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INTRODUCTION I The Office of Industrial Technologies: 
, Enhancing the Competitiveness, Efficiency, 

and Environmental Quality of American lndwstry 

I n  theyear 2010, the Department ofEnergy 
(DOE) uses its leadership in energy) science 
and technology to help industry sustain 
long-term economic growth that has created 
high-wage jobs and a cleaner environment. 

- Vision Statement from Dqartment o f  
Energy Strategic Plan; A p i l l 9 9 4  

Located within DOE’S Office of 
Energy Efficiency and Renewable 
Energy, the Office of Industrial 
Technologies (OIT) supports 
research, development and demon- 
stration (RD&D) efforts that can 
improve our nation’s energy future. 
OIT concentrates its efforts on 
improving energy efficiency and 
productivity in the industrial sector 
of the economy. Virtually every 
industrial process uses more 
energy than necessary. 

Inefficient energy use is also frequently 
associated with the generation of 
industrial waste, pollution and their 
related costs. Reducing the amount 
of waste materials generated also 
reduces the amount of energy used 
in the processes that created the waste. 
Hence, supporting RD&D activities 
that can prevent pollution and reduce 
waste is another important objective 
of the OIT program. 

OIT’s RD&D projects not only 
improve industrial energy efficiency 
and reduce waste; simultaneously, they 
frequently reduce the capital, operat- 
ing and maintenance costs of industri- 
al technologies, improve productivity 
and product quality, and consequently 
enhance the competitiveness of US. 
industries. This in turn contributes 
to increased U.S. exports, greater 
national value-added and wealth, and 
higher wages for American workers. 

The OIT program, in other words, 
is strategically positioned to assist 
DOE in achieving its vision of the 
future. This report describes the 
context, content, and potential bene- 
fits of the OIT RD&D program. 

THE INTRODUCTION 
Describes the characteristics 
of industrial energy use and 
identifies the most energy- and 
waste-intensive industries in the 
U.S. economy, that is, the materials 
and process industries; 

Discusses and explains the unique, 
essential and often overlooked 
role that these industries play 
in the economy of linking the 
natural resource industries to the 
value-adding assembly and fabrica- 
tion industries. 

CHAPTER ONE 
Provides a brief history of the 
Office of Industrial Technologies, 
and describes its location and 
role in the Department of Energy 
and its mission, strategy, organiza- 
tion and principal methods 
of operation; 

, Explains the Industries of the 
Future initiative, an industry-led 
and OIT-facilitated method for 
identifying the technology needs 
of industry and laying the 
groundwork for public-private 
sector partnerships; 

Provides examples of important 
ongoing OIT-private sector partner- 
ships that illustrate the typical 
structure, operation, and potential 
benefits of these activities. 

. 

Identifies some of the most impor- 
tant OIT commercial success stories 
and quantifies the energy, environ- 
mental, jobs, and other real-world 
benefits of these technologies. 

CHAPTER TWO 
Analyzes the patterns and trends 
of energy use in the materials and 
process industries and the rest of 
the industrial sector; 

Describes and quantifies the eco- 
nomic significance of the materials 
and process industries; 

w Explains the close relationships 
that exist between industrial 
energy use and waste and pollution 
generation. 

CHAPTER THREE 
m Describes and explains the major 

OIT programs targeting the 
industry-specific technologies of 
such energy-intensive industries as 
chemicals, steel, aluminum, paper 
and others; 

Quantifies the potential energy, 
productivity and environmental 
benefits of these programs. 

CHAPTER FOUR 
D Describes the major OIT programs 

targeting crosscutting industrial 
technologies such as electric 
motors, cogeneration, combus- 
tion, heat exchangers, industrial 
applications of solar energy, and 
various waste reduction and 
recycling technologies; 

‘B Quantifies the potential energy, 
productivity and environmental 
benefits of these programs. 

MASTER 
- *  
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CHARACTERISTICS OF 
ENERGY USE IN INDUSTRY 
Energy is an essential ingredient in 
the production of goods and is used 
by industry for a wide variety of pur- 
poses. Energy resources are used to 
generate heat and steam for industrial 
processing, to power machines, to 
produce chemicals and plastics, to 
light and heat factories, to provide 
materials for roads, and to fuel vehi- 
cles. In 1993, industry consumed 
about 30.8 quadrillion Btu (quads) 
of primary energy, or about 37% of 
all the energy used in the United 
States that year. Net energy use, the 
amount of energy actually consumed 
by industry which excludes electric 
utility generating and transmission 
losses, was 23.6 quads. 

Though primary energy use has 
been rising in industry almost steadily 
since 1983 when it was 25.8 quads, 
total industrial energy use in 1993 was 
below the record peak of 32.6 quads 
consumed in 1979. Going back two 
decades to the first oil embargo in 
1973, industrial sector energy usage 
has grown more slowly than that of 
the residential/commercial and trans- 
portation sectors. Since 1983, how- 
ever, growth in industrial energy usage 
has been at about the same rate as 
that of the other two principal sectors 
(Figure 1-1). 

INDUSTRIAL SECTOR ENERGY 
USEEXCEEDSOTHERSECTORS 
Moreover, industrial sector primary 
energy use in 1993 of 30.8 quads 
exceeded that of the residential/com- 
mercial sector (30.3 quads) and trans- 
portation (22.8 quads). In comparison 
to the other sectors, energy use in 
industry is also more widely diversified 
among a greater number of fuel and 
power sources. Most of the energy 
needs of the residential/commercial 
sector are met by natural gas and elec- 
tricity while more than 90% of trans- 
portation energy needs are supplied 
by petroleum products. By contrast, 
industry relies on a larger mix of 
energy sources. Although natural gas 
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and petroleum are the principal 
sources of industrial energy,*industry 
also consumed more than 3 quads of 
electricity and 2 quads each of coal 
and renewable energy in 1993. 

Not only is the industrial energy input 
stream much more diverse than the 
other two sectors, but the number and 
complexity of energy using processes 
and technologies in industry are 
much greater as well. Broadly speak- 
ing, industrial energy use is consumed 
in industry-specific processes (such as 
iron blast furnaces, petroleum refin- 
ing, pulp and papermaking, and beer 
brewing) and crosscutting technolo- 
gies such as electric motors, and boil- 
ers that have widespread use among 
a number of industries. 

INDUSTRIAL SECTOR 
ENERGY USE CONCENTRATED 
IN SIX MATERIALS AND 
PROCESS INDUSTRIES 
About 87% of industrial energy 
is used in the manufacturing sector 
(Figure 1-2). Non-manufacturing 
industries, including mining; oil 
and gas extraction, construction, and 
forestry and agriculture, account for 
about 13 % . Within manufacturing, 
industries primarily engaged in fabri- 
cation and assembly account for about 
15% of industrial energy use. The 

1980 1990 

Figure 1-2 
Primary Energy Consum/tion lg Indzcstrj, 
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balance of industrial energy use- 
about 71 %-is consumed by a total of 
just six highly energy-intensive indus- 
tries. Those industries include petrole- 
um refining, chemicals, pulp and 
paper, metals, ceramics (stone, clay 
and glass), and food processing. 

By and large, these materials and 
process industries are also the 
predominant focus of Om's 
RD&D program. 



It is not a coincidence that firms in ' 
this handful of industries share many 
other attributes in addition to their 
large appetite for energy. For'exam- 
ple, they are often characterized by 
high material throbghput, large water 
usage, heavy capital intensity, and a 
strong propensity for scale economies. 
Most important of their many com- 
mon attributes, however, is their 
shared role in converting the raw 
materials supplied by the extractive 
industries such as mining, farming, 
and forestry into materials and other 
inputs useful to a broad range of 
other industries. Often simply called 
the basic industries, these are the 
materials and process industries. 

CRITICAL LINKS IN THE 
MANUFACTURING FOOD CHAIN 
The finished materials and other 
inputs supplied by these industries 
constitute the beginning of the long 
and intricate food chain of the manu- 
facturing sector of the economy. While 
some of the products of the materials 
and process industries-gasoline 
and packaged foodstuffs for exam- 
ple-are sold more or less directly 
to consumers, the overwhelming 

preponderance of their products are 
inputs to other manufacturing indus- 
Lies. Indeed, a lengthy list of such 
industrial products as chemical feed- 
stocks, fibers, polymers, sheet metal, 
castings, lumber, and glass require 
further mariufacturing operations 
before they are transformed into 
consumable goods. 

As shown in Figure 1-3, the products 
and output of the energy-intensive 
materials and process industries are 
converted by other value-adding fabri- 
cation and assembly industries into a 
complex array of consumer, industrial 
and national defense-related goods 
ranging from textiles and clothing, 
books and newspapers, furniture and 
household appliances, and computers 
and telephones to beverage cans and 
grocery bags, automobiles and air- 
craft, tractors and machine tools, 
tanks and submarines, and drugs 
and medical equipment. 

Figure I 4  is adapted from an article 
by Robert Ayres entitled "Industrial 
Metabolism." It identifies the principal 
stages of transforming raw materials 
into manufactured goods. The goods- 
producing process typically begins with 
the extraction of raw materials that are 

Figure 1-3 
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subsequently refined by what are 
generally energy-intensive processes 
designed to separate out impurities. 
These intermediate pure materials 
are then recombined (or synthesized) 
into finished materials. Typically this 
process entails the chemical or physical 
blending of multiple pure materials 
(or ingredients) to yield the specific 
properties desired by the industrial 
customer. Finished materials are then 
cast, machined or otherwise fabricated 
into parts or components that can be 
assembled into manufactured goods. 
Ultimately, manufactured goods are 
either recycled or disposed as waste. 

The Energy Information Administration 
(EIA) collects data from several sources, 
including surveys of petroleum refiners, 
electric utilities, and manufacturers. The 
presentation of data collected by EIA 
varies however. For example, the con- 
sumption by fuel in Figure 2-2 is based 
on apparent consumption data, such 
a's shipments of natural g a s  to manufac- 
turers, provided by energy suppliers: 
whereas the consumption by major 
industry-in Figure 2-1 is largely 
based on the Manufacturing Energy 
Consumption Survey (MECS), which 
surveys individual manufacturers. 
This can create some discrepancies, 
especially in renewable energy use. 
For example, on-site wood and solar 
energy use are generally not captured 
by the apparent consumption data col- 
lection, but would be  captured under 
surveys of manufacturing or residential 
energy consumption. 

Additionally, some data and figures 
in this document refer to end-use con- 
sumption while others refer to primary 
consumption. End-use consumption 
refers to energy used at  a n  application, 
whereas primary consumption associ- 
ates  electricity generation and trans- 
mission losses with a n  application. 
EIA presents data using both end-use 
and primary consumption. Apparent 
consumption is used for most industrial 
sector data, and the manufacturing 
sector is based on the MECS. 

v yt Fertilizers 
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Unfortunately, the critical role of the 
materials and process industries in 
the economy is often overlooked by 
the national media and misunder- 
stood by the broader society. Because 
their products largely lose their 
identity in the process of being con- 
verted into usable consumer goods, 
mass media advertising is not widely 
practiced by many firms in these 
industries (the oil and food compa- 
nies who retail directly to consumers 
are important exceptions). Thus, 
firms in these industries often are not 
widely recognizable household names, 
which in turn contributes to lack of 
public appreciation of their roles in 
the economy. But from an economic 
and physical standpoint, these essen- 
tial industries quite literally underpin 
the entire industrial infrastructure. 

* 

ENVIRONMENTAL PROBLEMS 
RELATED TO SEPARATION AND 
SYNTHESIS ROLES 

The materials and process industries 
possess at least one other common 
attribute-their daunting environ- 
mental problems. These problems - 
derive from their unique role in the 
economy of linking the extractive 
industries to the fhbrication and 
assembly industries. Processing raw 
materials into usable industrial materi- 
als involves a large variety of energy- 
and waste-intensive separation and 
synthesis processes. Separation 
breaks apart molecules and synthesis 

recombines them into more useful 
substances. They are intrinsically 
energy- arid waste-intensive processes, 
and make the industries that employ 
them-the materials and process 
industries-the largest energy users 
and waste generators in industry. 

As the Congressional Office of 
Technology Assessment has pointed 
out, 'the largest energy-using indus- 
tries are those such as oil refining, 
chemicals, primary metals, pulp and 
paper, food, and ceramics and glass I 

that chemically or physically trans- 
form matter. These industries employ 
technologies that rely on the direct 
application of heat to break and 
rearrange molecular bonds through 
chemical reactions. Massive amounts 
of energy are required to do the work 
of breaking up and rearranging mole- 
cules-the essence of what the materi- 
als  and process industries do. Because 
of the central workhorse ,role that 
energy-intensive separation processes 
play in the materials and process 
industries, they typically account for 
40% to 70% of the capital and operat- 
ing costs in, many of these industries. 
Nearly 45% of the energy consumed 
in the chemical and petroleum refin- 
ing industries, for example, is used in 
separation processes. 

Separation processes (Table 1-1) not 
only require huge amounts of heat; 
they routinely produce large quanti- 
ties of low-value waste products as 

The Standard Industrial Classification.(SIC) system is the.official structure used by the. 
. 

-federal government to classify all industrial statistics. It contains 83 major industrial groups 
that may be divided into three broad components: goods producing industries, transporta- 
tion industries, and service industries. The goods producing industries a r e  classified in 

-.SIC groups 1-39, the transportation industries include SIC groups 40-49 and the service 

DOE defines the industrial sectorto include the goods producing industries. ~s includes 
both nonmanufacturing industries, that is, agriculture (SIC 1-9), mining (SIC 10-14), con- 
struction (SIC 15:17), and manufacturing industries (SIC 20-39). In 1993, the industrial sec- 
tor consumed 3018 quads of energy, 37% of the total US. primary energy use.The balance 
wasconsumed by the transportation sector (including SIC groups 40-49 and all privately 
owned vehicles, boats; planes and so on) and the residentialkommercial sector (including 
privately owned dwellings and'SIC groups 50-99). . . - 

industries include SIC groups 50-99. . .  ~ .. 

, .  _ _  - . ~ . _-4 _ _  - -  - .  -~ - . _* I_ I -_ .  . 

well. This is because the objective 
of these processes is to separate the 
desirable (or useful) from the undesir- 
able (or useless). Examples of separa- 
tion processes include distillation, 
metal smelting, flour milling, evapora. 
tion, and chemical reduction. By their 
very nature, separation processes are 
meant to be weight-reducing. A siz- 
able portion of the raw material is not 
required in the final material and 
must be separated and discarded (or, 
if possible, recycled or a separate use 
developed for the waste). This is why 
firms in the materials and process 
industries often locate their plants 
in the general vicinity of the extrac- 
tive industries whose raw materials 

Figure 1-4 
Principal Stages in the Processing ofRa1u 
Matm'als into Manufaclured Goods 

Recycle Disposal 
I 

0 Occasional materials and process indusln'es' operations 
Typical materials and process industries' operations 
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they separate into useful and useless 
constituents. It simply makes little ' 
economic sense to transport large 
quantities of valueless (or, at best, low 
value) waste materials great distances. 

Synthesis is the process of combining 
elements or intermediate materials 
into substances possessing the proper- 
ties needed by industrial customers 
or end-use consumers (Table 1-2). It, 
too, is intrinsically energy- and waste- 
intensive, though generally less so 
than separation. Examples of com- 
mon synthesis processes include 
blending molten constituents (metal 
alloys and glass), chtalysis, polymeriza- 
tion, and manufacturing of most bev- 
erages and confectionary foods. In 
practice, it is usually not possible to 
synthesize products without wasting 
some of the feedstock or intermediate 
material input. This would require 
synthesis processes that are 100% 
efficient. While many processes 
exceed 90% efficiency, technical 
constraints and increasing costs pre- 
vent achievement of the theoretical 
maximum efficiency. The problem 
arises when multiple processing steps 
are required, that is, when many inter- 
mediate processing steps are needed 
to yield the desired chemical or other 
product. For example, a product 
requiring two sequential, 90% effi- 
cient processes has an overall process 
efficiency of 81%; one requiring 
three such steps is only 72% efficient. 
Obviously, in a tonnage commodity 
business, multi-step processing of 
numerous intermediate products 
can generate large amounts of waste. 

LARGE POTENTIAL FOR ENERGY 
EFFICIENCY IMPROVEMENTS 
AND WASTE REDUCTION 

Though separation and synthesis 
processes 'are intrinsically energy- 
and waste-intensive, they also present 
enormous potential for energy 
improvement and waste reduction. 
Because conventional processes typi- 
cally operate far from the theoretical 
maximum efficiency? advances in 
science and technology have the 

Table I 4  
Common Separations in the Materials and Process Industries 

i Constituents 
Industry Group i Being Separated Separation Process 

Chemicals-Organic i Ethylene from Ethane ; Cryogenic (lowtemperature) Distillation-components are 
: separated (distilled) at very cold temperatures according to 
i differences in their physical properties. 

Pulp and Paper I Black Liquor Solids i Evaporatiodlack liquor, a pulping process byproduct. is 

i chemicals. Concentrated solids used as fuel in pulping mills. 

Primary Metals i Iron from Iron Ore i Reduction and Smelting-a combination of chemicalhher- 
i mal processes separate iron from iron oxide before carbon 
i is added to make steel. 

Petroleum Refining i Fuel Products i Atmospheric Distillation-fuel products, such as kerosene, 
i from Crude Oil i diesel oil, heavy gas oil, and lighter hydrocarbons, are sep- 

i arated from heavy crude oil by differences in their boiling 
i points. Some undergo further refining to produce gasoline, 
i petrochemical feedstocks, and fuel oils. 

........................................ ............................... .......................................... : ........................................ ; 

i from Cooking Chemicals i concentrated to boost solid content and recover cooking 

........................................ < ................................................................................................................................... 

........................................ i .......................................... : ......................................................................................... 

Stone, Clay, i Fines from Larger i Mechanical Siftinwieves or grates are used to separate 
and Glass-Cement i Pieces of Rock i dust and small particles from larger rock pieces before 

i clinker is produced in cement making. 

The size, performance and health of the 
US. materials and process industries are 
closely related to those of the upstream 
industries that supply them their essential 
inputs-the natural resource industries. 
A large upstream supply capacity (natural 
resources) and large downstream demand 
(from fabrication and assembly industries 
and consumer markets) require a materi- 
als and processing capability of suitable 
magnitude to link the two. 

Farmers and ranchers provide crops and 
meat to the food processing industries. 
The forestry industry harvests timber 
and supplies feedstocks for paper prod- 
ucts, furniture and a diversiv of building 
materials. Crude oil and natural gas serve 
as raw materials for gasoline and other 
refined petroleum products and feed- 
stocks for the chemical industry. Nonfuel 
mining provides raw materials for metals, 
cement, bricks, and glass that are widely 
used in manufacturing and construction. 

The size and economic significance of 
the U.S. materials and process industries 
derive from our nation's historic strength 
in natural resources, especially compared 
to most of our industrialized competitors. 
Like such other physically expansive 
countries as Australia, Brazil, Canada 

and the former Soviet Union, the United 
States has been blessed by an abundant 
supply of arable farmland, forests, and 
energy and mineral resources. In contrast, 
most Western European countries and 
Japan are physically smaller and more 
densely populated with more mature 
societies than the United States. Hence, 
these countries either lack large natural 
resource supplies or their best indigenous 
resources have already been consumed 
by their higher-density population bases 
over time. Unfortunately, however, the his- 
toric US. strength in natural resources 
is showing signs of diminishing. Oil 
imports have risen sharply over the past 
two decades and now supply nearly half 
of US. needs. Imports of iron ore, copper 
and other minerals have also increased 
and on a value basis now account for 
about a quarter of total US. supplies. 
The United States remains a net exporter 
of forest products, but prospects of more 
limited timber harvests portend a possible 
reduction in this surplus.Though farm 
products, coal and fertilizer materials 
seem likely to continue as important 
export commodities, the overall reduction 
in US. natural resource self-sufficiency 
will place added strains on the domestic 
materials and process industries. 
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potential to improve energy efficiency 
considerably. Simultaneously, such 
advances' could reduce the generation 
of waste material, increase the recy- 
cling of waste or find new uses for the 
waste materiaIs that are the unavoid- 
able byproducts of separation and 
synthesis processes. 

Table 1-2 
Common Syntlieses in the Malerials and Process Industria 

Industry Group 
Chemicals-Organic 

Pulp and Paper 

Primary Metals 

Petroleum Refining 

Stone, Clay, and 
Glass 

Product Being 
Synthesized 

~~ 

Polyethylene 

Paper Stock 

Brass 

Methyl-tertiary 
Butyl Ether (MTBE) 

Molten Glass 

Synthesis Process 
Ethylene, solvent, and catalyst are reacted together under 
increased temperature and pressure. Polymer chains are formed, 
the polymer is centrifuged and precipitated, and then it is dried to 
yield the end product, polyethylene. 

Wood pulp is refined and blended, and chemicals are added to 
form a stock with unique properties (strength and color) which 
are then formed and Dressed into oaoer oroducls. 

Copper and zinc, along with other alloying elements, are placed 
in a furnace. The molten metals are blended to allow even distri- 
bution of the components.The molten metals are then poured 
into the desired form and allowed to cool and solidify. 

MTBE is produced in refineries by a chemical reaction of isubuty- 
lene and methanol. Used commonly as a blending component in 
making reformulated (less polluting) gasoline. 

......... 1 ..................................................................... . ........... .... 

Silica, limestone, soda ash, and additives are blended together, 
melted in a furnace to produce chemically and physically 
homogenous molten glass, then formed Into sheets or containers. 

6 



The Deliartment ofEnergy, in partnership 
with its customers, is entrusted to contribute 
to the weyare ofthe Nation 4 providing the 
technical information and scientific and 
educational foundation f m  the technology, 
policy and institutional leadership mm- 
sary to achieve efficiency in enqgy use, 
diversity in energy smrm, a mmepoduc- 
tive and competitive economy, improved 
environmental quality, and a secure 
national d$me. 

-Mission Statement from Dqartment of 
Energy Strategic Plan, A p i l l 9 9 4  

THE NEXUS OF FEDERAL 
TECHNOLOGY PROGRAMS 
IMPACTING HEAVY INDUSTRY 

OIT is located within DOE’S Office 
of Energy Efficiency and Renewable 
Energy (EE) . EE has the overall 
mission of leading the nation to a 
stronger economy, a cleaner envi- 
ronment, and a more secure future 
through development and deployment 
of sustainable energy technologies. 
EE $the principal organization in 
DOE responsible for research, devel- 
opment, demonstration and deploy- 
ment programs targeted at the 
demand side of our nation’s overall 
energy situation. Within EE, three 
offices are responsible for major 
technology programs intended to 
promote energy efficiency in the U.S. 
economy’s three principal sectors: 
transportation, buildings/commercial 
and industry. OIT fulfills this role for 
the industrial sector. 

In carrying out its duties, OIT is the 
leading organization within DOE 
responsible for the development and 
transfer of advanced industrial tech- 
nology. OIT promotes industrial com- 
petitiveness by improving the energy 
and materials efficiency of industrial 

’ 

processes. It also supports the creation 
of technologies that will lead to the 
emergence of new industries and 
contribute to thousands of new jobs, 
higher wages, increased exports, and 
improved profits. 

MISSION AND HISTORY 

OIT’s mission is to develop and 
deploy, through cost-shared partner- 
ships with industry, government, 
and non-governmental organizations, 
advanced energy efficiency, improved 
productivity, renewable energy, and 
pollution prevention technologies. 
OIT accomplishes its mission through 
a variety of technology research, devel- 
opment, testing, evaluation, demon- 
stration, and deployment programs 
designed to assist U.S. industry. 

History of OIT 
Following the energy crises of the 
early 1970s, the nation came to real- 
ize the importance and power of effi- 
ciency as a mechanism to protect the 
future security of energy supplies. 
Legislation was crafted and quickly 
passed to put into place measures to 
constrain energy consumption and 
improve efficienq of energy use. The 
foundation of the U.S. energy conser- 
vation and efficiency programs is 
based on two laws that were passed 
at that time: the Energy Policy and 
Conservation Act (EPCA) , and the 
Federal Non-nuclear Research and 
Development Act (FNRDA) . These 
Acts each gave birth to new Federal 
agencies: the Federal Energy Agency 
(FEA) , and the Energy Research and 
Development Administration (ERDh). 

By 1977, fledgling efficiency programs 
were in place in both agencies. Each 
program had a component dedicated 

to industrial energy efficiency that 
recognized the critical role of this 
sector of the economy in any nation- 
wide efficiency effort. With the pas- 
sage of the Department of Energy 
Organization Act of 1977, all FEA 
and ERDA programs were effectively 
merged. This created, among other 
things, the Office of Industrial 
Programs (OIP) , OLT’s orgmiza- 
tional predecessor. - 
From the beginning, OIP recognized 
the relationship between energy effi- 
ciency and industrial waste generation 
and was structured to emphasize the 
relationship. Two major organizational 
elements, the Division of Waste Energy 
Reduction (WER) and the Division of 
Improved Energy Productivity (IEP) , 
formed a matrix structure of comple- 
mentary technology activities. In 
effect, the IEP addressed the basic 
process technologies (i.e., industry- 
specific technologies) while the WER 
addressed the process peripherals 
(crosscutting technologies). Because 
budget limitations constrained the 
number of opportunities that could 
be addressed at any given time, project 
selection was based on maximizing 
portfolio benefitcost ratios. Industrial 
participation in the planning and exe- 
cution of programs was considered 
essential, and was assured through pri- 
vate sector cost participation. Strong 
evidence that these principles work 
can be found in the high success rate 
of early projects sponsored by OIP. 

t 

As OIT’s experience and success 
in energy efficiency RD&D projects 
grew, the objectives of its programs 
gradually began to iespond to the 
changing needs and priorities of 
its principal customers in the materi- 
als and process industries. As the 
international competitiveness of these 
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heavy industries was threatened in the 
1980~~ OIT’s projects began to empha- 
size productivity, capital efficiency, 
and quality in addition to energy effi- 
ciency. Because the huge costs of envi- 
ronmental regulations jeopardize 
the competitiveness of OIT’s cus- 
tomers, industrial waste reduction 

Since 1992, OIT programs have been 
strongly influenced by The Energy Policy 
Act of 1992.The Act (commonly referred 
to as EPACT) was the first comprehen- 
sive U.S. energy legislation enacted in 
more than a decade. It contains a wide 
variety of energy-related mandates 
including several provisions intended to 
promote industrial energy efficiency. In 
particular, Sections 201,210,211, and 
220 address industry or technology- 
specific developments. On the other 
hand, the requirements of Sections 131, 
132, and 133 involve non-technology 
deployment policies that encourage 
energy-efficient practices in industrial 
facilities and processes. Key EPACT 
requirements addressing the OIT 
program include: 

a Supporting natural gas end-use 

a Advances in pulp and paper 
technologies (EPACT 21 03); 

technologies (EPACT Section 2014); 

a Development of more efficient 
electric drive technologies (EPACT 
Section 21 05); 

a Continuing steel, aluminum and met- 
als research (EPACT Section 21 06); 

rn Pursuing opportunities for identifying 
pollution prevention technologies 
(EPACT Section 2108); 

a Developing high efficiency heat 
engines (EPACT Section 21 12); 

m Advanced manufacturing and materi- 
als initiatives (EPACT Sections 2201 
and 2202); 

efficient technologies (EPACT 
Sections 131, 132, 133);and 

a Deployment of a wide range of energy 

a Other activities related to energy- 
intensive industries (EPACT ‘ 

Section 2107). 

8 
1 _, ., 

and pollu’tion prevention also have 
become critical elements of i& RD&D 
portfolio. OIT’s ability to successfully 
respond to the changing needs of its 
customers has thrust the organization 
into a leadership role in federal ~ 

technology programs impacting 
heavy industry. 

OBJECTKVES 
OIT is currently developing a strategic 
plan and, consistent with its standard 
method of working closely with its 
customers, OIT will solicit customer 
input to its planning process. Though 
OIT’s strategic plan is not yet ready 
for publication, the following discus- 
sion addresses numerous routine 
aspects of the organization’s way of 
doing business that will be i n c o p  ‘ 
orated into the spirit of the plan, if 
not its specifics. 

The objectives of OIT’s RD&D portfo- 
lio include: 

rn Improving energy efficiency and 
energy security; 

rn Increasing use of renewable and 
alternative sources of energy; 

a Making better use of energy that 
is now lost as waste or heat; 

a Enhancing fuel flexibility; 

rn Improving productivity, product 
quality and reducing manufactur- 
ing costs; 

a Preventing industrial pollution, 
reducing greenhouse gas emissions, 
and eliminating toxic and haz- 
ardous waste; 

rn Minimizing waste generation, , 

enhancing in-plant recycling, and 
improving use and recyclability of 
waste materials; 

rn Advancing U.S. technological 
leadership; 

rn Improving the competitive position 
and profitability of American indus- 
try in the global mar5etplace; 

rn Stimulating job formation, wealth 
creation and higher wages; and, 

E Contributing to the continued 
growth and health of the U.S. econ- 
omy, the prosperity of its citizens, 
and a secure national defense. 

ORGANPZATIOM 

OlT Technology Programs: 
industry4pecific and 
Crosscutfing Technologies 
To exploit an almost unlimited num- 
ber of opportunities for improved 
energy efficiency, productivity, product 
quality, pollution prevention and 
competitiveness in the materials and 
process industries, OIT employs what 
is essentially a twepronged organiza- 
tional approach. On one hand, OIT 
concentrates on supporting the devel- 
opment and deployment of more 
efficient and cleaner industry-specific 
technologies and processes. On the 
other, OIT supports the development 
of innovative crosscutting technologies 
and processes that are used in several, 
if not all, materials and process indus- 
tries as well as other manufacturing 
and goods-producing industries. 

The industry-specific thrust of the 
OIT program seeks to develop key 
breakthroughs in such central work- 
horse technologies as: 

1. Separations in chemicals and petro- 
leum refining; 

2. Black liquor recovery and paper 
drying in the paper industry; 

3. Coke oven, iron blast furnace 
and refining technology in the 
steel industry; 

4. Alumina refining, smelting and fab 
rication processes in the aluminum 
industry; 

5. Melting and refining in the glass 
industry; and, 

6. Melting and casting in the metal 
foundry industry. 

The industry-specific component of 
the OIT program addresses the highly 
unique nature of the raw materials, 
core technologies and principal prod- 
ucts of these industries. To successfully 



develop and deploy next generation 
core technologies in these industries 
requires the intensive and committed 
application of highly specialized 
knowledge. OIT’s industry-specific 
technology programs are discussed 
in detail in Chapter 3 of this report. 

The crosscutting thrust of the OIT 
program addresses such technologies 
as advanced materiak, eIectric motor 
systems, cogeneration and advanced 
turbine systems, heat exchangers and 
heat pumps, industrial boilers and 
combustion processes as well as an 
extensive number of polluti,on preven- 
tion and waste reduction technologies 
and practices. The crosscutting com- 
ponent of the OIT program recog- 
nizes that while such technologies 
have applications throughout indus- 
try, often these technologies must 
be taiIored to suit the unique needs 
of different industries and processes. 
OIT’s crosscutting technologies 
are discussed in greater detail 
in Chapter 4. 

Expert Teaming 
OIT employs program managers in 
.each of the major industry-specific 
and crosscutting technology areas. In 
many instances, the specialization 
required to adequately address OIT’s 
technology areas dictates the use of 
multiple program managers. As a 
result, OIT program managers typi- 
cally possess a considerable depth of 
knowledge and expertise that helps 
promote productive relationships, 
partnering and exchanges with the 
organization’s private sector clients 
and customers. OIT program 
managers are able to understand 

~ 

Write to OIT a t  the following address: 

Office of Industrial Technologies, 

U S .  Department of Energy 
1000 Independence Avenue, SW 
Washington, DC 20585 

EE-223 

industry’s problems, and relate to 
industrial points-of-view. This enables 
OIT to shape its programs to provide 
maximum benefit to its industrial cus- 
tomers and the Nation as a whole. 

includes such technologies as motor 
systems, cogeneration and pollution 
prevention that can substantially bene- 
fit the paper industry. 

To become even more responsive to 
the needs of its customers in major 
industries such as the paper industry, 
OIT is currently in the process of 
reorganizing to place a much greater 
emphasis on teaming. OIT’s industry 
teams include managers from both its 
industry-specific (paper, steel, chemi- 
cals and so on) areas as well as its 
crosscutting program areas (e.g., 
advanced materials, motor systems, 
and waste reduction). Furthermore, 
experts from other areas in DOE 
(such as Energy Research and Fossil 
Energy) as well as DOE’S national l ab  
oratories typically join OIT’s industry 
teams. By creating such teams, the 
scope of OIT’s paper industry pro- 
gram, for example, goes beyond its 
important black liquor recovery and 
impulse drying projects. It also 

Technology Deployment 
and Transfer 
OIT has long been committed to 
promoting technology deployment 
through a variety of technology trans- 
fer activities. These activities are vital 
to promoting the adoption of cost 
effective, state-of-the-art techniques 
for industrial facilities to improve their 
energy efficiency and minimize waste 
products. Technology transfer occurs 
when technology, know-how, or infor- 
mation first produced in one orga- 
nization or area is applied in another 
organization or new area. The philo- 
sophy of promoting deployment of 
OIT products throughout industry 
is woven into all OIT activities. By 
emphasizing cost-shared, collaborative 
work, OIT ensures that its projects are 
relevant to industry partners and will 
be quickly implemented. 

DOES Office of Energy Efficiency and 
Renewable Energy concentrates on the 
demand-side of the U.S. energy picture; 
and OIT addresses the huge and diverse 
industrial component of the U.S. energy 
demand equation. Despite the great 
size and complexity of the industrial 
sector, a total oijust six two-digit SIC 
industry groups account for almost 
80% of the industrial sector‘s end-use 
energy consumption. These industries 
-commonly referred to as the materials 
and process industries-include the 
chemical, petroleum refining, pulp and 
paper, food processing, metals, and 
ceramics and glass industry groups. By 
and large, these materials and process 
industries a re  also the predominant focus 
of OlTs research, development, demon- 
stration and deployment program. 

In addition to high energy intensity, 
other prominent characteristics of these 
industries include: 

rn They account for over 95% of the 
volume of all waste and pollution 
generated in manufacturing; 

rn Collectively they employ about 4.2 mil- 
lion workers whose hourly wages 
exceed those of manufacturing overall 
by about 8% and are  double those 
of the average retail worker: ’ 

. 

They account for about one-fifth of all 
US. merchandise trade and their con- 
tinued competitiveness is a n  essential 
factor in the competitiveness of all of 
U.S. industry; 

one-twelfth of U.S. gross domestic 
product (GDP); 

rn They are indispensable links between 
such natural resource industries as 
farming, forestry, mining, and oil and 
g a s  extraction and such value-adding 
assembly industries as automobiles, 
aerospace, construction and electronics: 

rn Their continued health and robustness 
a re  critical to the maintenance of a 
sound national defense posture. 

. 

rn They directly account for about 
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Through OIT’s technology transfer 
p.rogram, industry gains ready access 
to energy-efficient and pollution 
prevention technologies. New and 
underutilized technologies and 
process improvements that have been 
created through federally-sponsored 
research efforts are publicized, trans- 
ferred to and commercially developed 
for industry. To close the information 

gap between technology developers 
and potential users, OIT uses a variety 
of mechanisms targeted at a wide 
range of stakeholders. The Office 
undertakes significant outreach 
efforts, including education and 
communications, to achieve effective 
adoption and diffusion of new 
technologies and industrial process 
improvements. 

Another OIT deployment-focused program is its 
Energy Analysis and Diagnostic Center (EADC) pro- 
gram.The EADC program began in 1976~to provide 
small- and medium-size manufacturers with individual 
analyses of their plants’ use of energy. In addition to 
energy audits, the program is expanding to provide 
environmental support to manufacturers in the form of 
energy, waste, and productivity assessments. These 
combined assessments are performed by Industrial 
Assessment Centers (IACs). Centers are located at 
universities throughout the country, In 1994, there 

IACs. Audits are performed for plants within a 150-mile Students at ,Colorado State 
radius of center sites by senior- and graduate-level 
engineering students, under the direction of tenured energy ana&&. . 
engineering faculty. Each fully operational EADC con- 
ducts 30 audits a year. 

Pholo by Jefi UMaub were 30 fully operational EADC sites, including six 
I .  

UniverSi9 conduct an 

For a plant to become a client, it must have products within SIC Codes 20-39, gross 
annual sales of $75 million or less, employ no’more than 500 people, and have no techni- 
cal staff to do an energy analysis. A one-day audit will identify inefficiencies and cause 
minimal disruption to-the plant’s operation. Sixty days after the audit the plant.receives a 
formal, confidential report containing recommendations for specific actions and their esti- 
mated costs and paybackperiods.There is no cost to the plant‘s ownerfor the.audit.The 
audit results are entered into a national database. This data base has been successfully 
used by Baltimore Gas & Electric Company to assist demand-side. management planning. 

Each year the EADC program audits-about 900 plants. On average,-each audit identifies 
approximately 4 billion Btu of. potential energy savings, with total cost savings of $40,000. 
Almost 50% of the recommendations have been implemented by the client plants. Since 
its inception, the program has conducted approximately 4,500 audits, generating energy 
savings of 94 trillion Btu and dollar savings of $517 million. 

Energy Analysis and Diagnostic Center Locations 
Texas A&M-College . University of San Diego State 
Station ‘ Massachusetts University 
Arizona State University University of Maine San Francisco State Univ. 
Bradley University Univ. of Missouri-Rolla University of Tennessee 
Colorado State University Mississippi State Univ. Univ. of Arkansas- 
South-Dakota State Univ. North Carolina State Univ. Rock 

Notre Dame University University of Dayton Georgia Tech 
Research Institute University of Nevada . University of Florida 
Hofstra University Old ~ ~ ~ i ~ i ~ ~  university University of Louisville 
Iowa State University Oklahoma State Univ. of Mich.-Ann Arbor 
Texas A&M - Kingsville University Univ. of Wisc.-Milwaukee 
University of Kansas Oregon State University West Virginia University 

OIT publishes numerous fact sheets, 
brochures, and case studies about 
new programs and specific DOE- 
sponsored research that can help 
industries reduce their energy use 
and prevent pollution, while improv- 
ing their productivity. In addition, 
OIT sponsors technical workshops 
that bring together energy technology 
producers, users and OIT program 
managers and scientists to discuss 
industry needs and the possible 
RD&D opportunities to address these 
needs. These meetings are often held 
in cooperation with industry trade 
associations and technical societies. 

OIT actively supports technology 
deployment partnerships to overcome 
the barriers to market acceptance of 
new, energy-efficient technologies. 
Barriers include high capital cost and 
perceived risks of new technologies, 
and the lack of reliable information 
on the application and performance 
of these technologies. 

OPERATION 

Industry Defines Its Research 
and Development Needs 
At its essence, the OIT program 
supports a more energy efficient, 
productive, cleaner and competitive 
future for a major segment of U.S. 
industry. But to focus effectively on 
the future, a vision of that future is 
needed. By working with its clients 
in the materials and process indus- 
tries, OIT learns about their needs, 
challenges, and industry’s views or 
visions of the future. This process 
enables OIT to shape its RD&D port- 
folio to carefully address the needs of 
its customers as industry scopes out its 
vision of the future (see Figure 1-1). 

As part of the process, OIT’s industrial 
customers describe their manufactur- 
ing processes and products, energy 
use profiles and environmental prob- 
lems, as well as their overall productiv- 
ity and profitability. The process also 
informs OIT about the technical, 
competitiveness, and regulatory 



OIT's Industries of the Future initiative is 
a fundamentally new approach to aligning 
federal Investments in technology 
research, development, and deployment 
with the needs and expectations of tech- 
nology users In the private sector. It aims 
to shrink the time required to move innova- 
tive industrial technologles from concept 
to marketplace. A central theme of the 
Industries of the Future process is helping 
manufacturers reduce costs and improve 
efficiency. For example, U.S. manufacturers 
spent nearly $30 billion in 1992 on pollution 
abatement and control. Without significant 
changes In approaches to reducing waste, 
these nonproductive expenditures are  
expected to increase sharply by 2000, cre- 
ating an unnecessary drain on corporate 
resources.The program deepens and 
strengthens collaboration between industry 
and government by facilitating integrated 
planning and implementation by all partici- 
pants, by fostering cooperative planning 
among different organizations in DOE, and 
by fostering a more holistic perspective 
through intra- and interagency alliances 
within government. 

* 

Industry Identifies 
Its Technology Needs... 
Industry participants begin the process by 
creating a vision that reflects the dynamic 
impact of market, business, social, and 
regulatory drivers in their industry.The 
vision is developed by industry, for industry, 
and provides a framework for shaping 
major advancements in technologies 
according to their potential for improving 
industrial process efficiency, energy and 
materials use, and environmental protec- 
tion. DOE then shapes a portfolio of 
near-, medium-, and long-term technology 
research, development, and deployment 
activities to address the unique challenges 
each industry faces. 

The Industries of the Future approach 
has  grown out of 18 years of successful 
industry-government technology develop- 
ment led by 017; which is ideally suited 
for the role of catalyst and facilitator in 
the Industries of the Future process. As 
the primary federal interface with the 
Nation's materials and process industries, 
OIT has developed in-depth knowledge 
of industries' concerns. OIT has  also estab- 
lished many long-term relationships with 
industry leaders and organizations as well 
as with the DOE laboratories: OIT has  been 
developing the Industries of the Future 
approach since 1992, building upon this 
necessary foundation. 

Private-sector participants include indus- 
trial companies and trade associations, 
universities, private research institutions, 
and environmental and public-interest 
groups. Government participants-in 
addition to DOE groups such as Energy 
Efficiency and Renewable Energy, Fossil 
Energy, Energy Research, Defense 
Programs, Environmental Management, 
and DOE laboratories-may include the 
Environmental Protection Agency, the 
National Institute of Standards and 

Technology (Department of Commerce), the 
Department of Agriculture, state agencies, 
and others as appropriate. 

... To Help Shape a Leverage& 
High-Utility RD&D Portfolio 
The Industries of the Future approach 
will develop and use technologies that can 
increase energy efficiency and lower the 
costs of environmental protection and 
regulatory compliance in the materials 
and process industries. In chemicals and 
petroleum refining, for example, advances 
in separation sciences and catalysis 
promise to improve yields of high-quality 
products, increase energy efficiency, and 
reduce the need for pollution control equip- 
ment. Examples of other promising areas 
include improved fluid-bed catalytic crack- 
e rs  in the petroleum industry; alternative 
bleaching and high-efficiency drying 
processes in the pulp and paper industry; 
methods for reducing electricity consump- 
.tion in the aluminum industry; and direct 
ironmaking and net-shape forming in the 
steel industry. 

The Industries of the Future approach 
adds up to a new way of doing business 
for government and industry. The partner- 
ships establish coordinated teams for plan- 
ning and implementation, including a clear 
government point of contact for industry. 
The approach also provides the framework 
for coordinated budget planning, identifies 
gaps and areas  of potential collaboration 
with existing programs, facilitates align- 
ment with the industries' visions, and 
enables the integrated leveraging of 
joint resources. 

I 1  



A close working relationship with indus- 
try, professional organizations, and other 
groups has been a hallmark of OIT pro- 
grams since they were established in the 
1970s. Industry is a partner in planning 
and implementing OIT-sponsored pro- 
jects. This-cooperative effort helps to 
ensure that new technologies are rele- 
vant to industry’s needs and encourages 
industry acceptance. Currently, OIT is 
involved in a broad range of partner- 
ships involving more than 100 industrial 
firms, 10 national laboratories, 7 states, 
20 universities, 10 utilities, 5 government 
agencies, the Electric Power Research 
Institute, the Gas Research Institute, 
and several trade associations.Table 1-1 
contains a partial listing of several pub- 
lic, private and not-for-profit organiza- 
tionsthat are currently (or were recently) 
involved in OlT program partnerships. 

Technology deployment partnerships 
are designed to overcome the barriers 
to use more productive, energy-efficient 
technologies-that have caused a large 
gap between the possible energy sav- 
ings in industry.and the savings that 
are actually realized.This gap exists 
despite the economic and.environmenta1 
benefits accompanying energy-efficient , 

technologies. Examples of OIT partner- 
ships include the National Industrial . ~ 

Competitiveness through Energy, 
Environment, and Economics (NICE3),- . , 

Energy Analysis-and Diagnostic 
Centers (EADC);and the Motor 
Challenge programs. 

. 

Figure 1-1 
bjdrish-ies of /lie Aillire Process 

Drivers 
Environment 
Economics 
Competitivene-ss 
Regulations 
Market Forces 

Industry 
Characteristics 

/ 

khallenges that are influencing 
future manufacturing technologies 
in these industries. 

The process enables industry to iden- 
ti9 and prioritize its research and 
development (R&D) needs. Technol- 
ogy projects and deployment activities 
that can help achieve industry’s vision 
of the future are identified. An R&D 
plan is developed that features tech- 
nologies that are adaptable to existing 
industry infrastructures and that, 
if implemented, could provide an 
acceptable rate of return for industry. 
Potentially commercializable tech: 
nologies that can make a difference 
and that can be developed through 
partnerships are also a high priority. 

Research and Development 
Parfnerships 
One of OIT’s roles is to act as a cata- 
lyst in the development of new indus- 
trial technologies. Once industry iden- 
tifies its R&D needs, then OIT cooper- 
atively funds competitively selected 
projects that can contribute to more 
productive and cleaner manufactur- 
ing processes for the industry of the 
future. Industrial leadership in identi- 
fying technology needs helps pave the 
way for cost-shared partnerships with 
the private sector. OIT operates under 
the philosophy that if industry is will- 
ing to invest in new technology, then 
that technology has a good chance 
of overcoming the many barriers to 

EEMission: ’ 
f Facilitator for Industry Vision of Future 

J Improve Energy Efficiency 
J Improve Environmental 

Performance Through 
Pollution Prevention 

J Improve Competitiveness 
J CreatePreserve Jobs 
J Energy Security 

Industry Partnerships with 
DOE, DOC, EPA, DOD, 

Vision of the Future to the Vision NSF, others 
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successful commercial deployment. 
OIT partnerships are key to successful 
federal efforts to stimulate technology 
development and deployment efforts 
in these industries. 

OIT provides assistance to the mate- 
rials and process industries in many 
forms besides direct co-funding 
for R&D. OIT is particularly well- 
positioned within DOE to assist in 
the transfer of national laboratory 
technology. It helps develop action 
plans for regulatory, market, legisla- 
tive and financial initiatives that can 
address barriers to commercialization. 
Through its outreach programs, OIT 
can provide technical assistance and 
information to accelerate implemen- 
tation of technology that it supports. 
It also uses awards, seals of approval, 
and other market stimulation tech- 
niques to encourage innovation 
and aggressive’ investment decision- 
making in industry. ‘ 

OIT is also very active in a network 
of strategic alliances with other 
federal agencies, industry trade orga- 
nizations, and non-governmental 
organizations to leverage develop- 
ment and deployment funds to the 
,maximum benefit of U.S. industry 
(see Figure 1-2). Key alliances include 
the Department of Commerce, the 
Department of Defense, the Gas 
Research Institute, and the Electric 
Power Research Institute. OIT partici- 
pates in partnerships between indus- 
try and regulatory agencies such as 
the Common Sense Initiative being 
led by EPA. 

In effect, OIT is the nexus of technol- 
ogy development and deployment 
in the federal government for heavy 
industry. And the development and 
use of OIT-sponsored high produc- 
tivity, energyefficient, pollution- 
preventing technologies help sharpen 
the competitive edge of these vital 
industries while contributing in 
an important way to the continued 
growth and prosperity of the economy 
as a whole. 

. 
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Funding and 
Partnership Mechanisms 
OIT carries out a significant part 
of its mission by offering financial 
assistance to qualified organizations 
in the public and private sectors in 
exchange for products and services 
that meet OIT's program objectives. 
Financial assistance agreements 
are administered through formal 
legal instruments and take many 
different forms such as cooperative 
agreements or grants. 

A financial assistance instrument 
is primarily used to transfer,money, 
property, services or anything of value 
or use from the federal government to 
the recipient. Typically, financial assis- 
tance is used to fulfill a public intent 
of support or stimulation authorized 
by federal statute. 

A grant would be awarded when no 
substantial involvement is expected 
between DOE and the recipient 
during performance of the activity, 
while a cooperative agreement would 
be used when substantial involvement 
between DOE and the recipient is 
expected. Some of the mechanisms 
available for industrial participa- 
tion in OIT programs include 
the following: 

. CostShared Financial Assistance 
A~ards  and Cooperative 
Agreements-A financial assistance 
award is a legal instrument reflecting 
a negotiated agreement between 
industry and the government and 
is usually cost-shared. To protect pro- 
prietary interests of private parties, 
the government may agree not to dis- 
seminate commercially valuable data 
-that is generated under a cost-shared 
financial assistance award for a speci- 
fied period of time. 

Cooperative agreements may also 
reflect a relationship between the 
federal government and state or local 
government or universities in order 
to support or stimulate research. In 
cooperative agreements, substantial 
involvement is anticipated between 
DOE and the recipient during the per- 
formance of the contemplated activity. 

Cooperative Research and 
Development Agreements 
(CRADAs)-CRADAs are agreements 
behveen government laboratories 
and nonfederal parties in which both 
participants provide personnel, ser- 
vices, facilities or equipment to con- 
duct specified R&D. The nonfederal 
parties may also provide funds as 
no direct funding is provided by 
the laboratory. Rights to inventions 
and other intellectual property are 
negotiated between the laboratory 
and participant. 

Table 1-1 
Partial Lisling of OITRogram Partners 

Private Sector 
Partners 

Advanced Cast Products, 
Inc. 
Advanced Refractory 
Technologies 
Air Products and 
Chemicals, Inc. 
Allied Signal Corporation 
Allison Engine Company 
Aluminum Company 
of America 
Alzeta Corporation 
Amercom 
American Iron 
8 Steel Institute 
American Foundrymen's 
Society 
American Plastics 
Council 
Amoco 
Babcock 8 Wilcox 
Beloit Corporation 
Bethlehem Steel 
Bioengineering 
Resources 
Boeing 
BP America 
Briggs & stranon 
Brush Wellman 
Carborundum 
Caterpillar 
Center for Waste 
Reduction Technologies 
Chevron 
Chrysler 
Coors Ceramics 
Dow Chemical 
Dow Corning 
DuPont 
Electric Power Research 
Institute 
Gas Research Institute 

General Electric 
General Motors 
Golden Technologies, 
Inc. 
Institute of Paper Science 
andTechnology 1 

Intel 
lntetnet Foundries 
LTV Steel 
Metallamics 
Minnesota Mining and 
Manufacturing 
National Center for 
Manufacturing Sciences 
Osmotek 
Permea 
Petroleum Environmental 
Research Forum 
Photonic 
Reliable Castings 
Reynolds 
Sandusky International 
Schuller International 
Solar Turbines 
Stone 8 Webster 
Textron 
Thermotrex 
Union Camp Paper 
Company 
UOP 
Vortec, Inc. 
Wabash Alloys 
Weirton Steel 
Westinghouse Electric 
Weyerhauser 

Federal Government 
Partners 
Department of 
Agriculture 
Department of 
Commerce 
Census Bureau 

R8cD Consortia-Consortia are 
arrangements involving multiple 
federal and nonfederal parties work- 
ing together towards a common R&D 
objective. Funding for R&D consortia 
may be shared, but usual$ no funds 
are exchanged behveen participants. 

Exchange Programs-These programs 
allow government or laboratory 
employees to work in industry facili- 
ties, and industry personnel to work 
in government labs and facilities. 
Exchange programs enhance techni- 
cal capabilities and are used to sup 
port research in specific areas. Costs 

National Institute for 
Standards and 
Technology 
Department of Defense 
Air Force 

Army 
Department of the 
Interior 
Bureau of Mines 
Environmental Protection 
Agency (EPA) 

University Partners 
University of Alabama- 
Birmingham 
California Institute of 
Technology 
University of California 
Camegie Mellon 
University 
Case Western Reserve 
University 
University of Colorado 
Duke University 
University of Florida 
Georgia Institute of 
Technology 
Howard University 
university of Northern 
Iowa 
Massachusens Institute 
of Technology 
University of New Mexico 
Ohio State University 
Oregon State University 
Penn State University 
Princeton University 
Purdue University 
Rutgers University 
University,of Tennessee 
Virginia Polytechnical 
Institute and State 
University 
Worcester Polytechnic 
Institute 

Nongovernmental 
Organhtion Partners 
Alliance to Save Energy 
National Resource 
Defense Council 
National Association 
of State Energy Offices 
American Council for an 
Energy-Efficient 
Economy 
National Energy 
Laboratory Partners 
Ames Laboratory 
Argonne National 
Laboratory 
Idaho National 
Engineering Laboratory 
Lawrence Berkeley 
Laboratory 
Lawrence Livermore 
National Laboratory 
Los Alamos National 
Laboratory 
National Renewable 
Energy Laboratory 
Oak Ridge National 
Laboratory 
Pacific Northwest 
Laboratory 
Sandia National 
Laboratories 

State Partners 
California 
Georgia 
Indiana 
New Jersey 
New York 
Ohio 
Oregon 
Virginia 
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are borne by the organization 
sending the personnel. Intellectual 
property' rights are set forth in the 
exchange agreement. 

Licensing-This mechanism involves 
the transfer of less-than-ownership 
rights of intellectual property such 
as a patent or a software copyright 
to permit its use by the licensee. 
Licenses can be exclusive or non- 
exclusive, for a specific field of use' 
or for a specific geographical area. 
The potential licensee must present 
plans for commercialization. 

User Facility Agreemen-These 
agreements permit private parties 
to conduct R&D at a DOE laboratory. 
For proprietary R&D, the laboratory 
is paid for the full cost of the activity. 
If the work will be published, the cost 
can be adjusted. Intellectual property 
rights generally belong to the private 
party user of the facility. 

