novel fluxes, to be 
done by Argonne National Laboratory 

• Res idual elements----Examinat ion of the entire question of 
res idual elements, such as maximum copper leve ls, what other elements are 
of concern, res idual levels of elements in various scrap forms, what can 
be achieved by scrap blending, and the economics of improved physical 
separat ion and other new treatments, to be done by an appo inted task force 

As of December 1986 this program has not been implemented. 

The greater use of  scrap in s teelmaking is  potent ially a s ignificant 
method of reducing energy consumption by indus try . There is adequate 
scrap available, but the quality of the scrap may not allow for 
s ignificant growth of elec tric-furnace s teelmaking to new produc t areas . 
There are at present no major research efforts in the area o f  improving 
scrap quality . 

For scrap-based electric furnace s teelmaking to increase its share of 
s teel produc tion signi ficantly, i t  will also be nece ssary to expand the 
range of  produc ts that can be produced. Currently, very li ttle 
cold-rolled sheet is produced in EAFs because the steels produced there 
normally have nitrogen levels  higher than is accep table for thi s  produc t. 
Steels produced in a BOF general ly have lower nitrogen contents. An 
alternative to EAF s teelmaking us ing scrap is the use of  large-furnace 
induc tion melting of the scrap plus coke plus silicon to provide the 
charge for the BOF . 

Cold-rol led sheet used in the automotive and appl iance indus tries , for 
examp le, represents a large percentage of to tal s teel produc tion . 
Therefore, proces ses mus t be developed for produc ing s teels with low 
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ni trogen contents in the EAF . Likewise, there is an increas ing demand for 
low-carbon s teels (less than 0 . 03 percent ) . At present these  s teels have 
to be produced in a BOF . Processes should be developed for the product ion 
of low-carbon s teels in an EAF to use more recycled scrap . 

IMPROVED POLLUTION-ABATEMENT TECHNIQUES 

The U . S. iron and s teel indus try uses a variety of was te treatment 
techniques common to many indus trial manufacturing operations . Included 
are was tewater treatment by flocculation and precipitation for removal of 
contaminants prior to discharge to munic ipal treatment sys tems or to 
surface waters, land-fill ing of  solid was tes, particularly fly ash 
materials and oily mill scales, removal of particulate matter from off-gas 
s treams via scrubbers and/or electrostatic prec ipitators, and deep-well 
injec tion of process was tewaters with high chloride content, which cannot 
be eas i ly treated or effectively recycled to the s teelmaking proces s .  In 
general, these  was te-abatement processes used by the iron and s teel 
indus try are mature, proven technologies that have been in use for many 
years . 

Overall , the energy consumption for pollution abatement in the iron 
and s teel indus try cons titutes only a small fraction of the total energy 
used in this  indus try . In general, less than 2 percent of  total energy 
consumption is util ized in pollution-abatement activities, w i th by far the 
large s t  part of this be ing for movement of relatively high-temperature 
off-gases from the various s teelmaking proces ses . 

Efforts toward improved pollution abatement in this indus try have been 
driven by the opportunity for recycling and reuse of was te materials 
containing valuable raw material components rather than by the economics 
of  energy conservation per se. 

Gas Handlin& 

The high pressure drop required for efficient operation of both 
cyclone separators and wet scrubbers re sults in a large energy use for gas 
handling, and the level of energy required is further exacerbated by the 
need to cool the gases, which can reach temperatures o f  3000°F, prior to 
treatment for removal and recovery of the particulate matter . 

At present, volumetric cool ing with ambient air is frequently 
practiced at di lution ratios as high as 100 to 1, thereby greatly 
increasing the size of the equipment required as well as the horsepower 
required to move the o ff-gases through the particulate-removal equipment . 
Ano ther significant issue in the reuse of  off-gases and reclamation of 
was te heat in those gases is the submicrome ter-size particulate matter 
they contain . This particulate matter is typically be tween 1 and 2 
percent up to 44 �m. with an average of 2 to 10 �m. Impurities in 
this  particulate matter frequently restrict the potential use of the hot 
gases, and therefore the challenge is the removal of the submicro­
meter-s ize particulate matter without loss of the sens ible heat content of 
the gas. 
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Indirectly related to gas handling i s  the fact that e lectric arc 
furnace dus t has been listed by the Environmental Protection Agency as a 
hazardous waste under the regulations o f  the Resource Conservation and 
Recovery Act .  Thi s  extremely fine dus t , ranging in s ize from 0 . 1  to 
10 pm, i s  formed in the electric furnace by metal vaporization , 
subsequent reaction with oxygen within the furnace , and depos ition on 
condensed nuclei . I t  is cons idered a hazardous was te because o f  the 
presence of leachable metals such 8$ lead , cadmium , and chromium . S ince 
dispos al is  a problem , energy-efficient proces sing techniques need to be 
inve s t igated to upgrade these particulate was tes to useful products . As 
noted earl ier , i t  has been reported that scrap preheating us ing the 
off-gases from an EAF reduces the amount of dus t and increases the zinc 
content, which poss ibly makes the dus t marketable . 