Work-For-Others (WFO)-WFO agree- 
ments accommodate proprietary work 
for a nonfederal party done by techni- 
calIy qualified government laboratory 
staff using laboratory facilities with 
full cos& charged to the party. Title 
to intellectual property generally 
belongs to the party sponsoring 
the work. The government retains 
a nonexclusive royalty-free license 
to such intellectual property. 

The Financial Assistance Process 
DOE and O'IT use a formal process 
to obtain industrial participation in 
R&D that supports its program mis- 
sion, objectives and plans. The process 
of administering financial assistance 
begins with a formal solicitation or 
public announcement in which' OIT ' 

describes its objectives or require- 
ments to the business community. 
Several types of solicitation and public 
notice instruments are used by OIT to 
communicate information regarding 
its objectives, statement of work and 
the form of financial assistance award 
that it is considering. 

14 

Competitive Program Solicitations- 
Most of OIT's'funding for R&D is 
awarded through competitive program 
solicitations. A solicitation for financial 
assistance is used to request applica- 
tions for DOE financial assistance 
awards. The solicitation may be in the 
form of a program rule or other pub  
licly available document that invites 
submission of applications or propos- 
als within a prescribed period of time. 
Proposals submitted in response to a 
competitive solicitation are evaluated 
with awards going to the most highly 
qualified offeror(s). Program spon- 
sors issue competitive solicitations to 
involve private sector organizations 
in particular types of basic or applied 
R&D projects. Additionally, competi- 
tive solicitations covering multiple pro- 
jects can be issued by more than one 
program office. 1 

One form of competitive solicitation 
used by OIT to support private sector 
research is the Research Opportunity 
Announcements (ROA). ROAs are 
summarized in the Commerce Business 
Duiiy and published in full text in 
the Federal Registex ROAs broadly 
define the OIT program's mission 
and research agenda and request 
proposals that offer meritorious 
approaches and solutions to OIT's 
research objectives. 

Solicitations are also issued by OIT 
through the Small Business Innovation 
Research (SBIR) program. The pur- 
poses of SBIR are (1) to stimulate 
technological innovation, (2) to us6 
small business to meet Federal R&D 
needs, (3) to encourage participation 
by minority and disadvantaged persons 
in R&D, and (4) to increase private ' 

sector commercialization of innovative 
R&D. Applications are accepted for 
competitive evaluation in response 
to a program solicitation issued once 
a year for the first phase of the three- 
phase program. Awards are made for 
an estimated &month project period 
in an amount not to exceed $50,000. 
Phase I awardees are eligible to 
compete for Phase I1 funding, not 
to exceed $500,000, for a 2-year 
project period to further develop 

Figure 1-2 
OIT S!ratrgir Alliances 

Program Participants 
by Funding 

National Laboratories 

5% 

'Average industrial cost  share is about 37% 

their work. For the commercialization 
phase (Phase 111) the small business 
must seek funding from outside the 
SBIR program. 

Noncompetitive Financial 
Assistance-When providing finan- 
cial assistance, noncompetitive awards 
by OIT can occur as a result of 
the following: 

Unsolicited proposals or responses 
to Notice of Program Interest 
(NOPI). 

Eligibility that has been restricted 
by law or by regulation. 

The decision that only one recipi- 
ent can be adequately responsive to 
the support and stimulation being 
provided by DOE. 

Broad solicitations for nonsimilar 
innovative responses. . 

An unsolicited proposal is a proposal 
for DOE financial assistance that is 
not submitted in response to a solicita- 
tion or that is submitted in response 
to an NOPI. An unsolicited applica- 
tion must propose an innovative idea, 
method or approach. An NOPI pro- 
vides information about a particular 
DOE program interest in obtaining 
research applicable to general prob- 
lem areas or program objectives. 
Applications submitted in response 
to an NOPI are evaluated as an unso- 
licited application. 



An unsolicited proposal may be 
accepted by DOE if it: 

Demonstrates a unique and innova- 
tive idea, method or approach, or 
demonstrates a unique capability of 
the submitter; 

Is meritorious based on a general 
evaluation; and, 

Would not be eligible for financial 
assistance under a recent, current, 
or planned solicitation. 

In the unsolicited proposal, the pro- 
poser must describe the objectives and 
pertinence of the proposedwork to 
DOE, the rationale of the approach, 
the methods to be pursued, the quali- 
fications of the investigators and the 
institution, if applicable, and the 
level of funding required to achieve 
the objectives. If accepted, an unso- 
licited proposal may result in an 
acquisition (contract) or a financial 
assistance (grant or cooperative 
agreement) award. 

TRACKING THE PERFORMANCE 
AND BENEFITS OF THE OIT 
PROGRAM 
For more than a decade, OIT has 
maintained a formal system to moni- 
tor and analyze RD&D projects that 
it has supported and that have been 
successfully commercialized. OIT's 
technology commercialization track- 
ing system enables it to determine the 
market penetration of technologies it 
has funded and their impact on indus- 
trial energy efficiency and pollution 
prevention. On the basis of historical 
data on commercial use of OIT tech- 
nologies, OIT has been very successful 
in facilitating the process by which 
federal research dollars are translated 
into useful technologies that benefit 
the U.S. economy and its industrial 
sector. Both industry and the nation 
have reaped many benefits from com- 
mercialized technologies that had 
their roots in OIT. 

It must be emphasized that the 
national benefits of industrial energy 
efficiency R&D activities extend 

beyond energy savings and waste 
reduction. Because energy efficiency 
is much less capital intensive than pro- 
ducing and distributing primary 
forms of energy, impIementing effi- 
cient technologies increases the capi- 
tal available for investment in other 
areas. Hence, OITsupported tech- 
nologies have directly improved 
the bottom line profitability and 
international competitiveness of 
the U.S. economy. 

The results of OIT's most recent 
annual survey-conducted by the 
Pacific Northwest Laboratory- 
are shown in Table 1-2. The Pacific 
Northwest Laboratory's survey is 
based on telephone interviews with 
firms that have either bought or sold 
technologies and equipment that were 
spawned by the OIT program. The 
survey data indicate that 55 OIT-spon- 
sored technologies have been imple- 
mented by the private sector. This 

table reports the actual energy savings 
rate, the cumulative energy savings of 
each OIT-sponsored technology, and 
the type of fuel Saved. 

OIT Technologies Helped Reduce 
lndusfrial Energy Costs by  about 
$400 Million in f 993 
As shown, technologies h d e d  by 
OIT contributed to industrial energy 
savings of about 95 trillion Btu or about 
0.1 quad in fiscal year 1993. At current 
energy price levels, this translates to 
an estimated energy cost savings of 
more than $400 million. Hence, the 
value of industrial energy savings in 
one year alone appears to have been 
more than twice the total annual OIT 
program budget. 

Table 1-2 also provides information 
on the cumulative energy savings of 
successfully commercialized OIT 
technologies. According to the survey, 
the cumulative energy savings from 

- . .  - 

By definition, a British therm& unit @tu) i s  thaamount of energyneeded to raise the tem- 
perature of one pound of water byjyl'6 Btu a re  usually-measured in units of million Btu 
(MBtu) or larger units.-A.quad is one quadidrillion-or . .  IOl5 Btu. 

Ve 'amount  of energy released in'burning one matchtip is about oneBtu. , )  . ' . 

One 100-watt light bulbb 
or about 1:MBtu. (This does not includelosses in generation and transmission which 

A 30 mpg cardriven 12,000 miles per year consumes about 400 gallons of gasoline each 
-year withan energy:content of about 50 MBtu. 

A2200 square foot house, on'average,.consumes about 113 MBtu of energy per year a t  
a cost of $1,340. When generation and transmission losses associated with the electricity 
portion of that energy are considered, the total energy required is 198 MBtu. 

A million-ton-per-year integrated steel mill consumes about 24 trillion Btu (0.024 quads) 
per year; the steel-industry as a whole uses  about -1:7 quads per year, and together with 
aluminum and the other metals, all the metals industries use about 2.5 quads of energy 
(end-use) per year. 

The combustion of 1.quad of.coal in industry generates about 100 million tons of CO2 
(the principal global warming gas), while 1 quad of gasoline yields about 78 million tons of 
C02, and 1 quad of natural gas releases about 58 million tons of CO2 to the atmosphere. 

- .  
.~ 

' ~ 

. ,  

. , .  
,~ . I  . - . - ~  . .  . -  . ., 

iflg,8 hours a day for a year consumes about996,300 Btu, 

can increase this value by about a factor of three.) ~ ' - . - ,  

1 
I .  

U.S. industry ovekll uses  about 23 quads of energy (end-use) annually for heat, power 
and feedstocks at a cost of more than $100 billion; hence, on average a quad of energy 
costs industry about $4.4 billion and each quad of energy saved reduces industry's costs 
by more than $4 billion. 

The U.S. uses a total of about 84 quads annually (including electric power generation and 
distribution losses) a t  a cost (in 1990) of more than $360 billion. 
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technologies supported by OIT is 
estimated at 520 trillion Btu-or  
about half of one quad. At current 
energy prices, this translates into an 
estimated cumulative energy cost sav- 
ings of about $2.2 billion. 

But the benefits of OIT's R&D pro- 
gram go beyond energy savings, and 
the organization's survey helps quan- 

of the program. Table 1-3 presents 
estimates of increased employment, 
increased capital productivity, i d  
emissions reductions for commercial- 
ized OIT technologies. These data 
reveal that the manufacture, distribu- 
tion, export, service and use of these 
technologies have contributed to an 
increase in employment of more than 
16,000 man-years. 

some of the other positive impacts 

Technologies supported by OIT very 
often reduce or otherwise simplify the 
number of steps in a manufacturing 
process. By simplifying the manufac- 
turing process, the cost of capital 
equipment for the new technology is 
often lowered in relation to the stan- 
dard technology it is replacing. This, 
in turn, contributes to increased capi- 
tal productivity. Calculations derived 
from OIT's survey data indicate that 
industry's increased capital productiv- 
ity attributable to the OIT-supported 
technologies was about $1.25 billion 
in 1993. 

OIT Technologies Helped Reduce 
Industrial Emissions by More 
Than 7 Million Tons 
In addition, reduced industrial 
emissions of harmful pollutants and 

waste, and increased recycling and 
use of wastes as feedstocks are among 
the many environmental benefits 
of OIT technologies. OIT-supported 
technologies helped reduce industrial 
emissions of particulates, volatile 
organic compounds (VOCs) , sulfur 
dioxide (S02) and nitrogen oxides 
(NOx) by about 60,000 tons in 1993. 
These same technologies helped 
lower industrial generation of carbon 
dioxide (C02) by more than 7 million 
tons that year. 

Although the data measuring the 
impacts of the OIT program are very 
illuminating, they do not reflect all the 
benefits of the program. For example, 
excluded are such indirect benefits of 
OIT research as the development of 
better analytical and design tools for 

One of OlT's most successful programs 
is jointly sponsored with the U.S. 
Environmental Protection Agency 
(EPA). Known as National Industrial 
Competitiveness through Energy, 
Environment and Economics (or NICE3), 
it is a n  innovative, cost-sharing program 
to improve industrial energy efficiency, 
promote clean production, and enhance 
economic competitiveness in U.S. indus- 
tries.The program provides grants to 
statefindustry partnerships for projects 
that develop and demonstrate advances . 
in energy efficiency and clean production 
technologies.The NICE3 program has an 
exceptional leveraging effect on industry. 
On average, for every dollar of OIT funding 
under NICE3, industry invests more than 
$4 of its own funds in a NICE3project. 

The program goals are achieved through 
sponsored projects that: 

rn Demonstrate successful industrial appli- 
cations of energy-efficient technologies 
that reduce costs to industry and prevent 
pollution; 

rn Identify and implement efficiency 
improvements in material inputs, 
processes, and waste streams; 

rn Develop strategies to overcome barriers 
that inhibit energy efficiency and waste 
minimization; and, 

rn Enhance U.S. industrial competitiveness 
by encouraging the use of cost-effective 
waste minimization and energy-efficient 
processes, equipment, and practices. 

Industry applicants must submit project 
p!oposals through a state energy, pollution 
prevention, or business development 
office. Funds a re  awarded to statelindustry 
partnerships that can match the OIT/EPA 
federal funds a t  least dollar for dollar. 
Awardees receive a one-time grant of up 
to $400,000 for a proposed project. After 
the initial funding, the awardee is expected 
to commercialize the process or technolo- 
gy without federal support. 

Successful NICE3 projects include the 
following: 

rn PPG Industries in Ohio has  developed 
a-system to recover and reuse paint 
wastewater. Waste and energy con- 
sumption is reduced by more than 90%, 
and payback on the investment is less 
than 1 year. 

rn AAP St. Marys in Ohio has  introduced 
a more efficient technology for remelting 
the aluminum chips that result from 
machining cast aluminum automobile 
wheels. Energy consumption is reduced 
by 50%, waste is reduced by 90%, and 
simple payback is about 1.5 years. 

I 

rn FMC in Texas has designed and imple- 
mented a steam distillation system to 
recover spent methanol in the produc- 
tion of hydrogen peroxide. Energy con- 
sumption is reduced by 50%, and waste 
is reduced by 66%, resulting in savings 
of more than $350,000 per year. 

modified the existing method of heating 
a continuously heated holding furnace 
(tundish) resulting in a reduction of 89% 
in energy use and more than 50% in 
waste, while paying back the investment 
in about 1 year. 

demonstrated ultrasonic technology as 
a method to successfully clean storage ' 

tanks for the pharmaceutical industry. 
Compared to the typical solvent method 
for tank cleaning, ultrasonic technol- 
ogy has  reduced energy consumption 
by 90% and reduced the use of toxic 
chemicals by 1 OO%, while saving 
more than $293,000 annually in 
operating expenses. 

rn AMPCO Metal Manufacturing in Ohio 

rn DuPont-Merck in New Jersey has  



advanced industrial processes. Also 
inadvertently overlooked are the 
operating and maintenance costs and 
productivity benefits of successfully 
commercialized OIT technologies. In 
many instances, the non-energy oper- 
ating cost reductions alone are suffi- 
cient to pay for these technologies. 

Although the data provided in Tables 
1-2 and 1-3 indicate the cumulative 

’ 

benefits of OIT-supported technolo- 
gies through 1993, the energy and 
non-energy benefits of these technolo- 
gies will continue to accumulate in the 
future. Furthermore, these benefits 
are expected to increase sharply as 
several major new technologies 
currently being supported by OIT 
are commercialized. 

Agenda 2020-the forest, wood and 
paper products industry’s vision of the 
f u t u r e h a s  advanced the furthest of the 
several industry visions in which OIT is 
Involved. It is a technology road map devel- 

. oped by the industry to address ongoing 
manufacturing and environmental chal- ’ 
lenges confronting it and its customers. 
OIT is acting as a facilitator on behalf of 
the industry with a broad cross-section 
of other DOE organizations and federal 
agencies to help implement a coordinated 
research plan that helps leverage govern- 
ment R&D investment. The goals of the 
initiative include promoting industrial 
growth, energy efficiency and international 
competitiveness while preserving the 

While other industries have entered into 
partnerships with government before, this 
partnership adds a new feature: the entire 
forest products industry is unified behind 
one strategic technology plan.The indus- 
try’s vision was led by a CEO-level working 
group headed by the Chairman of the 
American Forest and Paper Association 
and composed of CEOs representing the 
full range of industry products and inter- 
ests. The CEO group impaneled and 
guided the efforts of a broad-based 
Chief Technology Officers’ working 
group to refine and finalize the industry 
research agenda. 
An Industry R&D Roadmap 
The intention of the forest and paper indus- 
try vision document is to provide a n  overall 
direction for the entire industry’s research 
and technology agenda as opposed to 
that of any single industry segment or 
company. It is a way of helping to improve 
the global competitiveness of the industry 
as a whole.The Agenda focuses on raw 
material, environmental, energy and. 

, environment, 

process areas  of the industry and not on 
product research because the latter is 
deemed more appropriate for individual 
companies. 

Agenda 2020 has  identified six strategic 
priority areas  for the forest and paper . 
industry that will benefit from research: 

Sustainable forest management; 

w Environmental performance; 

Energy performance; 

Improved capital effectiveness; 

Recycling; 

w Sensors and controls. 

Because of significant demands for capital 
to meet mandated environmental objec- 
tives, industry‘s R&D investments do not 
fully address its long-term needs. U S .  
wood products, pulp and paper companies 
are  currently not spending enough on R&D 
to remain competitive over the long-term 

vis-a-vis their traditional competitors in 
Canada, Scandinavia and Japan as well 
as aggressive emerging nations such as 
Brazil, Chile and Indonesia. 
Meeting Common Technology 
Needs through Partnership 
Agenda 2020 is a device intended to help 
address this challenge. It has  enabled the 
firms in the industry as well as those who 
supply it and others to identify their 
common technology needs-needs that 
no single company alone has  sufficient 
financial and technical resources to meet. 
With attention to the high priority needs 
identified in Agenda 2020, the forest prod- 
ucts and paper industry will continue to 
maintain its competitive advantage in the 
global market. 

Agenda 2020 will help open the doors 
of advanced scientific knowhow throughout 
DOE and the rest of the federal govern- 
ment to help the forest and paper industry 
become the hallmark of sustainable devel- 

p h o b ~ e s y 0 1 ~ P h o l q l r a p h y  

Department gEnqgy Secreta? Hazel OZeary, Senator 
Chuck Robb of Virginia, and James River Co@n-ation 
CEO Robert Williams participated in the-signing of 
Agendiz 2020 in November 1994. 

opment. The agenda will lay 
the foundation for a partner- 
ship between government 
funding agencies, research 
institutions, suppliers to the 
industry and the industry itself 
that can help accelerate the 
development and deployment 
of the needed technology.This 
partnership will enable the for- 
est, wood and paper industry 
to create more jobs by making 
the industry cleaner and more 
cost efficient. 
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Table 1-2 
Energy Savings of Commercialized OIT Technologies-FY 1993 

............. 
Cement Particles Size Classification i 2.2 7.4 E 

Chemical Separation byfluid Extraction ; 0.0 0.0 F 

Cogeneration- 12.9 69.2 C 

E,F Cogeneration--Slow Speed Diesel 0.0 17.7 

. 35.2 NG 

P 

NG 

....... 
.................................................................................................................................. 'Q ................................................................... 1 ................................................................... 

................................................................ i. .................................................................. .; .................................................................. .: ................................................................... Coal-Fired SteamTubine 

.................................................................................................................................... z ....................................................................................................................................... 

.................................................................................................................................... ....................................................................................................................................... Coil-Coating Ovens 

Combination Grain Drying 
.. 

7.3 .......................................................................................................................................................................................................... ................................................................... ! 

Computer Controlled Oven 2.3 22.3 

i Current Energy Savings Rate i Cumulative Savings Through i 
(IOiz BtWyr) FY 1993 (IO'*Btu) Type of Fuel Saved[') 

NG 

Technology 
Beck Dyeing Modifications .120 

............ - .. .... 

0.1 NG 

E,F,NG 

Energy-Efficient Canning 0.2 2.3 NG 

NG Energy-Efficient Fertilizer Production i 2.6 
(Pipe Cross Reactor) 

NG 

Recovery System) 

11.4 

E 

Foam Processing 

High-Efficiency Weld Unit 2.9 10.8 

HTBDR (High-Temperature Burner Duct i 02 NG 
Recuperator)-Bayonet CeramicTube i 

NG HTBDFI-Cruciform CeramicTube 

High-Temperature Ceramic Recuperator f 1.3 20.6 ENG 

Humidity Sensor 0.0 0.0 NG 

0.7 2.6 E 

C 

Hyperfiltration--Food 

0.2 0.7 

F 

HyperfiltratioeTextiles 

Improved Diesel Engines 48.5 97.1 

Imigation Systems 3.6 44.6 E,F,NG 

Membrane Separation of Sweeteners i .. 0.0 E,NG 

NG 

NG 

Methanol Recovery Process 

NG 

Multi-Deck Board Dryer 

. .  ................. ............................................................................................................................................................................................................................................................ Cupola Stack Air Injection 

Energy Analysis and Diagnostic Centers ; . 8.6 74.4 ................................................................................................................................... .- ....................................................................................................................................... 
................................................................ <....................................................................>................................_.....? ............................. 2 ................................................................... . .  
................................................................ : ................................................................... 2 ....................................................................................................................................... 

F,NG FBWHRS (fluidized Bed Waste Heat i 0.0 

................................................................ : ................................................................... z ................................................................... : ................................................................... 
,. . .  .................................................................................................................................... ....................................................................................................................................... .. 

................................................................ * ................................................................... : .................................................................... 1 ................................................................... 

................................................................ : ................................................................... j ................................................................... : ................................................. ....,.......e..... 

: ....................................................................................................................................... 0.6 .................................................................................................................................... 
.................................................................................................................................... ....................................................................................................................................... 
............................................................................................................................................................................................................ I ................................................................... 
.................................................................................................................................... ....................................................................................................................................... j ~. 
................................................................ : ................................................................... z ....................................................................................................................................... 
................................................................ ; ................................................................... c.... ............................................................... ! ................................................................... 

......... 
................................................................ : ................................................................... .j ................................................................... i ................................................................... 
................................................................ : ................................................................... 2 ....................................................................................................................................... 0.1 0.1 

0.8 

........... . . . . . . . . . .  

0.1 0.9 ES' 

F,NG 

Biomass Grain Dryer 

Boiler Workshops 42.2 

Catalvtic Distillation 4.7 5.1 RG 

............................................................... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ..................................................................... ! ................................................................... 

............................................................... i .................................................................... ; .................................................................. i ................................................................... 

' 

Nitrogen-Methanol Carburi2abon 0.4 10.3 ...................................................................................................................................... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ................................................................... 
................................................................ : ................................................................... i ................................................................... : ................................................................... Organic Rankine Cycle Bottoming Unit i 0.5 E 

Ch 

F,NG 

NG 

Reverse Brayton Cyde 0.4 0.8 Ch,NG 
Solvent Recovery 

1.2 9.8 F,NG 

Ch 

Slot Forge Furnace Recuperator 

Solvent Recovery from Effluent Streams ; 0.3 . .  0.3 

0.5 ENG Waste Atactic Polypropylene to Fuel 

at Honolulu, Hawaii 

Totals 94.6 520.1 

1.2 .................................................................................................................................... .......................... 
0.7 1.5 

PET Bottle Separator 

Plating Waste Concentmtor 

Recuperators (Metallic) 4.5 

.............................................................................................................. 

................................................................ ......... ; .................................................................................................................................................................................................. 

................................................................ ; .................................................................... : .................................................................... 1 ................................................................... 

................................................................ i .................................................................... ; ................................................................... i ................................................................... 
........... 

...... 
................................................................................................................................................................................................................................................................�� 

I 
i 

Waste Energy Recovery 3.4 13.6 C . :  

'Prearmr to a more advanced technology, "Data not available; (a) C=Coal, Ch=Feedstock Chemicals, E=Electricity, F=Fuel Oil, NG=Natural Gas, &Other, P=Propane, RG=Refinery Gas 
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Table 1-3 
Other Imjacts of Commercialized OIT Technologits-FY 1993 

i Increased 
Increased f Capital 

f Employment i Productivity 
f (Man-Years) i ($ I O 6 )  

~~ ~ 

Reduction in Pollutants ( IO3 Tons) 

Particulates f VOCs i SO2 f NO. f C02 
_____ 

31 i 2.7 i <0.01 i c0.01 i 0.00 i 0.06 i 4.52 Biomass Grain Dryer 

51 i (13.9) <0.01 0.01 0.00 f 0.18 145.21 Catalytic Reactor 

Cement Particle Size Classiflcati~n 228 i 17.7 i 0.20 i c0.01 i 0.74 i 0.28 i 68.34 

............................... ........................................... > ............................. ; .................................................................................................................................................................... 

.......................................................................... ; ............................. i ............................. ; ......................... ; .......................... ; ........................... ; .......................... ; .......................... 

I Cogeneration-Coal-Rred Steam Turbine i 526 i 23.0 i 4.64 i 0.03 i 16.13 6.13 1341.60 I 
835 i 68.1 i 0.00 i 0.00 i 0.00 i 0.00 0.00 .......................................................................... ; ........................................................... > ...................................................................................................................................... Cogeneration-Slow Speed Diesel 

Computer Controlled Oven 27 i 2.3 i c0.01 i 0.01 i 0.00 i 0.16 i 128.82 

2374 i 119.7 0.60 i 0.02 f 2.32 i 1.20 i 587.52 EnergyAnaiysis and Diagnostic Centers 

13 i 0.8 j c0.01 i c0.01 i 0.00 i 0.02 i 13.0 Energy-Efficient Canning 

.......................................................................... ; ............................. i ............................. ; ......................... ; ...................................................... ; .......................... ; .......................... 

......................................................................... : ..................................................................................... : ...................................................... i .......................... i .......................... 

......................................................................... .................................................................................................................................................................................................. .. 
8.8 i 0.55 i 0.01 i 1.98 i 0.75 i 182.91 

436 i 37.5 i c0.01 i c0.01 i 0.05 i 0.09 i 88.37 High-Temperature Ceramic Recuperator 

11.7 i 0.15 i * ~0.01 i 0.54 i 0.20 i 49.58 Hyperliltration-Food 161 i 
43 i 2.8 i 0.07 i c0.01 i 0.24 i 0.09 i 19.76 Hyperliltration-Textiles 

9927 i 800.1 i 0.24 i 0.05 i 3.88 j 3.40 3905.86 Improved Diesel Engines 

656 i 105.4 i 0.25 i 0.01 i 0.96 i 0.50 i 243.44 InigaUon Systems 

I f  12 ; co.01 j <0.01 j 0.00 j co.01 f 2.26 Methanol Recovery Process 

527 i 17.9 i <0.01 i c0.01 i 0.00 j 0.03 i 24.86 NIlrogemMethanol Carburization 

Plating Wasle Concentrator 26 i 4.4 i ~0.01 i c0.01 i 0.02 I 0.04 i 39.05 

.......................................................................... ............................. .................................................................................................................................................................... > ; 
Hlgh-Efficiency Weld Unit (79) i 

.......................................................................... i ............................. i ............................. ; ......................... < ............................................................................................................ 

......................................................................... ..................................................................................... ............................................................................................................ & : 

.......................................................................... ..................................................................................... ........................................................................................................... : 

.................................................................................................................................................................... ........................................................................................................ ; 

........................................................................................................ i ............................. ; ......................... ; ................................................................................. ; .......................... 

......................................................................... .................................................................................................................................................................................................. ” 

................................................................................................................................................................................................................................................................� . .  

.................................. 
Reverse Brayton Cycle Solvent Recovery i 143 i 4.4 i ~0.01 i 4.65 i 0.01 i 0.02 j 17.13 

68 ; 5.0 f ~0.01 i c0.01 i 0.04 0.07 i 71.93 Slot Forge Furnace 

183 i 3.1 i ~0.01 i ~0.01 i 0.02 i 0.01 i 15.30 Solvent Recovery from Effluent Streams 

.......................................................................... ; ............................. i ............................. ; ......................... < .......................... ; ........................... ; .......................... ; .......................... 

................................. ........................................................................................................................................................................................................................................... 

......................................................................... .................................................................................................................................................................................................. .. 
Waste Energy Recovery at Honolulu, Hawaii i 202 i 22.4 i 1.23 i 0.01 i 4.26 i 1.62 i 354.64 

Totals i 16,379 i 1245.1 i 7.93 i 4.80 i 31.19 i 14.85 i 7304.10 
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O W s  Principall Customers: 
CHAPTER * I The t@ateriaEs and Process industries 

OIT concentrates its RD&D pograms on 
the most enexgyintensive industries-those 
that sqbarate and synthesire raw materials 
into us&l materials and consumable food 
and fuelp-oducts. Collectively known as 
the materials and fn-0ce-s~ industries, this 
group includes the chemical, metals, papa  
petrohm refining, food processing, and 

-. ceramics and glass industries. 

ENERGY USE IN THE MATERIALS 
AND PROCESS INDUSTRIES' 
Because they are large energy users, 
the materials and process industries 
are prime targets for improvements 
in energy efficiency. These industries 
account for 41 % of all manufacturing 
shipments and 35% of value added 
by manufacturers, but nearly 90% of 
manufacturing energy usage (Figure 
2-1). The development and applica- 
tion of improved technology and 
operating practices could have a sub- 
stantial impact on the nearly 24 quads 
of primary energy consumed by these 
basic industries every year. To success- 
fully apply technological advance- 
ments, however, the source and 
nature of energy consumption in 
these very diverse industries must 
first be understood. 

Trends in industrial Energy 
Use and Efficiency 
The energy mix used by industry 
has changed considerably over the last 
two decades (Figure 2-2). The use of 
petroleum and natural gas by industry 
tends to fluctuate somewhat over time 
along with the availability and price of 
supplies, but remains within a stable 
range. Both have supplied between 
30% and 40% of industry's energy 
demands for more than 30 years. It is 
worth noting that about half the, 
petroleum products and 10% of the 

Figure 2-1 
Energy Consumption Major Industry, 1992 

End Use 

Petroleum 
Chemicals Refining 22.4% ' . - 25.5% 

A*.  . . .mc 

Manufacturing I 11.7% 
Nonmanufacturing 
102% 

I 
Pulp 

and Paper 
11.1% 

Primary 

Chemicals Petroleum 
20.3% Refining , 

20.2% . * * . .  ...... Food ' ...... 

Nonmanufacturing 
14.1% 

Total = 22.6 Quads 

Sourcss: €14 M a n u f a ~ n g ~ h o f E n e t y y 1 5 9 1  
EM. MonihlyEnefgyReview.Ocrober 1533 

natural gas consumed by industry is 
used as feedstock to produce plastics, 
fertilizers, asphalts and similar materi- 
als rather than as heat and power. 

Although use of petroleum products 
and natural gas has remained rela- 
tively steady over the last few decades, 
coal use has declined from supplying 
26% of industrial energy needs in 
1960 to about 12% currently. Over 
that same period, the use of electricity 
in industry doubled from 7% to 14% 
of the energy mix. This is partially 
because of the growth in fabrication 
and assembly industries that are more 
reliant on electricity for their energy 
needs than are the materials and 
process industries. The growth of elec- 
tricity usage in industry has occurred 
despite the fact that it is considerably 
more expensive on a Btu basis than 
fossil fuel products. Among the many 
benefits electricity offers that help 
offset its higher cost compared to 
other forms of energy are its higher 

Total e 29.6 Quads 

efficiency at the point of application 
(less energy wasted), its cleanliness 
in an industrial environment, and its 
high degree of flexibility. 

American industry has been a leader 
in making energy efficiency improve- 
ments. Between 1973 and 1989, the 
value of goods and services produced 
in the United States grew by 50%, 
but the amount of energy industry 
consumed actually declined by 6%. 
Although some of this decrease can 
be attributed to a shift away from 
energy-intensive industries, gains in 
energy efficiency have made a signifi- 
cant contribution. Studies have esti- 
mated that a little over half of all 
energy saved in industry since 1972 
is attributed to efficiency gains, 
with the balance mostly because 
of compositional shifts in the U.S. 
manufacturing base. 

Industry's dependence on energy is 
often measured by energy intensity, 
or the amount of energy used to 



produce a unit of output (typically 
Btu of energy per dollar of output or 
contribution to gross domestic prod- 
uct [GDP]). Energy intensity has 
declined by nearly 25% since 1974, 
when the oil embargo and increasing 
energy prices started a downward 
trend in industrial energy consump- 
tion. However, since the fall in crude 
oil prices in 1986, industrial energy 

Figure 2.2 
IndustrialEnergy Consumption by Fuel, 1960-1992 

consumption has risen slowly and 
energy intensity has remained relative- 
ly unchanged (Figure 2-3). 

Sources and U s e s  of Energy 
in f h e  Materials and Process 
lndusfries 
The materials and process industries 
use a variety of energy sources to 
transform raw materials into 
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Figuw 2-3 
IndustrialEnergy Intensityl Cimsumption, and W E  1960-1992 
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intermediate and finished industrial 
products-iron to steel, wood to 
paper, crude oil to plastics, sand to 
glass, etc. As shown in Figure 24, 
natural gas and petroleum products 
are the largest sources of energy for 
these industries. Many also make use 
of waste or byproduct fuels that are 
produced on-site, such as refinery gas, 
waste heat from blast furnaces, the 
byproducts of.coke ovens, and wood 
waste. In the pulp and paper industry, 
for example, more than half of its 
energy requirements are met by waste 
fuels such as bark, wood chips, and 
black liquor, a byproduct of pulping. 

Figure 2-5 shows the principal func- 
tional uses of energy in the materials 
and process industries. Steam, pro- 
duced in boilers and cogenerated, is 
the largest functional use of energy in 
the materials and process industries. 
It is particularly important in indus- 
tries such as paper, food processing, 
and chemicals that deal largely with 
low temperature, organic materials. 
The heavy use of steam in these 
industries makes them particularly 
attractive for cogeneration systems. 

Direct process heat, generated in fur- 
naces, ovens, kilns, and similar vessels, 
represents the second largest use of 
energy in these industries. It is used 
for a diversity of processes that include 
fluid heating, metals treating, melting, 
smelting, forming, calcining, drying 
and curing. Though widely used in 
all the materials and process indus- 
tries, direct process heat is especially 
important in the metal, ceramics 
and glass industries that work pre- 
dominantly with high temperature, 
inorganic materials. Electricity for 
machine drives is the third largest 
use of energy, and includes power 
for motor drives in pumps, fans, 
compressors, and materials handling 
or processing equipment. Machine 
drives are an especially important use 
of energy in the Eabrication and 
assembly industries. Other uses for 
energy include electrolytic processes 
(especially important in the aluminum 
industry), space heating, and lighting. 
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Large quantities of energy are also 
used as feedstocks in the chemical 
industry (petroleum, natural gas, etc.) 
and the steel industry where carbur- 
ized coal (coke) is used as a reductant 
in iron blast furnaces. About half the , 

petroleum products used in industry 
are consumed as feedstocks rather 
than fuels. 

Energy Costs in Industry 
Industry spent more than $100 billion 
on energy in 1992, with the bulk of 
expenditures (about 95%) used to 
purchase electricity, petroleum prod- ' 

ucts, and natural gas (Figure 2-6). The 
petroleum products used by industry 
are diverse and include residual and 
distillate fuel oil, gasoline, liquified 
petroleum gases (LPG), refinery gas, 
petroleum coke, asphalt, and many 
types of lubricants. About 5% of 
energy expenditures are used to 
purchase steam and metallurgical 
coal (used for coke production), 
which on a Btu basis account for 
about 9% of industrial energy use. 

Although on an end-use Btu basis 
electric power accounts for only about 
14% of industrial sector energy use, 
on a cost basis purchased electricity 
accounts for 44% of total energy costs 
in the industrial sector. Most of the 
electricity is used by industry to drive 
motors and machines. Somewhat sur- 
prisingly, however, high efficiency . 
motor systems have not been a high 
priority in industry, yet there are 
indications this may be changing. 

Although industry's total energy 
expenditures of about $100 billion 
is a very large sum, i t  represents 
only about 3% of total costs. But, 
like energy usage, energy costs vary 
substantially throughout industry. 
Paralleling their role as the largest 
energy users in industry, the materials 
and process industries also have the 
largest energy costs. In most instances 
their total energy costs substantially 
exceed the 3% average for all industry 
(Figure 2-7). As the figure reveals, in 
such industries as steel, paper, and 
glass, energy costs exceed 10% of total 
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costs. Moreover in those industries 
that produce nitrogen fertilizers, 
aluminum, cement and chloralkali, 
energy expenditures are greater than 
20% of all costs. Such industries are 
constantly trying to finds ways to use 
energy more efficiently regardless of 
the level of energy prices. 

Because firms in the energy-intensive 
industries consume such large quanti- 
ties of energy, they are usually able to 
purchase fuels and electricity in bulk 
quantities at discounts unavailable 
to firms in other industries or to indi- 
vidual consumers. Depending on 
demand and availability, quantity dis- 
count allowances can enable industrial 
firms to pay up to one-third to nearly 
one-half less for their energy supplies 
(on a Btu basis) than commercial and 
residential energy customers. 

Energy prices are lower in the United 
States than in a number of other 
countries, especially our heavily indus- 
trialized international competitors. 
For example, Japan and Western 
Europe are more dependent on 
imported fuels than the United States, 
and sometimes they levy high taxes 
on energy sold in their countries to 
discourage consumption and encour- 
age efficiency. This bestows a com- 
petitive advantage on large industrial 
energy users in the United States. 
Energy prices have a direct impact 

Figure 2-6 
Industrial Energy Costs 

1991 Energy Expenditures: 
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on overall industrial energy consump- 
tion as well as the choice of fuels used. 
When energy prices are high, firms 
in energy-intensive industries aggres- 
sively seek energy conservation mea- 
sures and witch fuels to lower their 
energy costs. When energy prices are 
low, as they have been for some time, 
the economic attractiveness of energy 
efficiency investments decreases rela- 
tive to other corporate investments. 
Hence, in the current climate invest- 
ments in industrial energy efficiency 
technologies typically also possess sub- 
stantial productivity or environmental 
benefits as well. 

Industrial Sec2or 
Energy Use Projections 
DOE'S Energy Information 
Administration (Em) projects indus- 
trial sector end-use energy consump- 
tion to range between 29.8 quads 
and 32.9 quads in the year 2010. The 
corresponding average annual rates 

of growth in industrial energy use are 
expected to range between 0.9% and 
1.5%. Because the rate of growth in 
industrial energy use is expected to 
be lower than that of GDP, EIA fore- 
casts industrial energy intensity to 
continue to decline over the next 
15 years. Among the factors contribut- 
ing to the expected continuing 
decline in industrial energy intensity 
include the following: , 

the gradual restructuring of 
industry toward knowledge-inten- 
sive rather than materials-intensive 
products; 

of improved computer controls 
and just-in-time manufacturing 
methods; 

higher capacity use because 

process efficiency gains due to 
higher energy prices and efficiency 
standards. 

Figure 2-7 
Energy Purchts and Their Shure Ofprodudim Costs ly Idustry, 1991 
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While the materials and process industries 
are  intrinsically large consumers of energy, 
each has  very different energy needs 
and potential target areas for energy effi- 
ciency improvements. The characteristics 
of energy use and sources of energy- 
intensity for each are based on specific 
product and process requirements as * 

well as market considerations. 

Petroleum Refining: This industry 
consumes the most energy of all the mate- 
rials and process industries, mostly in the 
form of refinery gas, petroleum coke, fuel 
oil and LPG that a re  produced on-site. 
Nearly all steam requirements are  met by 
boilers fired with refinery gases, and 
byproduct fuels provide about two-thirds 

. of all heat and power requirements. About 
80% of the products produced at  refineries 
a re  fuels (gasoline, jet fuel, fuel oil); with 
the remainder comprised of LPG, petro- 
chemical feedstocks, and miscellaneous ' 
lubricants and waxes.The most energy- 
intensive processes in refining involve 
separation andlor synthesis, e.g., distilla- 
tion, catalytic cracking, catalytic reforming, 
catalytic hydrotreating, alkylation, and 
hydrogen production. 

ChemicakThe chemical industry is 
the second largest energy-consuming 
materials and process industry and one 
of the most diverse, providing thousands 
of different finished and. intermediate- 
products for-everything from plastics to 
pharmaceliticals to food additivesto fertil-- 
izers. Most energy needs for heat  and 
power in the chemical industry are  met 
by natural g a s  and electricity. Natural gas, 
LPG, and refinery g a s  are  also consumed 
in significant quantities as feedstocks; 
Natural g a s  is used to produce a number 

. of important chemicals, including ammo- 
nia, hydrogen, methanol, and carbon 

~ black. LPG and refinery g a s  are  used pri- 
marily in the production of petrochemicals- 

, .  
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like ethylene, propylene, vinyl chloride, 
and others. A wide variety of processes are  
used to produce the many different prod- 
ucts of the chemical industry, and many 
are energy-intensive separation and syn- 
thesis processes, e.g., distillation, polymer- 
ization, etc., which require large heat or 
power inputs. Some of the most energy- 
intensive products include industrial gases  
(nitrogen, oxygen, acetylene, carbon diox- 
ide), alkalies (sodium hydroxide and other 
bases), inorganic chemicals (chlorine, , 

sulfuric acid, aluminum, and potassium 
compounds) and nitrogenous fertilizers 
(ammonia, ammonia compounds, urea). 

Primary Metals: The primary metals 
industries are the third largest energy 
consumer of this i n d u s t j  group. In steel- 
making the principal energy source is met- 
allurgical coal that is used to produce coke, 
which peiforms both as fuel for melting 
iron ore and as a feedstock in the chemical 
reduction of iron-ore to pig iron. Electricity. 
comprises a smaller share and is used pri- 
marily in electric-arc furnaces to melt - 

scrap. Both physical and chemical separa- 
tion and synthesis processes a re  used in' 
steelmaking; the most energy intensive are  
those associated with blast, steel, heating, 

..and annealing -furnaces. Aluminum 
processes rely almost-entirely on pur- 
chased electricity (nearly 90%); electricity 
also accounts for more than 25% of alu- 
minum production costs. In aluminum pro- 
duction, the separation of aluminum from 
alumina in electrolytic cells is'responsible 
for consuming the . .  bulk of electrical energy. 

Pulp and Paper: The paper industry- 
is the fourth largest energy consumer of 
the materials and process industries, but ~ 

meets more than 5?9/0 of its energy needs 
with self-generated and residue fuels 
like bark, hogged fuel, and black liquor- 
a byproduct of the pulping process.The 
pulp and paper industry also cogenerates 

. . .  

.- * . ~ 

. .  

about 40% of its electricity from Waste 
or byproduct fuels. Energy-intensive 
processes include pulping (kraft, sulfite, 
thermomechanical) and associated bleach- 
ing and chemical recovery processes. 
Papermaking is also an energy-intensive 
process, accounting for about 37% of 
the energy consumed in the pulp and 
paper industry. 

Food Processing: Fifth in energy 
consumption, the food processing industry 
includes producers of meat, dairy, fruit, 
vegetables, grains, fats, beverages, and 
a variety of other edibles. Natural g a s  and 
electricity meet most of the energy require- 
ments in food processing, primarily for sep- 
aration processes. About half of the energy 
used in food processing is for direct heat- 
ing; the remaining is usedto generate 
process steam and hot,water. Among the 
most energy-intensive food producers a re  
wet corn millers, beet sugar processors, 
and malt beverage brewers. In general, 
processes that consume the most energy 
include concentration of food products 
from liquid streams, cooking, drying, 
and evaporation. , 

Stone, Clay and Glass: This group 
is the sixth largest consumer of energy 
and is comprised mostly of producers of 
cement, glass, brick, tile, ceramics, pottery, 
concrete, gypsum, and other stone prod- 
ucts. Throughout these industries, natural 
g a s  is the primary energy source, and is 
used mostly to fire furnaces and kilns.The 
cement and gypsum industries are excep- 
tions, using mostly coal to  fire kilns. The 
largest energy consumer of this group is 
the cement industry, where energy makes 
up 25% of production costs. The most 
energy-intensive processes in cement- 
making are  the kilns and associated 
processes used in clinker production. In 
glassmaking, the most energy-intensive 
processes a re  refining and melting. 



Despite the expected continued 
decline in industrial sector energy 
intensity? E i  forecasts that the actual 
use of energy in industry will reverse 
its overall negative trend of the last 
two decades, as shown in Figure 2-8. 
EIA believes that industry's usage of 
energy will surpass its record con- 
sumption of 25.7 quads (end-use 
basis) set in 1979 by the year 2000 
when consumption is forecast to reach 
28.3 quads, EIA foresees a continua- 
tion in recent trends in the mix of fuel 
and energy types used by industry. 
The use of renewable forms of energy 
and electricity are expected to grow 
more rapidly than other sources of 
energy in industry while the growth 
in coke and coal usage will lag. 

EIA's belief that the growth in indus-' 
trial sector energy usage will again 
begin to turn positive-. in contrast 
to the negative growth rate of -0.4% 
from 1980 to 19904s consistent with 
other forecasts, as shown in Table 2-1. 
EIA's reference case forecast of 1.1% 
annual rate of growth in industrial sec- 
tor energy consumption nearly equals 
that of the Gas Research Institute 
(GRI) at 1.376, and exceeds those of 
Decision Resources Inc. (DRI) at 0.6% 
and Wharton Economic Forecasting 
Associates (WEFA) at 0.6%. 

ECONOMIC SIGNIFICANCE 
OF THE MATERIALS AND 
PROCESS INDUSTRIES 

Very Large But Growfh Maturing 
The energy-intensive materials and 
process industries are a huge and 
critical component of the economy. 
In 1992, they shipped a total of I 

$1.19 trillion worth of products. 
This included about $404 billion 
in shipments by the food processing 
industry, $306 billion by the chemical 
industry and $150 billion by the petro- 
leum refining industry. In 1992 the 
total value added by these industries 
amounted to $492 billion, meaning 
they directly accounted for about 
34% of all value added by manufac- 
turing and more than 8% of all of 
U.S. economic output.. 

Despite their large size, the materials 
and process industries tend to be 
somewhat mature. Such industries as 
steel, petroleum refining, inorganic 
chemicals, paper and glass developed 
early in the evolution of the industrial 
economy. Evidence of the maturity 
of these industries is illustrated in 
Figure 2-9. Since 1980, only chemicals 
and pulp and paper have grown at 
rates faster than that of manufactur- 
ing as a whole, and none of the'six 
major materials and process industries 
grew as fast as the overall GDP. 

Still, most of these industries also 
possess selected high&rowth seg- 
ments. Pharmaceuticals, plastics and 
advanced materials in chemicals, steel 
minimills, fiberglass, and aluminum 

foundries and semi-fabricated prod- 
ucts are but a few examples of high- 
growth areas in the materials and 
process industries. The food process- 
ing industry, of course, is essentially 
a consumer goods industry that is con- 
stantly responding to changing tastes, 
and at any given time offers hundreds 
of products whose markets are either 
kpidly growing or contracting. 

On the whole, however, the U.S. 
materials and process industries are 
cyclical industries whose long-term 
growth at best equals or more com- 
monly is slightly less than that of the 
overall economy. The slow growth 
trajectories often translate into low 
price/earnings (P/E) ratios for 
the stocks of companies in these 

Table 2-1 
Forecast Growth in Industrial SectmEnera Demand, 1993-201 0 
(var im sourm; average annual percent growth) 
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industries. Despite the lack of the 
glamour that often accompanies 
high-growth, high P/E industries, 
the materials and process industries 
underlie and support the entire 
manufacturing economy. The health, 
performance and competitiveness 
of these,industries are tightly inter- 
twined with those of the rest of 
U.S. manufacturing. 
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Huge and We//-Paying Employer, 
Especially Oufside Major 
Metropolitan Areas 
Commensurate with their large physi- 
cal size, the materials and process 
industries are also a major source 
of jobs in the American economy. 
In 1992, total employment in the 
materials and process industries was 
about 4.2 million workers. This was 
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Figure 2-9 
Growth Trends in the Materials and Proms Industries 
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Figure 2-10 
Empbyment Trends in the M a W l s  andhcess Indmlries 

1.4 _ ........................................................... .................................................. 

Source: Various Annual Sulvsy 01 Manufacturers and Census of Manufacturers: Bureau 01 the Census 

about 23% of U.S. manufacturing 
employment and nearly 5% of the 
nation's total non-farm, private 
sector employment. 

Despite the huge size of the work 
force in the materials and process 
industries, total employment declined 
by about 720,000 workers between 
1980 and 1992, a reduction of about 
15%. The metals industries alone lost 
about 430,000 workers during the 
period, and by themselves accounted 
for much of the overall reduction in 
employment in the materials and 
process industries. Total job cutbacks 
in such industries .as chemicals, pulp 
and paper, and food processing were 
proportionally much less pronounced 
as indicated in Figure 2-10. On the 
positive side, industry restructuring 
in response to foreign competition 
and recessionary cycles also resulted 
in increased productivity on the part 
of US. producers. 

The contracting employment pool 
in the materials and process industries 
contrasts sharply with the growth of 
workers in wholesale and retail trade 
and other service occupations. For 
example, between 1980 and 1992, 
employment in wholesale/retail 
occupations increased about 24% 
(Figure 2-11). Unfortunately, wages 
in these jobs often average only 
about half of those in the materials 
and process industries. 

Indeed, hourly wage rates in the 
materials and process industries typi- 
cally exceed the average of all manu- 
facturing by about 8% and the average 
service sectorjob's wages by 22%, as 
shown in Figure 2-12. In addition, 
during periods of strong economic 
growth, workers in these industries 
can often considerably boost their 
overall earnings with overtime pay. 
Moreover, health benefits are usually 
provided by the large corporations 
that account for most of the jobs in 
these industries. The hundreds of 
thousands ofjobs lost in the materials 
arid process industries over the past 
decade were some of the best-paying 
jobs in American industry. Inevitably, 
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these job losses were an important 
contributor to the growing divergence 
between the high and low ends of the 
compensation scales of US. workers. 

Another important attribute of the 
employment profile of the materials 
and process industries relates to the 
fact that they often locate relatively 
close to the natural resource indus- 
tries whose raw materials they process. 
For example, petroleum refineries are 
often located on shipping and storage 

Chemicals - 
Primaly Metals - 
Pulp and Paper -I 

Stone, Clay, and Glass -I 

Average Manufacturing - 
Services -' 

Food Processing -1 

Retail Trade -- 

routes used by oil producers. Pulp 
and paper plants are typically sited 
near large timber resources in the 
Northwest and Southeast. Several 
base metal smelters are situated in 
the Rocky Mountain and other 
mineral-rich districts. 

The locational tendencies of many 
firms in the materials and process 
industries means that they are often 
especially important sources of earn- 
ings and employment outside large 

I 
I 
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metropolitan areas in rural and low- 
density population areas. Hence, 
when plants in these industries shut 
down, it is common for the local and 
regional economies to suffer extreme 
economic hardship including high 
unemployment. Some locales never 
recover when major plants in these 
industries close their doors. 

Large Capital Intensity 
Means Big Multiplier Effect 
Another compelling indicator of 
their role in the economy is the 
quantity of capital invested in the 
materials and process industries. 
Because of the huge size, throughput, 
and scale economies of these indus- 
tries, they are among the most capital 
intensive of all manufacturing indus- 
tries. Collectively, these industries 
accounted for about half of all new 
capital expenditures in manufacturing 
in 1992. Furthermore, with the excep 
tion of the food processing industry, 
all the materials and process indus- 
tries exceeded the manufacturing 
average for capital expenditures as a 
percent of sales, as shown in Figure 
2-13. These industries are also among 
the largest in terms of overall capital 
investment as measured by the value 
of gross stocks of fixed private capital. 

The capital intensity of the materials 
and process industries has an important 
multiplier effect in creating jobs and 
wealth outside these industries. The 
Economic Policy Institute estimates 
that each job in the materials and 
process industries supporti four work- 
ers employed in supplier, equipment, 
repair, finance, engineering, sales and 
even government occupations. 

Around a fif'fh of 
U S .  Merchandise Trade 
The materials and process industries 
also play a huge role in our nation's 
trade picture. In 1991, when they 
employed 5% of U.S. workers and 
produced 8% of U.S. GDP, they also 
accounted for nearly 20% of our total 
merchandise trade, as shown in Figure 
2-14. The huge role that trade in 

Scum: 1892 Census 01 Manufaclurers; stalisucal Abslract 01 L e  Uded States 1993 (Table 1662) 
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Food Process ing:The  food and bever- 
a g e  industry is the largest manufacturing 
industry in the United States with total 
shipments of $404 billion in 1992. About 
40% of industry shipments are  higher 
value-added products such as microwav- 
able packaged foods. Despite its huge, 
size, between 1988 and 1992 the value of 
food and beverage sector shipments grew 
a t  a n  inflation-adjusted annual rate of only 
about 1%. Because of this trend, U S .  food 
and beverage companies are increasingly 
looking towards export markets for growth. 
The value of processed food exports was 
$20.5 billion in 1993, while imports was 
$16 billion. Exports of lower value-added 
goods (e.g., poultry, meat, butter and flour) 
have generally exceeded exports of higher 
value-added goods. In 1992 the food pro- 
cessing industry employed 1.5 million peo- 
ple.This represents a decline of 2.1% 
since 1980.The average hourly wage for- 
workers in the food processing industry in 
1992 was $10.38, somewhat below the 
U S .  average manufacturing sector wage 
of $1 1.94. Capital spending for the industry 
in 1992 amounted to $9.9 billionwhile 
R&D spending was around $1.4 billion. - . 

T h e  U.S. food processing industry is rela- 
tively mature, and the value of industry ' 

shipments-is projected to rise about 1% ', 
a year over the next five years. The North 
American FreeTrade Agreement (NAFTA) 
may benefit the U.S. industry as Mexico , . 
may become a'major importer of U.S. "'-' . 
food products.The industry will also b e '  -: 
impacted by the General Agreement on 
Tariffs and Trade (GATT), which would 
allow U.S. food manufacturers to invest , 
more easily in GAn-member nations. .. 

Chemicals: U S .  chemical companies 
produce about 23% ofthe'world's-total, 
chemical output with 1992 shipments 
valued a t  $306 billion. In 1992,850,000 
people worked in the chemical industry 
with a n  average hourly wage rate of 
$15.25, about 28% more than the U.S. 
manufacturing sector average. Chemicai 
industry exports were valued a t  $42.7 bil- 
lion in 1993-surpassing all other U.S.. ' 

industries. Its net trade balance in 1993 
was $15.5 billion. Chemical firms make 
large investments in new-capacity to 
expand output;but they also continually - 
upgrade and replace existing equipment' . 
to enhance competitiveness and comply 

- 
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with environmental regulations. In 1992, 
the industry spent $16.5 billion on new 
plants and equipment. Because of its 
emphasis on technology and new product 
development, the chemical industry is also 
very research-intensive. More than 80,000 
scientists, engineers, and technicians are  
involved in chemical-related R&D. In 1992 
more than $1 6 billion was spent on R&D; 
this was about 5.5% of chemical industry 
sales and it exceeded the manufacturing 
sector average of 3%. 