Was tewater Handling 

A typical s teel mil l  consumes between 3 5 , 000 and 80 , 000 gallons of 
water per ton of finished product, primari ly for cooling uses . 
Configuration of the mill and the type of process employed can have a 
s i gnificant effec t  on the volume of water used and the volume o f  water 
discharged through the was te-treatment process . Horsepower requirements 
for was tewater treatment per se are generally not excess ive , although 
s ignificant quantities of compressed air are needed for extended aeration 
of o ily mill was tes from pickl ing operations and hot-rolled was te . 

Deep -Well Inj ection 

S trong pickl ing was tes may contain up to 10 percent hydrochloric acid , 
for which the only effective disposal technique is  deep-wel l  injection . 
Energy requirements for this operation depend heavily on subsurface 
geological configurations and the resultant pressure required to force the 
was te material into the subsurface s trata, but these are not s ignificant 
in terms of overal l energy us e . 

S ludge Handling 

Sludges from clas s i fication and other collection proces ses in some 
cases are difficul t or cos tly to recyc le because of their mo is ture 
content . These materials frequently contain mois ture in the 30 to 40 
percent range, and the abil i ty to further dewater these materials  would 
reduce the heat requirements when they are recyc led. The potential energy 
reduct ion in this area is significant; even though dewatering processes 
have been extens ively s tudied, a further review of dewatering techniques 
is probab ly warranted . 

Oily Mil l Was tes 

A review of al ternate techniques invo lving solvent or detergent 
c leaning of o i ly mi ll was tes to permit recycl ing rather than disposal in a 
landfi ll seems appropriate because it  may offer a combined benefit of 
additional was te reduction along wi th reduced energy consumption . 
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Summary o f  Pol lution-Abatement Tecbnigues 

The mos t  s ignificant potential for improvement in the area of 
pollution abatement appears to be in the area o f  recovery o f  contaminated 
dus t from high-temperature gas s treams at proces s  temperature, which would 
permit these gases to be reused as fuel or to preheat scrap materials 
be ing recycled . W i th the energy consumption for pollution abatement 
representing only between 1 and 2 percent of total energy for s teel 
manufacturing, the potential returns do not appear to be sufficient to 
jus tify s ignificant effort in this area . The ultimate usefulnes s  and 
attract iveness  of energy-reduction techniques will be offset by added 
cap i tal requirements for the ir implementation, and this will  compete with 
cap i tal requirements for process modification . 

RECOMMENDATIONS FOR THE OFFICE OF INDUSTRIAL PROGRAMS 

Even though revolutionary advances in s teelmaking processes, was te 
reduction, and scrap reuse are not anticipated, many suggestions have been 
made by various groups for technological advances that, i f  adopted, could 
improve energy us e by the iron and s teel indus try . As a result of its 
review o f  published information and discus sion with individuals 
knowledgeable about the s tatus of  technology appl icable to the indus try, 
the committee recommends that the following areas be considered for 
inclus ion in research and development programs of the Office of Industrial 
Programs : 

1 .  Research and development tasks ident i fied as a part of the S teel 
Initiative should be incorporated in OIP ' s  program, even if spec ial 
additional funding is no t appropriated by Congress. In particular, 
program plans should be advanced by OIP for ( a )  refinement and reuse of 
scrap as described in the four-point program recommended by the Task A 
Advisory Committee, encompassing research on physical separation, 
hydrome tal lurgical separation, pyrome tal lurgical separation, and effects 
of  res idual contaminants in scrap and (b ) development and improvement of 
near-ne t-shape forming techniques such as electromagnetic cas ting, spray 
cas ting, and twin rol l  cas ting . 

2 .  In addition to the recommendations related to the recycling o f  
scrap, i t  is  particularly important that processes should be developed t o  
produce s teels low i n  nitrogen and carbon in an EAF t o  expand the use o f  
scrap. 