The U.S. chemical industry is expected 
to grow at  a rate about 1.5% faster than 
GDP over the next five years. Despite this 
expected growth, the U.S. chemical indus- 
try will likely be  heavily impacted by new 
environmental regulations. For example, 
the 1990 Clean Air Act Amendments set  
control standards for industrial sources of 
more than 40 pollutants to b e  met by 1995 
and for 148 pollutants to be met by 2003. 
This means that the chemical industry will 
need to spend a much larger share of its 
plant and equipment budget on pollution 
abatement. Experts predict that pollution 
control may consume as much as 25% to 
30% of the industry's fixed capital invest- 
ment, up from 12% in 1993. 

Primary Met&: The primary metals 
industrial group consists of iron and steel, 
non-ferrous metals (e.g., aluminum, cop- 
per,.and lead) and foundries. Industry ship- - .  
ments for primary metals were valued a t  
$138 billion in 1992. Overall the industry 
employed 663,000 people in 1992, .down ' 
about 40% from 1.1 million in-1980.The 
average wage for workers inthe primary 
metals industries was $14.71 per hour, 
significantlyabove the manufacturing 
sector average of $1 1.94 per hour. 

:The value of steel.industry shipments 
in 1992 was $57.4 billion. Employment in 

.both the steel products industry and iron 
and steel foundries is currently about half 
of what it was in 1980. Strong competitive 
pressuregboth  domestic and interna- - - 

tional-have forced U.S. steel producers 
to make investments in new technologies, 
close inefficient plants, and change man- 

, agement practices. Consequently, a'leaner, 
more productive industry has  emerged. 
Increased demand from the auto and con- 
struction industries helped boost capacity 
utilidion and contributed to higher prices 
and profits. Steelmakers are  increasingly 

. . ._..i 

impacted by environmental regulations. 
The 1990 Clean Air Act, requiring reduc- 
tions in toxic coke oven emissions, will 
likely force the shutdown of many facilities, 
although researchers are working on the 
development of new technologies that 
could assist the industry in meeting its 
mandated pollution targets. 

The U.S. aluminum industry has also expe- 
rienced a series of down years due to 
recessionary conditions. In addition, large 
exports from former Soviet Union countries 
have depressed prices. More favorable 
conditions prevailed in 1993, however, as 
shipments of ingots and semifabricated 
products increased to a n  estimated 8.2 
million metric tons, a n  increase of 2.8% 
over 1992 levels.There was a trade deficit 
in aluminum in 1992, but the trade balance 
for aluminum semifabricated products was 
positive. Employment in the primary non- 
ferrous metals group, to which aluminum 
belongs, declined more than 40% between 
1980 and 1992. While data on R&D expen- 
ditures for the aluminum industry are  not 
available, researchers are  developing new 
uses  for aluminum and creating new mate- 
rials such as metal matrix composites that 
are based on aluminum. Industry analysts 
forecast that aluminum shipments overall 
will likely increase at  a compound annual 
rate of about 3% through 1998. 

Pulp and Paper: The U.S. pulp and 
paper industry produces about 30%of the 
world's paper and paperboard. In 1993, 
43.2 million tons of paperboard and 41.7 
million tons of paper were produced at  U.S. 
mills. In 1992, industry shipments were 
valued at $133 billion-tenth among U.S. 
manufacturing industries. The paper indus- 
try is a small net importer with 1993 
imports a t  $10.9 billion and exports a t  $9.5 
billion.The principal supplier to the United 
States was Canada, which in 1992 was 
responsible for 76% of all imports. The 
industry is highly capital-intensive, and in 
1992 capital expenditures were $7.8 billion, 
about 7.5% of all capital spending in U.S. 
manufacturing. Environmental programs 
account for nearly 15% of total capital 
spending-more than capacity expansion 
spending. In 1992, the industry spent $1.2 
billion on R&D-about 0.9% of total sales, 
a relatively modest amount compared to 
most manufacturing industries. In 1992, 
continued on page 29, 
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there were 6,700 scientists and engineers 
involved in paper industry R&D, about 1% 
of total employment. As was the case for 
many other US. manufacturing industries, 
employment in the pulp and paper industry 
declined over the last decade. From a 1980 
total of 645,000 workers, paper industry 
employment fell to 626,000 workers by 
1992. Production workers earned an 
average of $13.80 per hour in 1992 com- 
pared to the U.S. manufacturing average 
of $1 1.94. 

Shipments of paper products are expected 
to grow at an annual rate of more than 
2% through 1998, and forecasters predict 
positive trade balances for the industry 
over the next few years. Despite overall 
growth In the industry, spending on capac- 
ity expansion will likely grow more slowly 
over the next few years as manufacturers 
comply with more stringent pollution con- 
trol regulations. Environmental concerns 
may also have some positive effects on 
the industry, however. Paper and plastic 
often compete in packaging uses, and 
In the future the market may favor paper 
because it is often considered more 
envlronmentally benign than plastic. 

Petroleum Refining: Estimated indus- 
try shipments by the petroleum refining 
industry were close to $136 billion in 1992. 
Still, refined petroleum imports generally 
exceed exports, and in I993 the U.S. 
Imported about 930 thousand barrels 
of refined products per day more than it 
exported. Between 1980 and 1992 employ- 
ment in the industry fell by 28%. On the 
other hand, productivity by refinery work- 
ers increased at a 2.5% per year rate 
from 1970 to 1992 while wages averaged 
$19.72 per hour that year making petrole- 
um refining the second highest-paying 
manufacturing industry, Environmental 
compliance has forced many refining 
companies to upgrade their facilities, 
which is part of the reason that capital 
spending for the petroleum refining indus- 
try was $6.3 billion in 1992, up from 
$3.8 billion in 1990. Such pressures 
caused 12 small refineries to close in 
1992, contributing to a capacity reduction 
of 240,000 barrels a day, U.S. refiners also 
spent $2.2 billion on R&D in 1991, the lat- 
est year for which data are available. 

Demand for petroleum products is 
expected to grow at an average rate of 
1.5% through 1998-a rate slightly less 
than that of the overall US. economy. 
Future regulatory changes will most likely 
force changes in the configuration of 
refineries and require heavy investment 
in downstream processes. According 
to the Commerce Department, more 
than 60 other small refineries are also at 
risk for closure because of the potential 
costs of complying with environmental 
regulations.Though larger refineries are 
expected to increase capacity, incremen- 
tal additions by larger firms may not be 
enough to keep pace with petroleum 
demand. This gap will likely be filled by 
imports of petroleum products, which could 
increase by as much as 80% between 
1993 and 1998. 

Stone, Clay and Glass: Stone, clay 
and glass products are generally catego- 
rized as construction materials, which 
include glass, cement, ceramic tiles, 
gypsum products, and related materials. 
Industry shipments for these materials 
were valued at $62.5 billion in 1992. 
Overall, the industry employed 470,000 
people in 1992, down 23% from 1980. 
The average wage for workers was 
$12.14 per hour, slightly higher than 
the manufacturing average. 

The glass industry is made up of compa- 
nies that make unfabricated glass and 
those that form glass into various products. 
In 1993, the value of shipments for flat 
glass was $2.1 billion. About 57% of flat 
glass output is consumed by the con- 
struction industry, and the auto industry 
accounts for about 25%. In 1992, the 
flat glass industry employed an 11,900 
people-down from 15,300 workers in 
1982.The average hourly wage for these 
workers was $16.80 in 1992, well above 
the manufacturing average. US. glass 
producers have expanded into foreign mar- 
kets to increase market share. Exports in 
1992 were $723 million, while imports 
were $485 million. Major markets include 
Canada, Mexico, and Japan.The industry 
is expected to continue to make advances 
in the development of two new technolo- 
gies: switchable glass (in which opacity is 
changed by electronic and other means), 
and energy-saving low emissivity glass. 

Both may experience strong demand 
growth in coming years. Producers will also 
focus on expanding market share abroad. 

In 1992, the value of shipments for the 
cement industry was $4 billion, and the 
industry employed 17,000 people, down 
from 19,100 workers in 1987. The average 
hourly wage for workers was $15.08 in 
1992, well above the manufacturing aver- 
age.The United States is by far a net 
importer of Portland cement because of 
the sheer size of its market, limited domes- 
tic capacity, and prices that are higher 
than world prices. Exports in 1992 were 
$49 million while imports were $250 million. 
However, imports as a percent of U.S. con- 
sumption have been decreasing since 1987 
and further declines are expec!ed because 
of decreasing US. demand, trade (dump- 
ing) cases, and stronger world demand. 
Experts predict domestic consumption 
should rise 3% annually through 1999 in 
the absence of a large U.S. infrastructure 
and renewal program. 
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commodities and products manufac- 
tured by the materials and process 
industries plays in our nation’s total 
trade picture underscores the neces- 
sity that these industries maintain a 
high degree of competitiveness. 

Some U.S. materials and process 
industries such as food processing, 
organic chemicals, pharmaceuticals, 
and pulp mills are considered among 
the most technologically advanced 
and competitive in the world. Large 
trade surpluses in such merchandise 

Other Manufacturing 

as chemicals and food products con- 
tributed to total exports of about 
$101 billion by the materials and 
process industries in 1993. 

On the other hand, other industries 
such as steel and petroleum refining 
struggle intensely with foreign compe- 
tition-despite extensive moderniza- 
tion and restructuring over the past 
decade. These industries are impor- 
tant contributors to our nation’s 
overall trade deficit. Heavy reliance 
on foreign suppliers of refined oil 

‘-v+l-- Chemicals I Stone, Clay, I Average I -..-. 
Pulp and Paper Petroleum and Glass Primary Manufacturing Food 

Refining Metals Processing 

Source: 1892 Census 01 tAmuladurers. Bureau of the Census 
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products and steel among many other 
items helped boost total imports of 
commodities produced by the materi- 
als and process industries to $93 bil- 
lion in 1993 (Figure 2-15). 

Regardless of their current trade 
balance, however, the bottom line is 
that virtually all the materials and 
process industries face strong interna- 
tional competition. In some foreign 
countries, the large number of work- 
ers in these industries translates into 
strong political support and subsidies. 
In addition, the relative maturity of 
these industries and their often highly 
cyclical nature sometimes lead to 
worldwide overcapacity and depressed 
prices, as has been the recent case in 
the steel and petrochemical indus- 

‘tries. The U.S. materials and process 
industries are also facing increasingly 
intense competition from resource- 
rich developing countries that want 
to add greater value to raw commodi- 
ties such as oil, minerals, and lumber. 

In addition to this competition, the 
materials and process industries are 
facing increasingly stringent environ- 
mental regulations. By the mid-l990s, 
amendments to the Clean Air Act of 
1990 will require large capital invest- 
ments at petroleum refineries, chem- 
ical plants, steel mills, and the electric 
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utilities that supply fossil-based electric- 
ity to aluminum smelters. This is on 
top of already high levels of investment 
for pollution abatement and control 
in these industries. For example, the 
chemical industry spent $7.2 billion 
for pollution abatement in 1992, about 
44% of its total capital investment. 

Research 2nd Beuefaprr~er;: 
Levefs ConsiderabEy 
Below Average 
Because of the large employment of 
the materials and process industries, 
the magnitude of international trade 
in their products, their contribution 
to GDP, and their critical linking role 
between th.e extractive and fabrication 
and assembly industries, it is essential 
that this sector of the economy remain 
highly competitive. Innovative technol- 
ogy to improve the energy efficiency, 
productivity and product quality of the 
materials -and process industries is 
critical to maintaining their interna- 
tional competitiveness. 

Unfortunately, R&D spending in these 
high wage, high employment, high 
multiplier industries-with the lone 
exception of the chemical industry- 
averages out to only about 1% of sales. 
This is fully two-thirds below the aver- 
age of all manufacturing as indicated 
in Figure 2-16. Consistent with its 
innovation-and-growth culture, the 
chemical industry by contrast spends 
nearly twice as much on R&D as the 
average of all U.S. manufacturers. In 
general, however, the below average 
R&D spending by the materials and 
process industries is indicative of 
mature markets and mature technolo- 
gies. In addition, the scaleeconomy 
nature of these industries translates 
into large capital requirements, long 
payback periods, high risk and conser- 
vative innovation strategies. 

Yet continuous innovation and 
improvement are increasingly neces- 
sary for success in the competitive 
global economy. The characteristic 
tendencies of many firms involved in 
making and processing food products, 
fuels, and materials suggest a strong 
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need for joint participation among 
multiple companies and federal part- 
ners in collaborative research and 
technology development partnership. 

Energy and Kksfe: 
The Connection 
There is a strong relationship between 
energy use and waste production in 
manufacturing. As the guardian to 
the gateway of the manufacturing 
sector, the materials and process 
industries are responsible for separat- 
ing useful constituents from those 
.that are not useful in the raw materials 
produced by the extractive industries. 
The potentially useful substances are 
then recombined (or synthesized) 
into consumable foodstuffs, fuels and 
industrial materials (see Figures 1-3 
and 1-4). Separation and synthesis 

I of materials are intrinsically energy- 
and waste-intensive processes. Figure 
2-17 shows that the six materials and 

* ,  

process industries-chemicals, pulp 
and paper, primary metals,,petroleum, 
food, and stone, clay and glas- 
account for more than 95% of the 
waste generated in manufacturing. 

With the exception of the petroleum 
refining industry, the materials and 
process industries show a close rela- 
tionship between energy use and 
waste generation. Petroleum refining 
shows much higher energy consump- 
tion relative to waste because many 
of its waste products are consumed 
as energy. These industries also use 
processes that tend to require very 
large amounts of water. This greatly 
increases the weight and volume of 
their waste streams. For exampIe, 
the pulp and paper industry-which 
shows high waste levels relative to 
energy consumption-generates 
huge amounts of wastewaters that 
may overstate the weight of their waste 
streams relative to other industries. 

When industry generates waste, 
valuable energy is often wasted. This 
wasted energy is accounted for in the 

Figure 2-16 
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Tgure 2-1 7 
;'ate Generation in the Materials and Proces~ Industries 
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zmbodied energy of unused or poorly 
.xed raw materials, in the energy 
content of waste streams, and in the 
Energy required to manage and dis- 
pose of wastes. This is especially true 
for the energy-intensive materials and 
process industries, where waste gener- 
ation and excessive energy consump- 
tion present opportunities for more 
efficient processes. When a process is 
inefficient, scarce energy resources 
are not being used effectively. When 
waste is created, materials, as well as 
energy, are not being used efficiently. 

Because they are so closely linked, 
decreased energy use and waste 
reduction can be complementary 
goals, Promoting pollution preven- 
tion in industry through various 
means will reduce fuel consumption 
within industrial processes as well as 
the energy used to treat and dispose 
ofwastes. To find potential targets in 
industry where both waste and energy 
reductions can be achieved, it is neces- 
sary to identify and quantify the major 
sources of waste, and how they are 
linked to the energy-intensive materi- 
als and process industries. 

The Genesis  of Industrial Was te  
As industry transforms materials into 
useful products, numerous byproducts 
are created. When these Byproducts 
have economic value, they are sold 
as secondary products or further 
transformed to create other useful 

materials. Unfortunately, an enor- 
mous amount of industrial byproducts 
has little or no economic value and 
is discarded as waste. 

The genesis of industrial waste per- 
haps can be best understood by con- 
sidering the flow of materials through 
industrial systems. Each industry, com- 
pany, or facility acquires input materi- 
als, transforms these materials into 
finished outputs, and discards useless 
byproducts (waste). Wastes can be cal- 
culated as the difference between the 
mass of all inputs and the mass of the 
useful outputs--a conceptually simple 
materials balance. With this perspec- 
tive, waste reduction becomes synony- 
mous with efficient materials use. 

Large quantities of raw materials are 
needed to create most of the products 

inputs consist of primary raw materi- 
als, known as active inputs, and sec- 
ondary materials, known as inactive 
inputs. Active inputs include the 
major ingredients needed for the 
final product-iron ore for steel, 
wood pulp for paper, etc. Inactive 
inputs include those such as water 
and air that are required for produc- 
tion but are a minor component of 
the finished product. 

As products and materials move from 
the extractive industries through the 
materials and process industries to the 
fabrication and assembly industries, 

' we use and consume. Production 

more of the active inputs are used in 
the final product. Hence, in mining, 
for example, very large quantities of 
unwanted mineral impurities are dis- 
carded in isolating the desired ele- 
ments. Often, 80% of the mass of 
the ores consist of undesirable con- 
stituents; 99% in the case of copper. 
In later production stages, such as in 
the transformation of iron to steel and 
in the subsequent forming of sheet 
metal for consumer products, smaller 
amounts of active inputs are discarded 
and less waste is generated. 

Examples of the principal material 
balances for several major U.S. mate- 
rials and process industries are shown 
in Figure 2-18. These balances, which 
were based on available production 
data, indicate that as much as 95% to 
as little as 11% of active inputs wind up 
in these industries' finished products. 

Industrial Was te  and Pollution: 
How Much and What Type? 
Information on which to base esti- 
mates of the quantity of waste gener- 
ated by industry is generally poor and 
must be pieced together from a variety 
of sources that have widely differing 
definitions of wastes. For example, 
agricultural byproducts that are 
returned to the soil may be viewed as 
a waste or a useful product. Differing 
reporting periods and methods of 
accounting for water content create 
additional problems. Because most 
wastes contain large quantities of 
water, some may argue that an entire 
stream is a waste while others may not 
consider the water component to be 
a waste. Conflicting definitions com- 
bined with the scarcity of reliable data 
create confusion over the magnitude 
of industrial wastes and the opportuni- 
ties to reduce them. 

Considering these substantial caveats, 
the best available estimates suggest 
that U.S. industry generates more 
than 14 billion tons of waste each 
year (Figure 2-19). These wastes 
include gaseous emissions, solid 
wastes, sludges, and huge amounts 
of wastewater. Most of the wastes 
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originate in the manufacturing sector 
which generates roughly 9 billion tons 
per year. The remaining industrial 
wastes-about 5 billion tons per 
year-come from coal'and nonfuel 
mining, oil and gas extraction, and 
agriculture. This estimate is at best 
a rough approximation of the true 
extent of waste generation. 

The following discussion of the 
principal types of industrial waste 
and pollution is based on data synthe- 
sized from a variety of data sources. 
It is focused primarily on the principal 
categories of waste and pollution as 
defined by various environmental 
statutes. These wastes include the 
major hazardous and nonhazardous 
waste streams of manufacturing, toxic 

The materials and process industries not 
only provide the foundation of our nation's 
industrial base; they are  also essential in 
supporting a secure national defense. If 
high-tech industries such as aerospace, 
transportation equipment, and microelec- 
tronics supply the muscle and central ner- 
vous system of our national defense, then 
the materials and process industries pro- 
vide the backbone and lifeblood to support 
our nation's military needs. Tanks and 
all-terrain vehicles, missiles and bombs, 
small arms and ammunition, fighter air- 
craft and helicopters, nuclear submarines 
and aircraft carriers, radios, computers 
and communications systems, intelligence 
and logistical systems are all fashioned 
from materials and propelled by fuels 
manufactured by the materials and 
process industries. 

Indeed, the materials and process indus- 
tries are essential to national defense in 
two fundamental ways: 

On one hand, they convert raw materi- 
als into durable items like metal alloys 
and polymer composites that are used 
to make the weapons and supporting 
systems necessary to conduct success- 
ful combat operations: 

On the other hand, their products help 
sustain military operations anywhere 
in the world with such essential non- 
durable supplies as food, clothing 
and fuel. 

A lengthy list of expert panels and reports 
have testified to the critical roles of the 
materials and process industries as sup- 
pliers to both the military directly and the 
industries that manufacture weapons and 
other military hardware. For example, the 
General Accounting Office (GAO) has 
identified more than 200 four-digit SIC 
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code industries as being defense-critical. 
These industries provide supplies and 
weapon systems to meet threats to the 
nation ranging from incidents of terrorism 
to full-scale global conflicts. According to 
GAO, in efforts to assess the viability of 
defense-critical industries, DOD has  
repeatedly identified the major materials 
and process industries including paper 
mills, various chemic4 products, petro- 
leum refining, primary and fabricated 
metals and machinery. 

As recent efforts to define defense-critical 
technologies have become more refined 
-and focused on computers, microelec- 
tronics, advanced propulsion systems and 
sensors-DOD has  continued to empha- 
size materials and manufacturing as criti- 
cal areas. For example, in DOD's influen- 
tial Defense Critical Technologies Plan, 
21 critical technologies were identified and 
classified into five clusters, including , 

materials and manufacturing. The materi- 
als and manufacturing cluster includes 
composite materials, high-energy density 
materials, and flexible manufacturing. ' 

Further evidence of the national defense 
significance of the materials and process 
industries comes from the National Critical 
Technologies Panel that was authorized 
by the Defense Authorization Act of 1990. 
The panel identified 22 technologies as 
critical to national economic prosperity 
and to national security. Materials synthe- 
sis and processing were prominently iden- 
tified on the list because the panel felt that 
they a re  fundamental to the technological 
progress of many key industries including 
microelectronics, aerospace, transporta- 
tion, and energy. 

waste, greenhouse gases, other air- 
borne pollutants and unclassified 
(i.e., exempt or nonmanufacturing) 
waste. The discussion provides a broad 
overview and introduction to the prin- 
cipal categories of waste and suggests 
ways that they might be interrelated 
from the standpoint of their various 
industrial sources. 

It is important to bear in mind that 
this discussion is focused on the 
quantitative dimensions of industrial 
waste. But from a legal, human health, 
or cost perspective, the qualitative 
dimensions of a million tons of highly 
toxic waste in many respects far out- 
weigh the quantitative significance 
of a billion tons of essentially inert 
nonhazardous waste. 

Nonhazardous wastes make up the 
largest category of industrial wastes. 
Manufacturers generate an estimated 
6.5 billion tons of nonhazardous waste 
per year. These wastes are defined as 
solid wastes by legislation, but have 
been estimated to contain roughly 
70% water by weight. The data report- 
ed on nonhazardous wastes is derived , 
from numerous sources, many of 
which are more than 10 years old. As 
a result, data for this waste type has 
the greatest degree of uncertainty 
and inconsistency. 

Within manufacturing, more than 
90% of the nonhazardous waste is 
produced by five industries: chemi- 
cals; primary metals; pulp and paper; 
stone, clay and glass; and food prod- 
ucts (Figure 2-20). About 97% of 
this waste is disposed of in surface 
impoundments at the plant site 
where it was generated. Very little 
is known about the characteristics 
of these wastes except what has been 
studied within specific industries 
(such as the chemical and petroleum 
industries) that collect waste data 
through their respective industry 
trade organizations. 

Hazardous wastes make up a smaller 
portion of the total industrial waste 
stream, but they represent a greater 
risk to the environment and human 



Chemicals: The chemical industry pro- 
duces more than 2 billion tons of waste 
each year. It is a major waste generator 
in every media and is the major source 
of hazardous waste in industry, account- 
ing for 91 % of these wastes in 1989. 
Chemicals, which are  used by nearly every 
industry and are found in many consumer 
products, contribute to waste streams 
throughout manufacturing. While the indus- 
try is dominated by about a dozen large, 
integrated companies, it also includes 
thousands of smaller chemical companies, 
creating a large and diverse waste profile. 
The vast majority of wastes are generated 
by a few sub-industries: plastic materials 
and resins, cyclic crudes and intermedi- 
ates, and other industrial organic chemi- 
cals. Most of the chemical industry's waste 
is process wastewater, both hazardous 
and nonhazardous.The industry also faces 
major challenges to reduce various air pol- 
lutants, particularly VOCs and oxides of 
sulfur and nitrogen.The chemical industry 
spends the most for pollution abatement 
and control-$6.5 billion in 1992. How- 
ever, because of its economic vitality, this 
industry is less burdened by these costs 
than other industries (about 3.5% of 
value added). 

Because this industry produces such 
significant waste streams, investments in 
pollution prevention R&D within the chemi- 
cal industry could yield very large environ- 
mental and economic benefits.To meet 
the waste challenge, many large chemical 
companies have pioneered advances in 
pollution prevention technologies. Shifts to 
aqueous-based cleaners, solvent recycling 
technologies, and better operating prac- 
tices are some of the steps that have 
helped to reduce wastes in chemical man- 
ufacture and use. Advanced separation 
technologies are viewed as having the 
greatest potential for reducing large 
waste streams economically. 

Pulp and Paper: The pulp and paper 
industry is the largest waste generator in 
manufacturing. Most of these wastes- 
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2.3 billion tons-are nonhazardous. The 
industry accounts for less than 10% of 
hazardous, toxic, air and greenhouse g a s  
wastes in manufacturing. Solid wastes 
from the pulp and paper industry are gen- 
erally nonhazardous wastewaters that are 
low in metal content. Major waste streams 
include bark and wood wastes, spent pulp- 
ing chemicals, and wastewater treatment 
sludges. Water-borne pollution is a major 
concern of the industry, especially control- 
ling the formation of dioxin at  kraft pulp 
mills.The pulp and paper industry recycles 
large amounts of wastepaper, recovering 
a n  estimated 36% of wastepaper in 1992. 
This industry also uses a part of its waste 
stream as boiler fuel, such as wood wastes 
and pulping liquor. Pollution abatement and 
control costs for pulp mills are relatively 
high, representing 17% of capital expendi- 
tures and 12% of value added. 

Petroleum: The American Petroleum 
Institute estimates petroleum refining 
wastes to be  about 16 million tons per 
year-about one-tenth of EPA's estimate. 
The petroleum refining industry produces 
relatively little solid waste. Roughly 
three-fourths of solid waste from refining 
is aqueous wastes, with the remainder 
consisting of contaminated soils, oily 
sludges, spent catalysts, and chemicals 
and inorganic wastes. Major pollutants 
include air emissions (sulfur oxides, nitrous 
oxides, and carbon monoxide), heavy met- 
als, VOCs, toxic air emissions, spent sol- 
vents and catalysts, and naturally occur- 
ring radioactive materials. The biggest 
waste challenge faced by petroleum refin- 
ers  is controlling air-borne emissions of 
key pollutants.This is reflected in the very 
high expenditures for pollution abatement 
and control-$5.3 billion in 1992.This rep- 
resents more than 15% of the value added 
for this industry (compared to 1.7% for all 
manufacturing). Implementation of the 
Clean Air Act Amendments of 1990 is 
expected to create additional costs and 
technical challenges for refiners. 

Primary Metals: Waste streams 
from the metals industry include a diverse 
collection of solid, liquid, and gaseous 
byproducts. Steelmaking and iron blast 
furnaces produce slag, iron oxide scale, 
coke breeze, waste pickle liquor, and a 
variety of sludges and dust. Foundries 
and metal casting operations also produce 
large amounts of waste sand that contain 
metal constituents. Many types of iron 
wastes are recovered and recycled 
throughout the iron and steelmaking 
process. Other wastes include toxic air 
emissions from coke ovens and waste- 
water sludges. 

The production of non-ferrous metals, 
including aluminum, copper and zinc, gen- 
erates a variety of solid wastes. The major 
source of wastes in aluminum production 
are  in pothers, scrap furnace brick, black 
and white mud from potliner reprocessing, 
and various sludges. Copper production 
results in significant furnace slag and mis- 
cellaneous slurries. Zinc production yields 
kiln residue from smelters and clinker 
waste from zinc oxide plants. 

Stone, Clay, and Glass: The major 
wastes in these industries are inorganic, 
nonhazardous byproducts, mostly in the 
form of fines and dust of the primary prod- 
uct. Because these industries produce 
little or no hazardous and toxic wastes, pol- 
lution abatement and control costs are 
average for manufacturing. Most of the 
wastes produced include substances found 
in the feed material, such as silica, soda 
ash, lime, clay, and stone and cement dust. 
One of the largest sources of solid waste 
is cement kiln dust. These wastes are 
currently exempt from hazardous waste 
regulations pending further study by EPA. 
Because of the high heat produced, 
cement kilns burn some hazardous (e.g., 
solvents and waste oils) and nonhazardous 
wastes as secondary fuel (about 15% of 
Btu needs are  from wastes). Combustion 
of these hazardous substances has  
created concern regarding the charac- 
teristics of cement kiln dust. 
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Figure 2-18 
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health and are therefore more closely 
regulated. Hazardous waste is charac- 
terized as having toxic, corrosive, 
reactive, or ignitable properties. In 
addition, mixtures containing specific 
(listed) substances are considered 
hazardous. According to EPA, in 
1989 about 193 milIion tons of haz- 
ardous solid waste were managed in 
treatment, storage, and disposal facil- 
ities regulated under the Resource 
Conservation and Recovery Act 
(RCRA). Although data collection 
covered 20,732 sites throughout the 
United States, many hazardous wastes 
are managed outside the scope of the 
RCRA permitting system. Analysis of 
the hazardous waste data for 1987 
indicates that the reported wastes 
represent only about 40% of the total 
estimated hazardous waste stream in 
industry. This suggests that all of 
industry generated close to 500 mil- 
lion tons of hazardous waste in 1989. 

Much of the hazardous waste gener- 
ated in the United States is concen- 
trated in a small number of large 
,manufacturing complexes. Of the 
20,732 sites covered in the 1989 
RCRA report, 60 sites (less than 0.5%) 
accounted for 93% of all wastes. Of 
these sites, 40 are in the chemical 
industry, which accounts for 91 % of 
hazardous waste generation in manu- 
facturing. Other industries that con- 
tain large hazardous waste generators 
are petroleum refining, electronic 
and electric equipment, fabricated 
metal products, and primary metals. 
More than 90% of the weight of haz- 
ardous wastes are wastewaters. 

Toxic waste emissions from manufac- 
turing are of special interest because 
of their potentially severe impact on 
the health of workers, local communi- 
ties, and the environment. In 1991, 
U.S. companies released and trans- 
ferred 3.2 million tons of toxic wastes 
(Figure 2-21). The chemical industry 
was responsible for the largest portion 
of these wastes, followed by primary 
metals and the petroleum refining 
industries. Together these three indus- 
tries account for nearly two-thirds of 
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the total toxic waste stream. Topping 
the list of toxics was ammonium sul- 
fate, which .is often used as an agricul- 
tural fertilizer and is also a co-product 
of some chemical processes and a 
byproduct of steel coke ovens. Other 
major toxics included widely used 
commodity acids (e.g., sulfuric, 
hydrochloric) and commonly used 
solvents and chemical building blocks 
(eg., methanol, toluene, acetone, 
xylene, trichloroethane, etc.) . 
Greenhouse gases comprise a group 
of gaseous wastes that are associated 
with global climate change. Major 
contributors include carbon dioxide, 
methane, nitrous oxide, and chloro- 
fluorocarbons (CFCs) . Carbon diox- 
ide, the largest source of greenhouse 
gases, is produced by fossil fuel 
combustion and certain industrial 
processes (including cement manu- 
facture, lime manufacture, limestone 
in steelmaking, carbon dioxide manu- 
facture, soda ash manufacture and 
use, and aluminum production). In 
1991, an estimated 2.3 billion tons 
of C02 was emitted by industry. 
Industrial methane emissions, which 
result from agricultural activities and 
energy production and use, were esti- 
mated at 18 million tons in 1991. 
Although significant uncertainty still 
remains about the magnitude of 
future climate change from green- 
house gases, the potential effects of 
sustained temperature rises (e.g., 
rising sea levels, availability of water, 
etc.) continue to be a cause for 
concern and study. 

In addition, industry manufactures 
all of the CFCs in use and emits some 
waste CFCs. CFCs are associated with 
the depletion of the stratospheric 
ozone layer, which normally filters the 
ultraviolet radiation that can be harm- 
ful to human health and the environ- 
ment, Although CFCs remain in wide 
use, international agreements have 
already been adopted to control and 
eventually phase out the use of 
harmful CFCs entirely over the next 
10 years. 
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Airborne pollutants are gaseous 
byproducts of fossil fuel combustion 
and other industrial activities. Several 
of these pollutants-particulates, SOx, 
NOx, VOCs, and CO-contribute to 
poor urban air quality and regional air 
problems like acid rain. EPA has esti- 
mated that industrial sources account 
for more than 40% of all reactive VOC 
emissions, about 15% of SOx emis- 
sions, and about 3% of NOx emissions 
in the United States. 

I Metal I All Others 
Electronics Fabrication Transportation 

Equipment 

Elevated levels of these pollutants can 
lead to a variety of adverse health 
effects, and have also been blamed 
for reduced crop yields and stunted 
forest growth. Ozone, for example, pro- 
duced through chemical reactions that 
involve both NOx and VOCs, is a major 
component of smog. Acidic deposition, 
or acid rain, occurs when pollutants 
(primarily SOx, NOx, and VOCs) form 
acidic compounds in the atmosphere 
and are later deposited on the earth by 
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2-23). Overall, nonmanufacturing 
wastes represent about 40% of the 
total industrial solid waste stream. 
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rain, snow, or fog. The detrimental 
effects of these acidic compounds on 
aquatic systems, forests, and human 
health are of major concern to the 
public. In 1990, air emissions fiom the 
manufacturing industries reached more 
than 10 million tons (Figure 2-22). The 
highest producers of airborne pollu- 
tants are the chemical, petroleum refin- 
ing, primary metaIs, pulp and paper, 
and stone, clay and glass industries. 

Exempt wastes (as classified by 
RCFU) include those originating in 
mining and agriculture. Though 
the quantities of these wastes are sig- 
nificant, they are classified as exempt 
wastes because the task of defining 
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what constitutes waste is not always 
straightforward. For example, some 
have argued that removing and 
replacing overburden in mining or 
plowing under dried corn stalks in 
farming should not be considered 
part of the industrial waste stream. 
Mining wastes considered for this 
report include wastes fiom oil and gas 
extraction and production, metal min- 
ing, and nonmetallic minerals (except 
fuels); coal mining wastes are not 
included. Agricultural wastes 
consist mainly of feedlot wastes and 
crop wastes. EPA estimates the upper 
limit of agricultural wastes at one bil- 
lion gallons per day, which translates 
to 1.5 billion tons per year (Figure 

Costs of Wzste Management 
and Potiution Control 
The Department of Commerce esti- 
mates that all of American industry- 
including manufacturing, electric util- 
ities, mining, and a variety of service 
and nonmanufacturing industries 
-spent $53 billion for waste manage- 
ment and pollution control in 1992. 
These costs represent direct outlays 
for equipment purchases, operations, 
and maintenance but do not include 
a wide variety of indirect costs asso- 
ciated with waste management as 
described below. 

Manufacturing sector pollution 
abatement operating cost/capital 
expenditure data are collected by 
the Census Bureau in a survey of 
companies. Preliminary estimates 
indicate that manufacturers spent 
roughly $27 billion on pollution con- 
trol equipment and operations in 
1992-about 1% of the total value of 
all manufacturing shipments (Figure 
2-24). However, pollution control costs 
do not fall evenly among industries. 
Five materials and process industries 
account for about 70% of total costs. 

I 

Several measures can be used to 
assess effects that pollution control 
costs have on U.S. competitiveness. 
One approach is to consider pollution 
control costs as a portion of sales and 
value added. On average, manufactur- 
ers spend 0.8% of sales and 1.72% 
of value added on pollution control 
expenditures. However, once again, 
the average is misleading because of 
the great variance of these expendi- 
tures among industries. For example, 
the petroleum refining industry 
spends much more than this average 
-2.25% of sales and 15.4% of value 
added-on pollution control. Other 
materials and process industries 
that spend more than the average 
include pulp mills, blast furnaces, 
inorganic chemicals, chemicals, and 
primary metals. 



Another, even more compelling indi- 
cation of the impact of pollution con- 
trol costs on US. competitiveness is 
the portion of capital expenditures 
that is allocated to this activity. In 
1991 , 7.9% of all capital expenditures 
by manufacturers were for pollution 
control equipment. However, once 
more the average is misleading. Four 
materials and process industries- 
petroleum refining, chemicals, metals 
and paper-allocated on the average 
about 15% of their total capital expen- 
ditures to pollution control. U.S. 
petroleum refiners spent over 25% 
of their capital on pollution control. 
In contrast, most fabrication and 
assembly industries including those 
such as textiles, automobiles, and 
machinery devoted only about 2% 
or 3% of their capital expenditures 
to pollution control (Figure 2-25). 

In addition, the Congressional Office 
of Technology Assessment believes 
that manufacturers' pollution abate- 
ment expenditures may be substantial- 
ly under-reported. OTA has indicated 
that such factors as interest expendi- 
tures, productivity losses, product qual- 
ity degradation, indirect labor costs, 
legakikes, liability costs, indirect mater- 
ial and energy costs, interest expenses, 
research and development costs, and 
opportunity costs of alternative invest- 
ments are all under-reported in calcu- 
lating actual pollution control costs. 
For estimation purposes, OTA suggests 
a rough figure of 25% underestima- 
tion. Using this factor, actual pollution 
control expenditures for manufactur- 
ing may amount to about $30 billion 
per year--further exacerbating the 
negative impact of pollution control 
expenditures on the competitiveness 
of US. industries, especially the mate- 
rials and process industries. 

Moreover, U.S. firms spend more than 
their international rivals on pollution 
control, From 1974 to 1990, U.S. com- 
panies spent between 0.8 and 0.95% of 
GDP on pollution control while other 
OECD countries spent considerably 
less. The comparable estimates ranged 
from about 0.3% for France to 0.8% 
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for Germany; Though differences in 
how countries account for pollution 
control costs detract from the reliabil- 
ity of these data, the available evidence 
indicates that the United States spends 
more than Japan, Germany, the 
Netherlands, and other leading envi- 
ronmentally active countries in the por- 
tion of capital expenditures that are 
used for pollution control equipment. 

A final perspective on these costs 
considers the amount spent on pollu- 
tion abatement and control compared 
to other corporate costs. Pollution 
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control expenditures are about half of 
what industry spends on all corporate 
R&D and is equal to what they spend 
on all employee training. To the 
extent that pollution control diverts 
money from these other important 
activities, the competitive disadvan- 
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TURNING TECHNOLOGY 
TO ADVANTAGE IN A 
KEYSTONE U.S. INDUSTRY 

The U.S. chemical industry is excep 
tionally large, complex and diverse. 
In 1992 its total shipments were val- 
ued at $306 billion and it employed 
850,000 workers. It produces more 
than 60,000 different products rang- 
ing from basic organic and inorganic 
commodity chemicals such as ethylene 
and sulfuric acid to mass-market con- 
sumer goods such as drugs, detergents 
and paints. The preponderance of its 
products, however, are inputs to other 
manufacturing industries as well as , 

agriculture and mining. Export mar- 
kets are also a significant outlet for 
chemical industry products, account- 
ing for about 14% of total industry 
sales (Figure 3-1). 

Chemical industry products improve 
the productivity and quality of goods 
produced by other industries. For 
example, fertilizers produced in the 
chemical industry enable U.S. farmers 
to be the most productive in the 
world. Steel industry basic oxygen 
furnaces are dependent on oxygen 
supplied by the chemical industry. 
Paints and plating compounds made 
in the chemical industry protect all 
kinds of metallic structures from autos 
to bridges and extend their useful life- 
times. Because of its basic, keystone 
role as a supplier to so many manufac- 
turing and other industries, the per- 
formance and competitiveness of the 
chemical industry are both dependent 
on and contribute to the performance 
and competitiveness of the rest of the 
industrial economy. 

Table 3-1 
Chemical Indwlrj Profile. 

Value of Shipments 

Total Employment i 850,000 jobs 

i 5306 billion ....................................... ^ ..................................... 

Capital Expenditures i $16.5 billion 

NelTmde Balance i $15.5 billion 
....................................... ~ ..................................... 

Energy Consumption i 5.05 quadrillion Elu 

Waste Generation 1.84 billion tons 
........................................ > ..................................... 

Average Hourly i $15.25 
Earnings 

Figure 3-1 
US. Chemical Industry Mark&, 1993 

US. Manufacturing 
54% 

Agriculture 1 
4% \ 

The chemical industry is simulta- 
neously a traditional smokestack 
industry and a high-tech industry. 
It possesses both high growth and 
mature industry segments. It is one 
of the largest energy-consuming 
and wastegenerating industries 
while simultaneously it houses the 
knowledge- and technology-in tensive 
pharmaceutical industry and zuch  
of the fledgling biotech and advanced 
materials industries. 

Industry's Success Based Largely 
on R&D and Innovation 
A key to the success of the U.S. chemi- 
cal industry-and a feature that largely 
distinguishes it from other materials 
and process industries-has been its 
traditionally large R&D funding and 
its strong propensity to innovate. It was 
one of the first industries to support 
company-owned research labs, and 
more than 80,000 scientists, engi- 
neers, and technicians are employed 
in chemical-related R&D. In 1992 
more than $16 billion was spent on 
R&D, an amount equal to about 5.5% 
of total chemical industry sales. This 
compared to a manufacturing sector 
average of 3%. Only the transportation 
equipment industry group-including 
both the auto and aerospace indus- 
tries-had higher R&D expenditures. 

Health Care, 
Consumer Products, 
. andSewices 

24% 

Swrce: Chemical Mnnutaclurers Asxiation 

One particularly successful class of 
products that in many respects exem- 
pl ies  the technology-based culture 
of the chemical industry is plastics. 
Through the development and appli- 
cation of complex synthesis and pro- 
cessing methods, chemical industry 
technologists have been able to create 
hundreds of different plastic materials. 
Typically, synthetic polymer matefials 
can be produced at competitive costs 
with properties that are comparable 
or even superior to such traditional 
materials as steel, paper, wood, and 
glass. Such favorable qualities com- 
bined with aggressive marketing have 
propelled the U.S. plastics market at 
greater than a 6% annual rate of 
growth for well over a decade. 

The chemical industry's proficiency 
in innovative technolodes and prod- 
ucts such as polymer materials has 
contributed much to its huge success 
in the global market. The chemical 
industry is the largest exporting indus- 
try in the U.S. economy with 1993 
exports valued at $42.7 billion. Its trade 
balance (exports minus imports) in 
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Because of the complexity of the chemi- 
cal industry, it is difficult to characterize 
its principal technologies and processes 
in a simple yet meaningful manner. But 
in the broadest sense, chemical industry 

I manufacturing processes convert start- 
ing materials (feedstocks) into products, 
byproducts, and their associated wastes. 
Most chemical manufacturing processes 
fall into one of two major categories: 
unit processes or unit operations. In 
addition, process controls are widely ’ 
employed in the industry and are inte- 
gral components of most chemical 
manufacturing processes. 

Traditional chemical engineering has 
taught two views of a chemical process. 
First, each process consists of one or 
more unit processes such as nitration, 
oxidation, pyrolysis, amination, epox- 
idation, chlorination, or electrolysis. 
Management of the chemistry of unit 
processes typically involves modeling 
and analysis of reaction kinetics 
and thermodynamics. 

Second, each process requires one or 
more unit operations such as distillation, 
absorption, extraction, evaporation, 
centrifugation, filtration, heat transfer or 
pumping. Management of the heat and 
mass transfer aspects of unit operations 
typically involve equipment systems and 
the modeling and analysis of transport 
properties and thermodynamics. 

Process control refers to the systematic 
collection and integration of information 
about a chemical process, and the use 
of that information to adjust the process. 
Many chemical industry processes are 
virtually fully automated-operator inter- 
vention is needed only in the event of 
extreme process variability or malfunc- 
tion. Improved controls enhance effi- 
ciency by stimulating adjustments to the 
process that reduce variability between 
actual operating conditions and design 
specifications. Sensors are an essential 
part of control systems.They detect 
changes in variables such as tempera- 
ture, pressure, flow, density, viscosity, 
chemical composition and moisture 
content that trigger appropriate 
process adjustments. 

. 

1993 was $15.5 billion. Because of the 
large value of chemical exports, the 
industry plays an especially critical role 
in the nation’s overall trade picture. 
It is essential that the industry retain 
its traditionally strong competitive 
stance at the risk of severely aggra- 
vating our country’s chronic and 
disturbing trade deficit. 

Is Chemical Innovation Slowing? 
Still, there are growing concerns 
about the ability of the industry to 
sustain its traditional commitment 
to R&D as a mechanism for main- 
taining its above average growth and 
competitive edge. As the chemical 
industry has diversified into such 
high-tech fields as pharmaceuticals, 
biotechnology, and advanced mat- 
erials, its R&D focus has shifted 
increasingly toward new product 
development and away from more 
fundamental breakthroughs. 
Chemical companies are investing 
more heavily in product line exten- 
sions, upgrades and technical service 
at the expense of their historical 
commitment to new chemistry and 
novel processes. Central research 
laboratories are refocusing on near- 
term goals, being downsized, or 
even eliminated. 

In addition, an ever-lengthening and 
more costly litany of environmental 
regulations is threatening the compe- 
titiveness of the chemical industry 
as they require an increasingly large 
share of the chemical industry’s avail- 
able investment capital. For example, 
the 1990 Clean Air Act Amendments 
set standards for industrial sources 
of more than 40 pollutants that must 
be met by 1995 and for 148 pollutants 
that must be met by 2003. The risk of 
such regulations inhibits the chemical 
industry’s traditional drive to develop 
new materials and other products that 
underlie its growth and contribute to 
its competitiveness. Moreover, experts 
predict that in the near future, such 
measures will force the industry to 
spend a much larger share of its 
investment capital-as much as 
25% to 30%-on pollution activities. 

Continued growth and international 
competitiveness of the chemical indus- 
t ry  depend on continued increases 
in productivitystemming in large 
measure from R&D and upgrading 
plants and equipment. But environ- 
mental regulations that discourage 
new investment in R&D and in more 
efficient, competitive and environ- 
mentally friendly manufacturing 
processes and facilities could lower 
the U.S. industry’s competitiveness 
and its long-term growth. 

THE MANUFACTURING PROCESS: 
E PLURIBUS PLURIBUS 

In comparison to other materials 
and process industries such as steel, 
paper and petroleum refining, the 
chemical industry relies on a wider 
range of raw material inputs to 
make a much longer list of products. 
Whereas the steel, paper and petro- 
leum refining industries may each 
produce several hundred different 
products, the chemical industry 
makes as many as 60,000 different 
products. Inevitably, with wider ranges 
of raw material inputs and product 
outputs, chemical manufacturing 
processes are considerably more com- 
plex than those of most other materi- 
als and process industries. 

Figure 3-2 provides one perspective 
about how the principal components 
of the chemical industry relate to one 
another. As shown, the industry’s raw 
materials are supplied by agriculture, 
fossil fuel extraction and mining. 
These raw materials are processed 
into basic and intermediate chemicals 
that become the basic building blocks 
for a broad range of chemical addi- 
tives and functional chemical prod- 
ucts. For example, the organic chemi- 
cal ethylene-the building block for 
polyethylene-is used in the produc- 
tion of several intermediate chemicals 
that are then processed further. Other 
chemical elements and chemical com- 
pounds, such as chlorine and oxygen, 
are often incorporated in or used to 
facilitate the manufacture of these 
chemicals (Figure 3-3). 



Organic chemicals are mainly petro- 
chemicals (i.e., produced from oil 
or other fossil fuel feedstocks) and 
by definition contain carbon atoms. 
Like other basic chemicals, basic 
organic chemicals are large volume 
commodities that typically sell at low 
prices. Products made from organic 
compounds are found in almost every 

I Chemicallndustry 1 .  . - .  .. . / . ,  _ _  ~ 
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kind of manufactured good. Organic 
compounds include (among others) 
ethylene which is used largely to 
manufacture polyethylene plastics, 
benzene (used to make styrene) 
and toluene which is consumed 
largely to refine gasoline to boost 
octane levels. 

Benzene, ethylene, xylene and other 
basic organic chemicals are also 
synthesized in various combinations 
to produce other organic chemicals 
that are slightly more complex and 
specialized. These are called interme- 
diate chemicals because they usually 
require further processing into new 
compounds before they can achieve 
their full functionality. A few of the 
larger volume intermediate organic 
chemicals include ethylene dichlo- 
ride, ethylbenzene, methanol and 
vinyl chloride. 

Inorganic chemicals are typically ' 

recovered from metallic ores or non- 
metallic minerals. Examples of some 
of the larger tonnage inorganic com- 
pounds include sulfuric acid, chlorine 
and soda ash, among others. The 
inorganic segment of the chemical 
industry is less complex than the 

Styrene Polymers 
Polyvinyl Acetate, Styrene (21) and Copolymers 
Polyvinyl Alcohol, 
and Polymers 

A 

I Benzene (17) E t h y l ~ f ~ ~ e  I I 
I 

Chlorine (9) 
I 

Vinyl Chloride 
Polymers and , 
Copolymers 

I Acetic Acid (35) t I ,  

I + I 
Ethylene Vinyl Chloride 

(1 6) Ethylene (4) ' Dichloride (14) Vinyl Acetate 

' Ethylene 
Oxygen (2) Oxide (29) 

I 

Hydrogen 
C h I o ri d e 

Hydrochloric Metal Pickling 
and Other Uses 

Radiator 
Fluid Glycol (30) Acid (26) 
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Note: Numbers in parentheses refer to the production ranking of that chemical in the United States. 

Source: Brief Charadeizations of the Top 50 US. Commodity Chemids. Om 
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organic segment, and a relatively lim- 
ited number of commodities account 
for the bulk of production and sales. 
Inorganic chemicals have been among 
the most widely used products of the 
chemical industry since its inception. 
Hence, in general their markets are 
fairly mature with only moderate 
rates of growth. 

An important distinction between 
inorganic and organic chemicals is 
that organic compounds often wind 
up in polymer materials that are use1 
in manufactured goods. Inorganics, 
on the other hand, are used primarily 
as catalysts or processing aids and, as 
a result, are not usually embedded 
in manufactured goods. This dissipa- 
tive nature of inorganic chemicals has 
important environmental implications, 

Industrial gases such as oxygen, nitro- 
gen and argon are manufactured by 
the liquefaction and fractionation of 
air using ultra-low temperature tech- 
nology. Other industrial gases, such 
as acetylene and carbon dioxide, are 
made by chemical methods. Most 
oxygen is used ig steelmaking while 
a large proportion of nitrogen is 
reacted with hydrogen to produce 
ammonia. Carbon dioxide is used 
largely in dry ice, and almost all acety- 
lene is consumed in metal welding, 
cutting and similar applications. 

Chemical additives are often special- 
ized chemicals that perform a wide 
variety of functions and are manufac- 
tured by many types of technologies. 
They can be classified into two broad 
categories: end use (with typically 
industry-specific applications) and 
multi-purpose (generally used in 
numerous products or industries). 
Among the largest consumers of 
end-use specialty chemical additives 
include the plastics, petroleum 
refining, food, textile, paint and elec- 
tronic industries among many others. 
Generic or multi-purpose chemical 
additives include paints and pigments, 
dyes, detergents and other surfactants, 
flame retardants, corrosion inhibitors, 
enzymes and many others. 



knctional chemicals are products 
.hat are used by one or many indus- 
ries for a particular application. 
'olymers manufactured from organic 
ietrochemicals are by far the largest 
:lass of functional chemical products, 
ind include plastic materials as well 
IS synthetic resins, fibers and rubbers. 
lgricultural chemicals, including fer- 
.ilizers and pesticides, are the second 
nost important category of functional 
:hemicals. Other functional chemicals 
nclude industrial cleansers, explo- 
;ives, adhesives and catalyst+ 

Energy 
.n 1991, the chemical industry con- 
wmed about 5.1 quads of energy. 
\bout 53% of chemical industry 
snergy use was for fuel and power 
md the remainder was used for 
'eedstocks. Some segments of the 
:hemica1 industry are very energy- 
ntensive; for example, energy costs 
n the industrial gas segment of the 
ndustry account for 40%-50% of total 
>perating costs. On the other hand, 
ither industry segments use energy 
ess intensively. For example, energy 
x e  in the production of inorganic 

10% of production costs. Overall, 
iowever, four segments of the chem- 
cal industry-inorganic chemicals, 
irganic chemicals, plastics and fertil- 
zers-consumed 86% of all fuel and 
3ectricity used in the chemical 
ndustry in 1991 (see Figure 3 4 ) .  

rhe overall efficiency of energy use 
n the chemical industry has improved 
3y 51% since 1974. This is because 
Jf improved technology and energy 
nanagement as well as a general shift 
.oward the production of less energy- 
ntensive products. Simultaneously, 
.he proportion of energy used for 
'eedstocks in the chemical industry 
ias grown from 39% in 1970 to 48% 
wesently. Much of this increase can 
ie attributed to growth of the 
Aastics business. 

. :hemicals accounts for less than 

\ 
Refined Oil Products 

Chemical 
Feedstocks 
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Coal, Coke, and / 
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Sourn: EIA 

Environmental Profile 
The chemical industry produces 
about 2 billion tons of waste per year, 
most of which is wastewater. It is a 
major source of hazardous waste in 
industry, accounting for 91% of these 
wastes in 1989. The industry also faces 
major challenges to reduce various air 
pollutants, especially VOCs and oxides 
of sulfur and nitrogen. The vast major- 
ity of chemical industry waste is gener- 
ated by just a few industry segments 
including plastic materials and resins, 
tonnage basic and intermediate 
chemicals, and other industrial 
organic chemicals. 

It is instructive to consider the 
ultimate application of various types 
of chemical products. Chemicals are 
used as catalysts, detergents and clean- 
ing agents, paints and dyes, enzymes, 
solvents, fertilizers, pesticides, water 
and sewage treatment agents, food 
and gasoline additives, explosives, 
bleaching agents, abrasives and drugs. 
All of these uses are dissipative in 
nature. That is, chemicals become 
widely dispersed in very small con- 
centrations making recycling virtually 
impossible, at least from an economic 
viability standpoint. 

The fact that so many chemical 
products are used dissipatively has 
important environmental implica- 
tions. Although released in small 
quantities, dispersed chemicals can 
eventually begin to accumulate in 
concentrations sufficient to be poten- 
tially harmful to human health and 

Organic Inorganic 
Chemicals Chemicals' 

2.5 0.5 

Plastics. 
Resins, 

and Rubber 
0.75 

Process Energy Fertilizers 
2.7 Other 0.6 

Chemical 
Products 
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the environment. The chemical use 
of lead in paints and gasoline are *< 

examples of the potentially harmful .:. 
nature of chemical dissipation. i: 
Dissipation is less pronounced in 
polymers, of course, which are used 
in textiles, fiberglass, and plastics in 
ways similar to most traditional mat- 
erials. Still, the large number of 
grades of plastics, the tendency for 
plastic materials to degrade when 
melted and re-used, and the diffi- 
culties of recycling fiber-reinforced 
plastics tend to limit the amount of 
plastics recycling compared to many 
other materials. 

THE OIT CHEMICAL PROGRAhrl 

The major components of the OIT 
chemical program include alternative 
feedstocks, advanced separation 
technologies (including membranes), 
catalysis, bioprocessing and a variety 
of waste reduction projects that target 
chemical industry processes and prod- 
ucts. Because the organic chemical 
industry is based almost entirely on 
petroleum and natural gas feedstocks, 
the alternative feedstocks program is 
seeking to develop renewable substi- 
tutes for these depletable inputs. A 
series of commercial biomass tech- 
nologies are being developed that 
convert hydrocarbons from renewable 
agricultural and forestry resources such 
as switchgrass, woody crops, and corn. 

The membrane program is develop 
ing systems that act as permeable bar- 
riers to separate or concentrate the 
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components of chemical process 
streams. In comparison to conven- 
tional chemical separation processes, 
advanced membranes are very energy 
efficient because they do not require 
large amounts of thermal energy; 
rather, only electrical energy is needed 
to force the material through the 
membrane. The bioprocessing pro- 
gram has two components: biological 
technologies and chemical tech- 
nologies. The primary focus of the 
biological technologies R&D efforts 
is to introduce biotechnology into 
the chemical industry through adopt- 
ing biological systems to operate in 
organic media and develop high- 
volume, highcapacity engineering 
systems. The primary focus of the 
chemical technologies R&D efforts 
is to reduce the time it takes to intro- 
duce catalysts into industry process 
operations by developing modeIs that 
guide catalyst and process design. 

i Current f OIT '- Reduction 
iTechnologyfTechnology Unit ' Industry . .  Category 
i 6178 f 5676 f 502 i 502 ......................................................................... + ........................ ! ........................ - ................................................. Energy Use (billion Btu) 
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.......................................................................... ; ................................................. 2 ........................ : 

. I  

....................... 
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Alternative Feedstocks 
The goal of the Alternative Feedstocks 
Program is to develop economically 
feasible, environmentally sound 
processes foF producing chemicals 
fiommewable (biomass) resources 
such as corn and other farm crops, 
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wood, or biomass recovered from 
wastes. Currently, nearly all organic 
chemicals are made from either crude 
oil or natural gas. Renewable resources 
have the potential to be used as feed- 
stocks for a number of high-volume 
intermediate chemicals, from which 
many diverse chemical products are 
made. The use of biomass feedstocks 
in the chemical and petroleum indus- 
tries should be desirable from just 
about any point of view-energy, 
economic, and environmental. The 
ability to derive chemicals from renew- 
able resources will help these industries 
respond to changing world markets and 
feedstock availability, as well as promote 
lifecycle environmental stewardship. 

Biologically Produce& Organic Acid 
Derivatives: A New Route to Chemical 
Intermediates 
(Oak Ridge National Laboratmy, 
Argonne National Laboratory, National 
Renezuabk Energy Laboratory, Idaho 
National Engineering Laboratory, 
Pacific Northwest Labhatmy, Michigan 
Biotechnology Institute) 
Organic chemicals are typically pro- 
duced in a series of steps involving the 
production of one or more chemical 
intermediates-chemical building 
blocks that can then be converted into 

~~ 

Table 3-2 
Annual Benefits of Biorogitally Produced Organic Acid Den-uatiue-s 
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The data contained in these tables a re  
derived from a process that OIT is 
implementing to help bring more disci- 
pline to its planning activities.To give a 
more consistent representation of the 
possible advantages of OIT-supported 
technologies, quantitative estimates of 
the potential benefits of many of these  
projects have been developed. Although 
these estimates represent the best judg- 
ment of expert program managers who 
are  highly informed about these tech- 
nologies, the tentative nature of these 
estimates must be emphasized. The 
potential benefit tables in this report 
are  not statements of fact-rather, they 
are  forecasts about the future. A s  such, 
they are subject to influence by many 
uncertainties relating to such factors as 
competing technologies, end product 
demand, energy prices, interest rates, 
government regulations and foreign 
competition. An appendix to this 
report describes the methodology 
used to derive the benefit estimates 
in greater detail. 

, 

the, final product. Typically, organic 
chemical intermediates are derived 
from hydrocarbon feedstocks such 
as petroleum or natural gas. This OIT 
program is investigating new ways of 
producing chemical intermediates 
using biological methods. 

The initial target of the program is 
succinic acid, which is mainly pro- 
duced from a petroleum-based feed- 
stock in a number of energy-intensive 
and costly steps. But the acid can also 
be produced by a biologically derived 
route-fermentation. This process 
uses glucose derived from corn syrup 
as the feedstock. However, the con- 
ventional biological separation pro- 
cess produces an undesirable waste 
byproduct, gypsum. For biological 
production methods such as fermen- 
tation to become competitive with 
current petroleum-based production 
methods, technological improvements 
are needed to decrease the costs. This 
can be achieved by eliminating unde- 
sirable byproducts, increasing yields, 
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allowing for continuous chemical 
reaction, and improving purification 
techniques. 

The AFP’s national laboratory con- 
sortium has undertaken ajoint R8cD 
project, guided by industrial input, 
to demonstrate the feasibility of a 
fermentation bioprocess to produce 
succinic acid, and various derivatives, 
without gypsum production. The 
proposed process uses a corn-base 
(an abundant feedstock) sugar. The 
sugar is mixed with new microorgan- 
isms developed by industry in a vessel, 
known as a bioreactor. These micro- 
organisms have demonstrated the 
capability of producing improved 
yields and concentrations of succinic 
acid, The resulting succinic acid 
product will then be separated and 
concentrated from the mixture using 
an advanced technique, membrane 
electrodialysis. A recently performed 
economic analysis shows a reduction 
in the overall production cost of 
approximately $O.O6/lb, compared 
to those of conventional fermentation 
organic acid recovery processes. The 
program continues to re-evaluate, and 
revise its economic projections based 
on its actual R8eD results. 

Succinic acid is just the chemical 
intermediate. The final use of succinic 
acid will be to build through catalysis, 
other higher-valued chemicals, such 
as butanediol. Butanediol is used for 
plastics applications. The national lab- 
oratory consortium is also working on 
this, as part of the succinic acid pro- 
ject. Industrial producers or users of 
the butanediol and related chemicals 
are being sought to lead the demon- 
stration effort. 

Clean Fractionation: Laying the 
Foundation for a Biomass Refinery 
(National Renewable Energy Laboratmy) 
Like the petroleum cracking process, 
which separates a chemically complex 
crude oil mixture into predictable 
starting materials for industry, the 
fractionation process separates a sin- 
gle lignocellulosic (woody) feedstock 
into its three major components- 
cellulose, hemicellulose, and lignin. 

The fractionation process could be 
used to derive these three valuable 
materials from biomass feedstocks 
including a variety of agricultural 
wastes. Markets already exist for these 
products-particularly in the pulp 
and paper and chemicals industries- 
and many new market opportunities 
are envisioned. To date, the fractiona- 
tion process has not been proven 
technically and economically feasible 
with lignocellulosic materials. 

A current OIT project is attempting 
to remedy this situation with the 
development and demonstration of 
a clean fractionation process that uses 
a proprietary solvent mixture to dis- 
solve the lignin and hemicellulose 
components, producing solid cellu- 
lose. After further processing, the 
lignin is separated as a solid, leaving 
a solution of hemicellulose and water. 
The process is simple, recovering up 
to 95% of the components in the feed- 
stock at high purities. The aspects of 
the clean fractionation process that 
appeal the most to potential industrial 
users include the high purity and easy 
bleaching of the cellulose obtained, 
as well as the ease and simplicity with 
which the lignin can be separated. 
The results to date have already . 
stirred the interest of many private- 
sector businesses who see a number 
of market opportunities. For example, 
the cellulose derived from the process 
could be used for producing ethanol 
or could be upgraded to other higher 
value products, reducing the amount 
of chemicals produced from petrole- 
um-based feedstocks. The lignin could 
find applications in the production of 
pulping catalysts, as well as certain 
other chemicals and products. 

Membranes 
A membrane is a semi-permeable 
barrier that can be used to separate 
a mixture into its individual compo- 
nents by discriminating on the basis 
of physical or chemical attributes 
such as molecular size or solubility. 
Membrane separation processes have 
been shown to be promising alterna- 
tives for many industrial applications. 

Although conventional separation 
processes are very energy intensive, 
typically requiring large amounts 
of steam, membrane separation pro- 
cesses require only the electricity to 
pump the mixture through pipes 
to and from the membrane. The 
OIT membrane program includes 
efforts directed at developing neiv 
membrane systems and applications 
with the goal of reducing energy use 
in chemical production and petro- 
leum refining processes. 

Catalytic Membrane Reactor 
for Chemicals Production: 
Better Yield for Less Energy 
(Golden Technologk, Inc., 
Media and Process Technology, Inc.) 
Organic chemicals-those containing 
the element carbon-are produced 
from petroleum and natural gas in 
refineries and other chemical produc- 
tion facilities. Most chemical produc- 
tion processes require the input of 
thermal energy (usually in the form 
of steam heat) to carry out the desired 
chemical reactions and separations. 
The yield of these reactions is often 
limited to 50% or less, which means 
that the process must be repeated sev- 
eral times to get the desired amount 
of product. The dehydrogenation 
(removal of the hydrogen) from the 
petrochemical ethylbenzene to pro- 
duce styrene (a chemicalmed to 
make plastics and rubber) provides 
a good example of the problems 
associated \vi+ conventional thermal 
processing. This reaction requires 
high temperatures (and thus a lot 
of energy) and an expensive catalyst, 
but the yield is low and the reactor 
vessel takes a terrible beating. 

A membrane separation process 
that uses a porous ceramic membrane 
impregnated with a catalyst has been 
developed for use in the conversion 
of ethylbenzene to styrene. In the neiv 
membrane reactor, the unwanted 
hydrogen radiates outward through 
the tubular membrane, while the 
desired styrene component passes 
straight down the center and out the 
other end for further processing. 
Because the hydrogen is removed 
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through the membrane wall as it is 
formed, it cannot re-react with the 
styrene to produce the original ethyl- 
benzene again, a problem that lowers 
the conversion rate of the conven- 
tional process. 

The use of a membrane reactor to 
carry out dehydrogenation reactions 
would have numerous associated bene- 
fits, including reduced capital and 
operating costs. The higher conver- 
sion rate of the membrane process 
means that fewer passes through the 
system are required to get the same 
amount of product. Energy require- 
ments are significantly reduced 
because the membrane process can 
take place at lower temperatures than 
the conventional process and because 
downstream processing requirements 
are lessened. Lower reactor tempera- 
tures may have the added benefit of 
allowing the use of less expensive 
catalysts in the membrane. 

Active Transport Membranes 
for Gas Separations: An Elusive 
Technology is Finally Mastered 
(Air Products and Chemicals, P m a )  
Active transport membrane processes 
differ from other membrane separa- 
tion processes because they involve 
specific chemical reactions rather 
than filtration or differences in solu- 
bility of the components of a mix- 
ture. An active transport material is 
embedded into a membrane, where 
it selectively extracts a component of 
the mixture being fed into the system 
and transports it through the mem- 
brane for release on the other side. 
Because active transport membrane 
systems contain a reactive carrier 
species (transport material), they are 
typically much more selective than 
other membrane separations and 
can be used as an alternative to gas 
absorption and liquid extraction 
processes. One potential application 
being investigated is removing 
hydrogen during the production 
of ammonia. 

Ammonia is a commonly used chemi- 
cal throughout both manufacturing 
and agriculture, serving as a feedstock 
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Category iTechnology$echnology 

in the production of commodities 
ranging from plastics to fertilizers. 
Current process steps to separate 
hydrogen from ammonia during its 
production are relatively slow and 
inefficient: Research is underway-to 
develop active transport materials to 
accelerate this separation, as well as 
the separation of other gases from 
mixtures containing hydrogen. The 

Reduction 
Unit i Industry 

transport materials being developed 
belong to a specific family of poly- 
mers; these materials are then encap- 
sulated within layers of the mem- 
brane. Active transport membrane 
systems can replace or be used in 
combination with existing technolo- 
gies to expand their applicability. 
Total energy savings of 42 billion Btu 
have been estimated for a number of 

.G 

~~~ ~~~ 

Energy Use (billion Btu) 60 i ’ 5 4 ;  7 i 325 

Total Cost ($1000) i 637 i 554 i 83 ’ f 4148 
........................................................................ > ........................ ! ........................ ................................................. 
........................................................................ ; ................................................ ..: .................................................. . .  i 165 147 18 * i 893 ....................................................................... ................................................. .. Energy Cost ($1000) 

Capital Cost ($1000) 
j ................................................ 

i 472 i 407 i 65 i 3255 

0 
....................................................................... A ........................ : ........................ L ................................................. 

O&M Cost ($1000) N/A‘ NIA i 0.0 j ......................................................................... .............................................................................. ..................... 
Emissions (metric ton) 

i 3167 i 2824 i 343 i 17,153 

21 
....................................................................... 1 ................................................. j ........................ 8 ....................... 

: ,  
co2 
NO, 

sox 
4 :  3 ;  1 ;  

i 0.016 i 0.015 i 0.002 i 0.1 

Solid Waste (I000 tons) - .  - :  - :  - 

........................................................................ :. ........................ : ........................ L... ............................................. 

........................................................................ ; ........................ 5 ................................................. ......................... 
Particulates i 0.079 i 0.071 i 0.009 i 0.4 ........................................................................ L ................................................. * ....................................... ......... 

........................................................................ A.. ...................... :.. ......................................................................... 
Risk 

, ........................................................................ > ................................................................................................... 
Technical HIGH .......................................................................... : .................................................................................................. . 
Market MEDIUM ........................................................................ .- ................................................................................................... 

Year of Maximum Market Share 2007 

‘08M msIs not available. OIT cos1 expected lo be appm*malely equal lo arrent technology. 



these applications. Other benefits of 
this novel separation process include 
faster processing speed, lower capital 
costs, and reduced envirohmental 
impact because it does not rely on 
solvents, as do the conventional gas 
separation processes it  replaces. 

Sioprocessing 
The goal of OIT’s Bioprocessing 
Program is to provide experimental 
evidence of the technical and eco- 
nomic feasibility of advanced chem- 
ical and biological concepts that can 
improve the energy efficiency, produc- 
tivity, and environmental soundness 
of a variety of processes throughout 
the chemical and petroleum refining 
industries. Toward this end, the pro- 
gram sponsors efforts to apply the 
fundamental principles of biology 
and chemistry to make or modify 
products, and to apply engineering 
principles to develop costcompetitive 
bioprocesses. Cornerstone activities 
focus on the development of new and 
improved catalysts and biocatalysts 
that improve the rates and yields of 
chemical reactions commonly found 
in the chemical and petroleum refin- 
ing industries. Similarly, a necessary 
compcment to the development of --?-- 

new biocatalysts is the design and 
testing of bioreactor systems to carry 
out the reactions. 

Biological Technologies: 
Tremendous Potential for 
Producing Common Chemicals 
(Oak Ridge National Laboratory, 
Lawrence Berkeley Laboratory, Cali$ornia 
Institute of Technoloa, Massachusetts 
Institute of Technolog), AlliedSignal) 
Bioprocessing techniques are already 
being used in the production of some 
low-volume chemicals. The use of such 
techniques for the production of high- 
volume commodity chemicals has yet 
to be demonstrated. Part of the prob- 
lem is that current bioprocessing 
methods are relatively slow and do 
not lend themselves well to operations 
requiring high levels of productivity. 
In addition, conventional water-based 
bioprocesses are not applicable to 
many chemical production processes. 
Because of the great potential of bio- 
processing systems, however, the chem- 
ical industry is interested in evaluating 
them for use in developing new prod- 
ucts, adding value to current chemical 
intermediates, and eliminating the 
chemical waste streams associated 
with traditional methods of produc- 
ing chemicals. 

Table 3-4 
Annual Benefits of Acliue Transport Membranes fw Gas Separation 
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j Current i 011 
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. ~~~~ 

0.11 f 0.08 f 0.03 i 42 

Total Cost 61000) I 1037 f 472 f 566 56.566 

, .  Energy Use (billion Btu) ......... ........................................................................................................................ .................... : ........................ 
Energy Cost ($1000) 0.3 i 0.2 i ......................................................................... L ........................ : ........................ i. ........................ ....................... 
Capital Cost ($1000) 472 i 391 i 39.059 

565 i 390 f 175 f 17,500 ................................................................................................... : ........................ - ................................................ OBM Cost ($1000) I Emissions (metric ton) 

5.5 i 4.1 i 1.4 i 2217 ......................................................................... 2 ........................ i ........................ 9 ........................ ....................... 
......................................................................... i ........................ : ........................ A ........................ : ....................... 

so. i 0.00003 i 0.00002 i 0.00001 f 0.01 

co2 
NO* i 0.007 i 0.005 i 0.002 i 3 

......................................................................... ........................ ...................... Particulates i 0.0001 i 0.0001 i 
Solid Waste (1000 tons) - -  - .  L ................................................. * 

Risk ...................................................... ....................................................................................................................... 
Technical HIGH 

Market MEDIUM 
.......................................................................... : .................................................................................................. 
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The goal of OIT’s biological technolo- 
gies rese.arch is to advance the state 
of the art in bioprocessing capabilities 
in order to facilitate the introduction 
of biotechnology into the production 
of commodity chemicals, As part of 
the program, scientists are examining 
possible approaches to overcoming 
barriers to the widespread application 
of biotechnology in industry. Activities 
are underway to improve yields from 
enzymes and microorganisms through 
protein, metabolic, and genetic engi- 
neering; increase productivities in 
bioprocesses to permit continuous 
(as opposed to batch) operation; 
improve recovery of dilute products; 
and design and engineer biocatalysts 
for operation in unnatural environ- 
ments (e.g.,’ certain temperatures, 
pressures, and organic solvents). 
For example, researchers are using 
computer-aided molecular design 
methods to design synthetic analogs 
of enzymes for use in producing such 
common chemicals as methanol and 
methane, with the ultimate goal of 
using sunlight as the energy source 
for the reaction. In another project, 
new bioreactors for continuously 
producing certain chemicals are 
being developed and tested. Enzymes 
that could be used as catalysts in 
organic solvents (rather than in 
water) are also being investigated 
and refined in several ongoing pro- 
jects. By carrying out chemical pro- 
duction processes using renewable 
resources rather than petroleum- 
based resources, biological techn- 
ologies will reduce the energy use and 
chemical waste associated with current 
methods of chemical production. 

OIT’s bioprocessing technologies 
offer fundamentally new alternatives 
to many conventional chemical pro- 
cessing technologies. Unlike most 
other OIT programs that mainly 
target specific, widely used industrial 
processes, bioprocessing technologies 
are more generic in nature with possi- 
ble applicability among many conven- 
tional chemical processes--a few of 
which are indicated in Table 3 6 .  
But because of their more generic 
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nature, it is difficult to estimate the 
potential energy, cost and environ- 
mental benefits of these technologies 
vis-a-vis their conventional counter- 
parts in a quantifiably meaningful 
way. While such comparisons might 
be done on a process-by-process basis, 
most OIT bioprocessing technologies 
are far removed from the demonsua- 
tions that would begin to yield reliable 
process and operational data on which 
to base estimates of their potential 
economic and other benefits. 

Improved Catalytic Processes: 
Eliminating the Trial and Error 
Approach to Catalyst Design 
(Los Alumos National Laboratory, ARCO, 
Lawrence Berkeley Laboratq, PaCfic 
Northwest Laboratories, A m  Laboratory) 
Of the top 50 chemicals (by volume) 
produced in the United States, 33 
are produced in processes involving 
the use of catalysts. Overall chemical 
conversion efficiencies range from as 
low as 10% to as high as 99%, depend- 
ing on the catalyst and process. The 
majority of these processes are energy 
intensive, and many generate pollut- 
ing waste streams requiring treatment 
or disposal. The development and 
design of a catalyst is typically a labor- 
intensive, trial-anderror procedure 
whose results more often than not 
turn out to be something slightly 
different than was initially intended. 
Modern theoretical tools offer the 
hope of reducing the time and effort 
associated with the catalyst screening 
process, while designing catalysts that 
work better and faster. 

On's  chemical technologies research 
will provide industry with the model- 
ing tools it needs to improve the entire 
catalyst design, development, testing, 
and commercialization sequence. 
Several major catalyst types-zeolite, 
metal oxide, and metallic catalys- 
are being targeted because of their 
prominent use in many chemical . 
production, petroleum refining, and 
automotive applications. For example, 
filling in the gaps in knowledge about 
the catalytic process used in the con- 
version of methanol to gasoline is the 
focus of one project. Fundamental 
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f Current f OIT 
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investigation of the process is expected 
to improve its yield and selectivity, 
which will ultimately lead to higher 
productivity and energy savings. In 
another project, scientists are using 
models to prepare complete descrip- 
tions of various industrial catalyst 
systems, leading to increasingly better 
prediction-of their behavior in particu- 
lar applications. The benefits of the 
chemical technologies research could 
include an annual energy savings of 
as high as 8 trillion Btu. 

Reduction 
Unit Industry 

Other Programs 
Other OIT programs are involved 
in research that impact the chem- 
ical industry, such as the industrial 
waste program and the heat pump 
program. An example of a project 
from the industrial waste program 
that impacts the chemical industry 
is described below. 

Biological/Chemical Caprolactam 
Production Process: Microorganisms 
at Work in Your Carpet 
(Allied Signal) 
A large portion of the carpets manu- 
factured in the United States are 
made from Nylon 6,  a polymer that 
consists of repeating units of the 
chemical caprolactam. Nylon 6 can 

Table 3-5 
Bioprocessing: Parlial Listing of Potential 
Candidate Cliemical Processes 

Acetic acid i Isopropanol 

Acetone 

Butanol 

Butyric acid : Propylene glycol 

Glycerol i Succinic acid 

..................... ...............-.. . . . . . . . . . . . . . . . . .  
. Malic acid 

. Propionic acid 
............................................. 
.................................................. 

. . .  

also be produced from caprolactam's 
cousin caprolactone. Although this 
alternative production method is 
much more efficient and produces 
considerably less waste than the con- 
ventional method, it is unfortunately 
very costly because of the high price 
of caprolactone. The development 
of a new, cheaper method of produc- 
ing caprolactone is being pursued 
to make the production of Nylon 6 
an economically viable alternative 
to the conventional process. 

The new caprolactone production 
method uses a novel biological 
process to convert caprolactone's 
precursor, cyclohexane, into capro- 
lactone. The process relies on micro- 
organisms-tiny living organisms 
such as bacteria-to react with the 
cyclohexane and convert it into capro- 
lactone. This reaction takes place in a 
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rable 3-7 
4nnual BeneJih oSBiological/Ciietnical Capolactam 

t Current OIT 
Category 3echnologyiTechnoIogy 

Reduction 
Unit i industry 
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large vessel known as a bioreactor; 
additional steps must then be taken 
to isolate and p u q  the caprolactone. 
The potential benefits of using the 
alternative method of producing 
Nylon 6 will include energy savings 
Of 4 trillion Btu and reductions of 
26 million pounds of waste chemicals. 
The success of biological caprolac- 
tone production may have other envi- 
ronmental implications as well-the 
chemical has also been shown to be 
applicable to the production of 
biodegradable polyester. 
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RISING TO THE CKLLtENGE OF 
EMVIROhSfvEKT&L STELYAEDSK[P 

The petroleum refining industry pro- 
duces a wide range of products used 
in transportation, industry, electrical 
generation, heating and so on that 
have a major impact on the U.S. econ- 
omy and trade balance. The principal 
products include transportation fuels 
and raw materials for the manufacture 
of many chemicals from carbon black 
and ammonia to synthetic fibers and 
plastics. Refineries employ a variety 
of physical and chemical processes 
to extract hydrocarbon streams from 
crude oil and convert them to the 
desired products. The industry thus 
engages in hydrocarbon engineering. 

Lifeblood of the Transportation 
Sector, Vital Supplier to the 
Manufacturing Sector 
The petroleum refining industry is 
critical to the economic stability and 
energy security of the United States. 
Except for food and clothing, no 
organic industry is more impdrtant 
to an industrialized economy than the 
petroleum industry. The industry sup- 
plies 97% of the energy for the travel 
and freight needs of the nation. The 
fuel needs of more than 190 million 
automobiles, trucks, and buses as 
well as all aircraft are met by petro- 
leum products. 

The annual value of all product ship- 
ments fi-om the petroleum refining 
industry is about $136 billion. The 
refining process increases the net 
value of crude oil feedstocks by 
$19.1 billion. In addition, refined 
petroleum products contribute sig- 
nificantly to the $165 billion value 
added by the chemicals industry, the 
$29.9 billion value added by the tex- 
tiles industry, and the $58.5 billion 
value added by the rubber and mis- 
cellaneous products industry. 

The refining industry directly employs 
75,000 of the 1 million oil and gas 
industry workers. Since 1980, refinery 

industry jobs have declined by 28%. 
These lost jobs were in high-wage 
occupations. The average worker 
in the refining industry realizes an 
annual income of $38,600, versus the ._ 

average annual income of all indus- 
tries of around $27,000. 

U.S. Refineries: Larger But Fewer 
Substantial changes in the structure 
and configuration of U.S. refineries 
have occurred during the past 25 
years. The number of operating 
refineries has decreased from about 
285 in the 1960s to 187 in 1993, while 
the average capacity has steadily 
increased from 35,000 barrels per day 
(bpd) to more than 80,000 bpd at 
present. Major dislocations occurred 
in the 1970s when a historic high of 
324 refineries were in operation. The 
decline in operatkg refineries from 
this peak, which occurred in 1981, 
has been due primarily to closing 
simple refineries that cannot process 
heavier oils nor afford to make the 
necessary investments to comply with 
the 1990 Clean Air Act Amendments 
(CAAA) regulations. Approximately 
65 small refineries with a distillation 

Fiqure 3-5 

capacity of about 1 million bpd con- 
tinue to be at risk. Despite extensive 
investment in individual refineries 
during the 198Os, no grassroots 
refineries have been built in the 
United States for more than a decade, 
reflecting both over-capacity during 
the early 1980s and regulatory/ 
cost hurdles during the latter part 
of the decade. 

The refining industry currently 
has a distillation capacity of about 
15 million bpd (see Figure 3-5). This 
includes downstream processing 
charge capacity-a measure .of pro- 
cessing flexibility. Although their 

Table 3-8 
Petrohm Refining Industry Profil8 

Value of Shipments i $136 billion 

Total Employment i 75,000jobs 

Capital Expenditures $6.7 billion 

NetTrade Balance i $-3.7 billion 

Energy Consumption i 5.97 quads 

Waste Generation , I . 180 million tons 

Average Hourly i $17.67 
Earnings 
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lumber has declined, refinery com- ’ finished petroleum-product imports 
Ilexity has increased. US. refining 
:apacity currently accounts for 21% of 
he world total, About 70% of domes- 
ic capacity (which is among the most 
,ophisticated in the world) is owned 
1y 20 companies. 

are delivered to the East Coast. 
Residual fuel oil, motor gasoline, 
and distillate fuel oil accounted for 
86% of the imported products deliv- 
ered to the East Coast. 

............... ................ ....... -. ....... 

............... ................ ....... -. ....... 

................ ....... - ....... ............... 

.bout 2ESc c: U.S. Fb&fir;isr_t. 
dzpacity is Foreipr4wc:eS 

3wnership of US. refineries changed 
ippreciably in the 1980s as mergers, 
takeovers, and foreign investments 
altered the structure of the industry. 
A significant proportion of the domes- 
tic industry has been purchased by 
or entered into joint ventures with 
foreign refiners. Among the 10 largest 
refinery capacity owners in the United 
States, four are foreign. Countries 
represented include the Netherlands, 
Great Britain, Saudi Arabia, Venezuela, 
and Mexico. To a large extent foreign 
refining firms have purchased U.S. 
capacity for strategic reasons. As mar- 
ket forces eroded the Organization 
of Petroleum Exporting Countries’ 
(OPEC) ability to sustain high oil 
prices, members sought ways to 
develop and secure more stable mar- 
kets for their crude oil. State-owned 
energy companies built large refiner- 
ies in their own countries and invested 
in existing refining and marketing 
operations in industrialized countries. 

Overall, imports of foreign crude 
oil and refined petroleum products 
supply almost half the U.S. market. 
U.S. imports of refined products 
generally serve market niches that 
develop for a variety of reasons: 
logistical considerations, regional 
shortages, and long-term trade rela- 
tionships between suppliers and 
refiners. Exports-primarily distillate 
and residual fuel oils and petroleum 
coke-constitute 4% to 6% of U.S. 
refinery output. 

Finished petroleum products account- 
ed for 64% of all U.S. oil-related 
imports in 1992, with other liquids 
(primarily unfinished oils) and nat- 
ural gas liquids accounting for 27% 
and 9%, respectively. Nearly 80% of 

............... 

............... 

............... 
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E ~€?VL~ZfYi§ii$2 while 
Aemaining Competi:ive 
Environmental constraints, in the 
form of government regulations and 
public opposition to expansion, are 
an ever-increasing burden on US. 
refiners. Recent public policy and reg- 
ulatory developments have generally 
had a negative impact on the industry. 
Typically they have increased refining 
costs by requiring significant capital 
investments with uncertain returns to 
meet new product quality mandates. 

The two regulatory developments that 
will have the most profound impact 
on the industry are the CAAA and the 
Phase I1 reformulated gasoline and 
diesel fuel specifications adopted by 
the California Air Resources Board 
(a). As a result of these regula- 
tions, the quality of gasoline and 
diesel fuels will change dramatically 
between now and 2000. Title IV of the 
CAAA mandated reduced SOx and 
NOx emissions from power plants that 

............... -. ....... 

will also impact the refining industry. 
These provisions are expected to con- 
tribute to declines in high-sulfur fuel 
oil demand and increases in low-sulfur 
fnel oil demand. They will also require 
some refineries operating in non- 
attainment zones to undertake pro- 
cess modifications to reduce their 
SOs and NOs emissions. 

The proposed rules for implementing 
the CAAA’s reformulated gasoline 
(RIG) provisions stipulate target 
compliance levels for volatility, 
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benzene and oxygen content. Other 
gasoline properties-such as aromat- 
ics, sulfur content, olefin content and 
T90 distillation point-are not clearly 
specified, but will be incorporated in 
the complex model that will be used 
to determine a gasoline's allowable 
VOC emissions beginning in 1997. 
There is still a great deal of uncer- 
tainty surrounding the CAAA's RFG 
specifications because they have not 
yet been finalized. Also, the details of 
the complex model that will apply to 
Phase I1 RFG in 2000 will not be final- 
ized until more emissions testing data 
becomes available in a year or two. 

An estimate of the refining industry's 
cost of compliance with environmen- 
tal regulations between 1991 and 
2010 was developed in a comprehen- 
sive study by the National Petroleum 
Council (NPC). The main areas 
addressed in the study were safety 
and health, air control emissions, 
wastewater, and solid waste including 
coke. The council concluded that the 
total cost will exceed $150 billion with 
the capital component of that cost 
estimated at $36 billion. By compari- 
son, this exceeds the industry's exist- 
ing cqpA-base of only $31 billion. 

The environmental challenge will 
most likely force petroleum refiners 
to alter refinery configurations and 
invest heavily in downstream process- 
es. In some instances, it may be more 
economic for certain refineries to 
close partially or entirely, rather than 
upgrade facilities to meet the new stan- 
dards. Hence, there are strong incen- 
tives to develop and adopt innovative 
approaches and cost-effective tech- 
nologies to ensure that the industry 
will remain competitive. Unless cost- 
effective solutions are found, the 
competitiveness of U.S. refiners could 
be severely impaired and the general 
viability of the industry threatened. 
If the industry does not maintain its 
competitiveness, refined product 
imports could increase sharply. The 
number of regulations is expected 
to increase in the future and further 
exacerbate the problem. 
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THE REFPRflNG PRQCESS: 

IMPURIhiES, AND BLEED. 

Refinery configurations are based 
on the quality of the crude oil being 
processed and the types of products 
to be refined. Refinery complexity is 
related to the types and amount of 
processing needed to convert crude 
oil into finished products. Crude oil 
is not a homogenous substance, rather 
it is a mixture of an almost countless 
variety of hydrocarbons-molecules 
comprised of at least one atom of 
carbon in chemical association with 
hydrogen' atoms. Refinery processing 
is generally divided into four cate- 
gories: separation and conversion 
of hydrocarbons, and treatment 
and blending of products. 

SEPARATE, CONVERT, RErmvE 

Separation: Dividing Crude Oil 
Molecules b y  Weight 
The first step in the refining process 
is to separate the crude into different 
hydrocarbon groups (or fractions) 
that have varying boiling points. 
While there are many ways to accom- 
plish separation, fractional distillation 
(illustrated in Figure 3-7) is the most 
common process. Lighter products 
such as gasoline have lower boiling , 
points and are condensed and col- 
lected at the top of the tower; heavier 
products such as residual fuel oil have 
higher boiling points and are drawn 
off at the bottom. 

The separated, lighter boiling products 
are referred to as straight run liquids. 
Both atmospheric (most prevalent) 

Crude Oil 

Butane and Lighter 

I 
Straight Run Gasoline 

Naphtha 

Kerosene 

Light G a s  Oil 

Heavy Gas  Oil 

Straight Run Residue 

b 

b 

b 

b 

and vacuum distillation units are used. 
Vacuum distillation is used primarily 
on the heavy (highest boiling fraction) 
atmospheric residuum to achieve fur- 
ther separation. The boiling tempera- 
ture is lowered under a vacuum and 
additional separation can be achieved 
before the heavy hydrocarbons crack 
or break apart. The use of vacuum dis- 
tillation allows the refinery to produce 
more of the high-value, light-end 
distillates generally referred to as 
white products. 

Con version: Heavy Hydro carbons 
into Lighter Products 
Converting heavy hydrocarbons into 
lighter products involves altering 
the carbon/hydrogen ratio and the 
number of carbon atoms in the mole- 
cules. Heating causes the molecules 
to break up or crack, reducing the 
number of carbon atoms per mole- 
cule and thereby lightening the fuels. 
Using a catalyst can accelerate and 
lower the overall stress of the process. 
Alternatively, the number of hydro- 
gen atoms can be increased by intro- 
ducing hydrogen into the process 
with the aid of a catalyst. Processes 
based on these approaches are 
designed to increase the yield of the 
desirable transportation fuels (white 
products) and improve their quality. 
Conversion processes generally fall 
into three categories: cracking, com- 
bining, and rearranging the hydro- 
carbon molecules. 

Cracking is a process in which large 
hydrocarbon molecules are cracked 
into smaller molecules that can be 
used to blend lighter products such as 
gasoline and diesel fuel. Cracking can 
be done with heat (thermal cracking) 
and/or a catalyst (catalytic cracking). 
In thermal cracking, a combination of 
high temperature and pressure causes 
bonds between carbon and hydrogen 
atoms in the large hydrocarbon mole- 
cules to break thus producing the 
lighter, smaller distillate molecules. 
The resulting mixture of product 
molecules is then separated by injec- 
tion into a flash chamber. Feedstocks 
for thermal cracking are residuum 



and hea\y gas oils; products derived 
include butane gasoline blend stock, 
naphtha, gas oils, and coke. 

Fluid catalytic cracking (FCC) is 
similar to thermal cracking except 
that a catalyst is used to accelerate 
the cracking reaction under condi- 
tions of moderate temperature and 
pressure. Catalysts generally used are 
a mixture of alumina, zeolites, and 
processed clay held together with a 
binder. FCC is one of the most impor- 
tant processes used in refineries 
because it converts a high fraction 
of the feed into gasoline stock; 
FCCs produce about 50% of all 
U.S. gasoline. 

Several processes are used to combine 
small molecules into larger molecules. 
ThC most common processes are 
alkylation and polymerization. In 
the alkylation process, either olefinic 
propylene or butylene is combined 
with isobutane with the aid of a cata- 
lyst to produce a branched hydrocar- 
bon product that is generaly yeferred 
to as an alkylate, one of t h i a h e s t  
quality gasoline components. In the 
polymerization process, olefinic gases 
recovered from cracking are com- 
bined with the aid of a catalyst to 
produce a high octane gasoline blend 
stock. Hydrocarbon molecules can 
also be rearranged to alter their 
characteristics and make them more 
desirable as gasoline blending stocks. 
Two processes used most frequently 
for this purpose are catalytic reform- 
ing and isomerization. 

* 

Treatment: Removing the 
Impurities 
A number of product streams contain 
impurities (e.g., sulfur, nitrogen or 
heavy metals) that must be removed. 
The process most frequently used to 
remove impurities is hydrotreating. In 
hydrotreating, hydrogen is mixed with 
the product stream to be treated and 
with the aid of a catalyst chemically 
reacts with impurities such as sulfur 
and nitrogen to produce hydrogen 
sulfide and ammonia. The metals pre- 
sent attach themselves to the catalyst 

and are removed when the catalyst 
is regenerated and recycled. 
Hydrotreating thus helps purifj 
gasoline, aviation fuel and fuel oil 
blend stocks. 

Blending: Combining the Products 
to Meet User  §pecifiza:ions 
Refinery products must meet specifi- 
cations for octane rating, sulfur con- 
tent and other factors that can vary 
with season and geographic location. 
Refinery products are thus derived 
by combining the various blend stocks 
described above to meet specifica- 
tions. Once the desired product com- 
position is determined, appropriate 
volumes of individual blend stocks 
are withdrawn from holding tanks 
through metering devices and passed 
into the pipeline for distribution. 
Analyzers continuously monitor the 
product to ensure conformity to 
specifications; adjustments are made 
as necessary. 

A schematic of a typical complex 
refinery is presented in Figure 3-8, 
and illustrates how all these processes 
are integrated to produce the slate of 
products that are derived from the I 

refining process. 

Refinery Energy U s e  
anc! Efficiency 
Petroleum refining involves both 
chemical and mechanical energy 
changes. Although some conversion 
processes are exothermic, most are 
endothermic and require large 
amounts of heat, e.g., distillation, 
cracking, hydrotreating, reforming, 
and alkylation. A large amount of 
mechanical energy is also needed for 
pumping, transportation, compres- 

i: -e sion of gases, and the like. Over half 
the energy needed in the refinery 3 

comes from in-house refining streams 
in the form of refinery fuel gas. 

The refining and organic chemicals 
industries are inextricably linked 
(thus, the petrochemicals industry) 
and together account for more than 
40% of industrial sector energy use: 
5 quads of this energy is feedstock that 
is converted to non-energy product; 
the remaining 6.7 quads are used in 
refining oil and processing feedstocks. 
In addition, 22 quads of transporta- 
tion fuels pass through the refining 
industry and are consumed in the 
transportation sector. 

Improved energy efficiency has been 
a major priority of the petroleum 
refining industry since the sharp 

(i 
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Table 3-9 
Projt-cted Re/inq Industv EmisSiom 
Based on Overall Material Balance, Year 2000 

- Solid waste 

_ _ _ _  Air 

. - Water 

Air Emissions : IblDay 

695,000 

976.000 , 
SOx(60 kg/1000 barrel) 1,660,000 1 
Particulates 174,000 I 
v o c s  

I . . . . . . . . . . . . . . . .  co 
NOx(0.35 Ibll08Btu) . . . . . . . . . .  ..,. . .  

................ . . .  
. . . .  , , .................... , .... ! 

Solid W a s t e s  
Oily Sludges : 23,800,000 .................. ....... . . .  
Spent FCU C 00 ...................................................................... 
Spent Refining Catalyst ; 12,600 

Spent Hydrocracker Catalyst 5480 

: 58,000 
(2000 Ib residnb catalyst) 

Spent Hydrotreat Catalyst 

Inorganic Waste (neutralized HF) ; 51,000 

............................................................................. 
................................. 

............................................................................ , ..... 

.................................................................. 

Liauid Wastes 

Regulations Rules 
1 = Benzene NESHAP 1 = Diesel Fuel Quality Standards 

3 = NPDES , 3 = Reformulated Gasoline 
2 = NSPS 2 = MACT 

I Waste Water i 13,500,000' 

Waste Water-Toxic Materials 1590 
.................................................................................. 

Waste Water-Toxic Organics 5480 .................................................................................. 
Spent Sulfuric Acid 12,800,000 

*&trekperday. 

s0unS:Argonne N a W  Lab 

increase in energy prices in the 1970s. 
Total energy consumption per barrel 
of crude processed has been estimat- 
ed at 584,000 Btu in 1990, down from 
a reported 673,000 Btu in 1973. Of 
course, the actual efficiency gain is 
considerably higher than indicated 
by this 15% improvement because 
the industry has become consider- 
ably more complex since 1973, and 
in effect produces much higher - 
quality products. 

Environmental Profile 
The refining process yields a spec- 
trum of solid, liquid, and air emis- 
sions-many of which are subject to 
control in accord with existing rules 
or regulations. The refining industry's 
expected emissions in the year 2000 
are shown in Table 310. In addition, 
many more effluents will be subject 
to planned or proposed rules (typical 
refinery emissions and the applicable 
regulations are illustrated in Figure 
39). Principal contaminants entering 
refineries include: sulfur, nitrogen, 
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HAP, NOx, SO, SO,?, HZS. 
voc voc VOC VOC NOX,SOZ, PM NH3 

A ' A !LsS A A A A A A  

+,  + 
Metals Haz., Unc. 

+ 
Uric. 

Metals 

Haz. 
Haz.. Unc. 
Metals 

_ _ _ _ ~ ~  ~ 

W Process flow I Existing Rules/ Planned or Proposed I 

.... 
Standards 5 = Effluent Guidelines Revision I 0 Existing rule 4 = SludgeTreatment 4 =Tank Vessel Loading 

Prooosed rule 5 =Oil Pollution Act 

Source: EPA Petroleum Refmery Cluster Prcject 1691 

nickel, vanadium, sodium chloride, 
silicon, fluorine, potassium, and cat- 
alytic metals such as tungsten, cobalt, 
molybdenum; and platinum. 

Sulfur is the major contaminant 
entering the refinery in the crude oil 
charge at a rate of 48 million lbs/day. 
Organosulfur compounds either 
remain at various levels in the refined 
products, are burned to S02, or con- 
verted to H2S in a hydrotreating unit 
from which they proceed to a sulfur 
plant where they are converted to 
elemental sulfur. 

Nitrogen either leaves in the refined 
product or is removed in hydrotreat- 
ing. Nickel and vanadium enter with 
the crude and concentrate in the 
bottoms. If the bottoms are hydro- 
processed, these metals deposit on 
the hydrotreating catalyst; if fed into 
an FCC unit, they deposit on the 
cracking catalyst. Otherwise, they end 
up in #6 fuel oil and marketable coke. 
Nickel and vanadium are commonly 
recovered from spent catalysts. Cobalt 
and molybdenum catalysts are not 
usually reclaimed because they are 
not worth enough to justify the cost. 

Currently they are often landfilled, 
but this may change in the future and 
metals r ec lhe r s  may be handling 
these spent'catalysts. Platinun; and 
rhenium catalysts are always reclaimed 
because of their high value. For many 
years, silica-aluiii.,ia crcc?:inq catalyst 
was sent to lzi-idfills- 51 o I - ~ --nt.ly, 
refiners in environnxxt; . .  ..sitive 
areas are sending spent clacking cata- 
lyst to cement plants where it is used. 

THE OIT PETROLEUM 
REFINING PROGRAM 

OIT's Petroleum Refining Program 
sponsors R&D of costeffective, 
energy-efficient processes and tech- 
nologies for helping U.S. petroleum 
refiners stay competitive in the world 
market while complying with stringent 
U.S. environmental regulations. As 
part of its strategy, the program is 
characterizing petroleum refinery 
emissions to develop a base of under- 
standing leading to the development 
of improved refinery technologies. 
Advanced technologies that are 
capable of producing the cleaner 
fuels required in the future-while 



maintaining or exceeding the energy 
efficiency of current technologies- 
are also being sponsored, as are novel 
methods of utilizing refinery wastes. 

Hybrid Membrane Separation 
for Propylene Recovery: 
Low-Energy Membrane Unit Replaces 
High-Energy Distillation Tower 
(BP Avinica, Universilj of Colorado, 
Uniuersib of Virginia) 
Petroleum refineries typically use 
a number of physical and chemical 
processes to convert crude oil into 
gasoline and hundreds of other prod- 
ucts. One process-catalytic crack- 
ing-is used to increase the yield of 
lighter and more valuable products 
such as gasoline. The waste gases from 
the catalytic cracking process contain 
propylene, a potentially valuable 
compound used to make plastics. To 
recover propylene, the components 
of the waste gas are separated using 
a two-tower distillation system. The 
distillation process is very energy- 
intensive, with energy efficiencies 
seldom exceeding 10%. For years, 
researchers have been trying to 
improve the efficiency of propylene 
separation and recovery through the 
use of membranes. OIT has sponsored 
the development of a propylene recov- 
ery system that combines a membrane 
unit with a single distillation column. 

The new hybrid membrane/distillation 
system has shown substantial cost sav- 
ings in both retrofitted operations and 
new facilities. Because the membrane 
unit is cheaper than a distillation col- 
umn, the hybrid system is expected to 
have capital costs of as much as 25% 
less than the conventional distillation 
system; similar savings are expected in 
operating and maintenance costs. In a 
recent pilot plant operation, the hybrid 
system was shown to recover propylene 
with purities exceeding 99%:Current 
research to refine the membrane sys- 
tem should further reduce the cost of 
the system and make it more resistant 
to contamination by components of 
the waste gas stream. 

Energy Use (billion Btu) 10 10 i 0 :  0 ................................................................................................ ...................... ....................... 
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Table 3-10 
Annual Benefits of Hjlmd Membrane Separation of P r o f l h e  

Catenorv 
i Current i OIT 
iTechnolonviTechnoloqv 

The Origin and Disposition 
of Toxic Combustion Byproducts 
in Process Heaters: Minimizing 
Petroleum Refinery Emissions 
(Sandia National Laboratories, 
Laurence Livermore National Laboratary) 
The boilers and process heaters used 
in petroleum refineries burn natural 
gas and a fuel known as refinery fuel 
gas. Beginning in the year 2000 these 
boilers and heaters, which emit haz- 
ardous air pollutants, will be regulated 
by provisions in the Clean Air Act 
Amendments of 1990. According to 
this legislation, 189 species or classes 
of species of pollutants, many of which 
are carcinogenic, were identified as 
hazardous. Unfortunately, little is 
understood about the formation of 
these pollutants. Current emission 
control techniques are prohibitively 
expensive. New burner designs and 
combustion process modifications are 
needed that can minimize *e forma- 
tion of these hazardous emissions. 

To help the petroleum refining indus- 
try prepare for efficient compliance 
with the upcoming regulations, OIT 
is sponsoring research on air toxic 
emissions from refinery boilers and 
process heaters using various burner 
technologies. Goals of this work 

include the establishment of the 
current state of such emissions, devel- 
opment of an understanding of their 
origin and eventual disposition, and 
development of an understanding of 
the mechanisms of their formation 
and destruction so that new operating 
conditions and burner technologies 
that produce fewer toxic emissions 
may be developed. Both natural gas 
and RFG will be tested during the 
research. The results of this pioject 
should facilitate the development of 
advanced burner concepts capable of . 
reduced air toxic emissions in time to 
enable the refining industry to comply 
with Clean Air Act regulations effi- 
ciently and costeffectively. 

Production of Ethanol from Refinery 
Waste Gases: Reducing Pollution 
While Making Cleaner Fuel 
(Bioengineering Resources, Inc.) 
Petroleum refineries discharge hydro- 
gen, carbon monoxide, and carbon 
dioxide waste gases to the atmosphere. 
Converting these waste gases into use- 
ful chemicals would reduce pollution 
while decreasing the amount of these 
chemicals that would otherwise have 
to be produced from non-waste feed- 
stocks. Scientists are currently exam- 
ining the feasibility of producing the 

, 
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chemical ethanol from crude oil refin- 
ery waste streams. More than 1 billion 
gallons of ethanol are produced in the 
United States each year, much of which 
is blended with gasoline to reduce vehi- 
cle emissions. Currently ethanol is pro- 
duced from fermented corn at a cost of 
about $90 per gallon just for raw mate- 
rial (corn) costs; substantial tax credits 
are applied to keep the cost of blended 
fuel economical. However, sharp 
growth is expected in the demand 
for blended fuels as vehicle emission 
restrictions are tightened, and the 
corresponding increase in ethanol 
production to meet this demand is 
expected to significantly raise prices. 

The production of ethanol from waste 
refinery gases \vi11 Significantly reduce 
ethanol costs, allow expansion of the 
markets for blended fuels, reduce air 
pollution from both refineries and 
vehicles, and reduce fuel imports. 
The conversion process being investi- 
gated uses bacteria to convert the 
gases to ethanol, followed by purifica- 
tion steps similar to those used in the 
corn-based process. The new process 
captures the energy content of the 
waste gases, potentially saving up to 
450 trillion Btu annually by the year 
2010. With an expected conversion 
of gas into ethanol of about 75%, 
the reduction in emissions of H2, CO, 
and COi that same year could exceed 
30 million tons. The addition of a 
waste gas conversion plant to a refin- 
ery also offers substantial economic 
incentive, yielding an annual after-tax 
return on investment of 50% to 100%. 
The process can also be applied to 
other processes with waste carbon 
monoxide and hydrogen streams, 
such as the production of the chemi- 
cals methanol and ammonia and coke- 
making ovens in the steel industry. 

Advanced Fluid Catalytic Cracker 
(FCC): Advancing FCC Technology 
to Produce Cleaner Fuels 
(Argonne National Labmatmy) 
The manufacture of designer gaso- 
lines (reformulated gasolines that 
reduce emissions) as prescribed by 
the 1990 Clean Air Act Amendments 

i Current OIT 
Category iTechnologyiTechnoIogy 
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Reduction 
Unit i Industry 

will have a profound impact on the 
operation of petroleum refineri,es. 
Particular attention is being given to 
the FCC unit; regulatory mandates 
can be achieved most effectively by 
altering the FCC unit to produce 
more oxygenates (which have low 
emissions when combusted) and 
olefins, while reducing the yield of 
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undesirable products such as heavy 
gasoline. The key to modifying the 
FCC process is to develop a more fun- 
damental understanding of its physi- 
cal and chemical behavior. 

' * 

With OIT and industry sponsorship, 
researchers are developing advanced 
technology for the next generation of 

f Current i OIT 
Category . iTechnoIogyiTechnoIogy 

Table 34 1 
Annual Benefits of llie Production ofEithanol from Refinery Wmfe Gases 
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Annual Benefits of Advanced Fluid Catalytic Cracking 



FCC units, technology that will be able 
to tailor product yields to more closely 
match the mandated gasoline formu- 
las, Using computer models, the 

, design of current FCC units will be 
modified to decrease the use of cata- 
lysts, increase the production of light 
gasoline fractions, reduce capital and 
operating costs, and reduce levels of 
aromatics and sulfur in the gasoline 
fraction. The new fuels and other 
products that will be produced will 
reduce emissions of SOx, NOx, CO, 
and particulates; increase thermal effi- 
ciency, achieve higher yields of trans- 
portation fuels per barrel processed; 
and improve cost competitiveness. 
In the long term, the advanced FCC 
technology will be extended to the 
processing of petroleum crude (to 
eliminate the primary crude distilla- 
tion unit and reduce energy use and 
emissions), recycled refinery wastes, 
plastic feedstocks, and used motor oil. 
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EfiCKEOKE OF THE 
r w = m r u - r m ;  ECONOMY 

The U.S. pulp and paper industry is 
recognized worldwide for producing 
a large volume of highquality, low- 
cost products. The industry benefits 
from a large consumer base, a mod- 
ern technical infrastructure, a good 
supply of raw materials, and a highly 
skilled labor force. The industry 
processes cellulose fibers, primarily 
from wood, into consumer goods such 
as stationery and paper tissues, and 
industrial products such as cardboard 
for packaging and paper for newsprint 
and books. 

Just as steel is often considered the 
backbone of the industrial economy, 
in many respects, the paper industry 
plays a parallel role in supporting the 
information economy. Newspapers, 
magazines, books, newsletters, letters, 
memoranda, computer printouts and 
reports are the media used to get 
much of this information into the 
hands of its users. Our economy’s 
appetite for information is such that 
U.S. per capita paper consumption is 
the highest in the world (Figure 3-10). 
Because the paper industry supplies 
mainly consumers, as opposed to 
capital goods markets, its growth rate 
closely parallels that of the overall 
economy as shown in Figure 3-11, 
in contrast to several other more 
mature and cyclical materials and 
process industries. 

The paper industry is divided into 
two principal sectors. The mill sector 
processes raw materials, such as wood 
and recycled paper, into sheets of 
paper and paperboard. The convert- 
ing sector further processes the sheets 
of paper into other finished products, 
such as envelopes or boxes. Like the 
other major materials and process 
industries, the largest energy using 
processes in the paper industry are in 
separating the usable fibers from the 
unusable lignin and then refining the 
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United States 

resulting pulp through a series of 
process steps into paper. Hence, paper 
mills account for more than 90% of 
the energy consumption in the indus- 
try with paper products producers and 
fabricators (the converting sector) 
accounting for the balance. 
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The pulp and paper industry output 
grew from about 61 million tons in 
1980 to about 85 million tons of paper 
and paperboard products in 1993- 

Mexico Former USSR 
mm Brazil 

PRC 
1 I I 1 I 

on average about 700 pounds for 
every man, woman and child in the 
United States. The 85 million tons 
were nearly equally divided between 

~ paper and paperboard products. 

The industry has invested heavily in 
new equipment in the past decade, 
with capital expenditures averaging 
about 10% of sales, about twice as 
high as those of the manufacturing 
sector as a whole. On average the 
paper industry has invested more 
than $120,000 per worker-more 
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Table 3-1 3 
Pulp and Paper Industry Profile' 

Volume of Products 

Value of Shipments $133 billion 

Total Employment 626,000 jobs 

Capital Expenditures $7.8 billion 

' NetTrade Balance $-1.4 billion 

85 million tons 

Energy Consumptlon 2.5 quadrillion Btu 

Waste Generation . 2.25 billion tons 

Average Hourly $13.80 
Earnings 

*Dab lor blest ysaravailaMe 

than any other manufacturing indus- 
try, Notably, environmental improve- 
ments have replaced additions to 
capacity as the driving force behind 
capital-spending plans. Otherwise, 
equipment is replaced only when 
necessary due to the large capital 
costs of new equipment in this high 
productivity, scale-economy industry. 

A Strong International Compet i for  
Currently, the United States possesses 
about 30% of the world's paper capac- 
ity. Our country's vast domestic forest 
resources have historically under- 
pinned our major role in the world 
pap'rwmdustry. Exports represent 
about 8% of total shipments of fin- 
ished paper, with most exports going 
to Canada, Mexico, and Japan while 
imports (primarily from Canada) 
account for about 9% of US. con- 
sumption of paper. Hence-especially 
in comparison to most other G7 
nations-the US. paper industry is 
a strong international competitor. 

However, domestic forest resources 
are becoming more limited and less 
accessible to some extent, and compe- 
tition from developing countries with 
large forest resources, such as Brazil, 
is increasing substantially. Moreover, 
domestic paper manufacturers are 
also prone to cyclical fluctuations in 
the economy, while foreign competi- 
tion is often supported by government 
subsidies during periods of soft 
demand and low prices. 

-?.*. 
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THE MANUFACTURING PROCESS: 
FROM LOGS TO PAPER 

The papermaking process entails five 
principal steps: (1) wood preparation, 
(2) pulping, (3) bleaching (if desired) , 
(4) chemical recovery, and (5 )  paper- 
making (Figure 3-12). Although wood 
fiber is the predominant ingredient in 
paper, trees cut for manufacturing 
paper provide only slightly more than 
half of the fiber used. The remaining 
fiber is obtained from recycled news- 
print, spent packaging, other waste 
paper, and waste residues of lumber 
operations and saw mills. 

Pulping: Isolating the Fibers 
After wood preparation, during which 
tree bark is removed and the wood is 
chipped into small pieces, the pulping 
process breaks apart the fibers in the 
wood and cleans the fibers of unwant- 
ed wood residues. The principal meth- 
ods use chemical techniques, mechan- 
ical techniques, or a combination of 
the two. Currently, chemical pulping 
techniques are used in 80% of U.S. 
production. These methods involve 
tradeoffs in terms of cost, yield, and 

.paper quality. 

During chemical pulping, the wood 
chips are cooked in a chemical solu- 
tion at high temperature and pres- 
sure. Chemical processes dissolve 
most of the lignin (the glue that 
holds the fibers together) and frees 
the cellulose fibers. The most widely 
used technique, the kraft process, 
uses a solution of sodium hydroxide 
and sodium sulfide. The resulting 
pulp is then washed to remove the 
chemicals. The spent solution, often 
referred to as black liquor, contains 
organic material dissolved from the 
wood and inorganic chemicals. 

Bleaching: Making Paper White 
Most pulps are relatively dark in color, 
similar to the brown color of a grocery 
store bag. The color is attributed to 
the remaining lignin in the pulp. 
Bleaching is used to alter or remove 
the residual lignin from the pulp, to 
brighten the color of the final paper 
product. Bleaching is accomplished by 
the alternating treatment of pulp with 
oxidizing agents and alkali solutions. 
Chlorine compounds are often used 
for this process and contribute to the 
generation of dioxins, the industry's 
most acute environmental problem. 
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bark, and wood for fuel. Also, the 
industry generates almost 40% of 
the total on-site electricity generated 
by U.S. manufacturing industries by 
using cogeneration. Even with this 
use of renewable sources, the industry 
spent nearly $5.5 billion on purchased 

~ energy in 1991, or nearly 4.3% of the 
value of its shipments. For the mill 
sector, this percentage nearly doubles 
to 8.2%. 

Wood Chemical Bleaching 
Preparation Pulping 

Water from White water Bleach plant 
wood handling from screening washer filtrates 
and debarking andcleaning 

Digester liquors 
condensate 

- Spent bleach - 
Environmental Profile 
The pulp and paper industry also 
generated more than 2.25 billion tons 
of waste in 1991, most of which was 
non-hazardous waste water and 
sludges. However, the waste streams 
from chlorine bleaching can contain 
toxic materials, including dioxins. 
Water-pollution control is the major 
environmental issue facing the indus- 
try. Major sources of pollutants 
include: digester and evaporator 
condensates, bleach plant filtrates, 
and paper machine white water 
(Figure 3-14). The industry is also 
subject to air emissions; estimated 
annual emissions include 800,000 tons 
of VOCs, 340,000 tons of sulfur, and 
150,000 tons of other hazardous air 
pollutants. In addition, as part of its 
operating costs, the industry spent 
more than $1.6 billion for pollution 
abatement in 1991, and invested more 
than $1.2 billion in capital for pollu- 
tion abatement equipment. 

Papermaking 

Paper machine 
white water 

Stock spills 

Moreover, the products the industry 
manufactures are often not recovered 
in full, In 1993, the industry attained 
a recovery rate ofjust over 40%. In 
1993, recycled paper constituted 
31% of fiber used at mills. 

Recycling reduces the energy used 
for harvesting and transporting the 
timber, but is offset by the energy 
needed to collect, transport; and de- 
ink the waste paper. Recycling paper 
products also creates a wet sludge 
waste, which is currently inefficiently 
used, Depending on the paper prod- 
uct, the energy savings from using 
recycled paper have been estimated 
to be up to 57%. However, some 

Recovery 

Evaporator 
condensate 

Blackliquor .. 
spills 

paper products require more energy 
to produce with recycled feed- 
stock than if manufactured from 
virgin materials. 

Mandates for increasing the recycled 
content of paper will require investing 
in recycling facilities in the near . 

future because the federal govern- 
ment as well as some state, local, and 
foreign governments are increasing 
the recycled-fiber content required 
in paper products they purchase. 
Also, large corporations and many 
consumers are demanding recycled 
paper for their use. 

THE OIT PULP AND PAPER 
PROGRAM 
OIT’s Pulp and Paper Program s u p  
ports high-impact research and devel- 
opment to promote the development 
of a more efficient mill of the future. 
Historically, the OIT Pulp and Paper 
Program has focused heavily on pulp 
ing chemical recovery processes, 
which are complex and not well 
understood. Current activities in this 
area include the development and 
testing of new black liquor recovery 
and utilization technologies. The 
program also conducts research in 
the energy-intensive areas of pulping 
and papermaking. 

Pulping Catalyst Development: 
Helping a Good Technology 
Reach a Wider Market 
(National Renewable Energy Labmatq, 
Institute of Paper Science and Technology) 
Although the kraft chemical pulping 
process is the world’s dominant pulp 
ing method, the process has some 
severe shortcomings, one of which 
is its low yield of pulp from wood. 
Typical yields of pulp from southern 
pine, a tree commonly used in south- 
ern mills, fall in the range of 45% to 
55%. Various pulping modifications 
have been proposed over the years to 
overcome this problem, but none has 
achieved wide commercial success. A 
more recent development that holds 
great promise is using the chemical 
anthraquinone (AQ) as an additive 
to the kraft process. AQ is a white 
powder that, when added to the wood 
chips during cooking, accelerates the 
kraft process dramatically and gives 
a 2% to 3% increase in yield. Already 
more than 100 mills worldwide are 
using AQ. Further use in the industry 
appears limited, however, because 
AQ‘s high production costs are passed 
on to the mills as high prices. 

Research is being conducted to 
develop a cheaper method of devel- 
oping AQ that would have the added 
advantage of using renewable 
resources instead of petroleum, 
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the current feedstock. Specifically, 
the new process would use a portion 
of the lignin byproduct of the kraft 
pulping process as the feedstock for 
producing chemicals that could sub- 
sequently be synthesized into AQ. 
The new process would produce AQ 
at a lower cost, making it economically 
feasible for more pulp and paper mills 
to use this additive to increase their 
pulp yields. AQ also allows pulping 
to take place at lower temperatures, 
resulting in an estimated energy sav- 
ings of 7 trillion Btu each year if 
widely adopted. An environmental 
benefit of using AQ is reduced bleach- 
ing requirements, which means a. 
decrease in harmful bleaching efflu- 
ents. However, the biggest potential 
impact is that the development of 
cheaper AQ is expected to expand 
the use of suhr-free pulping, an alter- 
native pulping method that does not 
emit sulfur gases like the kraft process. 

Black Liquor Gasification: 
Don't Just Burn It-Gasify It 
(Manufacturing 6' Technology 
Conversion Intl.) 
Black liquor-the combination of 
dissolved wood waste and used pulp 
ing chemicals-is currently burned 
in recovery boilers to recover the 
chemicals for reuse and to use the 
embodied energy content of the 
wood waste to generate stem'for use 
in the mill. Although quite efficient, 
the recovery boiler has limitations. 
Scientists are working on a black 
liquor gasification process that would 
increase the flexibility and safetyof 
black liquor recovery while allowing 
even more energy to be recovered. 
In this new process, the liquid black 
liquor would be heated enough to 
convert it into a gas. The pulping 
chemicals are then separated out and 
recovered, leaving the remaining gas 
to perform double duty-as a heat 
source to generate s t em in a boiler 
and subsequently as a fuel to be 
burned in an electricity-generating 
gas turbine. This dual use of a single 
fuel is known as cogeneration. 

! Current ! OIT 
Category %echnologyiTechnology 
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Reduction 
Unit Industry 

The benefits of using gasification 
are numerous and include improved 
safety, decreased environmental 
impact, higher energy efficiency, 
and lower operating costs. The smelt 
formed at the bottom of a conven- 
tional recovery furnace poses a small 
but deadly risk in the form of smelt- 
water explosions, one of the most 
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Table-3-14 
Annual Benefits ofpulping Catalysts 

I 

feared occurrences at a pulp mill. 
Smelt can't form in the gasifier, so the 
risk is eliminated. The gasifier process 
reduces emissions of particulates, SO2 
emissions, and NO, emissions. The 
energy efficiency of the gasification 
process is higher than the recovery 
boiler because there is no smelt (a 
major source of heat loss) and 
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because of the high energy conversion 
efficiency of the cogeneration process. 
Additional environmental benefits of 
the technology could be achieved if 
it is proven viable with biomass feed- 
stocks such as paper mill sludge. 

Development of Black Liquor 
Physical Properties: 
Filliig in the Knowledge Gaps 
(University of Flm'da) 
Although the kraft pulping process is 
used extensively throughout the pulp 
and paper industry, many chemical 
engineering properties of the black 
liquor produced during kraft pulping 
are not fully understood. For more 
than a decade, DOE has sponsored 
research to study the physical proper- 
ties of kraft black liquors. The ulti- 
mate goal of the research is to obtain 
careful and accurate data on viscosity 
and other important properties, and 
to use this information to develop 
predictive computer models that will 
help pulp mill engineers to improve 
the efficiency of their operations. 

Careful control of the kraft chemical 
recovery process is critical to recover- 
ing the maximum energy content of 
the liquor and to maintain the effi-. 
cient and environmentally acceptable 
operation of the recovery boiler. , 

When completed, the black liquor 
computer model will allow recovery 
boilers to be operated with a more 
concentrated black liquor, a condition 
that has many assotiated advantages. 
Using a more concentrate5 liquor will 
raise the combustion efficiency in the 
boiler. On an industry-wide basis, the 
total potential energy savings of this 
increase in efficiency has been esti- 
mated at 44 trillion Btu each year. 
Combustion-related emissibns of 
CO2, particulates, and SOx would be 
reduced significantly, and the furnace 
would be able to burn more black 
liquor in a given time, improving 
overall productivity. 

i Current i OIT 
Category kechnologyilechnology 

Validated Recovery Boiler Model: 
Improved Understanding 
of Black Liquor Chemistry 
(Institute of Paper Science and Technolog): 
Universitj OfBritish Columbia, Oregon 
State Univmsib, TM. Grace) 
The goal of this project is also to fill 
in some of the gaps in knowledge 
about the complex kraft chemical 

Reduction 
Unit i Industry 

recovery process. While the previously 
described effort examined the phys- 
ical properties of the liquor itself, this 
effort is focusing more on the chemi- 
cal reactions that take place in the 
boiler. These reactions must be care- 
fully controlled for a number of rea- 
sons. First of all, they are critical 
to producing the desired pulping 
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chemicals-not some unwanted 
byproduct-for recovery. The 
reactions also determine how effi- 
ciently and completely the wood waste 
in the liquor will be burned. Finally, 
they govern the amount of atmos- 
pheric emissions of undesirable 
gaseous byproducts. In this research 
effort, scientists are incorporating all 
available knowledge about the chemi- 
cal reactions occurring in the recovery 
boiler, together with data on fluid flow 
in the boiler, to develop a computer 
model'for designing and optimizing 
the chemical recovery process. 

The advanced fluid flow and chemical 
reaction model can be used both as a 
process monitoring tool by pulp and 
paper mills and as a valuable design 
tool for recovery boiler manufactur- 
ers. It is anticipated that use of the 
model will enable recovery boiler effi- 
ciency to be increased from 65% to 
7576, which equates to energy savings 
of 67 trillion Btu annually. In addition 
to reductions in combustion-related 
emissions, use of the model should 
result in reductions in s u b -  emis- 
sions because of improved control 
of boiler reactions involving sulhr. 

--.C..r-. >+- 

~~ ~ ~ 

i Current OIT 
Category :Technology fTechnology 

Impulse Drying: Using Steam 
and Compression for 
More Efficient Drying 
(Institute of Pafier Science and Technolog): 
Beloit, Union Camnf) 
During papermaking, the newly 
formed paper is transferred from 
the main body of the paper machine 
to the dryer section, where it passes 
over steam-heated drying cylinders. 
This drying process is the single 
largest energy use in the papermak- 
ing process. The moisture content of 
the paper entering the dryer section 
is less than 50%. A new technology 
known as impulse drying is being 
developed to reduce the moisture 
content of paperboard (the type of 
paper used in boxes) during pressing, 
the last step before drying. Impulse 
drying uses a very hot roll to squeeze 
the paper; the combination of steam 
(formed at the hot roll surface) and 
compression expel water from the 
sheet, resulting in a moisture content 
of less than 40%. This greatly reduces 
the energy required in the drying 
section and allows the .entire paper 
machine to run faster, thus increas- 
ing productivity. 

I Reduction 
Unit f Industry ' 

Table 3-18 
Annual Benefits of Impulse Drying 

i 9647 ; 9100 i 547 i 32,824 

i 5506 i 4505 f 1001 f 60,071 

i 2761 f 2235 f 526 31,554 

........................................................................ G ........................ : ........................ .j ........................ f ........................ 

........................................................................ : ................................................. : ........................ ' ........................ 
Total Cost (SlOOO) 

Energy Cost (SlOOO) 

Capital Cost ($1000) ........................................................................ ., ................................................. -. ................................................ . .  
O&M Cost ($1000) i 1380 , i 2360 f -980 i , -58,800 .................................................................................................. I ........................ 0 ................................................. 

Emissions (metric ton) 

On a national basis, adopting impulse 
drying on paperboard machines 
could result in energy savings of 
nearly 27 trillion Btu each year. This 
would reduce emissions of Con by 
almost 2 million tons, NOx by 2600 
tons, volatile organic compounds 
(VOCs) by 120 tons, and particulates 
by 18,800 tons annually. Impulse 
drying also enables paperboard man- 
ufacturers to use a much higher 
percentage of recycled fiber-as much 
as 80%-than they are able to use with 
conventional technology. Increased 
use of recycled fiber means that less 
new.pulp is needed, with a corre- 
sponding decrease in the use of pulp- 
ing chemicals and in pulping-related 
pollution. Finally, paperboard made 
with impulse drying is stronger than 
its conventional counterpart and 
can meet product specifications at a 
lower weight, thereby reducing pulp 
requirements even further. Because ' 

pulp requirements are directly pro- 
portional to a mill's demand for 
wood, using impulse drying will also 
reduce the number of trees cut. 
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EEFUREZSWlSdG k CRITICAL 
CQMPONENT OF OUR 

Steel is vital to the United States for 
both national security and economic 
well-being, and is the most basic and 
widely used metal in an industrial soci- 
ety, Steel’s widespread usage can be 
attributed to its great versatility, high 
strength-to-cost ratio, and the fact 
that iron ore-the raw material from 
which steel is made-is one of the 
most abundant metallic minerals in 
the earth’s crust. Although there are 
acceptable substitutes for steel in 
many of its uses, in the short term 
practical alternatives on a large scale 
are few because of the higher cost, 
inadequate performance or insuffi- 
cient availability of these alternative 
materials. Moreover, the industry that 
makes, shapes and ships steel products 
is a 5657 billion dollar-a-year industry 
employing more than 236,000 workers 
that-despite its recent vast restructur- 
ing-remains as critical a component 
of our nation’s industrial infrastruc- 
ture as ever. 

The steel industry is divided into two 
principal segments: the generally 
large, integrated producers and the 
typically much smaller nonintegrated 
producers. Integrated steel producers 
smelt iron ores to liquid pig iron in 
blast furnaces and refine the iron with 
added scrap in basic oxygen furnaces. 
Nonintegrated steel producers, on the 
other hand, rely primarily on scrap for 
their raw materials, Broadly speaking 
there are two types of nonintegrated 
mills: minimills and specialty mills. 
Minimills melt scrap in electric fur- 
naces, and utilize continuous casting 
and hot rolling mills to produce ton- 
nage carbon steel products. Specialty 
mills, on the other hand, produce 
stainless, high-temperature and other 
alloy steels for a variety of mostly 
niche markets. 

t ENDUSTRIAL IP$FRASTRUCT’URE 

The Hew Look of the American 
Steei industry 
In response to the numerous and 
severe competitive pressures con- 
fronting it in the 198Os, the U.S. 
steel industry has undergone wide- 
spread and profound restructuring. 
It has invested heavily in continuous 
casting and other new technologies, 
adopted new management styles, 
closed several outmoded plants, and 
greatly improved its productivity and 
quality. The restructuring has altered 
considerably the industry’s basic pro- 
file. For example, in 1982 the top eight 
firms produced 74% of,the nation’s 
crude steel; by 1992, the share of 
industry output accounted for by the 
eight largest producers had declined 
to 52%. The decrease in industry con- 
centration reflects both the expanded 
role of minimills in the industry and 
substantial downsizing of the inte- 
grated producers. The changing 
industry structure-with a greater role 
for electric-furnace-based minimills 
-boosted U.S. output of electric arc 
steel to 33 million tons in 1993 or 
38% of the U.S. total. 

As with all such upheavals, the restruc- 
turing of the steel industry over the 
past decade has had its downside. Raw 
steel production in the U.S. dropped 
by nearly 30% between 1980 and 1992, 
and the permanent closure of several 

. 

major steel mills cut the U.S. share 
of world steel capacity to about 10%. 
But the human dimensions of the 
restructuring have been staggering. 
The shutdown of numerous steelmak- 
ing facilities and furnaces resulted 
in the layoff of tens of thousands 
of workers. By 1992, steel industry 
employment had shrunk 60% to 
about 236,000 workers. 

Fortunately, however, the extensive 
changes that have taken place in the 
steel industry have had significant 
positive effects as well. For example, 
the downsizing of the workforce, 
increased use of continuous casting. 
and automation, and workforce train- 
ing have significantly enhanced 

Table 3-19 
Steel Industry profile’ 

Volume of Products i 82 million tons 
(1993) 

Value of Shipments i $57 billion 

Total Employment i 236,000 jobs 

Capital Expenditures i S2.6 billion 

Net Trade Balance ; S-4.5 billion 

Enerw Consumption 1.7 quads 
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Figure 3-1 5 
Geogrujdiic Dislribulioi, of Iron and Stpel Focilitips, 1992 



worker productivity. Productivity 
increased at nearly a 7% annual rate 
during the last decade and now equals 
that ofJapan and exceeds that of any 
other major steel-producing country. 
Moreover, as labor productivity 
increased, so did worker compensa- 
tion. In 1992, steelworkers earned an 
average of almost $30/hour (includ- 
ing benefits), compared with $24 per 
hour in 1987. Though minimill wages 
tend to be somewhat lower, in many 
cases these firms have introduced 
profit-sharing plans and productivity 
base pay. Ultimately, the far-reaching 
changes occurring in the U.S. steel 
industry enabled it to ship about 82 
million tons of product in 1993. At the 
same time, import market penetration 
was at its lowest level since 1980 
(Figures 3-16 and 3-17). 

Continuing Challenges: - 

Cornpet i f  ion, Cost ,  
Qualify and Coke 
Despite the improved physical per- 
formance of the steel industry, it 
has continued to struggle financially 
-especially the large, integrated 
firms. Between 1989 and 1992, weak 
demand in the United States and 
abroad kept prices low, and the indus- 
try sustained a cumulative operating 
deficit of 93.5 billion. Moreover, many 
stresses continue to challenge the 
steel industry. Foreign and inter- 
material competition as well as com- 
petition between the integrated pro- 
ducers and minimills are forcing 
steelmakers to develop and invest 
in ever more efficient and quality- 
enhancing technologies. 

At the same time, environmental 
legislation is challenging the industry 

. to develop cleaner and more efficient 
steelmaking processes. Steelmaking 
generates many air pollutants, includ- 
ing carbon monoxide, nitrogen oxides, 
sulfur dioxide, and particulates. Clean 
Air Act provisions covering air toxics, 
permits, and enforcement will also 
significantly affect the industry- 
especially coke ovens. Even though 
coke oven emissions have Eallen an 
average of 90% since 1970, increasingly 
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stringent environmental regulations 
make opefations at existingcoke plants 
more costly and are speeding up the 
closure of several coke ovens. Coke- 

many facilities, the steel industry 
is actively developing and testing alter- 
natives to the conventional coke oven/ 
blast furnace method of making iron. 

. 

making capacity decreased from 
approximately 42 million tons in 1980 
to 24 million tons in 1992. Because 
environmental regulations concerning 
coke ovens will force the shutdown of 

In the long term, the steel industry 
will likely continue to move towards 
more simplified and continuous 
primary stage technologies that 
reduce the capital costs for new mill 
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construction, howing smaller mills 
to operate efficiently. The OIT steel 
program is responding to these 
evolving needs. 

THE MANUFACTURING 
PROCESS: MULTIPLE STEPS 
AND PROCESSES 

The ore-based steelmaking process 
for semifinished steel production ' 

has five principal steps: 1) pelletiza- 
tion, 2) cokemaking, 3) ironmaking, 
4) steelmaking, and 5) casting. Scrap 
based steelmaking essentially has only 
the last two processing steps that ore- 
based steelmaking has. Iron ore and 
coal-supplemented by scrap-are 
the major ingredients for ore-based 
production, while steel scrap is the 
feed material for scrapbased steel 
production (Figure 3-18). 

Pelletization: Preparing Ore 
for the Furnace 
Iron ore is prepared by being crushed, 
ground, and then agglomerated into 
marble-sized pieces that can be fed 
into a blast furnace. Most often, this 
occurs through pelletizing. In pelletiz- 
ing, an unbaked ball or green pellet is 
formed with iron ore concentrate 
combined with a binder. Such pellets 
are then hardened by heat treatment 
in an oxidizing furnace. Pelletizing 
is almost always conducted near 
the mine site. 

Cokemaking: Boiling Off 
the Volatiles 
Coke, a form of carbon, is used to 
produce reducing gases and heat 
to reduce iron ore to metallic (pig) 
iron. Coke is produced by heating 
(baking) high-grade (metallurgical) 
coal for nearly 15 hours, which boils 
off volatile compounds and leaves 
behind 90% pure carbon product. 
The reactions are stopped by quench- 
ing the coke with water from overhead 
spray systems. 

Ironmaking: Removing fke 
Oxygen from iron Ore 
Blast furnaces are the most common 
technology used to convert the pre- 
pared iron ore into iron. The ore is 
fed into the top of the blast furnace 
together with coke and limestone 
and/or dolomite. Heated air is blown 
into the furnace from the bottom, 
which produces carbon monoxide 
from oxygen in the air and coke. The 
carbon monoxide reduces the ore by 
removing oxygen to produce molten 
pig iron and slag. The molten iron is 
then removed from the remaining slag 
of limestone and other impurities. 

Steelmaking; Refining and 
Alloying the iron and Scrap 
Steelmaking refines the molten iron 
or scrap. The process removes impu- 
rities and adds alloying elements to 
provide the required properties. 

Integrated Primary steelmaking 
occurs in a basic oxygen furnace 
where pig iron and scrap are refined 
into steel. Oxygen is blown into the 
furnace and reacts with carbon in the 
molten iron to form carbon monoxide 
and carbon dioxide. These gases 
remove carbon fiom the melt and 
vigorously boil the melt to accelerate 
other refining reactions. Refining time 
for the process is less than 1 hour. 

Minimills: These mills produce steel 
by melting scrap in an electric arc fur- 
nace, which is economical at smaller 
scales than basic oxygen furnaces. The 
graphite electrodes are lowered into 
the furnace and melt the scrap by 
radiation. This process generally takes 
between 1 and 2 hours. 

Casting: Steel Takes §hape 
Continuous casting is the predomi- 
nant technique in which the liquid 
steel is poured directly into its semi- 
finished shape. Continuous casting 
forms steel into semifinished shapes 
that are rolled into such products 
as bars, rods, plates, and strip. 
Afterwards, the steel is annealed 
and allowed to cool slowly torelieve 
internal stresses in the steel. In 1993, 
86% of steel was continuously cast, 
which is a significant increase from 
29% in 1982, resulting in a marked 
improvement in yield of finished 
products from liquid steel. 

Energy: Less Coal and Coke, 
More Electricity 
The steel industry is the fourth largest 
energy-consuming industry in the 
United States. In 1991, the industry 
consumed 1.7 quads of energy. Coal is 
the largest energy source, accounting 
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for nearly half of energy use, while 
natural gas accounts for a quarter of 
energy use. Electricity is the largest 
energy component of scrap-based 
steelmaking. On average, about 
21 million Btu are currently used 
to produce a ton of finished steel. 
The most energy-intensive steps are 
cokemaking (6 million Btu) , iron- 
making (14 million Btu) , and fin- 
ishing (4.7 million Btu). The industry 
spent $4.8 billion on purchased 
energy in 1991, or 8.7% of the value 
of shipments. 

The Steel and Aluminum Energy 
Conservation and Technology 
Competitiveness Act of 1988, commonly 
referred to as the Metals Initiative, was 
signed into law on November 17,1988. 
The Act has  the following purposes: 
I) to "increase the energy efficiency 
and enhance the competitiveness of 
American steel, aluminum, and copper 
industries...", and 2) to continue the 
R&D efforts begun under the DOE 
program known as the Steel Initiative. 

The Metals Initiative represents a 
commitment on the part of the federal 
government to pursue and promote the 
continued economic strength, energy 
security, and environmental integrity of 
the United States. It also reflects a grow- 
ing awareness in both the private and 
public sectors of the importance of 
maintaining our nation's competitive- 
ness in the global business environment. 
Significant R&D efforts in steelmaking 
and other metals production a re  already 
underway in Japan and the European 
Community, and efforts such as the 
Metals Initiative will continue to be  
important to maintain our position in 
a n  increasingly competitive and dynamic 
marketplace. The successful develop- 
ment and implementation of the revolu- 
tionary technologies now evolving 
through Metals Initiative R&D will assist 
the US. metals industries in meeting 
the growing international challenge. It 
will also provide the means to further 
improve the productivity standards of 
the US. metals industries while signifi- 
cantly reducing energy consumption. 
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Environmental Profile 
Primary steelmaking produces 
many air pollutants, including carbon 
monoxide, nitrogen oxides, sulfur 
dioxide, and particulates. Coke oven 
emissions are targeted for early 
control under the Clean Air Act 
Amendments of 1990. Production 
of coke has declined sharply from 
about 60 million tons in the early 
1970s to 24 million tons in 1992. 

The primary production of steel 
also requires a great deal of water. 
One estimate placed 75,000 gallons 
of water for each ton of steel pro- 
duced. While most of this water is 
recycled and reused, the industry is 
likely to be substantially affected by 
restrictive water quality regulations. 

Capital expenditures for pollution 
control were about $287 million in 
1992, while the operating costs for 
pollution control added an average 
of $14 per ton of steel shipped-or 
$1 billion total in 1991. Finally, steel 
is recycled to the extent possible when 
economical, but the permanent use of 
steel in many applicatidns, such as in 
buildings, necessitates production of 
raw steel. Of all the steel produced, 
about 60% is from'recycled scrap 
(Figure 3-1 9). 

THE OIT STEEL PROGRAM 

OIT's R8cD activities for the steel 
industry are conducted under the 
Metals Initiative, mandated under 
the Steel and Aluminum Energy 
Conservation and Technology 
Competitiveness Act of 1988. The iron 
and steel industry uses some of the 
most energy-intensive processes found 
in the entire industrial sector. To 
increase the energy efficiency of these 
processes, OIT is working to combine 
or eliminate energy-intensive opera- 
tions, improve the efficiency of exist- 
ing processes, and reduce manufactur- 
ing .costs to increase the industry's 
competitiveness in world markets. 

Direcf Steelmaking: Revolutionizing 
the Future of Steelmaking 
(Amkan  Iron and Steel Institute) 
Incremental improvements to existing 
iron and steelmaking processes can 
improve efficiency and productivity 
only so far; to achieve more dramatic 
results, totally new technologies must 
be developed. A case in point is the 
direct steelmaking process, in which 
the blast furnace and coke ovens are 
replaced by a coal-based smelter. 
In contrast to current steelmaking 
processes-which are largely open 
and produce molten iron in batches- 
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Table 3-20 
Annual Benefits of Direct Ironmaking at 350,000 tonsflerjear' 

_ _ _ _ _ ~ .  ~~ 

i Current i 011 
Category i1echnology:Technology 

Pellelizing 

minerals 

~~ ~ 

Reduction 
Unit i Industry 

Cokemaking 

Gaseous 
emissions 

Ironmaking Steelmaking 

slag and 
sludge 

Blast furnace 

the direct steelmaking is closed and 
produces a continuous stream of 
molten iron (molten steel, if the cur- 
rent phase of research is successful'). 
In this new process, coal and pre- 
reduced iron ore pellets are fed into 
a smelter vessel already containing a 
bath of liquid iron. Oxygen is injected 
into the vessel, converting the iron ore 
into liquid pig iron. Further treatment 
with oxygen reduces the carbon con- 
tent of the steel to the desired levels 
for the finished product. 

Potential advantages of direct steel- 
making over conventional steelmaking 
are numerous: 

rn Reduced energy consumption. 
The new technology will potentially 
yield a 20% reduction in the energy 
required to convert iron ore to 
liquid steel. 

rn High productivity. The new 
process may achieve up to five 
times the production rate of 
conventional processing. 

rn Simplification of facilities. Coke 
plants, which are costly to build 
and operate, will be eliminated. 

rn Feedstock flexibility. The process 
can use a wide variety of non- 
coking coals, which are cheaper 
than coking coals. 

rn Lower costs. In addition to 
avoided energy costs, lower 08cM 
and capital costs could be achieved. 

i 12,600 i 4500 i 8100 i 1,093,500 Energy Cost (SlOOO)* 

Capital Cost (SlOOO) i 17,627 11.017 i 6610 I 892.350 ......................................................................... ..................................................... ........................ : ........................ 
0 8 M  Cost (S1000)3 i 33,075 31,550 i 1525 i 205,875 ........................................................................ A ........................ 1 ........................ + ........................ : ........................ 

Emissions (metric ton) 

................................................................................................. : ........................ ; ........................ ; ........................ 

1 i 879,821 i 761.338 i 118.483 i 15,995,205 ........................................................................ 4 ........................ : ........................ z ........................ : ....................... 
700 i 70 i 630 i 85,050 ........................................................................ 0 ................................................. I ........................ : ........................ 

sox 860 i 55 ; 805 i 108,675 

co2 
NO, 

Particulates 525 i 340 i 
Solid Waste (1000 tons) - .  - .  ........................................................................ 1 ........................ i ........................ i. ........................ ....................... 
......................................................................... : ......................... : ........................ : ......................... : ....................... 
Risk 

Technical LOW 

Market MEDIUM 
........................................................................ - .................................................................................................... 

I Year of Maximum Market Share 2030 

Benefits projeded are based on greenfield i n s l a l ! a ~ .  
Energy cwts shown are after on* energy aediL 

Jlndudes m n e r g y  m a t e m  

rn Reduced emissions/reduced pollu- 
tion control requirements. Coke 
ovens are a major source of SOx, 
NOx, and particulate emissions. 
Elimination of cokemaking will 
reduce the burden of steelmakers 
in controlling these emissions to 
meet CIean Air Act requirements. 

. 

The bottom line is an expected 
$20/ton reduction in operating 
costs (typically $175/ton for a mod- 
ern plant) over current steelmaking 
processes, which will help U.S. steel- 
makers to compete bet'ter with inter- 
national producers such as Brazil and 
South Korea. The widespread adop 
tion of direct steelmaking will result 
in total U.S. energy savings of about 
200 trillion Btu annually. 

Steel Plant Dust and Sludge 
(Waste Oxide) Recycling: 
Recovering the Iron h the Landfii 
(Ama'can Iron and Steel Institute) 
Waste byproducts are generated at a 
number of sites within the steel mill, 
including the coke ovens, blast fur- 
nace, basic oxygen furnace (BOF) , 
and hot rolling mill. Blast furnace 
ironmaking generates dust that is 
removed by a dust catcher and a wet 

scrubber. The wet scrubber produces 
an effluent that, after treatment, 
produces a fine-particle, sometimes 
oily sludge that is often landfilled. 
Similarly, the BOF process usually 
h k  an emission control system that 
removes fine oxides (in the form of 
dust) from BOF off-gas. The dust is 
either landfilled or treated with a wet 
emission control system, which yields 
sludge that is itself often landfilled. 
An iron oxide sludge is produced in 
the hot rolling mill. This sludge must 
be removed in a wastewater treatment 
system. For years, these byproducts 
have been landfilled on-site with the 
hope that reclamation would become 
economically feasible at some point 
in the future. 

That point looms much nearer with 
the initiation of a project to develop 
a process for recycling blast furnace 
and BOF dust and sludge, and rolling 
mill sludge. The new process uses a 
smelter, a completely enclosed melt- 
ing vessel. The molten pig iron is 
processed in the BOF. It is anticipated 
that more than 3.5 million tons of 
sludge and dust will be recycled each 
year with the smelter process, greatly 
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reducing landfilling of these wastes. 
The annual benefits of this include 
up to 150 trillion Btu of energy sav- 
ings, $100 million savings in disposal 
costs, and more than $50 per ton of 
cost savings for pig iron produced 
using the recovered iron oxide. 

Electrochemical Removal 
of Zinc from Steel Scrap: 
Better Use of a Valuable Resource 
(Argonne National Laboratq,  
Metal Recovq  Industria, Inc.) 
Galvanizing is a process in which 
steel parts-such as those used in 
auto bodies-are coated with zinc to 
prevent corrosion. The high quality 
of galvanized steel makes this scrap 
a valuable feedstock for both steel- 
making and foundry operations. 
Unfortunately, the zinc coating on 
galvanized steel scrap causes severe 
operating and environmental prob- 
lems and has a deleterious effect on 
product quality. The electrochemical 
dezincing process being developed 
not only removes this zinc but recov- 
ers it for reuse, potentially reducing 
U.S. zinc imports while producing 
clean scrap. 

Electrochemical dezincing takes place 
in a large tank. The scrap is then 
washed and shipped to a steel mill 
or foundry. Energy is saved because 
the energy required to dezinc scrap 
is about 20% of that for producing 
molten iron, the conventional steel- 
making furnace feedstock. By the year 
2000, electrochemical dezincing could 
conserve nearly 7 trillion Btu, reduce 
raw material costs to the U.S. iron and 
steel industry, and reduce foreign 
imports of zinc. Environmental bene- 
fits of the process include elimination 
of both baghouse dust and zinc conta- 
mination in waste water associated 
with the melting of galvanized scrap. 
The consumption of galvanized steels 
has roughly doubled since 1980 and is 
expected to continue growing at a 
steady rate; the U.S. steel industry 
cannot afford to underutilize this 
valuable resource. 

i 37.521 i 33,705 i 3816 i 30,526 ........................................................................ 1 ........................ : ........................ 2 ................................................. Energy Cost ($1000) 
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co2 
NO, 
so. 1234 i 1108 i 125 i 1004 

218 i 195 i 22 i ........................................................................ j ................................................................................................... 

Advanced Process Control Research 
Program for the Steel Industry: 
Developing Better and Faster 
Steelmaking Control Techniques 
(American h - 0 1 2  ai2d Steel Institute) 
A 5-year program has been initiated 
to develop new and improved meth- 
ods of measuring steel processing 
parameters and properties from 