3 .  Improved ins trumentation and control procedures in downs tream 
areas, aimed at identifying and eliminating defects in cold-rol led and 
hot-rolled slabs and shee ts, should be deve loped and demons trated . 

4 .  Development of cos t-effec tive technologies for the recovery o f  
energy in was te s treams should b e  pursued . Applications within the s teel 
industry should be inc luded as a part of OIP ' s was te heat recovery 
projec ts. Particular attention should be directed to the removal of 
contaminated dus ts at proces s temperatures so that the gases  can be reused 
without reheating as well as to the use of EAF off- gas directly for 
preheating s crap. 
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5 .  Research should also b e  directed toward lower c o s t  ceramic 
materials for use in recuperators as well as toward metall ic materials . 
The development of low-co s t  recuperators that can operate reliably under 
the thermal , chemical , and erosive conditions characteristic of iron and 
s teel operations is an attractive object ive . This will  require the 
identi fication and development of both low-co s t , high-temperature 
materials (metallic and/or ceramic )  and methods to fabricate them into 
suitable recuperator des igns . In particular, the commi ttee suggests that 
OIP pursue thi s  objective primari ly by supporting activity to explore the 
potential for this  use of the materials or processes emerging from 
exi s ting extens ive high-temperature materials development programs such as 
those of DOD or other elements of DOE . Cooperative ac tivities to modify 
the products of such programs might then follow. 
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Chapter 3 

IHE PETRQCHEHICAL INPUSTRY 

The petrochemical indus try is  one of the nation ' s  larges t  energy 
consumers ; in 1 9 84 a total of 6 . 1  quads of energy, including 2 quads as 
feeds tocks, was consumed by those  companies included in S tandard 
Indus trial Clas s ification 28 ( 1 ) . Companies wi thin the indus try 
inve s t  heavily in technology, and the success of the indus try is  buil t  on 
cos t-effective proprietary proces ses to produce an ever-expanding array of 
products for the commerc ial and indus trial marketplace .  S ince the 
petrochemical indus try possesses a s trong technology base, i t  has 
addressed energy conservation mainly on its own ; only a few proj ects 
relating to this industry have been undertaken by the Office o f  Indus trial 
Programs . 

The results o f  a previous review of OI P ' s projects for the chemical 
indus try are summarized in an earl ier report (2). As a part of its 
review o f  effic ient energy use through was te reduction and recyc l ing, the 
commi ttee undertook a brief review of current practices within the 
petrochemical indus try to determine if there were unfi lled technology 
needs that should be addressed by OIP. A meeting was convened in 
Washington for the committee to gather information from persons 
knowledgeable in energy use, was te recycling, and was te treatment 
techno logies of the indus try . E .  Kranz ( S tone and Web s ter Engineering 
Corp . ) , D. Maisel (American Institute of Chemical Engineers ) ,  A .  
Manches ter (Hercules Inc . ) , V. Stewbart ( Dow Chemical ) ,  and M .  Throdahl 
( formerly Monsanto Company) partic ipated as invi ted speakers . 

From the information presented, the committee concluded that 

1 .  The mos t  critical problem currently facing the petrochemical 
indus try is  the treatment and disposal o f  hazardous was tes . Inc ineration 
is  the technology of  choice used by the indus try to solve these problems . 

One reviewer of this report has provided the following information , 
which the commi ttee endorses . Mos t  pe trochemical plants are as sociated 
wi th petroleum refineries, and it is often poss ible to dispose of 

23  

Copy r i gh t  ©  Na t i ona l  Academy  o f  Sc iences .  A l l  r i gh t s  rese rved .

I nc reas ing  Ene rgy  E f f i c i ency  i n  t he  S tee l  and  Pe t rochemica l  I ndus t r i es  Th rough  Was te  Recyc l i ng  and  Reduc t i on
h t t p : / /www.nap .edu /ca ta log .php? reco rd_ id=19174

http://www.nap.edu/catalog.php?record_id=19174


24 

petrochemical was tes in the petroleum refinery ; for example , the petroleum 
coking proces s  can be quite effective in des troying many potentially 
hazardous petrochemical was te produc ts . This can be pos s ible both in the 
delayed coking process as wel l  as the fluid bed coking proces s .  In a 
flexicoking-type process where the coke is burned in a fluid bed 
regenerator ,  even more opportunities are presented for inc inerat ing 
petrochemical was tes . Comb ining petrochemical was te with coking merits 
further s tudy and analys i s . 