~~~ ~ ~ 

i Current i OI? 
Category ilechnologyilechnology 

production through casting and form- 
ing into finished products. Being 
able to more accurately measure prop 
erties such as temperature, composi- 
tion, and strength can help steelmak- 
ers optimize their processes to yield 
the highest possible quality steel and 
steel products as efficiently and with 
the least environmental impact as 

' Reduction 
Unit i Industry 

Table 3-21 
Annual Benefits of Steel Plant Dlist/Sludge Recycling 
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Table 3-22 
Annual Benefits of Electrochemical Removal of Zinc from Steel Scrap 
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Reduction Current i OIT 

Category !TechnologyiTechnology ' Unit Industry ' !  
t 
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possible. Each of the six tasks cur- 
rently sponsored by the program r e p  
resents a collaborative effort between 
one or more research organizations, 
a sponsoring steel company acting as 
technical advisor, and an equipment 
manufacturer to commercialize the 
proven equipment or system. 

Opt~cal Sensors and Controls for 
Improved BOF Operations 
(Sandia National Laboratories, Insitec 
Measurement Systems, Bethlehem Steel) 
In the absence of up-to-the-minute 
data on what's really happening inside 
the BOF during steelmaking, steel- 
makers tend to err on the side of cau- 
tion, leaving the molten steel in the 
furnace longer than necessary and 
tapping at lower carbon levels. Two 
new optical sensors are being devel- 
oped that could change this prac- 
tice-one for real-time measurement 
of the composition and temperature 
of BOF off-gases, and one for measur- 
ing the temperature of the sleel bath. 
Both of these sets of valuable process 
information will be used to develop a 
new BOF control strategy to allow the 
molten steel to be tapped (removed 
from the furnace) at a lower tempera- 
ture and precise carbon levels, reduc- 
ing processing time and increasing 

...-.%-. --+- 

furnace productivity. These sensors 
also have potential use in other high- 
temperature processes. 

Improved Liquid Steel Feeding 
for Slab Casters 
(Westinghme, North A m - c a n  
Refractories Co., US. Steel) 
Certain aluminumcontaining steel 
alloys are difficult to cast into final 
products because the aluminum, in 
the form of alumina, tends to clog the 
valves and other moving parts in the 
caster feeding system. Clogging causes 
quality problems in the steel products, 
wastes valuable time for repairs, and 
forces early replacement of clogged 
parts. To eliminate clogging, an elec- 
tromagnetic valve system with no 
moving parts is being developed for 
use in a continuous casting mold. The 
new valve should save both time and 
money while increasing product qual- 
ity. This technology should find wide 
application in other continuous cast- 
ing operations as well, particularly 
with advanced casting techniques 
that require precise control of the 
flow and level of liquid metal. 

Microstructure Engineering 
for Hot Strip Mills 
(National Institute of Standards 
and Technology, UniverSitj of British 
Columbia, Northzuest Mettech Co., 
U.S. Steel) 
Hot rolling is a process in which the 
semi-finished steel shapes produced 
during casting are reheated and rolled 
into strip and other final products. 
Some steel alloys are difficult to hot 
roll because the desired properties of 
the final product must be controlled 
within very tight specifications. These 
properties are dependent upon the 
exact design and operating conditions 
of the hot strip mill. A new computer 
model is being developed to help 
steelmakers predict the thermal and 
microstructural evolution of steel dur- 
ing hot rolling, as well as predict the 
final product properties, based 
on mill design and operating prac- 
tices. Quantitatively linking the prop- 
erties of hot rolled products to the 
process parameters of the mill will 
yield higher quality strip with far 
fewer rejects, thus increaiing yield 
by half a percent and reducing 
production costs. 

Online Mechanical Properties 
Measurements 
(Industrial Materials Institute, National 
Institute of Standards and Technology, 
Ultra Optec, Data Measuraent Co., 
LTVSteel, Weirton Steel) 
After steel strip is produced during 
hot rolling, the strip is cold rolled to 
improve the metal's ductility. The 
strip is subsequently heat treated to 
correct the deformation that occurred 
during cold rolling. The most com- 
mon form of heat treatment is anneal- 
ing. Because critical steel properties 
(such as strength) of annealed prod- 
ucts are currently measured only in 
the front and tail of the strip, the qual- 
ity of annealed products sometimes 
suffers. New on-line sensors currently 
under development will soon change 
this, however. Two sensor-ne mag- 
netic and one laser-ultrasonic-are 
being investigated as a means of 
measuring mechanical properties of 
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interest throughout the strip, thus 
ensuring higher quality and less time 
spent reprocessing out-of-spec strip. 

Phase Measurement of Galvameal 
(Data Measurement Co., 

Jet Propulsion Laboratory, Inland Steel) 

to be measured in real time, with no 
time lag between taking the measure- 
ment and getting the result. Industry 
experts believe that temperature sens- 
ing will be applicable to other steel- 
making processes. 

Galvannealed steel sheets are steel 
sheets coated with a mixture of zinc 
and iron to improve their corrosion 
resistance, weldability and paintability, 
desirable characteristics for products 
such as auto body panels. A critical 
factor in making galvanriealed sheet 
is the micro-structure of the zinc-iron 
coating, which cprrently can only be 
measured off-line in the laboratory. 
This means that any necessary adjust: 
ments to control the micro-structure 
cannot be made quickly enough 
to benefit all of the sheet being 
processed. Any sheet that does not 
meet the required specifications must 
be reprocessed-wasting time, materi- 
als, energy, and money. An online 
X-ray instrument for determining 
the micro-structure is being devel- 
oped that will greatly reduce the time 
lag between measurement and cor- , 

rective action. This will improve both 
the efficiency and the productivity 
of galvannealing operations. 

Temperature Measurement 
of Galvameal 
(Oak Ridge Natidnal Labmatmy, 
University of Tennessee, National Steel) 
In another effort aimed at improving 
galvannealing operations, a new non- 
contact method of measuring the 
temperature of the sheet as it exits 
the galvannealing furnace is being 
developed. This new technique is 
based on phosphor thermography, 
in which a phosphor compound is 
applied to the surface of the strip and 
illuminated with a laser or ultraviolet 
light. This on-line measurement will 
provide faster feedback on galvanneal 
product quality, thus reducing prod- 
uct variability and rejection rates. 
In the long term, it is hoped that 
this sensor, together with the micro- 
structure sensor described above, 
will allow galvannealing properties 
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USEFUL PROPERTIES, LOW COST 
AN D H I G’H LY R ECY C LA B LE 
Aluminum possesses numerous useful 
properties including its strength and 
light weight, corrosion resistance, 
electrical conductivity, recyclability, 
and the fact that it is nontoxic. In 
addition, its natural resources (mainly 
bauxite) are abundant on a worldwide 
basis, and the costs of producing the 
metal are relatively low contributing 
to several mass markets. The useful 
properties of aluminum find applica- 
tions in a particularly broad range of 
products from beverage cans to motor 
vehicle parts, aircraft, power transmis- 
sion cables, and construction applica- 
tions such as siding and, doors. 

The United States is the world’s 
largest producer and consumer of alu- 
minum metal and products. Industry 
shipments in 1993 of an estimated 
8.2 million metric tons of product (up 
from about 7.1 million tons in 1980) 
were valued at about $21 billion. This 
U S  industry is divided into several 
major segments: alumina refining, 
primary metal smelting, secondary 
(recycled) metal smelting, fabricated 
products, and foundries. The primary 
segment produces aluminum from 
bauxite/alumina raw materials, where- 
as the secondary segment recovers 
aluminum from post-consumer and 
industrial scrap. 

Electrolytic reduction of metal is the 
core technology around which the pri- 
mary industry is built, and aluminum 
reduction (smelting) is a very energy- 
intensive process. On average, energy 
accounts for about a third of industry 
production costs, and the U.S. alu- 
minum industry annually consumes 
approximately one quad of primary 
energy, The industry employs about 
134,000 workers in all phases of its 
operation including alumina plants, 
smelting, recycling, fabrication, and 
foundries. Wages of aluminum indus-. 
try workers exceed those of their 
counterparts in most other industries 

1000 - 

as their hourly wages are about 
41 76 above the average for all 
domestic industries. 
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Secondary (scrap) aluminum recovery 
requires considerably less energy than 
primary (virgin) metal production, 
and energy costs can be reduced as 
much as 95%. Low energy costs for 
recycling, together with growing con- 
cerns over solid waste disposal, have 
contributed to substantial growth in 
aluminum recycling in the United 
States. In 1960, about 400,000 tons of. 
aluminum were recycled; by 1992, the 
corresponding figure was 2.8 million 
tons (Figure 3-20). Currendy there are 
about 68 secondary aluminum smelters 
in the United States, employing more 
than 3,500 workers. Secondary smelters 
are mostly located neat- major indus- 
trial and consumer centers such as 
Southern California and the Great 
Lakes region, which generate large 
quantities of waste and scrap. 

Recent  Restructuring 
For three decades following World 
War I1 aluminum was the fastest- 
growing U.S. metals industry, aggres- 
sively replacing steel in uses such as 
beverage cans and autos, and copper 
in wire and cable. Its light weight and . 
strength also contributed to major 

As late as the rnid-l960s, the U.S. 
accounted for 40% of world alu- 
minum production. However, as oil 
prices increased sharply in the 1970s, 
growth of the energy-intensive alu- 
minum industry slowed considerably. 
Simultaneously, just as rising costs 
and aluminum prices were tempering 
rapid growth in demand for the metal, 
the number of countries producing 
the metal grew quickly, foreshadowing 
increased global competition. 

By the 198Os, changing business 
conditions and a highly competitive 
world market forced the U.S. alu- 
minum industry into an aggressive 
restructuring. Betrveen 1987 and 

Table 3-24 
Aluminum Industry Proofile’ 

Volume of Products i 8.2 million metric tons 

Value of Shipments i $21 billion 

Total Employment i . 134,000jobs 

Capital Expenditures i $0.8 billion 

..................................... .-. ...................................... 

...................................... * ....................................... 

...................................... j ....................................... 
....... 

Net Trade Balance i $0.3 billion 

Energy Consumption 1.0 quad (including 
...................................... - ...................................... 

i electricity losses 
i and alumina) 

i andredmud 

...................... i ................ : ........................................ 
Waste Generation i . 130,000 tons of potliner 

Average Hourly $15.14 
Earnings 

....................................... -. ....................................... 

tonnage uses in the aircraft market. *DataforlalestyearamlaNe 

4000 - 
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1992, U.S. firms closed about 
1.1 millions tons of high-cost U.S. 
smelting capacity (nearly 25% of 
the U.S. total) to lower their average 
domestic production costs to more 
competitive levels. U.S. smelter 
closures, combined with expanded 
capacity in other countries, meant 
that by 1992, the U.S. share of world 
aluminum capacity had declined to 
about 20%. 

As domestic firms lowered their 
presence in the smelting end of the 
business at home, they invested in low- 
cost aluminum capacity overseas in 
such countries as Venezuela, Brazil, 
Australia and Canada that have access 
to relatively low-cost electric power. 
Simultaneously, they increased their 
investment in the fabrication end of 
the industry in the United States, and 
boosted substantially their recycling of 
used beverage cans as a way of further 
reducing their average costs of pro- 
duction. In addition, they aggressively 
pursued larger shares of the automo- 
bile and packaging markets through 
joint ventures and foreign investment. 

Competitiveness Strafegies 
The principal driving forces for 
restructuring the world aluminum 
industry over the last two decades 
have been the price of aluminum and 
the cost of energy. The United States 
has almost 25% of the world's capacity 
for primary aluminum production, 
but remains one of the higher cost 
producers in the world at about 56 
cents per pound. The other leading 
producers, Russia and Canada, have 
production costs of 48 cents and 
50 cents per pound, respectively 
(Table 3-25). 

Though demand for aluminum 
continues to increase worldwide, 
lower power costs in competing 
countries reduce considerably the 
likelihood that greenfield aluminum 
smelters \vi11 be built in the United 
States. Rather, the aluminum industry 
seems likely to continue its recent 
supply-side strategies of investing in 
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Table 3-25 
Aluminum Smelter Capacity, Production, and Average Production Cost (1 992) 

I Capacity I Production I Production Costs 
I 

Country ! Thousand Metric Tons i Cents Per Pound 

45.3 1216 Australia 1240 

1195 54.3 Brazil 1156 

Canada 2283 1972 50.0 

China 1315 950 NIA 

51.9 France , 472 

64.3 

Norway 56.3 

Russia 3115 47.6 

4042 56.1 United States 

. . . .  . . . . . . . . . .  . . . . . . . . . .  

.... . . . . . . . . . . . .  .......................... 
...................................... . . . . . . . . .  
............................... # . . . . . . . . . . .  . . .  ..................... 
.......................................... ............................... 5 .............................. 
Germany 713 .................................................................... .............................. 

............................. ............................. ............................................................ 

..................................... .............................................................. .......................................... 

.................................................. .................................................... ............................................ 
Venezuela . 610 566 45.3 

Source: lnduslry andTrade Summary. US. IntematiOMlTrade Commission 

primary aluminum smelters in low- 
cost areas outside of the country. 
At home, the industry seems likely to 
continue to prefer retrofitting existing 
plants with incrementally improved 
technologies rather than constructing 
new smelters. Another continuing 
industry tendency is likely to be 
increased investment insfabrication 
and recycling facilities in the United 
States. These fundamental tendencies 
of the evolving aluminum industry of 
the'future are reflected in OIT's alu- 
minum research and technology 
portfolio discussed on pages 75-77. 

THE MANUFACTURING PROCESS: 
SEPARATION, SHAPING AND 
SCRAP RECYCLING 

Though aluminum can be recovered 
from many minerals, it is produced 
most economically from bauxite. 
Bauxite is refined into alumina, 
which in turn is smelted to produce 
99+%-pure aluminum metal (Figure 
3-21). The average mass ratio of the 
three products--bauxite, alumina, 
and aluminum mepl-is very close to 
42:l. The industry processes the raw 
aluminum (ingots) into sheet, plate, 
foil, and extruded products. The sec- 
ondary aluminum industry recovers 
aluminum metal from old (discarded 
products) or new (industrial) Scdp. 
Secondary aluminum is typically con- 
verted into beverage cans or shipped - 
to aluminum foundries and cast into 
fairly intricate shapes. 

Refining: Separating Alumina 
from Bauxite 
The Bayer refining process produces 
pure alumina (Al2O3) from bauxite. 
Bauxite generally contains alumina, 
gangue (worthless rock and minerals) , 
and water. The bauxite is crushed and 
ground, then digested in hot caustic 
soda solution. The alumina minerals 
in the ore react with the caustic and 
dissolve as sodium-aluminate. Most of 
the impurities in the ore, such as iron 
and silica, do not dissolve and are 
separated out. The solution is then 
seeded with starter crystals, cooled 
'and agitated to crystallize out alumina 
hydrate. This material is then calcined 
(heated) to remove the water, result- 
ing in pure alumina. 

Smelting: Separating Aluminum 
from Oxygen in Alumina 
The Hall-Heroult smelting process 
reduces the alumina to aluminum 
and is practiced in virtually all smelt- 
ing operations. Alumina is dissolved 
in a molten cryolite bath contained 
in carbon-lined steel cells (pots). In 
each pot, a direct current is passed 
through the bath (between a carbon 
anode and the carbon bottom of 
the cell) to reduce the dissolved alu- 
mina into aluminum. The reaction 
creates aluminum and carbon diox- 
ide. Molten aluminum collects at the 
bottom of the pots and is siphoned off 
into large crucibles. The aluminum is 
poured directly into molds to produce 
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foundry ingot or refined, by adding 
alloying agents, to make fabricating 
ingot; more modern plants empty 
crucibles directly into alloy furnaces 
before casting ingot for sheet or 
extrusion products. Scrap aluminum 
may be added to the melt at this stage 
if desired. The carbon anodes are 
consumed in the process, necessitat- 
ing continual production of these 
anodes, and are produced at the 
smelter by baking petroleum coke 
and coal tar pitch. 

Fabrication: Forming Engofs 
into Useful Shapes 
Foundries melt the ingot and cast alu- 
minum into products (see Foundries 
section on page ’78). Ingot is also used 
to fabricate products through rolling, 
forging, drawing, and extruding. All of 
these processes occur with heated, but 
not molten, aluminum ingot. Rolling 
presses aluminum into sheet, foil, and 
plate. Forging hammers aluminum 
into products by using dies. Drawing 
pulls aluminum through progressively 
smaller holes into rod, wire, and bar. 
Extruding pushes aluminum into 
shapes and tubing, including 
beverage cans. 

Recycling 
Scrap aluminum is generally recycled. 
Old scrap, such as castings and alu- 
minum cans, along with new scrap, 
such as solids and clippings from 
aluminum users, is used to produce 
secondary aluminum. The value of 
the scrap is directly related to the ease 
and efficiency with which it can be col- 
lected, sorted, and processed into a 
salable product. The production of 
secondary aluminum involves four 
steps: collection and sorting, pre- 
smelting preparation, smelting and 
refining in furnaces, and pouring into 
ingot, Most secondary aluminum goes 
to foundries or into beverage cans. 

Energy: Electricity lntensive 
The primary aluminum industry 
has one of the highest energy- 
intensities in any manufacturing 
process. Although the industry only 

r Fabrication 

Alumina 

Alloying 

+ Ingots Foundries 

cqnsumes about 0.3 quad of end-use 
energy, energy accounts for nearly 
one-third of all production costs. Most 
of the energy consumed is electricity 
for smelting. The main sources of this 
electricity are hydroelectric, coal and 
oil. On average, it currently takes 
more than 7 kwh to produce one 
pound of aluminum. The average 
total energy used to make a ton of 
aluminum is nearly 180 million Btu- 
nearly 9 times as much energy as is 
required to make a ton of steel. 
Secondary aluminum requires as little 
as 5% as much energy to produce, 
which makes the economic attractive- 
ness of recycling favorable. In 1991, 
the industry spent $2.0 billion in 
energy costs, or about 8.6% of value 
of shipments. For primary produc- 
tion, the costs were $1.55 billion, or 
about 22% of the value of shipments. 
Smelting operations account for 70% 
of energy use for primary aluminum, 
and refining accounts for 15% 
(Figure 3-22). 

Environmental Profile 
Although aluminum production is 
not as damaging to the environment 
as some other metals production, it 
still has several environmental con- 
cerns. Roughly 50 to 70 pounds of 
spent potliner, or insulating brick, 
are generated for each ton of alu- 
minum produced. The spent potliner 
contains fluoride, sodium, and cyanide 
contaminants and is listed as a 

hazardous waste. The production of 
aluminum also creates fluoride emis- 
sions, which must be controlled. The 
reaction in the electrolytic cell creates 
carbon dioxide. Emissions also come 
from the production of electricity and 
from producing carbon anodes. 
Finally, the extraction of alumina from 
bauxite produces 2 pounds of gangue 
per pound of alumina and wastewater 
during the calcination process. 

THE 011 ALUMINUM PROGRAM 

The Metals Initiative described earlier 
directs the U.S. Secretary of Energy 
to conduct R8cD activities of alu- 
minum technologies in addition to 
steel. Currently, one project is being 
sponsored in each of the three major 
process areas: refining, smelting, and 
fabrication. 

Energy Efficient Calciner: 
Letting Pressure Help Temperature 
Do the Job 
(ALCOA) ’ 

Calcination-heating at a high tem- 
perature-is the last step in the pro- 
duction of alumina from bauxite ore. 
In the calcining step, water is removed 
from the alumina to prepare it for 
processing in the Hall-Heroult elec- 
trolytic cell. The current alumina 
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calcination process relies on high 
temperatures to force out the water; 
a neiv process is being developed, 
however, that relies on the combina- 
tion of high pressure and temperature 
to dry the alumina. Because there are 
two driving forces instead of one in 
the neiv process, the calciner can be 
operated at a lower temperature, thus 
saving energy. 

In addition to energy savings of 
5-6 trillion Btu annually, the new 
calciner will produce alumina that has 
improved physical properties over 
alumina from a conventional calciner. 
The size of the alumina particles will 
be more uniform, and they will pro- 
duce less dust and therefore require 
simpler environmental controls. The 
new calciner system is designed to 
enable steam from the process to 
be recovered for process use within 
the plant. Researchers estimate 
that the total benefits of using the 
energy-efficien t calciner will amount 
to cost savings of more than $12 mil- 
lion annuhy. 

Inert Anode/Cathode System 
for Aluminum Smelting: Closing 
the Gagcon Efficiency 
(Rqn%%etals, Great Lakes Research, 
&is& ELTECH) 
For the past 100 years, all primary 
aluminum in this country has been 
produced in Hall-Heroult electrolytic 
cells that pass an electric current 
through alumina to convert it to 
aluminum metal. Each electrolytic 
cell has' an anode-typically made 
of carbon-and a cathode consisting 
of molten aluminum. These types 
of anodes and cathodes are far from 
ideal from an operating perspective, 
however. The carbon in the anodes 
is consumed during the conversion 
process, forcing them to be replaced 
about every 2 to 3 weeks. In addition, 
the undulating surface of the molten 
aluminum in the cell dictates a large 
gap between the anode and the cath- 
ode to prevent shortcircuiting of the 
cell. Unfortunately, this gap makes the 
cell consume much more electricity 
than is actually needed to convert the 
alumina. The combination of an inert 
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co2 i 290.277 f 232,221 i 58,055 f 290,277 ........................................................................ 4 ........................ : ........................ i ........................ ;... ..................... 
NO. 349 i 279 i 70 i 349 

Capital Cost ($1000) 

O&M Cost ($1000) i N/A' i NtA 0 ;  0 

(non-reacting) anode, which would 
not be consumed during the elec- 
trolytic process, and a cathode whose 
surface would remain stable (unlike 
the sloshing molten aluminum), 
would allow the cell to operate with 
a much narrower anode-cathode 
gap while reducing downtime for 
anode replacement. 

The combined efforts of a number of 
research organizations have resulted 
in the development of inert titanium 
diboride and graphite (TiBrG) cath- 
odes and inert anodes composed of 
a ceramic-metal composite material 
(see Figure 3-23). The anticipated 
benefits of retrofitting a Hall-Heroult 
cell with the new inert anode/cathode 
system include: 

rn Potential to conserve up to 20% of 
the total energy currently used in 
the cell itself and in the production 
of conventional carbon anodes; 

Anode life expectancy of 5 years 
instead of 2 to 3 weeks; 

rn Nearly 10% reduction in the cost 

rn Up to 25% increase in productivity, 
allowing production to be increased 
using the same number of cells; 

of aluminum production; 

Table 3-26 
Annual Benefits of Energy Efficient Calciner 

E Elimination of carbon dioxide 
emissions normally associated 
with aluminum production; 

E Elimination of carbon dioxide and 
other emissions associated with the 
production of carbon anodes from 
petroleum coke and coal tar pitch. 

On an industry-wide basis, adopting 
the inert anode/cathode system could 
save 9 trillion Btu of energy and 
reduce carbon dioxide emissions 
by more than a million tons each year. 

Figure 3-22 

Natural Gas 
7% 

Source: Manufaduring Consumplion of Energy 1991. EIA 
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Spray Forming of Aluminum: 
Streamlining the Casting Process 
(ALCOA, Air Products and Clitmicals, 
Olin, Massaclwsetts Institute of 
TecknoloD, Idaho National Engineering 
Laboratory, University of California- 
Irvine) 
The production o f  aluminum sheet 
for use in cars, airplanes, and other 

f Current i OIT 
Category iTechnologyiTechnology 

applications consists of a series of 
individual operations that are far 
from optimal from the standpoint 
of energy, productivity, and materials. 
The main culprit is ingot casting, 
in which molten aluminum is poured 
into molds, cooled until it hardens, 
and then removed from the molds 
and reheated for rolling or other 

Reduction 
Unit f Industry 

Table 3-27 
Annual BenCjits of him1 Anode/Catliode Aluminum Smelling 

OBM Cost ($1000) i 204 183 i 21 i 250,148 

......................................................................... Z ........................ i ........................ i ........................ i ........................ 
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Table 3-28 
Annual Benefits of the Spay Farming of Aluminum 

I f Current f OIT 
jTechnology f Technology 

processing. Spray forming of alu- 
minum is being developed as an excit- 
ing new alternative to this inefficient 
series of steps. In spray forming, the 
molten aluminum is converted into 
aluminum droplets, which are then 
sprayed continuously onto a base 
form that is conveyed through a con- 
trolled-atmosphere chamber. The 
rapidly cooling film is then rolled or 
otherwise processed just as an ingot 
would be. The new process has fewer 
steps, simplifying production and 
eliminating the wasteful reheating 
step required with ingot casting. 

Spray-formed materials have been 
determined to be metallurgically 
superior to those made from ingots 
in terms of corrosion resistance, 
strength, and toughness. The new 
process enables the microstructure 
of the aluminum products to be 
more closely controlled, which will 
enhance the process's ability to use 
recycled aluminum without degrading 
new product properties. Other 
benefits include: 

w Energy savings of as much as 15%; 

w Cost savings of several percent; 

Reduction in NOx, SOx, and 
other emissions. 

It is anticipated that spray forming 
will expand the use of aluminum parts 
in cars, airplanes, and other markets 
because of the highquality alloys that 
it can produce. 

Alumina Reduction Cell 
Alumina 

Y 

!I \P 
Ti&-G elements TIE.-G elements 

I Carbon cathode block ! 
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ESSENTlAL COMPLEMENT 
TO THE PRIMARY STEEL 
AND ALUMINUM lNDUSTRlES 

The foundry industry in the United 
States melts and casts mostly scrap 
metal into literally tens of thousands 
of intricately-shaped metal parts. 
Foundries employ metal casting- 
a process of pouring or injecting 
molten metal into a mold cavity, allow- 
ing it to cool and solidif$ and then 
releasing it from the mold. In many 
respects, metal foundries complement 
their primary metal industry counter- 
parts in the U.S. metal system. The 
steel, aluminum and copper industries 
typically produce a relatively limited 
number of common product forms 
(commodities) such as sheet, tubes, 
bar or wire from virgin materials. 
Foundries, on the other hand, pro- 
duce from the scrap largely unusable 
by the primary metal industries the 
much more highly specialized metal 
parts required to keep American 
industry running smoothly. Whereas 
the capital-intensive , scaleeconomy 
primary metal industries tend to 
locate near their energy or raw mate- 
rial supplies, the foundries that pro- 
duce a much more diverse line of 
highly specialized products tend to 
be more labor intensive and locate 
closer to their customers and markets. 

It has been estimated that metal 
castings made in foundries are used 
in the assembly of more than 90% 
of all durable goods and in virtually 
100% of machine tools, manufactur- 
ing machinery, and similar capital 
goods. The U.S. market for metal 
castings is estimated to total about 
$19 billion. When machined, castings 
are used as components in products 
ranging from motor vehicles ahd 
aircraft to appliances and power tools. 
Most homes contain more than a ton 
of cast pipe, bathtubs, sinks, fixtures, 
hardware, and furnace and air condi- 
tioning parts. Moreover, to properly 
appreciate the role of foundries in 
our industrial infrastructure, it must 
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be recognized that foundries are 
major consumers of waste materials. 
Scrap iron and steel are the major - 
source of raw materials for foundries, 
accounting for about 85% of all fer- 
rous castings produced in the United 
States. Reclaimed copper, aluminum, 
lead, tin, zinc, and other metals are 
also extensively recycled in making 
nonferrous castings (Figure 3-24). 

The U.S. foundry industry is com- 
prised of more than 3,000 foundries 
employing close to 200,000 workers. 
An important demographic character- 
istic of the foundry industry that con- 
tributes to several of its problems in 
an increasingly global economy is 
the fact that about four-out-of-five 
foundries employ less than 100 work- 
ers, and fewer than lO%-have more 
than 250 employees. Foundries are 
located throughout the United States, 
although there is a somewhat higher 
concentration in the Midwest. The 
states with the largest foundry popu- 
lations include Ohio, California, 
Pennsylvania, Michigan, Illinois, 
Wisconsin, New York, Indiana, 
and Texas. 

In 1991, estimated world production 
of castings was 54 million tons and 
U.S. foundry output was about 
11 million tons, 20% of the world 
total. U.S. production of ferrous 
castings totaled 9.4 million tons 

Table 3-29 
Faundry Industrj Projile' 

Volume of Products i 11 million tons 

........................... ....................................... 
Net Trade Balance 

Energy Consumption 0.25 quad (1988) 

: 0 million tons Waste Generation 1 
: of sand waste 

............................. ........................................ 
................................................................................... 

......................................... j ........................................ 
Average Hourly I 32.77 
Earnings 

'Data for latest year avaWe 

(86% of the total) valued at about 
$11.6 billion while output of the 
higher-priced non-ferrous castings 
was 1.6 million tons (14%) worth 
$7.4 billion. According to the best 
available data, the U.S. foundry indus- 
try consumed about 250 trillion Btu 
of energy in 1988 for such major 
foundry operations as melting, 
molding, and heat treating. Energy 
expenditures (primarily natural gas 
and electricity) totaled $3.3 billion 
in 1992. 

The Shrinking Industry: 
Less Mass, Higher Value Added 
Despite its critical positioning within 
the industrial economy, the U.S. 
foundry industry has undergone a dra- 
matic decline during the past decade. 
Since 1980, the number of operating 
foundries has decreased by about 25%. 
In 1991, the industry produced 11 mil- 
lion tons of castings, a decrease of 45% 
from the 20 million tons cast in 1972. 
U.S. foundry employment of about 
200,000 workers was down over 10% 
in just 3 years from its level of 225,000 
in 1989. 

Several factors have contributed to 
the decline in U.S. foundry produc- 
tion including a reduction in the 
domestic demand for metal castings, 
increased competition from foreign 
producers, the growing cost of com- 

. pliance with government regulations, 
and to some extent increased use 
of substitute materials such as plastics, 
ceramics, and composites. But 
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perhaps the largest reason for the 
decrease in shipments of foundry 
products is related to the fact that 
automobiles and other transportation 
equipment consume nearly a third 
of all castings produced. Hence, 
U.S. automakers' loss of domestic 

~ market share to imports has dimin- 
ished domestic foundries' largest mar- 
ket. In addition, the foundry industry 
has also been impacted by the shift 
to more fuel-efficient, lighter-weight 
automobiles. Engine sizes have been 
reduced, requiring fewer cylinders. 
And aluminum components have 
been supplanting heavier ferrous 
castings in such auto applications as 
cylinder heads, pistons, and transmis- 
sion cases. These undoubtedly were 
major factors behind the reduction in 
malleable iron and steel castings from 
1.9 million tons in 1980 to less than 
1.1 tons in 1990. 

Foundry Competitiveness: 
On Balance, O.K. for Now Buf... 
Despite the significant contraction 
in the size of the U.S. foundry indus- 
try over the last two decades, on bal- 
ance the industry appears to remain 
reasonably competitive-at least for 
the time being. Imports and exports 
of castings are roughly the same 
and represent about 7% of the U.S. 
market. Quality is an important rea- 
son why American foundries have 
remained relatively competitive. 
Industry experts feel that many for- 
eign foundries are not able to meet, 
on a continuing basis, the quality and 
delivery requirements of domestic 
customers. This is particularly true 
for high-value-added castings, such 
as high-alloy valves and pump castings, 
which tend to dominate U.S. foundry 
exports. On the other hand, U.S. 
foundries have difficulty competing 
with foundries such as thosein Korea 
that produce low-value-added castings, 
and import penetration will likely 
remain an issue among producers of 
standardized, highly price-sensitive 
products such as municipal castings 
and many simple valves and fittings. 

While on balance the U.S. foundry 
industry appears to be holding its own 
against its foreign competitors, omi- 
nous signs portend possible trouble 
down the road. The major casting cus- 
tomers are much more sophisticated 
than they were 20 years ago, and a 
number of large, aggressively innova- 
tive, world-class American foundries 
have managed to keep up. However, 
there are growing questions about 
whether or not the great critical mass 
of the U.S. foundry population will 
be able to follow suit. Older equip- 
ment was based on mechanical and 
electrical technologies, and today's 
machines frequently use sophisticated 
electronic technologies and computer 
controls. But nearly 80% of U.S. 
foundries employ less than 100 work- 
ers, and do not have the financial 
resources to extensively modernize, 
let alone retool equipment necessary 
to meet customer demands. In addi- 
tion, foundries have suffered high 
attrition rates in their skilled labor 
and engineers in recent yearsjust at 
a time when rapidly evolving tech- 
nology is creating a greater than 
ever need for such personnel. 

THE MANUFACTURING PROCESS: 
MELT SCRAP AND CAST 
Foundries essentially take scrap metal 
from various sources, melt the scrap, 
and remove undesirable contami- 
nants. The molten metal is then cast. 
Casting is the process of producing 
a metal object of a desired shape by 
using a ladle to pour molten metal 
through a passageway into a mold and 
allowing the metal to cool and solid*. 
After cooling, the passageway leading 
to the mold is removed, and final 
machining is performed on the cast- 
ing to achieve the necessary dimen- 
sional tolerance. 

Melfing 
Melting occurs in furnaces of several 
types, such as cupola, electric arc, 
induction, and gas-fired. Cupola fur- 
naces preheat the metal as it descends 
into the furnace, and are generally 
used for iron castings. Electric arc 

furnaces were described in the steel 
industry section and are also used 
primarily for ferrous castings. An 
induction furnace uses magnetic 
fields and electricity for heat to melt 
the scrap. There are more induction 
furnaces in use than any other type 
of casting furnace, and almost all 
types of metals are cast using these 
furnaces. Gas-fired furnaces are 
generally used only for non-ferrous 
castings. Recent estimates indicate 
that cupola furnaces melt about 
59% of all foundry metal, electric 
arc furnaces melt 11%, and induction 
furnaces melt 27%. 

Casfing 
Currently, six types of casting methods 
are primarily used and are described 
in detail below: sand, permanent 
mold, die, investment mold, shell 
mold, and cenuifugal, plaster evapo- 
rative pattern. 

Sand Casting: Sand casting is used 
in 60% of all castings, and is used in 
over 75% of ferrous castings. Patterns 
are made to conform with the exterior 
dimensions of the casting. Sand is 
packed around the pattern in a mold- 
ing machine, and then the pattern is 
removed. The molten metal is poured 
into the sand mold and left to solidi@. 
Sand molds may be used only once, 
as they are broken up to remove the 
casting. Then the sand is recycled to 
form another mold. 

Table 3-30 
Castings ty Trpe of Metal 

i 1990 i Changein 
i Production i Production 

Metal j (million tons) i 1972-1990 

GrayImn ; 5.12 i -62% 

Ductile Iron ; 3.19 i +74% 

Malleable Iron i 0.28 i -71% 

........................... > .......................... < ........................... 

.................................................................................. 

...................................................... -. ......................... 
Steel i 1.14 i -29% ..................................................... .- .......................... 
Aluminum i 1.07 i +15% ...................................................... I .......................... 
Copper i 0.22 i -43% 

i 0.21 i -48% 
........................... > ........................... : ........................... 
................................................................................. Zinc 

Other i 0.05 i +2% 

Source: issues Bnd O p j W ~ t & S S  01 lhe U.S MOW C8SOng IndtlShy 
Draltoctober 1993. Energeks 
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Permanent Mold Casting Permanent 
mold casting, used in 11% of all 
castings, involves molds to produce 
thousands of castings before they 
need to be replaced. The molds are 
filled with molten metal under atmos- 
pheric pressure and require suitable 
mold coatings. Castings in permanent 
molds have closer tolerances than 
sand molds. However, the production 
quantity needs to be large enough to 
justify the expense of the molds. 

Die Casting Die casting, used in 
9% of all castings, is the fastest way 
to produce a metal casting, and 
accounts for about 60% of all non- 
ferrous castings. Die casting differs 
fiom the other casting processes in 
that the molten metal is forced into 
the permanent steel mold under 
pressure and at high velocities. Once 
the die is sealed, the molten metal is 
injected. The casting is left to solidify 
(usually less than one minute), then 
the die is opened and the casting@) 
ejected. The die casting segment is the 
most affected by foreign competition. 

Investment Mold Casting: Investment 
mold casting processes, used in 7% of 
all castings, use heatdisposable pat- 
terns: waxes, some types of plastics, 
and organic substances that can be 
consumed by heat. In this process, the 

pattern is surrounded with investment 
material (a slurry material), which sets 
at room temperature. After the invest- 
ment hardens, it is heated to burn off 
the pattern leaving the mold cavity. 
The cavity in the investment mold is 
then filled with molten metal and left 
to cool. Once the metal has solidified, 
the investment mold is broken away 
from the casting. This process is the 
most effective for creating highly pre- 
cise castings. The mold, however, must 
be destroyed after each use: 

Shell Mold Casting: Shell mold cast- 
ing, used in 6% of all castings, involves 
heating a metal pattern and dumping 
a resin-coated sand onto the pattern. 
The hot pattern causes about a quar- 
ter-inch layer of ‘the sand to bond, 
forming a shell. The two shell pieces 
are hardened and then glued together 
to form a mold cavity for pouring. 

Centrifugal, Plaster Evaporative 
Pattern Casting: Centrifugal, plaster 
evaporative pattern casting is used in 
7% of all castings. A rubber pattern is 
surrounded by a plaster slurry. Once 
the plaster sets, the pattern is removed 
and the plaster mold dried. The mold 
is rotated around a horizontal or verti- 
cal axis and the liquid metal is forced, 
against ‘the rotating mold wall 
during pouring. 

Energy: Melting Furnaces 
Of fer  Greatest  Opportunity 
for  lmproved Efficiency 
The metals casting industry consumed 
just over 0.25 quad in 1988 while 
producing 12.4 million tons of prod- 
uct, yielding an average energy use 
of about 20 million Btu for each ton 
of product shipped. Natural gas and 
electricity account for virtually all 
energy use, with an estimated 66% 
from natural gas and 34% from 
electricity. Depending on the type 
of casting, energy can account for 
25% of production costs. Melting 
furnaces account for about 55% of 
the energy consumption of the indus- 
try, yet many are generally only about 
35% efficient. Molding and heating 
each account for 12% of energy use. 
Energy expenditures were estimated 
to be $3.3 bjllion in 1992. 

Environmental Profile 
Sand casting produces more than 
100 million tons of sand annually. 
This sand is recycled until it breaks 
down and can no longer be recycled, 
yielding about 8 million tons of spent 
sand each year. Currently, more than 
80% of the spent sand is landfilled. 
This equates to about 850 pounds 
of spent sand for every ton of ferrous 
metal shipped from a foundry; the 
amount increases for copper and alu- 
minum. Ferrous foundries also dispose 
about 350 pounds of slag per ton of 
casting, and more than 200 pounds 
of emission control dust per ton of 
casting. About 4% of the industry’s 
waste is hazardous; examples include 
sand from brass foundries, dusts and 
sludges, and quench dropout contain- 
ing toxic heavy metals. In addition, 
about 5% of all castings produced 
currently are recakt because they 
are of poor quality. 

Annual operating costs related to 
waste management are more than 
$1.25 billion to comply with environ- 
mental regulations. Measures under 
the Clean Air Act Amendments of 
1990 are anticipated to add another 
$750 million to the annual costs. For 
smaller foundries, investment in 
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pollution control equipment repre- 
sents about 30 to 40% of all capital 
expenditures, On the other hand, one 
benefit the industry does provide is 
that between 15 and 20 million tons of 
all grades of scrap metal are annually 
saved from disposal and given new life 

I by the foundry industry. 

Reduction i Current i OIT 
Category kechnology'jTechnology Unit i Industry 

Energy Use (billion Btu) I 103.1 i 87.0 i 16.1 i 821 ........................................................................+........................ I ........................ * ................................................. 
i 424.7 i 414.6 i 10.2 f 518.8 ........................................................................ ........................ Total Cost ($1000) 
:.................................................*........................t 

i 424.7 i 358.4 i 66.3 i 3382.7 ........................................................................ 2 ........................ : ........................ G 
Energy Cost ($1000) 

i -36.2 i -1843.9 i 0.0 1 36.2 ........................................................................ 3 ................................................. - ................................................. Capital Cost ($1000) 

........................................................................ 4 ........................ 1 ........................*........................ : ........................ O&M Cost ($1000) 

Emissions (metric ton) ........................................................................ z ........................ : ........................ + I ........................ 

I ........................ ........................ 
i -20.0 f -1020.0 0.0 i 20.0 

........................ 

THE OIT FOUNDRY PROGRAM 

In recent years, foreign competition 
has severely threatened the competi- 
tiveness of the U.S. metal casting 
(foundry) industry, which produces 
cast parts for such basic goods as cars, 
construction equipment, and other 
heavy machinery. To meet this chal- 
lenge, Congress passed the DOE 

Research Act of 1990. Consistent with 
this legislation, OIT conducts R&D 
activities to improve the competitive- 
ness and energy efficiency of the dif- 
ferent segments of the metal casting 
industry. Because a major competi- 
tiveness issue of all foundries is the 
cost associated with complying with 
increasingly stringent environmental 
regulations, R&D efforts aimed at 
reducing foundry wastes are also 
included in the program. 

Sand Reclamation: Easing the 
Economic Pain of Environmental 
Compliance 
(Universily of Nortlim Iowa) 
U.S. metal casters must add the cost 
of complying with strict federal, state, 
and local environmental regulations 
to their prices, affecting their ability to 
compete on an even basis with many 
foreign competitors. The biggest cul- 
prit is spent foundry sand-the sand 
that is used in the casting molds. The 
majority of spent foundry sand is cur- 
rently landfilled. The life cycle cost 
of the sand, including its purchase, 
transport, and disposal, averages 
$65 per ton. Instead of disposing of 
this sand, experts have long felt that 
developing an economical method 
of recycling it for reuse in the foundry 
would drastically reduce the negative 
effects of environmental compliance. 

. Metal Casting Competitiveness 

........................................................................ * ................................................. z ................................................. 
117 i 14.68 i 12.39 i . 2.29 f 
25 i 3.13 i 2.64 i 0.49 i ....................................................................... 2 ........................ i........................+........................I 

Solid Waste (1000 short tons) - : -  i 43.20 i 2203 ....................................................................... 3 ........................ : ........................ .. .................................................. 
Risk 

....................................................................... ........................ sox 
G ........................,........................*........................ I 

........................ Particulates 

Just such a recycling method is now 
available, courtesy of research at one 
of DOE'S Metal Casting Research 
Institutes. A mobile sand reclamation 
(recycling) unit has been developed 
that can be transported from place to 
place, enabling it to serve a group of 
foundries that on their own cannot 
afford to purchase an expensive, per- 
manent reclamation unit. This mobile 
unit will cut in half the life cycle cost 
of sand to about $32 per ton. Smaller 
foundries will now be able to reclaim 
and reuse spent sand, thereby reduc- 
ing the need for new sand and its 
associated mining and transportation 

............. ........... 
Technical HIGH 

Market HIGH 

2000 

....................................................................... 2 .................................................................................................... 

....................................................................... .................................................................................................... 
Year of Maximum Market Share 

energy requirements. On a national 
basis, more than 2 million of the 8 
million tons of spent sand generated 
each year could be recovered. 

Advanced Lost Foam Technology: 
Improving the Competitiveness 
of U.S. Metal Casters 
(University of Alabama at Birmingliani) 
Lost foam casting is a form of invest- 
ment casting, where each mold can 
only be used a single time. For many 
years, foundry industry experts have 
felt that technological advancements 
in lost foam casting could have signif- 
icant benefits to the industry. Lost 

i 8107 i 6841 i 1266 f 64.563 * ................................................. G ................................................ 
NO, i 17.30 i 14.60 2.70 . 138 

........................................................................ co2 

In response to  the US. metal casting industry's urgent need to enhance its competitive- 
ness, the Congress enacted Public Law 101-425, the "Department of Energy Metal 
Casting Competitiveness Act of 1990." As stipulated in the law, the Department of Energy 
established the Metal Casting Competitiveness Research Program for the purpose of 
performing and promoting research and development on issues related to the technology, 
competitiveness and energy efficiency of the US. metal casting industry. 

In fiscal year 1992, DOE awarded $1 333 million to the Universities of Alabama and 
Northern Iowa to establish a National Metal Casting Research Institute a t  each university. 
Guidance for the research activities of the institutes is provided by DOE Headquarters, 
the DOE Idaho Field Office, the Metal Casting Industrial Advisory Board, industry experts, 
and the technical societies serving the metal casting industry. In addition, the Metal 
Casting Industrial Advisory Board has  developed working groups with the automotive 
industry, the heavy equipment and machinery industry, and the aerospace industry. 



foam casting is a simple, costefficient 
process that offers exceptional design 
flexibility and can easily be automated 
to improve its productiviv. This type 
of casting is particularly useful for pro- 
ducing complex castings of 30 pounds 
or less, such as those required by 
the electronics, defense, and aero- 
space industries. 

Market LOW 

1998 
...........................*............................................... .................................................................................................... 

Year of Maximum Market Share 

Research is being conducted to refine 
and improve advanced lost foam cast- 
ing, as well as other investment casting 
methods. This research indudes using 
computer models and experimental 
data to improve existing casting tech- 
nologies, as well as developing and 
demonstrating new ones. This project 
is using results from a previous OIT 
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......................................................................... * ........................ : ........................ : ........................ : ........................ 
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Risk 
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Market LOW 

1999 

......................................................................... A .................................................................................................... 

......................................................................... .. .................................................................................................... 
Year of Maximum Market Share 

Table 3-32 
Annual Benefits of Advanced Lost Foam Technology 

i Current f OIT I . Category f Technology! Technology I :fz;;;;;:;; Btu) i 0.57 f ........................ 0.56 i 0.01 ......................................................................... j ........................ I ; ........................ ....................... 
i 2508.2 i 2308.0 i 200.2 i 4004.0 

......................................................................... ................................................. ....................... 1 &........................I 
0.0 

Energy Cost (SlOOO) 8.2 i 8.0 i 0.2 i 
Capital Cost ($1000) 0.0 i 0.0 i 0.0 i 

1 OBM Cost ($1000) i 2500.0 f 2300.0 f 200.0 f 4000.0 ......................................................................... L.... ....................,........................*........................ ........................ I Emissions (metric ton) 

100 i 98 i 2 ;  49 

i 0.08 i 0.08 i 0 ;  0 

particulates f 1.98 f 1.94 f 0.05 f 1 

......................................................................... 4 ........................ : ........................ : ........................ : ....................... 

......................................................................... j ........................ : ........................ 1 ........................ : ....................... 
SOX i 0.76 f 0.74 i 0.02 i 0.4 ......................................................................... L ........................ I ........................ 6 ........................ 1 ....................... 

......................................................................... 1 ........................ I ........................ 3 ........................ I ....................... 

co2 
NOX 

Solid Waste (1000 short tons) - .  - .  32 I 635 

Risk ......................................................................... j ................................................................................................... I Technical HIGH 

Table 3-33 
Annual Benefits of Cupola Furnace Process Moa2 

i Current j OIT Reduction I Category ilechnologyilechnology Unit i industry 

I Enemy Use (billion Btu) i 6990 i 6030 i 960 f 4800 I 
i 12167.9 i 10496.8 f 1671.1 f 8355.7 ......................................................................... L ........................ : ........................ 0 ........................ i ....................... 

Enemv Cost ($1000) i 12767.4 i 10496.8 ; 1671.1 i 8355.3 

Total Cost (SlOOO) 

.......................................................................... ........................ ........................ ........................ ....................... 
0.4 O.O 1 Capital Cost (SlOOO) 0.0 i 0.0 i 0.0 i 

0 8 M  -st (SlOOO) . .  0.5 0.4 i 0.1 i 
> : 1 : 

project conducted by the American 
Foundrymen's Society. Results of 
the current project are expected to 
advance the state-of-the-art in lost 
foam casting-leading to reduced 
costs, increased design freedom, mini- 
mum post-casting machining require- 
ments, reduced energy consumption, 
and minimum generation of emis- 
sions compared to sand casting, the 
most frequently used casting method. 
The project will also emphasize trans- 
ferring advanced technologies to the 
foundry industry. 

Development of a Cupola Furnace 
Process Model: Taking the Guesswork 
Out of Furnace Operation 
(Ammican Fwndrymen 3 Sociely) 
Cupola furnaces are used throughout 
the foundry industry to melt ferrous 
metals prior to casting. Furnace oper- 
ators must rely heavily on their experi- 
ence and expertjudgement to control 
the furnace. This raises several issues. 
Operating the furnace is based more 
on rules of thumb rather than hard 
scientific facts, and is thus hard to 
optimize in terms of efficiency, pro- 
ductivity, and product quality. In addi- 
tion, the industry is faced with the 
retirement of many of its more experi- 
enced workers, leakng less skilled 
employees to do the job. The time 
has come to develop a scientific base 
of knowledge on cupola furnace oper- 
ation that can be used to tighten up 
current operating practices. 

An OIT-sponsored research project 
is developing just such a knowledge 
base and is planning to use it to gener- 
ate an expert system t i  help furnace 
operators improve the control of 
cupola furnaces. An expert system is 
a computer model that contains all 
available knowledge on a particular 
subject-in this case, cupola furnace 
operation-and can use this extensive 
knowledge to make recommendations 
on actions that should be taken based 
on a set of specific input conditions. 
The cupola furnace expert system 
will incorporate models of the heat 
transfer activities and fluid flows, as 
well as other thermal and chemical 
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phenomena, taking place in the fur- 
nace. These models are being verified 
with operating data from actual fur- 
naces, The expert system would 
enable the furnace to meet the 
desired product 'quality with opti- 
mum energy efficiency, increased 
melting rates, reduced scrap, and 
more uniform and predictable iron 
compositions. The system would also 
allow off-line studies to be made for 
determining the process and cost 
impacts of intended changes in 
process inputs. 

Table 3-34 
Selected Other OlTFoundv Projects 

Fro ject (Developer) 
~ 

Development of Lead-Free Copper 
Alloy-Graphite Castings (University 
of Wisconsin at Milwaukee) 

Development of Clean Ferrous 
Casting Technology (University 
of Alabama at Tuscaloosa) 

Clean Metal Processing-Aluminum 
(Worchester Polytechnic Institute) 

Casting Dimensional Control 
and Fatigue Life Prediction for 
Permanent Mold Casting Dies 
(Pennsylvania State University) 

Description 
This project is developing copper 
castings with graphite particles 
being substituted for lead, in order 
lo alleviate health and environmen- 
tal concerns associated with lead- 
containing materials. 

This project is developing tech- 
niques to improve casting quality 
by removing or minimizing non- 
metallic inclusions, oxide defects, 
and reaction products within and 
on the surface of coatings. 

This project is investigating 
and developing melt cleanliness 
tools, melt contamination 
avoidance techniques, and 
melt treatment technologies. 

....................................................... 

....................................................... 

This project is evaluating process 
variables to assist in the develop 
men1 of new mold materials and 
improved mold design, in order 
to increase mold life and reduce 
machining requirements. 

Benefits 

Environmental: reduces hazardous 
waste 
Energy: reduces energy use for 
environmental compliance 
Other: maintains machinability and 
lubricating properties 

Environmental: reduces energy- 
related emissions 
Energy: reduces remelting and 
rework energy use 
Other: reduces production costs and 
produces higher integrity castings 

Environmental: reduces energy- 
related emissions 
Energy: reduces energy use due 
to defect production 
Other: reduces defects 

Environmental: reduces energy- 
related emissions 
Energy: reduces machining 
energy use 
Other: improves mold life and 
reduces machining which signifi- 
cantly reduces costs. 

...................................................... 

...................................................... 

...................................................... 
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COMMODITIES MORE 
COMPETITIVE, SPECIALTIES 
MORE GROWTH 
Glass is a strong, inert, noncrystalline 
ceqmic material'that possesses the 
additional and highly useful property 
of transparency. These unique quali- 
ties of glass contribute to a lengthy list 
of applications especially in the auto, 
construction, and container industry. 
The industry that supplies glass to the 
$21 billion/year domestic market is 
large and diverse, energy-intensive 
and internationally competitive. 

Though the raw materials-principally 
sand, limestone and soda ash-and 
upstream melting and refining pro- 
cesses of the glass industry are quite 
similar, its downstream shaping and 
value-adding processes and products 
vary considerably. This contributes to 
an industry structure possessing four 
distinctive segments: (1) flat glass used 
largely for windows; (2) glass contain- 
ers such as bottles and jars; (3) fiber- 
glass for insulation and structural 
applications; and (4) specialty glass 
such as optical fibers, flat panel dis- 
plays and metallic glasses. 

The physical quantity of glass produced 
in the United States has fluctuated 
around 20 million tons annually for 
the past decade. However, the value 
of glass shipments grew from $14.9 bil- 
lion in 1982 to $21.3 billion in 1992. 
Gradually, the domestic glass industry 
is changing from a low-value-added, 
commodity business to an increasingly 
high-value-added, specialty business. 
For example, container glass-which 
accounts forjust over half of glass 
industry production but which also 
includes products that are among 
the lowest-valued in the industry- 
accounted for about 35% of industry 
shipments in 1982; by 1992, however, 
container glass accounted for only 
23%. On the other hand, more special- 
ized glass products such as windshields, 
safety glass, and some industrial 
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glassware accounted for 33% of indus- 
try shipments in 1992, up from 20% 
in 1982. 

The varying rates of growth of the 
glass industry's principal segments 
reflect its changing nature. For exam- 
ple, container and flat glass have been 
replaced by substitute materials such 
as aluminum and plasti'cs in such 
applications as bottles, windows, and 
cans. On the other hand, the fiber- 
glass industry is still a relatively young 
industry that continues to find new 
applications and compete favorably 
with more established materials such 
as steel and aluminum. But specialty 
glass remains the most dynamic indus- 
try segment as its cutting edge applica- 
tions continue to explore and exploit 
numerous new market niches. 

I 

which glass is made. This depresses 
the price of scrap glass and deters 
widespread collection efforts. The 
lack of an efficient scrap glass collec- 
tion infrastructure, especially outside 
major urban areas, further limits glass 
recycling. An effective but economical 
technology capable of sorting scrap 
glass by its principal colors-white, 
green and amber-would enhance 
glass recycling. Because of special 
circumstances, fiberglass is generally 
not recycled. 

Though various economic, technolog- 
ical and other factors tend to limit 
international trade in certain types 
of glass products-especially con- 
tainer glass, a bulky, heavy pFoduct 
with relatively low value-overall the 

Recycling: Opportunities 
for Improvement ~ 

Glass recycling exceeds that of plas- 
tics, but is less than that of most com- 
mon metals suggesting room for fur- 
ther improvement. Typically, recycled 
glass is crushed into small pieces 
known as cullet and used in conjunc- 
tion with raw materials during glass 
production. An important factor limit- 
ing the recycling of glass is the rela- 
tively low cost of raw materials from 

Table 3-35 
Glass Industry profile' 

........................................ ........................................ 
Value of Shipments 

Total Employment 153,000 jobs 
........................................ : ......................................... 

Capital Expenditures i $1.1 billion 

NetTrade Balance i $0.1 billion (estimate) 
............................................................. ................. 

Energy Consumption i 0.3 quad 

WasteGeneration i N/A 

Average Hourly i $13.3 
Earnings 

....................................... 3 ....................................... 

........................................ 2 ........................................ 

*Dab lor lalesl year available 



U.S. glass industry is quite competitive 
and accounts for about 25% of the 
world’s flat glass capacity. The 1980s 
were a time of restructuring and con- 
solidation in the glass industry with an 
increased global emphasis. The indus- 
try modernized extensively during this 

matic increase in exports of flat glass 
while imports have roughly stayed the 
same. The United States pioneered 
the fiberglass segment of the industry 
more than 50 years ago and maintains 
a strong competitive advantage and 
trade balance in fiberglass products. 
Similarly, U.S. firms retain a healthy 
export balance in the high growth, 
high-value-added specialty glass seg- 
ment of the industry. 

’ period contributing to a recent dra- 

THE MANUFACTURING 
PROCESS: MELT AND REFINE, 
SHAPE AND TAILOR 

Glass is produced by melting silica 
(from sand) , limestone, and soda ash, 
along with other minor ingredients, 
in a furnace and allowing them to cool 
to an amorphous (non-crystalline) 
state. Other elements may be added 
to alter the color or other properties. 
While still molten, the glass is formed 
into a variety of products, including 
windows, mirrors, bottles, tableware, 
and fiberglass. The principal process- 
ing steps are: batch preparation, melt- 
ing and refining, and forming and 
postforming (Figure 3-25). 

Melting and Refining 
After the raw materials are weighed 
and mixed, and recycled material 
(cullet) added if desired, the materials 
are batch charged or continuously 
charged to the melting furnace, where 
they are heated. After melting, the 
glass passes to the refining section 
of the furnace where it stays long 
enough for bubbles to escape from 
the molten glass. In regenerative fur- 
naces, the charge is melted by a flame 
that plays over the glass surface. Fuel 
and preheated air are fired at one end 
of the furnace and hot combustion 
exhaust gases pass out the other end. 
This flow is reversed about every 

Waste or 
Batch Glass 

To Finishing 
Melter Refining Forehearth Processes 

2300‘F 

Natural Gas 

15 minutes. Most furnaces are fired 
by gas, but electricity is becoming 
more widely used in certain applica- 
tions. Regenerative furnaces account 
for approximately 90% of capacity. 

Forming and Postforming 
Once refined, the molten glass flows 
to the forehearth section of the fur- 
nace where it is homogenized and 
heat conditioned to establish and 
maintain temperature uniformity. 
Overall, the melt is cooled to the 
proper working temperature, where 
its viscosity is suitable for shearing 
and gob formation (about halfTvay 
between that of cheddar cheese and 
molasses). Molten glass is drawn from 
the forehearth when it is ready to be 
formed. The forming stage differs 
greatly depending on the product 
being produced, using techniques 
such as floating, blowing, suction, 
pressing, or drawing. Postforming 
operations are used to adjust the 
strength and other properties of the 
formed product through a variety 
of operations, including annealing, 
quenching, coating, and polishing. 

Energy 
The glass industry consumed approxi- 
mately 300 trillion Btu in 1991, includ- 
ing electricity losses. On average, it 
takes around 14 million Btu to make 
a ton ofglass, but depending on the 
type of glass product, it can vary from 
about 8 to 20 million Btu per ton of 
glass. Not including losses, container 

Melting and Refining 
53% 

0.16 quads 

Forming and Finishing 
Batch Preparation 40% 

0.02 quads 7% 0.12 quads 

glass consumes the least amount of 
energy per ton of product, followed 
by flat glass, pressed/blown glass, and 
fiberglass, which consumes the most 
energy per ton of product. The melt- 
ing and refining step is the largest 
energy consumer; it typically accounts 
for 50% to 68% of the total energy 
use in glassmaking (see Figure 3-26). 
Forming typically accounts for 12% 
to 33% of energy use, while postform- 
ing accounts for 11% to 18%. Total 
energy expenditures approach 
$1 billion annually for the industry, 
with natural gas accounting for about 
80% of end-use energy consumption 
and electricity accounting for 
about 16%. 

Environmental Profile 
Air emissions are the major concern 
of the glass industry, as the energy- 
intensive melters emit NOx and 
other emissions. The Clean Air Act 
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Amendments of 1990 will require sig- 
nificant expenditures for equipment 
and monitoring, and permitting. 
Pollution abatement expenditures 
included $43 million in capital costs 
and $187 million in operating costs 
in 1991. There is also some concern 
over the health effects of fibers used 
during the production of fiberglass. 

Reduction Current f OIT 
Category f TechnologyiTechnology Unit f industry 

Energy Use (billion Btu) 441 i 180 ' i  261 f 89,514 

Total Cost (SlOOO) i 3991 i 1539 i 2453 i 841,194 

i 1744 1 497 i 1248 f 428,246 

i 1247 f 843 f 404 f 138,548 

800 ' 274,400 

......................................................................... .......................... ........................ 0 ................................................. 
.................. . .  ~~~~ ~ 

......................................................................... z ................................................. 4 ........................ 1 ........................ Energy Cost (SlOOO) 

Capital Cost (SlOOO) 

O&M Cost (SlOOO) 

Emissions (metric ton) 

. ................................................. ........................................................................................................................... - 
i 1000 i 200 i ......................................................................... .......................... ........................ 9 ........................ f ........................ 

......................................................................... z ........................ : ........................ j. ........................ I 

......................................................................... 0 ........................ : ................................................. : 

........................ 
i 28,880 f 9516 1 19.364 f 6,641,779 

' NOx 35 i 14 f 24 f 8153 ......................................................................... 9 ........................ : ........................ - ................................................. 
sox 26 i 0 ;  26 i 8886 ......................................................................... 4 ................................................. 0 ................................................. 
Particulates 61 ; 0.2 i 61 i 20,804 ......................................................................... : ........................ : ........................ 2. ........................ I 

................................................................................................... : ................................................... : ........................ 

........................ co2 

........................ 
Solid Waste (1000 short tons) - .  - :  1 :  475 

Risk ......................................................................... $ .................................................................................................... 
......................................................................... z .................................................................................................... ' Technical HIGH 

Market LOW 

2020 
......................................................................... .. .................................................................................................... 

Year of Maximum Market Share 

THE OIT GLASS PROGRAM 

The OIT Glass Program concentrates 
on the glass melting and refining 
steps, which together account for 
more than half of all of the energy 

Recycle Air 

Preheat Rapid Rapid 
Material ----* Melter ----* ' Refiner - 

used to manufacture glass. Developing 
new melting/refining processes could 
have widespread impact because of 
their applicability throughout all seg- 
ments of the glass industry. 

Rapid Glass Refiier/Melter: 
Reducing Processing Time 
from Hours to Minutes 
(Vortec) 
The rapid glass refiner/melter is an 
advanced furnace system that reduces 
melting and refining time for fiber- 
glass from more than a day to about 
one hour using equipment one-tenth 
the size of conventional equipment. 

To Finishing ' Processes 

Table 3-36 
Annual Benefits of Rap2 G h s  Refiner/Melter 

Figure 3-27 
Rnpirl Glrrss RrJitiitg-/i~ldtiitg 

Oxygen 

.t I '  
Exhaust Ennched Air 

Waste or 
Batch Glass 
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This huge reduction in processing 
time means that the new furnace uses 
only about half of the energy of a con- 
ventional melting/refining furnace. 
The new system was also designed to 
almost totally eliminate emissions of 
sulfur and NO,. Because it is compact 
and eliminates the need for costly 
pollution controls, the rapid glass 
refiner/melter costs significantly less 
than a conventional furnace system 
of the same capacity. The combined 
effect of a shorter processing time and 
reduced capital costs is an estimated 
10% reduction in the value added to 
fiberglass through manufacturing. 
This should improve the competitive 
position of U.S. fiberglass manufactur- 
ers in both global and domestic mar- 
kets (Figure 327). 

The rapid glass refiner/melter can 
be used in new fiberglass plants and 
to replace aging furnaces at existing 
plants. With expected energy savings 
of approximately 0.26 trillion Btu/year 
for a medium-sized (130 ton/day) 
furnace, total U.S. savings of nearly 
90 trillion Btu could be achieved 
annually by the year 2020. The system 
also has the capability to recycle waste 
fiberglass, one-fourth of which cur- 
rently ends up in landfills. The cost 
of feedstock materials used to produce 
glass could be reduced by 10% as a 
result of using waste fiberglass, further 
improving competitiveness while 
decreasing landfilling of consumer 
waste glass. 
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O&F’s Crasscuftimg Technoksgy Programs 
CHAPTER I - 

Many industrial technologies are 
employed across numerous industry 
boundaries. Electric motor systems, 
cogeneration, new materials, and heat 
exchangers are just a few examples 
of these crosscutting technologies. 
Improvements in these widely used 
technologies offer the opportunity 
to improve efficiency, productivity, 
competitiveness, and the environ- 
mental profile of an especially broad 
range of firms. 

OIT’s R&D portfolio includes a 
range of crosscutting materials and 
energy technologies. OIT’s advanced 
materials programs-including its 
intermetallic materials, continuous 
fiber ceramic composites and other 
new materials-are targeted largely 
at industrial applications where 
their high-temperature resistance, , 
strength and durability are often 
greatly valued. 

Two other important crosscutting 
technology programs in OIT are elec- 
tric motor and combustion systems. 
These systems consume large quanti- 
ties of energy in all the materials and 
process industries; consequently, small 
efficiency improvemen& in these tech- 
nologies could be leveraged into very 
large gains when multiplied by the . 

number of motors, boilers, furnaces, 
and similar units in use throughout 
so many industries. 

Other crosscutting OIT technologies 
attempt to make better use of the 
huge quantities of waste heat gener- 
ated in the large-scale processes found 
throughout the materials and process 
industries. Improved cogeneration, 
heat exchangers and heat pumps 
all recycle the heat content of Btu 
released in industrial processes back 
to more productive uses thereby 
reducing costs and industrial 
requirements for new energy. 

Finally, OIT’s industrial waste and 
municipal solid waste programs 
address technologies that can reduce 
the amounts of waste generated or 
improve the use of wastes that cannot 
be eliminated. These programs help 
prevent pollution, lower the costs of 
environmental regulations, and reduce 
the need for landfill space. They also 
help temper demand for nonrenew- 
able and frequently imported raw 
materials and energy. 

ENABLING MATERIALS 
FOR ENERGY EFFICIENCY, 
EMISSIONS REDUCTIONS, 
AND MANUFACTURING 
COMPETITIVENESS 

During the past three decades 
unprecedented progress has been 
made in the development of advanced 
materials-including advanced ceram- 
ics, polymers, metals and composites 
of these materials. Typically, these 
materials possess properties that are 
far superior to those of conventional 
materials such as steel, aluminum, 
glass or plastics. As shown in Figure 
41, advanced materials are often 
far stronger than conventional mate- 
rials. In addition, they are frequently 
tougher, more wear-, corrosion- or 
heat-resistant, lighter, or are more effi- 
cient conductors of photons or elec- 
trons than conventional materials. 
The use of advanced materials in 
industry can improve process effi- 
ciency and productivity through 
reduced lifecycle energy use, higher 
processing temperatures, increased 
component and system life times, 
and reduced downtime. 

Advanced materials are not sup- 
plied by a single industry; hence, 
the advanced materials industry does 
not consist of the relatively homoge- 
neous group of firms that is typical 
of most other industries. Advanced 
materials are manufactured by firms 
in the chemical (polymer, composite, 
ceramic), metal (alloys, composites, 
intermetallics), and traditional ceram- 
ics and glass industries. Moreover, 
unlike other materials industries in 
which scale economies dictate that 
large firms predominate, many 

87 



advanced materials companies are 
small enterprises that were established 
to develop and sell one or a handful 
of highly specialized materials with 
superior properties. 

Though the conventional materials 
industries are generally mature, 
cutting edge technology in each 
of the major classes of materials is 
highly dynamic. For example and as 
indicated in Table 41, advanced poly- 
mers are finding applications as non- 
linear optical devices, permeable 

membranes, thermal and ,electrical 
insulation, fuel cells, ceramic precur- 
sors, and sensors. Advanced ceramics 
and composites can be used in wear 
parts, cutting tools, heat exchangers, 
refractories, gas turbines, pump seals, 
substrates, and machine components 
for industrial processing. Metals, 
alloys, and metal matrix composites 
include ductile, high-strength materi- 
als and electrical conductors with uses 
that vary from structural materials, 
magnets, and processing equipment 

Figure 4-1 
SlrriigUi Coiii~iarisoii of T?adilioiinl niid Adumcrd l\lnlrrictls 

Firebricks 

Polymers 

Glasses 

Aluminum Alloys 

Iron Aluminide Alloys 

Silicon Carbides 

Stainless Steels 

Graphite and Aluminum 
Metal Matrix Composites 

Carbon-Carbon Composites 

Nickel Aluminides 

0 100 200 300 400 500 600 7 

Strength (Megapascals) 

Table 4-1 
Characteristics and Applications of Advanced Mata'als 

light weight, high, 
strength, toughness, 
wear resistant, heat 
resistant, and corrosion 
resistant 

i Examples i Characteristics 
Ceramics and Ceramic ! alumina, silicon carbide, 
Malrix Composites i silicon nitride, molybde- 

! num disilicide, zirconia, 
i fiber or particulate rein- : forced ceramic matrix 
i composites 

.................................................................................... 
Metals, Alloys, ! nickel aluminide, titanium 
and Metal Matrix ! aluminide. iron aluminide, 
Composiles i aluminum alloys, titanium 

! alloys, and fiber or partic- 
! ulate reinforced metal 
i matrix composites .................................................................................... 

Polymers and Polymer i liquid crystal Polymers. 
Matrix Composites i conducting Polymers, 

: nonlinear optical poly- 
! mers, fiber or particulate 
i reinforced polymer matrix 
: composites 

............................................. : light weight, wear 
i resistant, corrosion : resistant, heat resistant, : andductile 

............................................. 
i light weight, corrosion 
! resistant, high strength 
! and stiffness 
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Selected 
Applications 

wear parts, cutting tools, 
heat exchangers, refrac- 
tories, gas turbines, 
pump seals, substrates, 
and machine components 
for industrial 
processing 

structural materials, 
cutting tools, magnets, 
processing equipment, 
motors, and engines 

........................................ 

nonlinear optical devices, 
permeable membranes, 
thermal and electrical 
insulation, fuel cells, 
ceramic precursors, 
and sensors 

to motors and engines. Because of 
the exceptional growth potential of 
advanced materials, the traditional 
materials industjes-especially the 
chemicals, ceramics, aluminum, and 
specialg metals industries-have 
shown strong interest in the develop 
ment and manufacture of these high- 
value-added materials. 

Material Needs and Opportunities 
in Traditional Manufacturing 
fndustries 
Despite U.S. leadership in the devel- 
opment of new materials, these mate- 
rials have not been widely applied 
in manufacturing. A recent report 
from the National Research Council 
concluded that-although the United 
States leads in materials science- 
a serious shortcoming in synthesis 
and processing knowhow impedes 
the transfer of advanced materials 
technology to the marketplace. 
Consequently, while the United 
States develops many new materials, 
other nations are better at doing the 
applied research needed to commer- 
cialize these materials and reap their 
economic benefits. 

.. 

High cost is the main barrier to 
increased use of advanced materials. 
On a dollar-per-pound basis, advanced 
materials are often several times more 
expensive than conventional materi- 
als. Lower-cost processing methods 
are perhaps the most important need 
if advanced materials are to find wider 
use in industry and fulfill their poten- 
tial. Standardization, liability con- 
cerns, and user familiarity are among 
the many other barriers that impede 
the diffusion of advanced materials. 