2 .  The pe trochemical indus try has adopted and practices energy­
conserving proces s  technologies . In general , all material was tes are 
recycled and all proces s  heat is recovered and reused unti l  it becomes 
impractical, ineffic ient, or uneconomical to do so . Greater than 9 5  
percent of the energy content of the feedstocks can be recovered i n  the 
products or can be recycled within the energy used by a given plant . 

Given these inputs, the commi ttee reviewed recently pub l i shed 
information on inc ineration (3 -8) . There is a common thread among 
these references :  that is , inc inerators for the disposal of hazardous 
organic was tes can be des igned , cons tructed , and operated satisfactori ly , 
but such techniques are still  an art rather than a science . There is  a 
need for further R&D on the science base underlying the inc inerat ion 
process, especially on the combus t ion itself , materials interactions with 
the combus t ion environment, automated sys tems for process control , 
ident i fication and control of incomplete combus t ion , and other downs tream 
sys tems . The treatment and effective disposal of  hazardous was tes are 
important health , environmental , and economic problems fac ing the nation, 
and the committee recommends that the need for further research on the 
sc ience base underlying inc ineration technology be investigated by other 
offices in the Department of Energy, the Environmental Protection Agency , 
and the Department of De fense . Smaller companies within the chemical 
indus try are in particular need of additional knowledge to as s i s t  them in 
deal ing with the problems of hazardous was tes . 
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Appendix 

BIOGRAPHICAL Sl{ETCHES OF COMMITTEE MEMBERS 

DAVID L .  MORRI SON rece ived his M . A .  and Ph . D .  ( chemis try )  degrees from 
Carnegie Ins t i tute of Technology . He worked for Callery Chemical Company 
and Battelle Memorial Ins t i tute prior to jo ining I IT Research Ins t i tute in 
1 9 7 7  as execut ive vice pres ident, and where he is now pres ident . He is a 
member o f  the American Association for the Advancement of Science, 
American Chemical Society, and American Nuclear Society . His research 
interests  include energy and environmental research ; technology and 
environmental impact asses sment ; research and development planning ; 
nuclear reactor safety analys is ; radiochemis try ; and research management .  

HARRI S  M .  BURTE rece ived his Ph . D .  degree in chemical engineering at 
Princeton Univers ity . He is a Chief Scientist of the Air Force Materials 
Laboratory at Wright - Patterson AFB, Ohio . He has been active in many 
areas o f  materials and manufacturing R&D and in interac t ions between 
technology and society, and he currently serves as an adjunc t professor o f  
engineering a t  Wright S tate Univers ity . H e  is  a member of the American 
Chemical Society , Fiber Society, American Ins t i tute of Aeronautics and 
As tronautics, and American Ins t i tute of Mining, Metal and Petroleum 
Engineers, and he is a fellow of the American Society of Metals . His 
re search interests are properties o f  materials, textiles, plas tics, 
me tals, ceramics, and nondes tructive evaluat ion . 

RICHARD FRUEHAN received B.S . and Ph . D .  degrees (metal lurgical 
engineering) from the University of Pennsylvania . He worked at the 
Fundamental Research Laboratory for U . S .  S teel Corporation before jo ining 
Carnegie - Mellon Univers ity, where he is Professor of Me tallurgy and 
Materials Science and director of the Center for Iron and S teelmaking 
Research . He is a member o f  the TMS and the Iron and S teel Soc iety ( I S S )  
of AIME and is  a Dis tinguished Member o f  I S S . H i s  research interes ts 
include the phys ical chemis try and process  dynamics of metal re fining 
proces ses, me tal - ceramic joining and reactions of l iquid metals witl1 
second phases . 
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NOEL JARRETT received h i s  M . S .  degree from the Univers i ty of Michigan in 
chemical engineering . He worked as a sales engineer at Freedom-Valvol ine 
Oil Company before joining the Aluminum Company of America, where he is 
now technical director for chemical engineering at the Alcoa 
Laboratories .  He is a member of the National Academy of Engineering , 
American Society of Metals, American Ins titute of Chemical Engineers , 
American Ins ti tute of Mining, Metallurgical, and Petroleum Engineers , 
Electrochemical Society, and S igma Xi . His research interests are 
electrochemical cell development, optimization of the Hal l - Heroult 
proces s, coker reactor, cell development of Alcoa Smel ting Proce s s , 
pollution control by scrubb ing of chlorine from furnace effluent, and 
high - purity aluminum via crys tallization. 

FRITZ KALHAMMER received his Ph.D. degree from the University of Munich . 
He is Vice President, Management and Utilization Division of the Electric 
Power Research Ins titute . He worked in solid-s tate research and 
deve lopment at Philco Corporation and as senior physical chemist and 
manager of the Electrochemis try Laboratory of SRI . His research interes ts 
include physical chemis try, s torage, conversion, conservation and 
utilization of energy. 

ALLEN M .  KOLEFF received a B . S .  degree ( chemical engineering) from 
I l linois Ins titute of Technology . He is currently director of energy and 
environmental technology with S tone Container Corporation and previous ly 
he ld senior engineering positions with AE S taley Manufac turing Company . 
He is a member of the American Ins titute of Chemical Engineers, Technical 
As sociation of  the Pulp and Paper Indus try and the American Paper 
Ins titute' s Energy Policy Committee . His research interes ts include 
deve lopment and app lication of new environmental processes  and equipment 
and new approaches to energy source p lanning. 

ADOLPH J. LENA received his D.Sc. degree (metal lurgy)  from Carnegie 
Ins titute of Technology. He is currently Executive Vice President and 
Chief Operations Officer of Carpenter Techno logy . He is a member of the 
American Socie ty of Me tals. His research interests are physical 
me tallurgy of alloys and s tainless s teels, magne tic and e lectrical alloys, 
and tool s teels . 

ROBERT B. ROSENBERG earned his Ph.D . degree ( gas techno logy )  from the 
I llinois Ins titute of Techno logy. He is currently Senior Vice President 
for Member and Indus try Re lations at the Gas Research Ins titute . He is a 
member of the American Gas As sociation, the Combus tion Institute , American 
Ins titute for Chemical Engineers, Air Po llution Control As sociation and is 
ac tive in international R&D As sociations. His research interests  include 
development of new equipment, consulting, environmental s tudies , and new 
natural gas supp lies and efficient utilization of natural gas . 

DAVID K .  SNEDIKER ho lds a Ph.D . degree (physical chemis try) from 
Pennsylvania S tate Univers ity .  He is currently Vice President, Quality, 
for the Battelle, Co lumbus Division . His previous employment was at 
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General Electric Company a s  a phys ical chemis t  and a s  research chemis t  at 
the Nat ional Bureau of  S tandards . He is a member of  the American 
Assoc iation for the Advancement of Science , the American Chemical Society , 
and the American Society of Lubrication Engineers . His research interests 
include hot atom chemistry o f  condensed sys tems , espec ially organometall ic 
compounds ; MOs sbauer spectroscopy ; tr ibology , espec ially fundamentals of 
roll ing friction ; solid lubricant technology ; and elas tohydrodynamics . 

JULIAN SZEKELY rece ived his B . Sc . , Ph . D . , and D . Sc .  ( engineering) degrees 
from Imperial College , Univers ity of London , England . He taught at 
Imperial College and at S tate Univers ity of New York at Buffalo before 
taking up his current pos ition as Profes sor of Materials Engineering at 
Mas sachusetts Ins t i tute o f  Technology . He is  a member o f  the Nat ional 
Academy of Engineering , American Ins t i tute of Chemical Engineers , British 
Ins t itute o f  Chemical Engineers , and American Ins titute of Mining , 
Metal lurgical , and Petroleum Engineers . His research interests include 
materials process ing , mathemat ical and phys ical model ing o f  proces s ing 
operat ions , and energy , environmental ,  and societal aspects of materials 
process ing operat ions . 

ROGER L .  WHITELEY holds a B . S .  degree in C ivil Engineering and an M . S .  
degree in Mechanics from Rens selaer Polytechnic Ins t i tute . Before his 
ret irement in 1984 , he was Vice Pres ident , Product ion Technology at 
Bethlehem S teel Corporat ion . He is  currently Assoc iate D irector o f  the 
Center for Innovation Management S tudies located at Lehigh Univers i ty . He 
is a member of the American Ins t i tute of Mining , Metallurgical , and 
Petroleum Engineers . His research background includes sheet s teel 
metallurgy ,' forming and fabrication o f  metals , ins trumentat ion and 
automat ion of s teel mil l  processes and sys tems analys i s . His current 
research interes ts are focused on management policies and prac t ices 
related to the indus trial innovation proces s .  
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