Using advanced materials in industry 
has been inhibited further because 
opportunities to apply these materials 
in many traditional manufacturing 
processes have not been adequately 
assessed. In addition, potential users 
are not sufficiently aware of the per- 
formance benefits of advanced materi- 
als-let alone how or where to use 
them. Hence, an important initial 
step in accelerating the movement 
of advanced materials into industrial 
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usage is to conduct detailed analyses 
of material needs on an industry- 
by-industry basis. 

OIT’s Advanced Industrial Materials 
program has taken the initiative in this 
area and has inventoried the material 
needs of the pulp and paper and glass 
industries. Satisfying these needs could 
have a significant impact on improving 
energy efficiency, productivity and 
environmental compliance in these 
industries. In pulp and paper, wear 
and corrosion-including abrasive 
and erosive wear, cavitation wear, 
sliding wear, and impact wear-are 
important issues because nearly every 
form of wear may be encountered 
during various processes. Replacing 
wear-critical components with more 
durable parts, inserts or surface treat- 
ments is needed. Corrosion issues are 
encountered throughout all pulping 
and papermaking processes and 
remain among the most visible and 
costly materials issues. Opportunities 
in the paper industry include: 

1. Improved materials to provide 
impact-resistant edges for chipper 
blades, saws and knives; 

2. Refiner materials suitable for 
higher rotation rates with lower 
mass and higher’fracture tough- 
ness for high-speed bearings; 

3, Boiler tube materials and surface 
coatings with improved resistance 
to hydrogen sulfide and stress- 
assisted waterside corrosion; and 

4. Polymer-based structural materials 
for vessels, piping, and valves. 

Table 4 2  summarizes the material 
needs and opportunities of the pulp 
and paper industry. 

Several material needs and opportuni- 
ties have been identified in the glass 
industry also (Table 43). Although 
many of the material needs in this 
industry are dependent on the spe- 
cific end-uses, overall the problems 
of wear, corrosion, and erosion are 
major concerns in the glass industry. 
Material opportunities in the glass 
industry include: 

Table 4-2 
Matm’al Needs and Opportunities in Pulp and Paper Indusby Processa 

Process 
Wood Preparation 

a Debarking 

a Chipping 

Pulp Preparation 

a Mechanical Pulping 

a Chemical Pulping 

Bleaching 

Papermaking 

Mlterials Needs Opportunities 

a improve the abrasion and wear i a improved metals, ceramics, and/or 
resistance of transport chutes, i surface treatments or coatings with 
belts, saws, knives and debarking i improved abrasion and impact 
equipment i resistance 

a reduce the effect of impact damage i 
i to cutting and saw blades from rocks 

and hardwood 

improve the corrosion resistance of 
materials associated with presteam- 
ing, condensates containing sulfur- 
bearing acids and chlorides in 
mechanical pulping 

tance of materials 
a improve the wear and pitting resis- 

a improve the filters used for , 
extracting liquids 

a improve the corrosion resistance and 
wear resistance of materials used in 
recovery boilers for chemical pulping 

a improve the corrosion resistance 
of materials throughout the 
bleaching process 

a cleanable filters and membranes 
to separate the bleach and pulp 

improve the abrasion resistance 
of materials used in doctor blades, 
slitters and drums 

a improve the wear and corrosion 

a replacement for cast iron dryer rolls 

resistance of press rolls 

i a improved ceramics for rotating 
i grindstones 

i a improved materials for refiner plates 
i i tance to contact damage 

i a liner materials with improved corro- 
i sion resistance 

i a refiner materials suitable for higher 
i rotation rates with lower mass and 
: high fracture toughness for high 
i speed bearings 

i materials providing improved corro- 
i siorderosion resistance for digester 
i blow plates 

i a abrasion resistant materials for 
i pumpslurries 

i a optimized alloy systems for bleaching 
i environments 

i a corrosion resistant weld-filler 
i materials and welding practices 

i a cost-effective and durable alloys 
i with pitting resistance 

i a new surface treatments to ameliorate 
i residual stresses and improve corro- 
i sion fatigue properties 

i m improved manufacturing processes 
i including casting. joining. and 
i machining 

providing extended bar life and resis- 

............................................................... 

.< ............................................................. 

1. Developing new refractory materi- 
als using mullite or ceramic fibers; 

2. Developing new coatings and 
deposition technologies for 
glass materials; 

3. Modeling metals and ceramics to 
analyze their survivability in cor- 
rosive atmospheres; and 

4. Developing intermetallics and 
ceramic fiber coverings for glass 
contact applications. 

The application of advanced mate- 
rials in areas of these industries where 
opportunities have been identified 
could help them increase product 
quality7 satisfy emissions require- 
ments, and improve energy efficiency. 
Improved materials could also lead 
to less downtime, more efficient man- 
ufacturing operations, and reduced 
operating costs. This would improve 

the competitiveness of U.S. glass 
and paper producers, increase their 
exports, benefit employees in these 
industries and have a number of other 
positive impacts on the U.S. economy. 

THE OIT ADVANCED INDUSTRIAL 
MATERIALS PROGRAM 

OIT’s Advanced Industrial Materials 
(AIM) Program works in partnership 
with private industry to commercialize 
new and improved materials and mate 
rial processing methods for application 
in several major industrial sectors. The 
Program’s strategy is to assemble teams 
of experts from the national laborate 
ries, manufacturing companies, and 
the university community to identify 
advanced materials application oppor- 
tunities in the industries of interest. 
Within each industry, four major 
materials categories are considered: 
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Table 4-3 
Material Needr and Opportunities in the Glass Industry 

Process Materials Needs 

Raw Materials Processing i a elimination OF contaminants 
i including ceramics, metals, 
i organics and alloys 

............................................................................................................ 
Glass Melting i m improve the life, thermal shock 

i resistance, creep resistance, glass 
i compatibility, removaVdisposal 
i characteristics of refractories 

i a replace chromecontaining 
i refractories 

i m replace watercooled hardware 

i m model flow patterns, thermal distribu- 
i tion, and compositional gradients in 
i glassmelt 

i a replacement material for bubbler 
i materials, plunger materials, and 
i thermocouple sheaths to reduce 
i precious metal use 

i a replace furnace hardware such as 
i 
i 

i 

electrodes, needles, and flow orifices 
that suffer from wear and corrosion ............................................................................................................ 

Glass Forming i a improve the wear and corrosion 

a Float Processing i vanes, and other forming equipment 

a Fiber Processing i a replace platinumlrhodium glass con- 
i tactmaterials 

a Container Processing i 
i a develop non-contacting diagnostics 

i a develop an inspection technology for 
i immediate feedback 

resistance of materials for nozzles, 
. .  

c .  
;. 

Opportunities 
~~ 

8 sensors and removal systems 

m improved transport and conveyance 
mechanisms 

a improved refractory materials 

sensors to detect refractory wear 

a new coating and deposition technolo- 
gies for increased furnace life 

a modeling shells to analyze the sur- 
vivability of materials in corrosive 
environments 

a intermetallic materials for corrosion 
and wear resistant forming 
applications 

m ceramic and metallic coatings or cov- 
erings for glass contact applications 

ti Advanced metals and composites 

Advanced ceramics and composites 

H Polymers and bio-based materials 

B New materials and processes. 

Advanced Metals and Composites: 
New Components for High- 
Temperature Applications 
(Oak Ridge National Laboratory 
Los Alamos National Laboratory, 
Bethleliem Steel Co@n-alion, General 
Motors, Metallamics, Sandusky 
International, A l lq  Engineering, 
Advanced Refactories Technologies, 
O w m  Corning Fibmgh, Air Products 
and Chemicals) 
The technical limitations of conven- 
tional materials such as steel alloys 
often restrict the performance of 
furnaces, turbines, and other high- 
temperature industrial equipment. 
New materials that can withstand 
higher temperatures are needed to 
increase the efficiency of current 
industrial processes, as well as pave 
the way for the development of 
new technologies. To address these 
material needs, researchers are devel- 
oping new alloys-known as alu- 
minides-that combine aluminum 
with nickel, iron, or titanium. One 
nickel-aluminum alloy in particular, 
nickel aluminide, or N iN,  has already 
been successfully demonstrated for 
applications in the heat treating and 
metal processing industries. 

New Ni& components have success- 
fully been applied in the mechanism 
used to support and convey moving 
parts through walking beam furnaces, 
where metal parts such as gears and 
coils are heated to achieve the desired 
strength, toughness, and metallurgical 
properties. The new components have 
also been used in other heat-treating 
furnace applications and as transfer 
rolls in steel reheat furnaces in the 
steel fabrication industry. The Nifl 
components have longer lifetimes- 
which reduce furnace downtime-have 
better wear-resistance and strength, 
permit higher furnace operating tem- 
peratures, and increase furnace pro- 
ductivity. Energy savings result from 
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the improved productivity as well as 
from the elimination of cooling water 
requirements. It has been estimated 
that natural gas savings of a furnace 
equipped with N i d  components 
will approach SO%, and that the 
extended range of potential furnace 
operating temperatures will allow 
new products to be developed and 
processed. Overall, it is anticipated that 
the introduction of aluminides into the 
market will cut industrial energy use by 
50 trillion Btu annually. 

In other work in this area, researchers 
are developing and designing inter- 
metallic composite materials that 
resist fracture at high temperatures. 
Efforts have been focused on a mate- 
rial known as molybdenum disilicide 
(MoSin) , which exhibits superior 
properties at elevated temperatures. 
These properties could be particularly 
useful in such applications as burner 
nozzles, gas turbine components, and 
heating elements for industrial fur- 
naces. Using MoSiz parts .will enable 
such equipment to operate at higher 
temperatures with higher thermal 
efficiencies, translating directly 
into reduced energy requirements. 
Currently, several manufacturers are 

attempting to commercialize the tech- 
nology as advanced heating elements, 
structural materials, and components 
in glassmaking furnaces. 

Advanced Ceramics and Composites: 
If We Can Make Them, Industry 
Will Reap the Benefits 
(Oak Ridge National Laboratory) 
For at least three decades, titanium 
diboride (TiB2) has been known to 
be suitable to use as the cathode in the 
Hall-Heroult electrolytic cells used to 
convert molten alumina to aluminum 
metal. OIT has sponsored a variety 
of research efforts to develop TiB2 
ceramic cathodes, the most recent 
of which is described under ‘The 
OIT Aluminum Program” presented 
in Chapter 3. As part of the develop 
ment of any new material, researchers 
must determine the most efficient 
processing method for manufacturing 
that material. This means applying or 
adapting existing materials processing 
methods or coming up with entirely 
new methods. As part of OIT’s cath- 
ode research, scientists have been 
investigating the use of chemical vapor 
infiltration to fabricate high-purity 
TiB2 without damaging the ceramic 
fibers themselves. The success of this 

Table 9.4 
AIM Program Advanced Metals and Composites Research 

Material or i 
Processing f 
Technology i Industrial Application 

Nickel Aluminide j furnace components used in the metal 
i processing and heat treating industries 

Molybdenum Dlsilicide i gas burner nozzles, and heating 
I elements used in the glass industry . .  

I 
Benefits I resistant 

improved life cycles, increased wear 
resistance and strength, and heat 

superior oxidation resistance, low tem- 
perature toughness, and improved 

Table 4.5 
AIM Program Advanced Ceramics and Composites Research 

Material or f 
Processing i 
Technology Industrial Application i Benefits 

Fiber Reinforced Titanium f Hall-Heroult cell cathode for aluminum i improved wettability, longer life, 
i increased strength, higher strain-to- 
; failure, and reduced processing cost 

I smelting In the aluminum industry Dlborjde 

m Reactive Metal Infiltration f processing metal and ceramic compos- j near-net-shape production of ceramic 
i ites for materials producers I and metal matrix composites and 

I reduced energy consumption 

effort could lead to energy savings of 
as much as lS% of the electricity used 
in the electrolytic cell, or as much as 
100 trillion Btu per year industry-wide. 

Like the TiB2 fabrication effort 
above, OIT’s other research efforts 
in advanced ceramics also seek to 
exploit the advantageous properties 
of ceramics-their resistance to high 
temperatures and corrosion-while 
limiting or overcoming their disadvan- 
tages-brittleness, quality control, and 
limitations in fabrication techniques. 
For example, researchers are investi- 
gating a process known as reactive 
metal infiltration to produce near- 
set-shape (meaning that minimal 
additional grinding or finishing is 
required) ceramic composites for 
light-weight structural and wear appli- 
cations. In reactive metal infiltration, 
the brittle ceramic is reacted with a 
molten metal and is converted into 
a tough metal-ceramic composite. 

Benefit tables similar to  those provided 
for other OIT-supported technologies 
have not been furnished for its 
advanced materials projects, including 
OlTs ceramic composites program. This 
is because it is very difficult to forecast 
all the expected applications, market 
size, and potential benefits of these 
widely used, enabling technologies. 
Materials developed for a specific appli- 
cation typically have properties that are 
found to be  useful in many other appli- 
cations that were originally unforeseen. 

To help deal with this, OIT is working 
with the Materials Systems Laboratory 
of the Massachuselts Institute of 
Technology (MIT). MIT is conducting a 
market assessment and developing a 
Multi-Attribute Utility Analysis technique. 
This technique will enable more consis- 
tent estimation of the total economic, 
environmental and energy-related bene- 
fits associated with OIT-supported 
advanced materials in specific applica- 
tions. Results of this study are  expected 
to be available in September 1995. 
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Table 4-6 
AIM Polymer and Bio-Based Matoials Research 

Material or 
Processing i 
Technology Industrial Application i Benefits 

m Waste Plastic Recycling f waste recycling for the plastics and 
I other consumer industries i reduced energy consumption. reduced 

reduced costs for raw materials, 

i waste, and environmentally safe 
. ,  

m Conducting Polymers i electrochemical capacitors, gas sepa- i high selectivity, and low processing 
i ration. and metallization of insulators i costs 
: for the chemical industry and other i 
i processing industries 

Table 4-7 
AIM Program New Materials and Processes Research 

Material or i 
Processing f 
Technology i Industrial Application i Benefits 

m Microwave Processing i joining silicon carbide parts for materi- leak-tight joints, and reduced energy 
i als producers, and used in heat i .consumption 
i exchangers and processing systems i 

Other research efforts are investigat- 
ing the production of low-cost, inter- 
metallic-bonded ceramic composites 
for applications where the operating 
conditions are severe in terms of fric- 
tion and wear rather than tempera- 
ture, and the production of composite 
aerogel materials (lightweight, porous 
materials that contain more than 
90% of air by volume) that improve 
the thermal resistance of a compo- 
nent by more than 50%. All of these 
technologies combined could reduce 
industrial energy consumption by as 
much as 100 trillion Btu each year, 
with a corresponding reduction in 
carbon dioxide emissions of about 
10 million tons each year. Additional 
benefits of the near-net-shape ceramic 
parts produced using reactive 
metal infiltration include reduced 
wastes from grinding and other 
finishing operations. 

Polymers and Bio-Based Materials: 
The Future Is (Recycled) Plastics 
(National RenauabIe Energy Laboratory, 
Los Alumos National Laboratory) 
About 30 billion pounds of plastics 
end up in U.S. landfills each year. 
Currently, only about 2% of this waste 
is recycled because of the difficulties 
of working with different types of plas- 
tics mixed together. OIT is sponsoring 
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a number of efforts to recover high- 
value chemicals from mixed waste 
plastics using pyrolysis, a process 
whereby the wastes are heated in the 
absence of oxygen in a closed cham- 
ber. The most successful effort to date 
has been the recovery of the chemical 
caprolactam from waste carpeting. 
The pyrolysis process also has the 
potential to recover chemicals from 
mixed plastic beverage bottles. 

OIT is also sponsoring a variety 
of other polymer research, includ- 
ing the development of polymers 
that conduct electricity. These types 
of polymers have a wide range of 
applications in such things as electric 
utility equipment, electric vehicles, 
separation of gases during chemical 
processing, printed circuit boards, 
and automobile parts. Conducting 
polymers can be used as a low-cost 
means of storing electricity in power 
back-up systems and in electric 
vehicles. They can be used to adapt 
membrane systems to separate specific 
combinations of gases, with the poten- 
tial to yield annual energy savings of 
up to 300 trillion Btu. As a coating 
material, conducting polymers can 
reduce both the cost and the pollu- 
tion associated with plating operations 
used for metallized printed circuit 

boards, structural components for 
cars, and coated plastic parts. Finally, 
the Polymers and Bio-Based Materials 
Program is investigating novel pro- 
cessing methods, based on the use 
of magnetic fields, to make specific 
types of advanced polymers to use in 
separating chemicals and also making 
lightweight parts for cars. 

New Maten& and Processes: 
Cooking with Microwave Energy 
(FM Technologies, Gemge Mason 
University, Los Alamos National 
Laboratory) * 

Silicon carbide (Sic) is a ceramic 
material that can safely and reliably 
withstand operating temperatures 
many hundreds of degrees higher 
than metals and metal allbys. In 
particular, Sic is desirable for use in 
high-temperature heat exchangers, 
recuperators (used to recover waste 
heat), and burners used in the metals, 
glass, and other industries. Limitations 
in fabrication techniques for ceramic 
components have been obstacles to 
using these beneficial materials, howev- 
er. Sic is generally difficult to produce 
in the lengths and shapes typically 
required for many industrial applica- 
tions. Ceramic heat exchanger tubes 
are also extremely difficult to join 
together to make a workable heat 
exchanger. These problems combine 
to make fabricating large ceramic tube 
assemblies prohibitively expensive. 
Recent research has been investigating 
the use of microwave energy to 
advance the manufacture of ceramic 
components in a costeffective manner. 

In one such effort, researchers are 
using fabrication techniques based 
on microwave energy to join one Sic 
component to another. Microwave 
processing is of great interest to mate- 
rials researchers because its ability to 
heat material from the inside out has 
many technical benefits. The goal is 
to develop and optimize a practical 
joining method that can be applied 
to large-scale production of ceramic 
components such as high-temperature 
heat exchangers and burners. The 
method could also be used to make 
economical on-site repairs at a plant. 



Microwave joining could save as 
much as 100 trillion Btu per year 
and could strengthen and expand 
the $100 million/year radiant tube 
and heat exchanger markets. 

In another effort, researchers are 
exploring other new applications for 
microwave processing using a new 
variable frequency microwave furnace. 
The variable microwave process will 
permit more energy-efficient process- 
ing of materials by virtue of its ability 
to operate at optimum frequency or 
at variable frequencies as the material 
is heated. It also generates a more uni- 
form microwave field that allows for 
even heating of single and multiple 
parts in the furnace. Applications of 
this technology include producing 
multilayer ceramic capacitors (energy- 
storing devices) and processing cer- 
tain plastics. The variable microwave 
process requires only a fraction of the 
energy of current processing methods 
and is several times faster, thereby 
improving productivity. 
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TOUGHENING UP 
THE FEET OF CLAY 

Many opportunities for improving 
thk productivity, energy efficiency, 
and waste utilization of industry are 
not pursued because of a shortage 
of materials capable of handling the 
severe operating conditions often 
present in industry. Yet materials that 
are lighter, stronger, more corrosion 
resistant, and able to perform at 
higher temperatures could improve 
productivity in many industries by 
allowing higher process temperanires, 
extending component and system 
life times, and reducing downtime 
for maintenance and repair. While 
a number of advanced materials have 
been developed in recent years 
with varying potential to meet these 
demanding requirements, ceramics 
offer the greatest potential where 
a combination of reduced weight, 
high-temperature performance, 
and ability to withstand corrosive 

. environments is needed. 

Ceramic products have been 
produced and used for thousands 
of years. Such ceramic products as 
bricks, pottery, and cement have 
been used for so long because their 
raw materials are abundant and cheap 
and their unique molecular structures 
give rise to many outstanding and 
highly useful properties. Typically, 
ceramics are as strong as or even 
stronger than metals yet they are also 
lighter. They possess exceptional heat, 
chemical and abrasion resistance and 
provide excellent electrical insulation. 

Such properties could contribute 
to substantial productivity improve- 
ments in industrial systems success- 
fully employing ceramic components 
compared to those using metals. 
Unfortunately, however, ceramics 
also possess a critical vulnerability 
that severely limits their practical use: 
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their brittleness and propensity for 
catasqophic failure. While metals 
bend, ceramics break. 

Fiber Reinforcement  tdejps 
Ceramic Materiais Achieve 
Their Fuii Pofentiai 
Ceramic composites help overcome 
this serious limitation. They are 
not only strong; they are also tough. 
By incorporating long, strong glass 
or ceramic fibers in a ceramic matrix, 
the toughness of ceramics can be 
improved substantially and their ten- 
dency to fail in high-stress environ- 
ments can be reduced considerably. 
These fibers reinforce the ceramic 
to create a composite which is several 
times tougher (less brittle), and 
significantly less sensitive to strength- 
limiting flaws than the ceramic mate- 
rial alone. Fibers help maintain the 
productivity-enhancing properties of 
ceramics while controlling or eliminat- 
ing their deficiency. Because of these 
enhanced properties, continuous 
fiber ceramic composites (CFCCs) 

I 

In continuous fiber ceramic composites 
1 (CFCCs), the ceramic matrix contributes 

chemical and thermal stability while the 
fiber contributes strength and tough- 
ness. The fibers provide toughness by 
arresting and bridging cracks through a 
phenomenon known as pull out. When a 
crack reaches a fiber, it must divert 
around the fiber-a process that con- 
sumes more energy than linear crack 
growth. Typically,.there is'not enough 
energy for the crack to change direction 
and bypass the fiber. Crack growth is 
thus arrested. 

If there is sufficient energy to deflect 
around the fiber, the fiber can bridge the 
crack and thus hold the matrix together. 
Even if the matrix fails, the fibers must 
be  pulled out before the composite can 
separate. Fibers give rise to a non-cata- 
strophic failure mode similar to that of 
metals. The arresting and bridging of 
cracks and fiber pull-out are the princi- 
pal mechanisms responsible for the 
incieased toughness of continuous fibei 
ceramic composites. 

offer the potential to satisfy materials 
needs across a broad spectrum of 
industrial applications. 

Successful deployment of CFCC com- 
ponents in industrial applications 
would help improve energy efficiency, 
increase productivity, and reduce 
environmental impacts. For example, 
using CFCCs in the demanding envi- 
ronments of incineration systems 
could help ameliorate the waste dis- 
posal problem, decrease .the toxicity 
of airborne pollution, and displace 
fuel consumption through enhanced 
waste energy recovery. Using CFCC 
components could enable gas turbines 
to operate at higher temperatures 
thereby increasing energy efficiency , 

by as much as 4% which would help 
reduce fuel use by up to 13%. Other 
potential productivity- and perfor- 
mance-enhancing industrial applica- 
tions of CFCCs include: , 

1. Industrial burners and combustors 
ranging from small-scale space- 
heating units to large-scale indus- 
trial systems; 

2. Process equipment such as reform- 
ers, reactors and high pressure 
heat exchangers for use in 
industries such as chemicals 
and petroleum refining; 

3. Filters, separation and sewage treat- 
ment systems; 

4. High-temperature industrial 
heating, melting and heat-treating 
equipment such as furnace linings, 
crucibles, racks and kiln furniture; 

5. Structural components such as 
beams, panels, decking and 
containers. 

The CFCC Research 
and Development Agenda 
The potential energy, economic and 
environmental benefits of CFCCs in 
so many applications provide strong 
incentive for government and indus- 
try to jointly pursue aggressive devel- 
opment and deployment of these 
highly useful materials. The CFCC 
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R&D agenda is driven by cost competi- 
tiveness and product reliability which 
remain the overwhelming concerns 
of potential users and suppliers. 

To produce CFCCs that are consistent 
in composition and reliable in perfor- 
mance, processing techniques are 
required that allow the matrix to be 
uniform throughout the entire vol- 
u h e  of the preformed fiber com- 
ponent or part. In addition, the 
processing techniques must accom- 
modate not only the matrix and fiber, 
but must produce the required fiber- 
matrix interface which is critical to 
the desired toughness and perfor- 
mance of the composite. A variety of 
traditional and new fabrication tech- 
niques have been used to produce 
CFCCs with varying success, but none 
has emerged as clearly superior in its 
ability to produce desired properties 
at minimum costs. 

Efforts that focus on developing 
cost-effective processing technology 
for industrial applications are needed. 
Advanced composite designs, stan- 
dardization of test procedures, joining 
techniques, and prototype demon- 

strations are also necessary to ensure 
that this promising material reaches 
its market potential. Specific tech- 
nical needs for CFCC development 
and commercialization include 
the following: 

m Fiber development: Providing more 
environmentally stable (oxidation 
and corrosion resistant) , higher- 
temperature (greater than 1000°C) 
fibers at greatly reduced costs 
(less than $200/lb). . 

Fabrication/processing improve- 
ments: Developing costeffective, 
reliable fabrication techniques 
compatible with commercial/ 
industrial needs and operations. 
Areas of focus include: 

- High yield to achieve lower 
production costs; 

to minimize finishing steps; 
- Near-net-shape fabrication 

- Fabrication of complex 
shapes including 3-D fiber 
architectures; 

- Scale-up to production part 
size and rates. 

CFCC materials characterization: 
Establishing the materials database 
on properties, performance, and 
life necessary to understand and 
apply CFCC materials. 

m Composite design: Establishing a 
better understanding of crack prop 
agation and failure. Developing 
design models for predicting 
performance and properties and 
their relationship to processing. 
Developing better fiber coatings 
and fiber-matrix interfaces. 

Standardization of test procedures 
and data: Developing comprehen- 
sive standardized procedures for 
design, evaluation, qualification, 
and testing to encoupge the use 
of CFCCs by the engineering 
community. 

Joining: Developing the joining/ 
fastening techniques necessary 
to integrate CFCCs into systems 
where attachment to other parts 
and materials is required. 

m Prototype demonstrations: 
Establish a successful performance 

applications in industrial settings. 
. and reliability history for CFCC 

THE OIT CFCC PROGRAM 

OIT's CFCC Program is involved 
in developing advanced composite 
materials targeted to meet the needs 
of a variety of industrial applications. 
The program seeks. to develop and 
demonstrate, at pilot scale, efficient 
and economical methods of process- 
ing CFCC components that are r e p  
resentative of the geometries and 
properties required by users. The 
program also develops the necessary 
supporting technologies for fabricat- 
ing and testing CFCC materials and 
components, and provides compo- 
nents and related technologies for 
incorporation into applied R&D 
programs. The development of a 
specific fiber is not part of the OIT 
CFCC Program, which instead relies 
on ongoing efforts at the Department 
of Defense and National Aeronautics 
and Space Administration (NASA) for 
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developing advanced fibers. Materials 
must be Cost-effective and capable of 
operating at higher temperatures than 
conventional materials; and process- 
ing technologies must be capable of 
meeting demanding economic targets 
and high production rates. 

CFCC Components for Land-Based 
Gas Turbines: Operational 
Improvements Lead to Higher 
Efficiency and Lower Emissions 
(General Electric, Texiron Special5 
Materials) 
Current gas turbines used in power 
generation applications (excluding 
marine and aircraft applications) have 
large cooling requirements, typically 
requiring 30% to 40% of their dis- 
charge air for component cooling. 
This lowers the energy efficiency of 
the turbine, thus increasing its fuel 
requirements. Replacing metal alloy 
components with CFCC components 
could substantially increase this energy 
efficiency by allowing the nirbine to 
operate at higher temperatures. The 
problem to date has been developing 
a CFCC and a corresponding fabrica- 
tion method that could be used to 
make the components in the 
required shapes. 

A new material called Toughened 
Silcomp has been developed forjust . 

such applications by an industrial 
team under OIT’s CFCC Program. 
Toughened Silcomp consists of a 
continuous network of silicon carbide 
fibers within a silicon-silicon carbide 
ma&. This material and its fabrica- 
tion technique-known as melt infil- 
tration-can be used to produce a 
variety of fully dense, complex-shaped 
parts. The material’s density gives the 
composite good oxidation resistance, 
high thermal conductivity, low ther- 
mal expansion, and good strength, all 
desirable characteristics for gas tur- 
bine applications. Using the CFCC 
components, gas turbines will be capa- 
ble of operating at higher tempera- , 

tures, reducing cooling requirements 
and allowing the turbine to operate 
more efficiently. Because of opera- 
tional improvements, emissions of 
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Advanced ceramic products are used for insulator products including electroslnfic 
precijiiiaior applicaiions. 

CO, NOx, and unburned hydrocar- 
bons will be reduced. It has been 
estimated that using the CFCC com- 
ponents would yield fuel savings of 
nearly $1 million per year for a 
100-megawatt gas turbine. 

Ceramic Fiber Radiant Burner: 
Ushering in the Next Generation 
of Efficient BurneG’ 
(ALzeta, Southern California Gas, 3M) 
Ceramic fiber (not composite) radiant 
burners are already in use in residen- 
tial warm-air,furnaces, commercial 
deep-fat fryers, dryers for the plastics 
industry, comm.ercia1 greenhouses, 
residential and commercial water 
heaters, industrial boilers, and paper 
dryers. These ceramic burners have 
higher thermal efficiency, provide 
more uniform and controllable heat 
transfer, and reduce emissions of NOx 
and CO compared with conventional 
radiant burners. Now, with OIT assis- 
tance, the manufacturer of these 
burners is taking the next technolog- 
ical step in the evolution of advanced 
burners-incorporating CFCC 
components into existing ceramic 
fiber burners. 

Two design concepts have already 
been identified and are being tested. 
First, a CFCC screen is used as a 
protective outer sheath for the 
burner or as a reverberatory screen. 
Experiments have shown that the 
radiant output of the ceramic fiber 
burner can be increased by as much 
as 100% by using reverberatory . 
screens, and that burner life will be 
at least double that of a conventional 
ceramic radiant burner at elevated 
temperature. The second design 
concept uses a CFCC pad, or mat, 
that presents a uniform face to the 
heated surface. The combined effect 
of the design changes is an increase 
in the thermal efficiency of the 
burner by between 2% and lo%, and 
a reduction in the formation of NOx. 
In direct-fired industrial heating and 
drying applications, the efficiency 
improvements could be even greater, 
reducing fuel usage by as much as 
35%. Assuming 10% of all industrial 
radiant burners are replaced with the 
improved burner, more than 50 bil- 
lion cubic feet of natural gas could be 
saved and NOx emissions could be 
reduced by 35,000 tons each year. 



Ceramic Composite Radiant Tubes: 
Converting a Composite Concept 
Into Cost Savings 
( i W r o n  Specialty Materials, 
Nova Industrial Ceramics, Stone &' 
Websfer Enginem'ng, Hauclt Burner 
Comnjiany, Mata'als Science Corporation) 
For years, the concept of using 
CPCC tubes in waste heat recovery 
and power generation applications 
has existed, but no existing CFCC fit 
the requirements. Now, with DOE 
support, the dream has a good chance 
of being realized. An industrial team 
is developing and demonstrating a 
novel method for fabricating CFCC 
materials that can be used to manufac- 
ture low-cost tubes. The processing 
approach is to use various reinforcing 
fibers in a nitride-bonded silicon car- 
bide matrix. Tubes made from this 
material will subsequently be impreg- 
nated and coated using the unique 
Textron Rapid Densification (RDTh') 
process to enhance their durability. 

The new CFCC pbes are targeted 
for a variety of applications, including 
steam/methane reformers used in the 
chemicals industry; and pyrolysis fur- 
naces, immersion heaters, industrial 

, 

Table 4.8 
Ollier OIT CFCC Projects 

Project (Developer) 
Chemical Vapor Infiltration of 
Ceramic Matrices (Amercom, Solar 
Turbines, Surface Combustion, 
Detroit Diesel, ABB/Combustion 
Engineering, MSNW, Materials 
Sciences, University of Virginia) 

Sol-Gel Impregnation Processing 
(Babcock B Wilcox, Virginia Tech, 
Fiber Materials, Ohio State 
University) 

..................................................... 

...................................................... 
Chemical Vapor Infiltration of 
Silicon Carbide (DuPont Lanxide 
Composites, Foster Wheeler, 
Weslinghouse, GE Power 
Generalion, Alzeta) 

Directed Metal Oxidation 
(DiMOX') Processing of CFCCs 
(DuPont Lanxide Composites, 
Foster Wheeler, Solar Turbines, GE 
Power Generalion, Westinghouse) 

Polymer Impregnation and 
Pyrolysis Processing of CFCCs 
(Dow Coming, Kaiser Aerotech, 
Solar Turbines, Sundstrand Fluid 
Handling, Synterials) 

...................................................... 

...................................................... 

burners, and preheaters used primar- 
ily in the metals processing industries. 
One specific application being inves- 
tigated is the recovery of waste heat 
from melting used beverage cans and 
other aluminum scrap in the alu- 
minum recycling industry. In this case, 
fuel consumption for aluminum recy- 
cling could by reduced by one-half 
to two-thirds. On a national basis, this 
would result in a total energy savings 
for aluminum recycling facilities of 
about 0.3 quads per year. Using the 
new CFCC tubes in steam/methane 
reformers could result in a 20% 
reduction in requirements for natural 
gas feedstock. In general, an improve- 
ment of as much as 25% in operating 
efficiency is projected for many of 
the applications. 

CFCC Applications for 
Diesel Engine Valve Guides: 
No Lubricants Required 
(AlliedSignal, Cateqbilla? 
Quinn Engineering Systems) 
The diesel engines currently used in 
some industrial and agricultural appli- 
cations present a significant opportu- 
nity for energy savings and emissions 
reductions using CFCC components. 

Descrbtion i Potential Areas of Use 
Develop chemical vapor Infiltration i Piston rings for diesel engines, 
processing technology for preforms i high pressure heat exchanger 
of continuous. multifilament ceramic i systems, hot gas filters. and 
fibers. i bumers and combustors 

...................................................... 
Develop liquid-to-solid-based 
processing method, sol-gel impreg- 
nation to produce oxideloxide 
ceramic composite materials. 

Fabricate and test CFCC materials 
manufactured from silicon carbide 
through chemical vapor infiltration. 

....................................................... 
Examine Nicalonm silicon carbide 
fiber-reinforced alumina matrix 
composites made from the 
DIMOXm process. 

........................................................ 
Boiler components, turbine com- 
bustors, heat exchangers, and hot 
gas filter components. Near term 
emphasis will be on hot gas filters 
intended for use in advanced fossil 
energy systems. 

Gas turbine components, radiant 
surface components, reformers, 
heat exchangers, and hot gas 
filters. 

....................................................... 

Coal fired combined cycle power 
generation. heat exchanger tubes, 
turbine tip shrouds, and combustor 
liners. 

Fabricate and test materials manu- 
factured from SylramicB CFCCs 
using low temperature polymer 
impregnation and pyrolysis. 

Gas turbine combustor liners, first 
stage turbine disks, and chemical 
pump components. 

The cast iron valve guides used in 
current engines cannot operate at 
temperatures above 300°C because 
the cast iron has insufficient strength, 
resulting in valve deformation and 
eventual failure. These valves also 
require regular lubrication with com- 
mercial petroleum-based lubricants 
to maintain proper operation. Even 
if a valve could operate at higher tem- 
peratures, available lubricants develop 
deposits that would cause the valve 
to stick or wear excessively. However, 
the energy efficiency of the diesel 
engine increases with elevated 
operating temperature. 

A unique solution to this dilemma 
-a self-lubricating, CFCC diesel 
engine valve guide-is being investi- 
gated by OIT and an industrial team. 
The material being used is a continu- 
ous-carbon-fiber-reinforced silicon 
nitride, which will be fabricated into 
components by one of several novel 
processing methods under considera- 
tion. The valve guide will provide the 
required friction and wear properties 
along with the structural integrity to 
operate under extreme temperature 
conditions. These new guides are 
expected to cut particulate emissions 
by 25% by reducing flows of lubricants 
into the combustion chamber. Other 
benefits include improved fuel econo- 
my and increased engine reliability. 
The CFCC valve guide technology 
has the potential for cost-effective use 
in high-load-factor industrial and agri- 
cultural applications, where operating 
costs are driven by engine fuel costs, 
and in alternative-fueled engines. It 
is also possible that the technology 
will be used in a substantial number 
of future diesel engines, and may 
eventually apply to internal combus- 
tion engines in general. 

Supporting Technologies: 
Assisting in the Design, Fabrication, 
Characterization, and Qualification 
of CFCCs and CFCC Components 
(Oak Ridge National Laboratmy) 
Oak Ridge National Laboratory is 
leading a team of national laboratory, 
industry, and academic partners in 
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performing generic research of CFCC 
materials. Representative composite 
systems are being used to examine 
phenomena applicable to a broad 
range of materials, processing tech- 
niques, and service environments. 
The team’s fundamental studies of 
materials, material interactions, and 
performance under use will provide 
the scientific foundation for industrial 
development and scale-up of reliable 
CFCC materials and components. 

Specific tasks within this effort are 
focusing on composite design, mate- 
rials characterization, test methods, 
and life prediction and database 
development. In the composite design 
task, researchers are developing 
micro- and macro-mechanical models 
that predict the properties and behav- 
ior of various CFCC components. 
Materials characterization research 
is aimed at determining the effects 
of typical processing and service envi- 
ronments on CFCCs. In the area of 
test methods, scientists are working 
to ensure quality control in charac- 
terizing, processing, and qualifying 
CFCC materials. Finally, research 
is underway to understand the time- 
depez$+ behavior, environmental 
stresses, and damage accumulation 
that can limit the life of CFCCs. 
A database to collect and sum- 
marize data for all of the tasks 
is being compiled. 
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THE WORKHORSE OF INDUSTRY 

Electric motors and the systems they 
power perform vital roles in just about 
every niche of the U.S. economy. 
More than 1 billion electric motors 
currently are in use in industrial, 
commercial, residential, and utility 
power plant applications, consuming 
tremendous amounts of energy. The 
U.S. electric motor and drive industry 
accounts for roughly $10 billion in 
annual sales, and the motor industry 
employs about 50,000 people. 

Electric motor systems (EMS) are 
an integral part of industry. Motor- 
driven equipment accounted for 
approximately 70% of the electricity 
consumed in the industrial sector 
in 1990, and in some industries, 
represented 90% of electricity con- 
sumption. Roughly $30 billion is 
spent on electricity to drive indus- 
trial motor systems. Industrial EMS 
account for more than 20% of total 
U.S. electricity consumption and 
nearly 40% of the electricity used 
in EMS in all sectors. According to 
the Electric Power Research Institute, 
manufacturing accounts for the vast 
share of electricity consumption by 
motors in the industrial sector, with 
mining, agriculture, and construction 
accounting for the remainder. 

The widespread use of EMS through- 
out U.S. industry provides significant 
opportunities to capture broad-based 
benefits associated with more efficient 
EMS. Besides the potential for sub- 
stantial energy savings, increases can 
be made in productivity. Reduced 
energy use and changes made in 
processes associated with the system 
can also result in lower emissions 
and reduced waste streams, thereby 
improving environmental quality 
while reducing costs associated with 
waste remediation. The bottom line 
is that using more efficient EMS can 
result in lo,wer costs to industry and 
increased competitiveness. 

Electric Motor §ystems 
Developed more than a century ago, 
the A/C induction electric motor 
remains remarkably similar to the 
motor of today. Materials and manu- 
facturing methods have changed and 
improvements have increased the effi- 
ciency and ability to control motors, 
but the same basic principles still 
apply. The electric motor changes 
electric energy into mechanical power 
to perform work. In manufacturing, 
electric motors are the predominant 
means of providing drive power and 
motive force. 

Electric motors are a core part of EMS, 
an integrated system of electrical and 
mechanical equipment. Electric motor 
systems include the motor, the elecmc 
supply system that provides electric 
energy to the motor, the motor start- 
ing control and drive system, the dri- 
ven mechanical system such as fans, 
pumps, blowers and compressors, and 
the process application (Figure 4-4). 
Electric energy is the input to the sys- 
tem, and the output is the service or 
process application provided (for 
example, refrigeration, air flow, or 
material movement). 

Electric Motor 
Sys t em Opportunities 
Significant opportunities exist to 
improve the energy efficiency of 
electric motors and their connecting 
systems. It is insufficient to examine 
improvements that could be made to 
the motor alone, because energy use 
in other parts of the motor system 
could offset gains made by improving 
just the motor. In addition, the elec- 
tric motor is only one of many factors 

Figure 4-4 
The Elechir Mo/or Sysleiii (EMS) 

that contribute to the efficiency of 
an electric motor system. Other fac- 
tors include the efficiency of other 
individual components of the electric 
motor system (such as the controlling 
devices, pumps, fans and compres- 
sors) and how the individual compo- 
nents are integrated into a complete 
system. Proper application of an effi- 
cient electric motor system requires 
the optimal integration of motors and 
drives with the power supply, as well 
as with the process application. In the 
industrial sector proper evaluation 
of the whole system is very important. 
Industrial EMS are often integrated 
into complex manufacturing opera- 
tions in which productivity, quality, 
and energy factors need to be consid- 
ered carefully. 

There are four major opportunities 
to improve the efficiency of electric 
motor systems which together could 

Figure 4-3 
Torn1 hiel Electridj Deiiinnrl lg ~\lniiiijicclioiiig 
Industries, 1991 
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save 240 billion kilowatt hours annu- 
ally by the year 2010. These include 
(1) improving the efficiency of the 
motor; (2) reducing losses associa- 
ted with electricity distribution; 
43) improving the match between 
the motor drive and the mechanical 
system; (4) and using equipment or 
processes that require less power 
(process optimization) (Figure 45). 
Efficient EMS on average use 20% less 
energy than a conventional system. 
Although initial capital costs are 

Figure 4-5 
I'okw!inl Aiinzid C.S. Eiirrp SnviiigjYoiii 
I.:.\IS Iiii~~rin~riiiriifs 

Electrical 
Distribution Correction 

(18 billion kwh) Motor Efficiency 
lmorovement 

I Precess Optimization 
Better Motor-Mechanical (80 billion kWh) 

Subsystem Matching 33% 
(99 billion kWh) 

41% 

Sourca: Mficaof Industr$lTechnolqliesestimatesforyear2010. 

higher for an efficient system, efficient 
EMS systems are expected to last 10% 
longer than conventional technology. 

The materials and process industries 
account for over one-half of all elec- 
tricity used in manufacturing motor 
systems. These industries, which 
include the chemical, petroleum, 
pulp and paper, metals, and food 
industries, offer major opportunities 
for improvement in the use of effi- 
cient motor systems. For example, in 
the pulp and paper industry, motors 
account for 95% of electricity con- 
sumed, with the potential to reduce 
electricity consumption by 11% to 
49% through the use of energy effi- 
cient measures, according to the 
American Council for an Energy 
Efficient Economy (ACEEE). 

Potential electricity savings in the 
chemical industry are similar, ranging 
from 11% to 44%, and in the food 
processing industry, potential savings 
range from 16% to 50%. In addition 
to the industries already mentioned, 
other industries in which significant 
electricity savings are possible through 
energy efficient measures include 
primary metals, transportation equip 
ment, rubber and plastics, ana electri- 
cal equipment, according to ACEEE. 

However, a number of barriers must 
be overcome to achieve more wide- 
spread adoption of efficient EMS. 
These barriers include: 

L The electric motor system market 
is a cost-dominated market. 
Companies often do not look 
beyond the initial purchase cost in 
deciding which motor to purchase, 
even though long-term savings 
could be substantial. 

The motor often accounts for a 
small portion of the total system 

' cost. Thus, the importance of the 
motor is often overlooked. 

The efficiency of existing motors 
is often not known. The efficiency 
rating of a motor can be reduced 
substantially through successive 
repairs. Likewise, users many times 
do not opt for the more efficient, 
newly purchased motor that offers 
better lifecycle cost than an exist- 
ing motor in need of repair. 

The structure of the electric motor 
system market is complex. 
Fragmentation in the market 
makes it difficult for a user to 

' obtain sufficient, reliable informa- 
tion on the markets and end-use 
applications of motor systems. In 
addition, because motors are often 
components of larger systems, 
equipment manufacturers-not 
end users-often determine 
motor specifications. 

' 

Many end-users lack technical 
expertise. Because many users lack 
sufficient experience or expertise 
in EMS, they do not always make 
the best technology choices. This 
is exacerbated by misinformation 
in the marketplace concerning 
efficient EMS. 

THE OIT ELECTRIC MOTOR 
SYSTEMS PROGRAM 
OIT's Electric Motor Systems Program 
is designed to improve energy effi- 
ciency, enhance environmental per- 
formance, and increase productivity 
by increasing U.S. industry's use of 
efficient EMS. The EMS program 



targets the many technical, economic 
and institutional barriers that impede 
the rapid and widespread adoption 
of efficient EMS. The program will 

. accomplish these goals by mobilizing 
private and public resources to focus 
on EMS opportunities, catalyze new 
alliances between interested parties, 
and promote the understanding, 
development, and adoption of EMS. 

Motor Challenge 
Motor Challenge is the centerpiece 
of OIT’s Electric Motor Systems pro- 
gram, Motor Challenge is a joint 
effort of DOE, industry, equipment 
manufacturers and distributors, and 
other interested parties to promote 
integrated systems of energy efficient 
motors, adjustable speed drives, and 
efficient motor-driven mechanical 
equipment and processes. As part of 
President Clinton’s Climate Change 
Action Plan (CCAP), the Motor 
Challenge Program is recognized 
as representing a significant oppor- 
tunity to enhance environmental 
performance and reduce energy 
consumption in US. industry. 

The gverall goal of the Motor 
ChaBhge initiative is to advance 
industry leadership and provide tech- 
nical assistance and resources to indus- 
try so that firms will better understand, 
apply, and target energy efficient EMS 
from a systems perspective. In most 
cases the technology already exists to 
use efficient EMS. Motor Challenge 
was designed to act as a catalyst to 
foster broad-based industrial partici- 
pation in the exchange of information 
and the deployment of technology. 
The Department of Energy has worked 
diligently with stakeholders to identify 
barriers and opportunities related to 
the adoption of more efficient EMS. 
The program works with partners to 
focus on deficiencies in the market 
that influence the choices of stake- 
holders in specifying, purchasing, and 
operating equipment, and impede the 
development and introduction of bet- 
ter products and services. 

... .%--A 

The major goals of Motor Challenge 
are as follows: 

R Provide national leadership and 
help focus public and private capa- 
bilities to assist U.S. industrial 
motor system end-users in achiev- 
ing greater costeffective energy 
efficiency, productivity, and envi- 
ronmental performance more 
quickly than they otherwise would; 

I! Provide comprehensive, timely, and 
reliable information and technical 
knowledge to industrial end-users 
by drawing on the experiences of 
industrial leaders in EMS; 

m Discover and recognize engineer- 
ing excellence in the design and 
operation of EMS and encourage 
other companies to follow 
these examples; 

I! Educate and train practitioners and 
trainers in the latest best practices 
associated with efficient EMS; 

Assess EMS markets to improve the 
timeliness and reliability of data on 
such systems; 

Support the development and 
implementation of market transfor- 
mation strategies that will encour- 
age demand for better products 
and services; and 

Recognize companies that have 
implemented internal corporate 
management practices and policies 
for efficient motor-driven systems 
in an exemplary and high- 
quality manner. 

The Motor Challenge initiative 
consists of five basic elements: 
(1) partnership activities with stake- 
holders; (2) showcase demonstrations; 
(3) an information clearinghouse; 
(4) an EMS database; and (5) market 
transformation strategies. 

Partnership Activities 
Working through a partnership 
ensures that the OIT program reflects 
the needs and opportunities of all 
aspects of EMS, including design, 
manufacture, selection, purchase, 

operation, and maintenance. 
Numerous activities take place 
through the partnerships, including 
information exchange, conferences, 
seminars, and training. Partnership 
activities initially focused on the 
motor and drive elements of EMS, 
but focus is shifting to barriers and 
opportunities associated with pumps, 
fans, blowers, and compressors. 

These partnership activities and 
related marketing and deployment 
initiatives are being coordinated with 
DOE regional support offices, users, 
suppliers, distributors, utilities, and 
various industry associations, as well 
as other organizations. Nearly 
100 organizations joined as partners 
during fiscal year 1994, and have been 
participating in regional and national 
information exchange activities. 

Showcase Demonstrations 
Showcase Demonstrations are 
intended to show that the full energy 
efficiency potential of EMS can be 
achieved cost effectively. This, in turn, 
should encourage replication at other 
facilities. Industrial end-users will lead 
each demonstration team, which 
might also include motor and drive 
manufacturers, original equipment 
manufacGrers, architect and engi- 
neering firms, utilities, state energy 
offices, research institutions, universi- 
ties, distributors, consulting firms, and 
others. The teams will submit propos- 
als to demonstrate existing or new 
applications of efficient EMS. OIT 
will provide technical assistance and 
tools to help the teams (1) develop 
better strategies in implementing the 
project, (2) validate costs and benefits, 
(3) establish enduring alliances, and. 
(4) gain recognition for their efforts. 
DOE will select approximately 25 
Showcase Demonstration teams 
by May 1995. 

r 

Information Clearinghouse 
The Information Clearinghouse 
became operational in February 
1994, and serves as a one-stopshop to 
provide interested parties easy access 
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Table 4-9 
OIT Motor Challenge Partners (as OfFebruary 6, 1995) 

3M Corporation 
A.I.M. Energy, Inc. 
ABB Industrial Systems 
Inc. 
Aerovox Group 
Alexandria Sanitation 
Authority 
Alliance to Save Energy 
Allied Electric Motor 
Service, Inc. 
Alternative Energy 
Systems Consulting Inc. 
Amer. Coun. for Energy 
Efficient Economy 
American Iron 
and Steel Institute 
American Portland 
Cement Alliance 
American Public Power 
Association 
Anker Energy 
Corporation 
Arizona Stale University 

Associated Air Products 
of Palm Beach 
Atlanta Armature Works 
Automation Engineering 
'Baldor Electric Company 
Baskerville-Donovan, Inc. 
Bearings Inc. 
Bethlehem Steel Corporation 
BGK Inc. 
Brabazon Pump & Compressor 
Brook Hansen Inc. 

'California Energy Commission 
Caprock Industries Inc. 
CEP Sales Company Inc. , 

(EADC) 

Chemical Manufacturers Association 
Chevron U.S.A. Products Company 
Clow-Rodgers, Inc. 

'Consol Coal Group 
Consolidated Papers, Inc. 
Cooper Communications 
Cray Research Inc. 
Culwood. Inc. 
Demand Side Management, InC. 
DipProofing Technologies,lnc. 
Diversified Mechanical Sales. InC. 
Dreisilker Electric Motors, Inc. 
Dunn's Electric Motor Service 
DYN Corporation 
Echelmeier Company 
EcoTechRAM-Q 

'Edison Electric Institute 
EGBG florida 
E.I. duPont de Nemours and 
Company Inc. 
Electric League of the Northwest 

' 'Electric Power Research Institute 
'Electrical Apparatus Service Association 

: Electrical Equipment Company Inc. 
Emerson Electric 
Emerson Swan 

. Energy Analysis and Management 

i 'Enron Corporation 
. 
f EWS Corporation 

Engineered Software, Inc. 

Eugene Water & Electric Board 

W o n  Corporation 
Facility Management Consulting 
Services 
Florida Power & tight Company 
FLOWCARE Engineering Inc. 
Fluor Daniel (NPOSR-CUW), InC. 

Ford Motor Company - Van Dyke 
G-N Electric Company Inc. 
General Electric ASD-EMP 

'General Electric Company 
'General Motors Corporation 
Georgia-Pacific Corporation 
GIW Industries, Inc. 
Global Energy Solutions. Inc. 
,Gould's Pump, Inc. 
Graham Company 
Great Lakes Controlled Energy Co. 
Green Technologies, Inc. 
Gundersen Clinic, Ltd. 
Halmar Robicon Drives Group 
Hoechst Celanese COrpOratiOn , 
Holnam Inc. 
Holt Electric Motor Company 
Hugh J. Cullen Associates 

'Hydraulic Institute 
Hydro Power, Inc. 

'IBT. Inc. 
ICF Inc. 

'Indiana Dept. of Commerce/ 
Ener. Pol. Div. 
Industrial Electric Motor Service, InC. 
Industrial Pump Sales & Service 

'Ford Motor Company 

'Iowa Dept. of Nat. Resourced 
: EnergyBur. 
i Iowa State University (EADC) 

ITOCHU International 
IlT Flygt AB 
Jemco Electric Motor 
Johnson &Johnson 
Joliet Equipment Company 
K.C. Electric Association, Inc. 
Kaman Industrial Technologies 
Kellogg - Memphis Plant 
Kenetech Energy Management, Inc. 
Kentuckv Division of Energy 

i Lacrosse Footwear Inc. 
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Lamour, Inc. 
Lange Electric Company, Inc. 

' Lehigh Portland Cement Company 
Liberty Technologies Inc. 

. LTV Steel Company, Inc. 
: Magna Force, Inc. 
. 'MagneTek. Inc. 
' Manassas Electric Motor Company 
: 'Marathon Electric Manufacturing Corp. 
j Martin Marietta Armament Systems 
i 
i McBroom Electric Company, Inc. 
i Mellin Industries, Inc. 
. Mercy Medical Center 

Massachusells Dv. of Energy Resources 

Merion Pump Company, InC. 
Midwest Power 
Mino Company 
Morgan Products Ltd 
Motion Industries Inc. 
Myriad Marketing Services 
Nalco Chemical Company 
National Association of Manufacturers 
'Natl. Assoc. of State Energy Officials 
National Center for Atmospheric 
Research 
'National Coal Association 
'National Electrical Manufacturers Assoc. 
National time Association 
New Horizons Enterprise 

'New York State Energy Office 
'Nor. Carolina Ener. Div.. 
Dept. of Commerce 

'Northem States Power Company 
Notre Dame University (EADC) 
NRG Systems. Inc. 
Old Dominion University (EADC) 
Oregon State University 
Paco Pumps, Inc. 

'Peabody Holding Company 
Pennsylvania Energy Office 
Ponderosa Pulp Products 
Pope & Talbot, Inc. 
Power Conditioning Systems, Inc. 
POWERTEC Industrial Corporation 
Public Service Company of Colorado 
Pump Pro's, Inc. 
R.L Yates Electric Company, Inc. 
RC Cement Company, Inc. 
RCS Sales Company 

'Reliance Electric Company 
Resource Dynamics Corporation 
Richmond Newspapers, InC. 
River City Electronics Company 
Riverton Corporation 
Robelt Wood Johnson Univ. Hospital 
Saftronics, Inc. 

Sandman Electric 
Showell Farms, Inc. 

Smith and Sun 

South Dakota State university (EADC) 
Southeast Pump & Equipment, Inc. 

'Southern California Edison Company 
Spina Electric Company 
SI. Francis Medical Center 

'Siemens Energy & Automation, InC. 

'Solar Turbines, Inc. 

'Sterling Electric. Inc. 
Strategic Plng. for Energy & 
Environment 
Subzero Freezer Company 
System Planning Corporation 
TecoAmerican, Inc. 
TENSA, Incorporated 
Texas A I M  University (IAC) 

'The Boeing Company 
'The Business Council for a Sustainable 

'The Dow Chemical Company 
'The Electrification Council 
The Energy Group 

'The Lincoln Electric Company 
The Louis Allis Company 

'The Louisiana Land & Exploration Co. 
The Refracton'es Institute 
The Spencer Turbine Company 

'Toshiba International Corporation ' 

Tower Sales Company, Inc. 
United Electric Motors 

W.S. Electrical Motors 
U.S. Industrial Sales 
University of Arkansas (EADC) 
Utility Focus, Inc. 
Vallejo Electric Motor Shop Inc. 
Virginia Power 
Volland Electric Equipment Company 
Washington State Energy Office 
Waupaca Foundry, Inc. 
W. Va. Development Ofc., 
Energy Eff. Prog. 

'Western Fuels Association, Inc. 
'Westmoreland Coal Company 

Energy Future 

Wisconsin Center for Demand-Side 
Research 
Wisconsin Demand-Side Demonstration! 

'Wisconsin Energy Bureau 
XENERGY Inc. 
Youth Center at Beloit 

'Indicates joined as Charier Pariner; 
October 1993 
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to a variety of resources. The clearing- 
house disseminates information and 
decision-making tools, as well as edu- 
cation and training materials. It also 
provides technical assistance, manages 
an electronic bulletin board, and 
publicizes upcoming conferences 
and workshops. 

National Electric Motor 
Systems Database 
The database will contain reliable data 
on the performance of electric motor- 
driven systems in real-world applica- 
tions, The database will facilitate the 
exchange of information and techni- 
cal know-how and help accelerate the 
adoption of efficient systems. It will 
also provide the basis for recognition 
of the achievements of individual end- 
user companies. 

Market Transformation Strategies 
Market transformation strategies will 
promote the development and deliv- 
ery of more efficient technologies and 
services by leveraging the substantial 
market position of large industrial 
motor end-users, states, and the feder- 
al government to create demand for 
efficient motor system equipment. 
A transformed market demanding 
higher performance motor system 

Table 4-10 
Annual Benefits of The Motw Challenge Program 

equipment will create business 
opportunities and incentives for 
designers and manufacturers. Market 
transformation strategies will include 
(1) working with industry to develop 
voluntary testing and performance 
protocols; (2) training and certifica- 
tion to strengthen system-level design 
assistance; and (3) supporting public 
and private sector purchasing initia- 
tives. The first step in designing and 
implementing market transformation 
strategies is scheduled to begin during 
the third quarter of fiscal year 1995 
with a roundtable discussion 
involving stakeholders. 

Market and Technology 
Assessments and R&D 
EMS program activities are designed 
to improve the quality and quantity 
of information available to decision- 
makers. In so doing, DOE is working 
with industry to develop and define 
key EMS market and technology 
opportunities while coordinating its 
R&D activities with other motor- 
related technology initiatives. 

A focus of OIT's R&D activities 
involves the development and demon- 
stration of advanced instrumentation 
and diagnostic equipment techniques 
that will provide a low-cost, portable 

means to field-test EMS performance 
characteristics. Currently there is no 
low-cost, portable, accurate, and sim- 
ple-to-operate system to test motor 
efficiency, vibration, and other per- 
formance characteristics. Reliable 
and consistent testing methods that 
are costefficient and easy to perform 
would help identify opportunities 
for more efficient EMS. 

& 

Other areas of EMS R&D relate to 
adjustable speed drives (ASD) and 
materials used in motors. ASD systems 
precisely control the speed of AC 
motors, thereby reducing the amount 
of energy wasted from operating 
motors at unnecessarily high speeds. 
ASDs also can extend the life of 
motors and the machinery they drive 
by reducing high torque starting con- 
ditions and the wear that can occur as 
a result of motors operating at unnec- 
essarily high speeds. 

Opportunities exist to improve 
the efficiency of motors and motor 
systems through advances in mag- 
netic and other materials. Some of .  
these opportunities are the result of 
R&D conducted under other OIT 
programs. For example, OIT is devel- 
oping an electrolytic process for the 
economic production of neodymium 
from an oxide feed. The goal of the 
work is to make the use of neodymi- 
um/iron/boron magnets in electric 
motors commercially attractive. Using 
such magnets could reduce the initial 
costs of high efficiency motors to a 
level competitive with less efficient 
motors. As a result, the capital cost 
barriers to use efficient motors could 
be eliminated in all applications. 
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HEtPlNG YO REDUCE THE COST 
OF NITROGEN OXIDE CLEANUP 

Whether used to raise steam, power 
turbines and engines, melt metals 
and glass, or heat and dry finished 
products, all fuels used for heat and 
power in the industrial sector undergo 
combustion. Combustion is the rapid 
chemical combination of oxygen and 
a fuel that results in the release of 
heat and byproduct gases. Accurate 
control of the combustion process 
is a critical factor in determining 
energy efficiency, emissions, and 
product quality in the materials 
and process industries. 

According to the Gas Research 
Institute, the total quantity of fuel 
burned in combustion equipment to 
generate industrial process heat and 
steam !vas 15 quads in 1990. Thus, 
even a small increase in combustion 
efficiency could have a major impact 
on the total quantity of fuel used 
nationally. Similarly, in that same year, 
U.S. industry generated 8.3 million 
tons of NOx emissions, 6.1 million tons 
of SO2 emissions, 9.1 million tons of 
VOC emissions, and 3.5 million tons 
of particulate emissions. @n, incre- 
mental improvements in the emissions 
characteristics of industrial burners 
. . -  t 

Nitrogen oxides, or NOx, refers to the 
combustion byproducts nitric oxide and 
nitrogen dioxide. NOx is considered to , 

be a precursor of ground-level ozone, a 
common pollutant in urban areas. NOx is 
formed via three mechanisms: 

Fuel NOx : When nitrogen bound in 
the fuel combines with oxygen in 
combustion air; 

. 

Prompt NOx : When fuel hydrocarbons 
break down and recombine with 
atmospheric nitrogen: 

Thermal NOx : When intense heat 
causes atmospheric nitrogen and 
oxygen to combine. 

The Clean Air Act Amendments of 1990 
are the primary drivers in the trend toward 
reducing NOx emissions from industrial 
combustion equipment. Local areas, espe- 
cially Southern California and New 
England, are implementing these rules 
with stringent emissions limits. While the 
timing and application of new rules are still 
being determined in many localities, a set 
of consistent terms has been established 
to describe general levels of compliance 
that could be required. For each level of 
compliance, the determination of the emis- 
sion control options that must be used is 
based on available data on technical fea- 
sibility, availability, and demonstration of 
actual NOx reduction. The terms and their 
definitions are as follows: 

and combustion systems could have 
an extremely positive effect on the 
nation's environment. 

Reducing Nitrogen Oxide 
Emissions: The Key Combustion ' 
Technology Driver 
While burner manufacturers and 
users have traditionally focused 
on improving combustion systems 
efficiency and control, recent atten- 
tion has focused on reducing emis- 
sions from combustion processes 
to avoid costly and inefficient 
postcombustion controls. 

The basis for most air pollution poli- 
cies and regulations in the United 
States during the past two decades 
has been the Clean Air Act and its 
amendments. Federal environmental 
officials are focused on implementing 
requirements mandated by the 1990 
Clean Air Act Amendments (CAAA) 
to achieve acceptable ambient levels 
of air pollutants, a reduction in emis- 
sions of hazardous air pollutants, 
and control of acid deposition. In 
addition, various states have issued 
their own regulations that are some- 
times more stringent than federal 
regulations. The 1990 CAAA are 
expected to influence the direction 
of air pollution regulations for 
several decades. 

RACT-Reasonably Available Control 
Technology. Applies to existing emission 
sources above a defined NOx emission 
threshold in ozone/NOx nonattainment 
areas. The cost of control options is 
considered. 

LAER-Lowest Achievable Emission 
Rate. Applies to new emission sources 
above a defined NOx emission threshold 
in ozone/NOx nonattainment areas. 
Defined as the greatest reduction tech- 
nically achievable regardless of cost. 

BACT-Best Available Control 
Technology. Applies to new NOx emission 
sources in attainment areas. A case-by- 
case evaluation usually based on a top- 
down evaluation of emission reduction 
relative to a cost-effectiveness threshold. 

' 

Of the many provisions of the 1990 
CAAA, among the most significant 
for industry are those related to the 
attainment of National Ambient Air 
Quality Standards' (NAAQS) and 
control of such air pollutants as ozone, 
CO, fine particulate matter, Son, NOx, 
and lead. Perhaps the most difficult of 
these to achieve has been the standard 
for ground'level ozone. This ozone is 
formed in the atmosphere through a 
photochemical reaction from reactive 
hydrocarbons (i.e., VOCs) and NOx. 
Federal programs prior to 1990 
focused on controlling VOCs, but the 
CAAA requires control of NOx as well 
as VOCs in ozone nonattainment areas. 
Because NOx is a byproduct of all com- 
bustion processes, this requirement 
will have a major effect on industry. 
Many processes that have little or no 
emissions of such pollutants as parti- 
culates or Son, may for the first time 
require emission controls. 

Although the actual provisions of the 
CAAA are complicated, the general 
thrust of the NOx or ozone provisions 
is as follows: 

Specific deadlines for nonattain- 
ment areas to clean up to attain 
the standards have been set. Dirtier 
areas are given longer time to 
comply with NAAQS. 
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e States are required to revise imple- 
mentation plans to include the new 
controls mandated in the CAAA. 

G More facilities-including many 
small businesses-will be under 
control requirements in state 
implementation plans than in 
the past. 

Control technologies and feasible 
controls will be reexamined in light 
of new technology and experience 
with that technology. 

Different levels of control are 
called for under different condi- 
tions (Le., RACT, LAER, and 
BACT) as discussed in the accom- 
panying box. For existing sources, 
the control requirements may be 
limited to relatively easy to imple- 
ment combustion modifications 
such as low NOx burners or flue 
gas recirculation. However, for new 
sources or sources in areas with 
more serious nonattainment prob- 
lems, expensive post-combustion 
controls such as selective catalytic 
reduction or selective non-catalytic 
reduction may be required. 

Control of combustion emissions, 
especially NOx, promises to be costly 
to U.S. industry for the foreseeable 
future. Improved combustion systems 
that can mett stringent emission stan- 
dards without the need for costly, in- 
efficient post-combustion clean-up 
would allow industry to invest in pro- 
ductiviyenhancing technologies that 
would promote economic growth. 
The potential economic and environ- 
mental benefits of such combustion 
advances would affect a wide range 
of applications. Hence, government 
and industry have strong incentives 
to joihtly pursue advanced combus- 
tion technology. 

THE 011 COMBUSTION 
SYSTEMS PROGRAM 

OIT’s combustion activities consist 
of two complementary programs 
-the Industrial Combustion 
Technology Program and the 
Industrial Combustion Equipment 

Program. The technology program 
focuses on the fundamental physical 
and chemical characteristics of com- 
bustion, identifying new concepts 
that have the potential to improve 
combustion efficiency and reduce 
emissions of pollutants. The equip- 
ment program is applications-oriented 
and sponsors the development and 
demonstration of high-efficiency, 
low-emission combustion equipment. 
Often, promising concepts developed 
in the technology program are passed 
along to the equipment program for 
further development into advanced 
combustion equipment for use 
in industry. 

Very low levels of NOx emissions can 
be obtained with cost-effective modifica- 
tions. The following describes some of 
the approaches under investigation by 
DOE and industry: 

Low Excess Air-Reducing the 
amount of combustion air provided 
to the flame can lower peak tempera- 
tures and reduce thermal NOx. 

H Staged Combustion-Adding 
fuel and air in stages can  also reduce 
peak flame temperatures leading to 
lower NOx formation. 

Flue G a s  Recirculation- 
Recirculating flue exhaust gases, 
which have less oxygen than air, can 
be used to keep the peak flame tem- 
perature down, reducing NOx. 

H Oxygen/Fuel Combustion- 
Using very pure oxygen in place of air 
for combustion can lower NOx emis- 
sions because no nitrogen is available 
to form NOx. Combustion products 
cool below the NOx threshold before 
leaving the exhaust stack. 

Combustion-When a gaseous 
fuel is burned in or near a porous 
ceramic or metallic surface, the sur- 
face absorbs the heat from the flame, 
lowering flame temperature and 
decreasing thermal NOx production. 

Surface-Stabilized 

industrial Combustion Technology 
The Industrial Combustion 
Technology Program pursues funda- 
mental combustion advances that 
will ultimately lead to improved 
energy efficiency, reduced emissions, 
increased productivity, and enhanced 
fuel flexibility across a wide range of 
industries. The program is aimed at 
understanding and controlling the 
physical and chemical processes of 
combustion, developing a knowledge 

to meet specific needs. As part of the 
program, researchers develop sophis- 
ticated computer models to assist 
design engineers in visualizing the 
result of equipment design changes 
or changes in operating parameters. 
Program activities are currently 
focused on three end-use areas- 
industrial burners, petroleum refin- 
ery combustion, and pulp and paper 
industry combustion. 

Burner Engineering Research 
Laboratory: State-of-theArt Test 
Facility Is Available to U.S. Burner 
Manufacturers 
(Sandia National Laboratories) 
The Clean Air Act Amendments of 
1990 require industry to reduce emis- 
sions of combustion byproducts into 
the atmosphere. The challenge to 
industry is to find a costeffective way 
to comply with these regulations while 
at least maintaining-and preferably 
increasing-current levels of combus- 
tion efficiency. OIT is helping industry 
meet this challenge by jointly funding 
(with the Gas Research Institute) 
the Burner Engineering Research 
Laboratory (BERL), a national testbed 
for new gaseous fuel burner designs. 

BERL is available for use by burner 
manufacturers and other researchers 
who can use its state-of-the-art diag- 
nostic facilities to collect data on the 
performance of their burner designs. 
The laboratory provides the flexibility 
to test a large variety of burner config- 
urations, providing technical informa- 
tion previously unobtainable. For 
example, a new high-performance, 
low-NOx burner design was recently 

7. 
base that can be applied by industry -; 
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under evaluation at BERL. The manu- 
facturer gained insight that will facili- 
tate the scale-up of the 2 million 
Btu/hour prototype burner to a 
15 million Btu/hour burner suitable 
for steel reheat and aluminum melt- 
ing applications. In many cases, the 
results of experiments conducted at 
BERL are used in conjunction with 
computer models to identify the 
reasons for pollutant formation in 
a variety of commonly used industrial 
burners. This information can then 
be used to modify burner designs and 
operating parameters to reduce emis- 
sions from such burners. 

i Current i OIT 
Category iTechnologyiTechnology 

lndustrial Combustion Equipment 
The passage of stricter environmental 
regulations affecting industry has led 
the Industrial Combustion Equipment 
Program to focus on the development 
and demonstration of advanced, nat- 
ural gas-fired combustion equipment 
capable of meeting stringent emission 
targets without the use of traditional 
postcombustion control systems. The 
new technologies are expected to be 
at least as efficient as today's highest 
efficiency systems, and far more effi- 
cient than postcombustion clean-up 
systems, which are typically expensive 
as well as inefficient. Projects under- 
taken in the program are intended 
to result in commercial combustion 
equipment. Targeted industries 
include petroleum refining, chemi- , 

cals, metals, and glass, although new 
technologies will ideally be applicable 
to a broad variety of industrial users. 

Advanced Porous Radiant Burner: 
Extending Radiant Burner Benefits 
to High-Temperature AppliCation~ 
(ALzeta Cmporation) 
Radiant burners are used in a variety 
of boilers, furnaces, dryers, and other 
industrial and commercial combus- 
tion equipment. Their ability to heat 
efficiently and uniformly without the 
potential for localized overheating as 
well as their relatively low emissions 
make them desirable in many applica- 
tions. The development of low 
emission radiant burners enabling 

Reduction 
Unit i Industry 
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heating process temperatures of as 
much as 1800°F could have significant 
impact in high-temperature indus- 
tries such as metals processing and 
petrochemicals. 

OIT is currently sponsoring the devel- 
opment of an advanced, gas-fired, . 
porous radiant burner that will extend 
radiant burner benefits to high-tem- 
perature processes that require very 
high, controlled heat fluxes. These 
burners produce low emissions of 
NOx and CO while maintaining their 
high combustion efficiency. A new 
high-temperature burner material has 
been identified and patented. Even 
before the full-scale test at the high 
temperature, the contractor is offer- 
ing the new burner material for con- 
ventional, lower temperature applica- 
tion. Initial installation of these proto- 
type burners is planned for a hydro- 
gen/steam reforming process, in 
which hydrogen is produced from 
methane (natural gas). 

Workpiece Temperame Analyzer: 
Non-Intrusive Process Control 
for Heat Treathg Furnaces 
(Surface Combustion Inc., Textron 
D d m e  Systems, Babcoclz & Wilcox, 
Johns H@kins University) 
The traditional method of determin- 
ing the temperature of a workpiece 
(such as a metal sheet, slab, plate, 
or part) in a heat treating furnace 
is to measure the temperature of its 
surface. Current surface temperature 
methods, however, are limited in their 
applications and accuracy. Furnace 
control based on the internal (bulk) 
temperature of the workpiece would 
be much more accurate and could 
result in major operating cost and 
energy savings through better process 
control and scrap minimization. 

A project is currently underway to 
develop a noncontacting commercial 
system that can determine workpiece 
surface and/or bulk temperature 
using laser techniques. One laser is 
used to initiate sonic waves through . 
the workpiece; another laser detects 
the arrival of the waves at a set loca- 
tion. The detection of the wave arrival 
is used to determine the speed of the 
wave through the given material, 
which is a function of its temperature 
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and/or metallurgical state. The non- 
contact nature of this measurement 
makes it useful in a variety of heat 
treating applications. The analyzer 
system is a rugged, simple, and low 
cost instrument that can be operated 
by unskilled personnel in dirty, hot, 
and dusty industrial environments. 
The ability of the system to obtain 
real-time measurement data will per- 
mit better process control, improved 
product quality, and reduced manu- 
facturing cost, It has been estimated 
that these benefits translate into as 
much as 20% improvement in produc- 
tion rate and 10% reduction in energy 
use in steel heat treating processes. 

Very Low Emission Combustion 
Systems: Helping Industry Reduce 
Emissions of Airborne Pollutants 
(Ahta Cwpmation, Institute of Gas 
Technology, Praxaic Rilq-Stoker) 
Approximately 80% of U.S. industry 
is located in ozone non-attainment 
areas-parts of the country where the 
level of ozone exceeds the maximum 
set by the Clean Air Act. Emissions of 
NOx contribute to the formation of 
this harmful ozone, not to be con- 
fused with the protective ozone layer 
found much higher. Although the 
transportation and electric utility sec- 
tors are responsible for the majority 
of NOx emissions, emissions from 
industrial combustion are significant, 
representing about one-sixth of total 
U.S. NOx emissions. New combustion 
technologies are needed to help 
industry reduce its levels of NOx 
emissions to comply with existing 
regulations and even stricter regula- 
tions expected in the future. 

In the most critical of these ozone 
non-attainment areas, industrial 
expansion can not occur without 
emissions offsets and industrial com- 
bustion systems that meet the tightest 
NOx emission standards. Currently, 
these targets can be met only by using 
costly? energy inefficient post-combus- 
tion systems, The goal of the four low 
emissions combustion systems projects 
is to produce a new generation of 
combustion systems capable of 

i Current i OIT 
iTechnologyiTechnolosv 
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meeting the most stringent emission 
standards without the use of post- 
combustion controls. 

OIT is sponsoring a project to help 
several burner manufacturers develop 
and test low-NOx burner systems for 
a variety of industrial applications. 
The burner systems will most likely 
be aimed at combustion processes in 
the petroleum refining, chemicals, 
steel, aluminum, metal casting, glass, 
and pulp and paper industries. The 
companies involved have already 
performed much of the necessary 
research; OIT's support is needed 
for system development and for test- 
ing and evaluation at industrial host 
sites in preparation for technology 
commercialization. All of the burner 
systems being developed have NO, 
emission levels lower than 9 parts 
per million, significantly lower than 
current standard burner systems. 
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UNLIMITED, CLEAN, 
DOMESTIC ENERGY FOR A 
VARIETY OF INDUSTRlAL NEEDS 

American industry uses huge amounts 
of energy. About 37% of all the energy 
consumed in the United States goes 
toward fueling industry; this is equiva- 
lent to about 5 billion barrels of oil 
annually. Fossil fuels-primarily 
coal, oil, and natural gas-supply 
the vast majority of the energy used 
in industry. 

OIT’s solar industrial program is 
researching and developing solar 
technologies that help reduce 
American industry’s dependence 
on fossil fuels. These technologies 
are being developed specifically for 
industry, and a variety of industrial 
and public sector partners including 
chemical companies, electronics 
manufacturers, waste management 
firms, other government agencies, 
and solar equipment manufacturers 
are collaborating with OIT to bring 
these technologies out of the labora- 
tory and into commercial use. 

The increased use of solar technology 
will benefit both industrial users and 
American society in general. Solar 
energy is stable, predictable, and 
abundant. Solar energy costs do not 
fluctuate because they are not influ- 
enced by changes in the global 
geo-political order. After the money 
saved on the cost of energy pays back 
the capital costs of installing and 
maintaining the system, solar users 
get free energy. Because solar energy 
reduces the use of fossil fuels, it also 
belps lower the generation of green- 
house gas emissions and airborne 
particulates that accompany fossil 
fuel consumption. 

Solar technologies also create jobs. 
Most solar technologies involve pre- 
cisely engineered systems comprising 
support structures, optical mate- 
rials, control systems, piping, and 
pumps. Highly trained engineers , 

and technicians design and build 
these systems. For example, the indus- 
try that manufactures solar water heat- 
ing systems has the highest ratio of 
employment per million dollars 
expended of any energy industry. 
This is because the use of solar energy 
represents a change from an invest- 
ment in resources that are taken 0 

from the ground and burned, to 
an investment in people who build 
technology that uses a naturally 
abundant resource. 

Target Markets: Process Heat, 
Waste Detoxification, Advanced 
Materials Manufacturing 
Solar process heat technologies pro- 
duce hot water, steam, and hot air for 
use in industry, business, and govern- 
ment. The technology is versatile and 
modular, and potential markets exist 
wherever large quantities of low tem- 
perature process heat are required. 
Solar process heat systems have suc- 
cessfully penetrated niche markets 
in federal and state governments 
where facilities such as schools, mili- 
tary bases, office buildings, and pris- 
ons need hot water for bathing, 
cooking, laundry, and space heating. 
Companies that require large quanti- 
ties of heated ventilation air for ware- 
houses, large manufacturing plants, 
airplane maintenance hangars, and 
similar facilities are also employing 
solar heating systems. 

Solar detoxification technologies 
are targeted at the environmental 
remediation and waste management 
industries. These technologies destroy 
hazardous organic compounds such 
as solvents, fuels, and pesticides. Solar 
detoxification (or detox) technologies 
are currently being demonstrated at 
sites where surface water, soils, and 
groundwater have been contaminated. 
Solar detox is also being employed 
as a waste management technique 
at manufacturing facilities to destroy 
organic compounds produced in the 
manufacturing process. The potential 
market for solar detox is large, given 
the number of hazardous waste sites 
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in the country and the large number 
of industrial processes now being regu- 
lated for ,water and air discharge. 

The market for solar manufacturing 
technologies primarily lies in the 
advanced materials industries. As 
will be discussed in the sections that 
follow, highly concentrated sunlight 
has properties that are well suited to 
the nontraditional techniques used 
to manufacture many of today’s high- 
tech composite materials. In conjunc- 
tion with a number of industrial 
partners, solar industrial program 
researchers are determining the 
feasibility of using sunlight to metal- 
lize ceramics, clad low-value sub- 
strates with high-value materials, 
surface-harden steel alloys, and 
synthesize high value chemicals 
and ceramic powders. 

Barriers: Low Fossil Fuel Prices, 
Negative Perceptions, High 
Initial Costs 
Unfortunately, a number of barriers 
retard diffusion and commercializa- 
tion of solar industrial technologies. 
The solar industrial program is 
attempting to help overcome the 
effect of some of these barriers 
through partnerships with industry 
and other government agencies. 
Alternative energy technologies such 
as solar are often overlooked because 
fossil energy-from oil, coal, and espe- 
cially natural gas-is currently inex- 
pensive. Although solar technologies 
are now cost competitive in certain 
markets, potential users are reluctant 
to use them if a traditional, widely 
accepted fuel alternative is available. 

To some degree, potential users’ 
reluctance to consider solar is also 
the result of the rapid growth in the 
number of solar heating companies 
in the 1970s. Early systems often had 
operating problems that soured many 
potential users on the technologies. 
Although the efficiency and reliability, 
of the technology has improved dra- 
matically since the 1 9 7 0 ~ ~  the solar 
industry must overcome lingering 
negative perceptions. Also, solar 



technology installation costs are high, to supplement existing heating 

Current 1 OIT 
Category fTechnologyiTechnology 

and th,e payback period is often 6 to 
10 years, Many potential users are 
unwilling or unable to incur these 
!iigh initial costs. 

Redl 
Unit 

-ME or7 SQLLE ~DLRSSTECAI-  
-ROGKAM 

The OIT Solar Industrial Program 
is driven by two pressing issues- 
industry’s need for stable sources of 
inexpensive energy, and society’s grow- 
ing concern with the environmental 
consequences of relying exclusively on 
fossil fuels for power. The program is 
aggressively addressing these issues by 
working cooperatively with such indue 
trial partners as Texas Instruments, 
Coors, Brush Wellman and SEMA- 
TECH through cost-shared partner- 
ships to bring solar-based processes 
to the point where they will be suc- 
cessfully commercialized. A key fea- 
ture of the program’s strategy is the 
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systems, thus reducing the need for 
fossil fuel. 

For solar energy to reach its full 
potential, however, potential users 
need to become more familiar with 
solar energy’s capabilities. OIT’s Solar 
Industrial Program is working with 
public- and private-sector partners 
to establish projects that will provide 
data to convince potential users that 
solar process heat can meet their 
energy needs. The program does this 
by bringing together potential users 
of solar-based systems with solar equip 
ment manufacturers to conduct feasi- 
bility studies. If the user selects the 
solar option, the program will some- 
times share the cost of equipment 
purchase and installation. To maxi- 
mize its impact, the program is collab- 
orating with other government 
organizations, state energy offices, 
and electric utilities. 

use of multiple entry points, targeting 
early applications based on a good 
fit in terms of geography, industrial 
need, economics, and environmental 
issues. Efforts are focused in three 
broad areas: (1) solar process heat; 
(2) solar detoxification; and (3) 
advanced materials manufacturing. 

Collaboration with Federal 
Government Agencies-The Solar 
Industrial Program works with a 
number of government organizations 
as a means of leveraging its resources 
while increasing the likelihood of an 
early market. The importance of 

Solar Process Heat: A Viabie 
Option for fbfany Industrial and 
Institutional Applications 
A large percentage of the industrial 
sector’s total energy use-typically 
between 30% and 40%-goes for 
process heating applications. These 
applications range from hot water and 
steam for food processing plants to 
hot air for space heating of factories 
and warehouses. In addition to indus- 
trial pes ,  solar process heat systems 
have numerous applications in the 
institutional market, including hot 
water for schools, hospitals, and pris- 
ons. Many of these applications can 
be met with solar thermal energy sys- 
tems. In fact, depending on the geo- 
graphic location and the specific 
application, solar energy can supply 
as much as 70% of the heat required 
for many processes. This can be used 

Table 4-13 
Annual Benefits of SolurProcess Heat 

federal facilities (including military 
facilities) as host sites for solar ther- 
mal energy systems lies in the oppor- 
tunity to deploy solar facilities within 
the next several years, demonstrating 
the technology’s widespread potential. 
Solar heating projects will provide hot 
water for showers at Luke Air Force 
Base; air preheating for an aircraft 
maintenance hanger at Fort Carson, 
and hot water for an indoor swimming 
pool at Fort Huachuca. The program 
is also working cooperatively with the 
Federal Energy Management Program 
(FEMP) to implement third-party- 
financed projects to help comply 
with FEMP’s mandate to integrate 
renewable energy options into 
government facilities. 

Collaboration with State 
Governments-The Solar Industrial 
Program also provides assistance to 
state governments that have initiated 
programs to increase the industrial 
use of solar energy. Cooperative pro- 
grams were recently established with 
Virginia, Florida, and Hawaii to help 
them design, build, and operate solar 
water heating systems to demonstrate 
the technical and economic potential 
of solar energy. The program has also 
established collaborative activities 
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with California, Colorado, and New 
Mexico, leading to cost-shared solar 
heating projects in these states. In 
1994 alone, seven new heating pro- 
jects and three system rehabilitation 
projects were undertaken through the 
OIT/state government collaborations. 

Collaboration with Utility 
Companies-The program also repre- 
sents one side of a demand-side man- 
agement triangle whose other sides 
are represented by businesses (cus- 
tomers) and electric utilities. In this 
capacity, the program works to iden- 

promising solar heat projects for 
businesses within a given utility dis- 
trict, and then bring them to fruition 
by encouraging utility rebates to solar 
users, helping the businesses find 
low-interest loans, or sharing the 
project costs. The Sacramento 
Utility District, the City of Tallahassee 
Electric Department, and the Arizona 
Public Service Company are three 
utilities currently participating in 
this effort. 

Reducing the Cost of Solar Heat- 
During the last decade, improvements 
in the technology have resulted in 
significant cost reductions. Further 
reductions, however, are needed to 
broaden the industrial market for 
solar heat. During 1995, OIT will 
expand its assistance to the solar 
industry to help it reduce the 
cost of solar energy. This will take 
two forms: technology development 
and manufacturing improvements. 
Technology development will use 
new materials to improve the effi- 
ciency and lower the cost of the solar' 
collector. Advanced manufacturing 
techniques will determine methods 
of reducing production costs. This is 
important for an industry that has 
not yet realized the economies of 
mass production. 

Solar Detoxification: A Novel 
Approach to Cleaning Up 
Hazardous Wastes 
The detoxification of water, air, and 
soil contaminated with chemical pol- 
lutants represents another group of 
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applications being investigated by 
OIT's Solar Industrial Program. 
There are many opportunities for 
solar water detoxification systems in 
the area of environmental remedia- 
tion. Nationally, there are almost 
20,000 sites requiring remediation, 
with an associated treatment volume 
of 7.5 trillion gallons annually. 
One-fourth of these sites are in high- 
solar-insolation regions of the country, 
where solar-based systems could 
eventually displace current energy- 
intensive detoxification technologies 
that use fossil fuels or electricity. In 
addition to remediation, solar water 
detoxification technology can be 
used for the treatment of industrial 
wastewaters from chemical plants, 
petroleum refineries, and textile mills. 

Solar detoxification can also be used 
to remove hazardous, toxic, or nox- 
ious chemicals from the air. This tech- 
nology has become more important 

with the passage of the Clean Air Act 
Amendments of 1990, which prohibit 
many previously unregulated industri- 
al processes. Solar soil detoxification 
has the potential to clean up some of 
the estimated 730 million tons of 
contaminated soil in the United 
States, much of which is located at 
Superfund sites. It has been estimated 
that more than one third of this soil 
requiring detoxification is in areas 
of high solar insolation, presenting 
an opportunity for significant energy 
savings with solar detoxification 
technology. 

To make the process meet the needs of 
theindustrial sector, many systems are 
designed to work using either lamps 
or the sun as its source of energy. This . 
allows the process to operate 24 hours 
a day and is an important reason why 
the process is already nearing commer- 
cialization for some applications. 
Major industrial firms, environmental 

IT Corporation, one of the nation's largest 
environmental technology firms, signed a 
cooperative research and development 
agreement (CRADA) with OlTs Solar 
Industrial Program recently to develop a 
gas-phase photocatalytic oxidation reac- 
tor. Under this 2-year agreement, IT will 
design and build a demonstration-scale 
reactor, whilesolar industrial program 
researchers characterize the process 
chemistty of a variety of contaminants that 
will be treated by the system. The project 
will culminate with IT demonstrating this 
system at an industrial site in 1995. 

SEMATECH, the research consortium of 
the nation's leading semiconductor manu- 
facturers, is also working with OIT under a 
CRADA to develop the photocatalytic 
detox process. SEMATECH is interested 
in using detox systems to treat contami- 
nant-containing air streams produced dur- 
ing the manufacture of semiconductors. 
SEMATECH is identifying specific contam- 
inants to be treated, and solar industrial 
program researchers are designing a 
number of detox systems to treat both 
individual contaminant streams and com- 
binations of streams. SEMATECH will 
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select, build, and demonstrate one of 
these systems at the conclusion of the 
research partnership. 

Solar Kinetics Inc., (SKI) and OIT are 
working through a cost-shared partnership 
to demonstrate the detox process on cont- 
aminated water. SKI, a major solar equip- 
ment manufacturer, selected a contami- 
nated groundwater site at Kelly Air Force 
Base in San Antonio, Texas, to construct 
and operate this demonstration system. 
Researchers from the solar industrial pro- 
gram are assisting SKI with technical and 
design issues. The system is scheduled to 
begin operating in 1995. 

OIT is also working with SAlC Inc., 
the U.S. Army Environmental Center, 
and the Environmental Protection Agency 
to design, build, and operate a photolytic 
detox system at the Sierra Army Depot in 
California. Designated the Tri-Agency ' 
Project in recognition of the three cabinet- 
level departments involved, the project, 
will decontaminate a large volume of sol- 
vent-containing soil at the depot. The 
system is scheduled to begin operating 
by early 1996. 



companies, chemical companies, and 
solar equipment manufacturers are 
working with the program testifying 
to the confidence the private sector 
has in the near-term commercial suc- 
cess of the technology. 

Solar Detoxification of Water and Air 
(IT Co,lioration, SEUTECH, Solarchem 
Environnicntal, Solar Kinetics, Inc.) 
The solar detoxification of water 
and air uses a photocatalyst that 
becomes highly reactive in the pres- 
ence of ultraviolet sunlight. When 
this activated catalyst is exposed to 
polluted air or water, it breaks down 
the volatile organic compounds or 
other contaminants, converting them 
into water, carbon dioxide, and other 
benign or easily treated compounds. 
The entire process, known as photo- 
catalytic oxidation (PCO), takes place 
near room temperature. Several solar 
water detoxification projects are cur- 
rently underway, providing the oppor- 
tunity to evaluate the systems in an 
actual industrial remediation environ- 
ment. For example, a demonstration- 
scale reactor for detoxifying contami- 
nated air is being built and tested at 
an industrial facility. In another effort, 
a research consortium of the nation's 
leading semiconductor manufactur- 
ers is working with the program to 
develop a system to treat contami- 
nated air streams produced during 
the manufacture of semiconductors. 
The program is also sponsoring 
research on the photocatalyst used 
in these systems to work on a wider 
variety of chemicals-one new catalyst 
showed promise for being 50 times 
as effective as other catalysts for some 
applications-thereby reducing oper- 
ating costs. 

Sol& Detoxification of Soil 
(Science Apfdicatiom International 
Corporation, Energy and Environmental 
fiearch Coqboration, IT Corporation) 
Unlike the PCO detoxification tech- 
nique used for water and air, the soil 
detoxification technique-known as 
photolytic detoxification-relies solely 
on concentrated sunlight and does 
not need a catalyst. Using a number 
of precisely aligned mirrors, solar 
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energy is concentrated to a single 
point, similar to the way a magnifying 
glass concentratessunlight. Photolytic 
detoxification systems are capable 
of concentrating the sun to 2500 times 
its normal intensity at the surface of 
the earth. Chemical contaminants 
such as waste solvents exposed to this 
intense solar energy rapidly combust 
into simple, harmless molecules. To 
determine whether the process is 
technically feasible and economically 
competitive, the program is conduct- 
ing a cooperative project with the 
Department of Defense (Army 
Environmental Center) and the 
Environmental Protection Agency 
to pool the resources of the three 
agencies and demonstrate the tech- 
nology at the Sierra Army Depot. 
Results to date have been very encour- 
aging, showing a clear benefit for 
using solar energy to eliminate haz- 
ardous organic chemicals. 

Advanced Materials 
Manufacturing: Solar Energy 
Meets Surface Science 
Industry relies increasingly on high- 
value, high-technology materials such 
as ceramic/metal composites and sur- 
face-hardened materials to resist wear 
and operate reliably in high tempera- 
tures and other harsh environments. 
The development of such advanced 
materials has been deemed crucial 
to U.S. competitiveness and economic 
and strategic strength. Unfortunately, 
current materials fabrication tech- 
niques are often complex and expen- 
sive; some materials cannot even be 
produced because of the lack of 
appropriate fabrication methods. 
Recent breakthroughs in solar tech- 
nology have provided a tool that can 
assist in the development of these 
materials, permitting the use of very 
small quantities of high-value maten- 
als to create inexpensive parts with 
superior properties. Solar-processed 
materials can contribute significantly 
toward a revitalized and dominant 
U.S. presence in the world market 
for emerging technologies. 
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Highly concentrated sunlight- 
referred to as high solar flux-has 
properties that are well suited to 
advanced materials manufacture. High 
solar flux is created by reflecting sun- 
light off of precisely designed curved 
mirrors. In this way, solar energy can 
be concentrated from a few hundred 
to 50,000 times the normal intensity 
of the sun at the Earth's surface. This 
intense energy creates and sustains 
extremely high temperatures, yet can 
heat a material's surface while the base 
or substrate remains relatively unaf- 
fected. This ability allows advanced 
surface processes such as ceramic 
metallization, chemical vapor deposi- 
tion, and cladding to be performed 
using high solar flux. The OIT Solar 
Industrial Program is exploring vari- 
ous possibilities of advanced materials 
manufacturing through both basic 
research and demonstration projects. 

Basic Research Efforts 
(National Renewable Energy Labmalor) 
The High-Flux Solar Furnace at 
the National Renewable Energy 
Laboratory is the basic research 
tool used in the development of 
solar-based advanced materials 
manufacturing. In one ongoing 
effort, researchers have synthesized 
Fullerene molecules (Cso) by vapor 
ing a graphite pellet with solar radi. 
tion. Fullerenes, newly discovered 
forms of carbon, have unique 
chemical properties that are being 
investigated by the research com- 
munity for diverse applications sucl 
as optical devices, superconductors 
polymers, pharmaceuticals, and fuc 
Preliminary results indicate that 
the solar-based Fullerene synthesis 
method is more energy efficient an 
less expensive than the electric arc 
method typically used. An inexpen 
method to produce Fullerenes ma) 
lead to many new commercial 

The National Renewable Enera Laboratory's High-Flux Furnace creates a unique 
laboratmy situation. 
, 

Most of the solar industry work in advanced processes is undertaken at the National 
Renewable Energy Laboratory's (NREL's) High-Flux Solar Furnace (HFSF) in Golden, 
Colorado. DOE designated the Solar Furnace a National User Facility in 1993. This desig- 
nation gives qualified outside researchers easy access to this cutting-edge solar laborator! 

NREL's HFSF is a research tool in the vanguard of both advanced materials and solar 
energy research. The HFSF offers researchers laboratory conditions unavailable else- 
where. By taking advantage of the HFSF's user facility status, industry can save considei 
ably on R&D costs. 



xoducts for domestic use and 
for export, In two projects being 
,-onducted with the U.S. Bureau 
If Mines, solar furnace technology 
is being explored as a method for 
expanding certain minerals used in 
insulation products and as a method 
of cladding mining/mineral process- 
ing equipment. 

Demonstration Efforts 
(National Renewable Energy Laboratory, 
B m h  Wellman Inc., Coors Ceramics, 
Texas Instruments) 
OIT is working cooperatively with 
several materials manufacturers to 
determine the feasibility of manufac- 
turing specific advanced materials 
using high solar flux. In one effort, 
a leading electronics/ceramics manu- 
facturer is determining the feasibility 
of bonding an ultra-thin layer of 
metal-such as copper, palladium, 
platinum, or gold-to ceramic 
substrates using high solar flux. 
Experiments have shown that the 
resulting metallized ceramic com- 
ponents have improved properties 
compared to those manufactured 
using traditional processes. These 
electronic components are playing 
an increasingly important role in 
the domestic auto, computer, and 
telecommunications industries. In 
another effort, the feasibility of using 
high solar flux is being investigated 
for use in fabricating silicon photo- 
voltaic solar cells. 
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THE KELT ENGERE 3 F  CHOfCE 
IN THE COLWE7tTWE P3’l‘t:Efi 
I ND L! STEY 

During the past 15 years, the structure 
of the U.S. electric power industry 
has begun to change in important 
ways. Stimulated in part by the Public 
Utilities Regulatory Policies Act of 
1978 (PURPA), the traditional stability 
of the U.S. electric power industry has 
given way to a more highly competi- 
tive system. PURPA introduced the 
notion of open market competition 
to the U.S. electric power industry by 
mandating that public utilities pur- 
chase power from qualifying nonutil- 
ity power generators (NUGs) based 
on avoided costs. Exemptions from 
public rate regulations for NUGs 
and various state tax credits further 
encouraged the growth in industrial 
cogeneration and nonutility power 
capacity. As a result, NUG capacity 
grew at an annual average rate of 
about 14% between 1985 and 1991. 
Cogenerators and other nonutility 
power generators operated more than 
5000 facilities in the United States by 
the end of 1992, and accounted for 
55 gigawatts (GW) or 7% of installed 
U.S. electric power capacity. More 
significantly, they accounted for more 
than half of all U.S. power capacity 
additions between 1988 and 1992, as 
shown in Figure 4-6. A classification 
of nonutility power capacity by type 
of facility and industry at the end of 
1991 is provided in Figure 47. 

Gas turbines, whether in simple or 
combined cycle configurations, have 
been the heat engine of choice in the 
rapidly growing nonutility power gen- 
eration industry (or competitive 
power industry). Gas turbines range 
in size from 6 kilowatts (kW) to over 
200 megawatts (MW). They operate 
on natural gas, distillate fuel oil, crude 
oil, residual fuel oil, or synthesis gas 
derived from coal or biomass. Turbine 
manufacturers have developed highly 
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efficient, reliable, clean and relatively 
inexpensive combustion turbines in 
various capacities for use in power 
generation facilities. Because of their 
relatively low first cost, high efficiency, 
short lead times, high reliability and 
superior environmental performance, 
gas turbine-based systems are playing 
an increasingly important role in new 
generating capacity. 

Recent trends in industrial cogenera- 
tion illustrate the growing reliance on 
gas turbine systems. In 1985, just after 
PURPA began to have significant 

effect on the non-utility generation 
market, the majority (62%) of capac- 
ity in industrial cogeneration appli- 
cations was based on conventional 
boiler/steam turbine systems. Most 
of the remaining capacity (21 %) was 
based on simple cycle gas turbine sys- 
tems, and only 9% was based on com- 
bined cycle systems. By 1991, however, 
combined cycle systems accounted for 
over 19% of the generating capacity 
in industrial cogeneration, while the 
capacity of simple cycle gas turbines 
increased to 28%. In contrast, 
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conventional boiler/steam turbine 
configurations provided less than half 
(49%) of the industrial cogeneration 
capacity on-line in 1991. 

Gas turbines are used in both simple 
and combined cycle systems. In simple 
cycle gas turbine systems, hot exhaust 
gases from the turbine are either vent- 
ed if the system is used for power only 
or, in cogeneration applications, the 
gases are used directly for process 
heating or drying or to generate 
process steam from heat recovery 
boilers. Combined cycle systems 
-that combine a steam turbine with 
a gas turbine-provide greater effi- 
ciency and flexibility than either gas 
or steam turbines alone. In this con- 
figuration, heat recovered from the 
gas turbine exhaust is used to produce 
steam that generates additional elec- 
tricity in the steam turbine or process 
steam in cogeneration applications. 

Gas Turbine Systems Expected 
to Dominate New Generafing 
Capacify 
EIA forecasts that a total of 172 GW 
of new generating capacity will be 
required by 2010 to meet the expected 
growth in electric power demand. 
Moreover, a significant portion of exis- 
ting generating capacity is expected 
to require replacement or undergo 
repowering during this time period. 
In addition, other countries are begin- 
ning to follow the U.S. lead toward 
a more competitive, innovative power 
system in which cogenerators, industri- 
al and other nonutility power suppliers 
play a bigger role. This is creating 
large export opportunities for systems 
and equipment suppliers to the com- 
petitive power industry. Such trends 
and c!evelopments portend a growing 
need for more efficient, cleaner 
advanced gas turbine and cogener- . 
ation systems. 

The move toward a more competitive 
power generation market is likely to 
further increase the role of the 
nonutility segment of the industry, 
and enhance opportunities for 
cogeneration. Industrial users and 
nonutility power producers often 

choose gas turbine systems because 
they are easier to site and quicker to 
develop than similar-sized alternatives. 
Gas turbine cogeneration systems pro- 
duce high ratios of electrical output 
to thermal output, better matching 
energy requirements at many indus- 
trial and commercial facilities. In addi- 
tion, emissions from natural gas-fired 
turbine systems are significantly lower 
than emissions from similarly sized 
coal or oil power plants. As shown in 
Figure 48, simple and combined cycle 
gas turbine systems are expected to be 
employed in almost 70% of the 61 GW 
of new capacity planned by the nonu- 
tility power industry through 2000. 

The efficiency, flexibility, reliability 
and other benefits of simple/com- 
bined cycle gas turbine systems are 
prompting utilities to employ such 
systems as well. Though designed pri- 
marily to meet peak and intermediate 
load requirements, these systems are 
also able to meet baseload require- 
ments if necessary. Because of such 
versatility, utilities intend to employ 
simple/combined cycle gas turbine 
systems in over half their planned 
new capacity through the end of the 
decade as also shown in Figure 443. 

\ 

Cogeneration is the production of both 
electrical (or mechanical) and thermal 
energy from the same primary energy 
source. Combined cycle generation is 
similar to cogeneration except that the 
exhaust heat from a gas turbine is 
recovered and then fed back to a boiler 
and used by a steam turbine to provide 
a second electricity generating cycle. 
The principal advantage of cogeneration 
systems is their ability to improve the 
efficiency of fuel use and reduce overall 
emissions. In a topping system, electrici- 
ty is produced first and the remaining 
thermal energy may be used for industri- 
al processes. In a bottoming system, 
thermal energy is first used for very high 
temperature industrial processes such 
as steel or glass furnaces and the 
exhaust gases then fuel boilers that 
drive turbines to produce electricity. 

Continuing Advancements 
in Gas Turbine T ~ c ~ R o ~ o ~ J ~  
Wif: Ee Reeded 
Gas turbines have continued to 
improve their ability to meet the 
needs of the power generation market 
since their initial introduction in the 
early 1960s. In response to intense 
competition and user demands, gas 
turbine manufacturers have increased 
efficiencies, improved reliability and 
maintainability, lowered emissions 
profiles, and achieved wider fuel flexi- 
bility for their equipment. Efficiency 
and emissions improvements have 
primarily come from incremental 
advancements in existing designs, 
and development efforts have focused 
on higher firing temperatures, better 
materials, and improved cooling tech- 
niques. Gas turbine manufacturers are 
now introducing an improved class of 
turbines with significant incremental 
advances in performance achieved by 
applying aircraft engine technology. 
The new class of turbines is also envi- 
ronmentally superior, featuring dry, 
low NOx combustion systems. The 
critical emissions issue for gas turbine 
systems is reducing NOx emissions 
at higher firing temperatures with- 
out a resulting increase in co and 
unburned hydrocarbon (UHC) emis- 
sions. By using dry, low-NOx combus- 
tion technology, NOx emission levels 
of 25 ppm or less can presently be 
achieved in industrial turbines with 
use of natural gas as a fuel. 

Although the performance of these 
new gas turbine systems is impressive, 
further improvements in efficiency 
and emissions will be needed. Power 
producers must meet increasingly 
stringent emissions requirements, 
new capacity needs, and increasing 
competitive pressure to improve 
efficiency and reduce dependence 
on conventional coal and oil con- 
sumption. Improved turbine systems 
are needed to ensure reliable and 
economic electricity supplies, to help 
meet national energy efficiency and 
environmental goals, and to maintain 
the world leadership position of U.S. 
turbine manufacturers. To achieve 
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significant improvements, advanced 
turbines are needed that operate at 
higher firing temperatures, while 
maintaining low emissions levels. 
However, manufacturers are reaching 
the limit of traditional technology 
approaches. Future advances in tur- 
bine technology will require signifi- 
cant turbine design changes, develop 
ment and application of new materi- 
als, and use of innovative power cycles. 

Advancements are also needed to 
ensure that U.S. gas turbine manufac- 
turers remain competitive in the 
growing world market as the global 
market for power generation equip 
ment becomes increasingly important 
to U.S. manufacturers. Overseas sales 
of gas turbine systems by U.S. manu- 
facturers between 1988 and 1994 
were more than two and a half times 
greater than total U.S. sales by those 
same manufacturers, and this trend 
is expected to continue. To illustrate, 
the World Bank estimates that an 
additional $1 trillion will be invested 
in new power generation capacity out- 
side the United States between 1994 
and 2000, and recent studies have 
estimated the overseas market for gas 
turbines to be more than three times 
the size of the U.S. market between 
now and 2020. While U.S. manufactur- 
ers have traditionally been strong in 
this overseas market (40% of all gas 
turbine sales between 1988 and 1994 

Total Nonutility = 60.6 GW' 

Other 
Steam Turbine 

Gas Turbine 
5% 

Combined 
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were from U.S. manufacturers) , for- 
eign manufacturers are aggressively 
pursuing technology improvements 
to challenge this position. Continued 
technology advancements in terms of 
efficiency, reliability, and emissions 
will be critical for U.S. manufacturers 
to remain competitive in this impor- 
tant global market. 

Although many of the turbine advance- 
ments for the private sector resulted 
from technology developed through 
military R&D programs, direct govern- 
ment funding for civilian turbine devel- 
opment has historically been minimal. 
However, the technical and economic 
risks involved in the next generation 
of advanced turbine systems will be 
much greater than in the past, and 
private industry is not expected to pur- 
sue these advances without risk-sharing 
in the form of a government/industry 
cost-sharing program. 

THE OIT ADVANCED TURBINE 
SYSTEMS AND COGENERATION 
PROGRAM 

The Advanced Turbine Systems and 
Cogeneration Program conducts 
extensive research, development, and 
demonstration to meet the technical 
and market challenges associated with 
enhancing industrial cogeneration 
and moderate-sized independent 
power production opportunities. 

By the year 2015, the use of OIT- 
supported advanced technologies 
with improved efficiencies and higher 
electric-to-thermal ratios could save 
900 trillion Btu and reduce green- 
house gas emissions by 65 million 
tons per year beyond what is predicted 
with currently available equipment. 
Current program thrusts include the 
development of high-efficiency, low 
emission gas turbine systems; a high- 
performance steam system; and a 
ceramic retrofit gas turbine. 

Advanced Turbine System: 
Clean Gas-Fired Technologies for 
Meeting U.S. Power Needs 
(Solar Turbines, Allison, Santa Barbara 
Air QualiQ Management District) 
OIT is cost-sharing the development 
of advanced turbine systems with 
DOE'S Office of Fossil Energy, the 
Electric Power Research Institute, 
the Gas Research Institute, the 
Environmental Protection Agency, 
and others in response to the Energy 
Policy Act of 1992, Section 2112 
("Heat Engines"). The goal for 
advanced turbine system efficiency 
is a 15% improvement over today's 
best gas turbine systems, reduced 
emissions of NOx, Con,  CO, and 
UHC, and a 10% reduction in the 
cost of generating electricity for both 
utility and non-utility power genera- 
tors by 2002. Initial advanced turbine 
systems will be natural-gas fired, using 
oil as a back-up fuel. Studies will be 
conducted to address the potential 
for converting the systems to enable 
them to burn gas from burning 
coal, biomass, or other solid fuels. 
Program efforts are being guided by 
a steering committee composed of 
representatives from the participating 
agencies and institutes, and fall into 
four categories: 

P Innovative cycle development to 
identify highefficiency systems tha 
can meet program goals; 

m Component development and pro- 
totype testing for utility systems; 
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Q Component development and 
prototype testing for industrial 
systems; and 
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The OIT program is targeting the 
development of a new industrial- 
application turbine with a power 
generating capacity of less than 
20 megawatts ( M W ) ,  much smaller 
than the 150t MW turbines used 
by electric utility companies. The 
advanced turbine system will need to 
operate at sustained firing tempera- 
tures of more than 2600°F (compared 
with the current 2350°F) and at high 
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pressure ratios to achieve higher effi- 
ciency. Higher firing temperatures 
will require manufacturers to incor- 
porate such features as ceramic 
components and better turbine blade 
cooling techniques, for example. 
Operating at these temperatures 
alone will not meet the desired effi- 
ciency goals, however; manufacturers 
will need to make innovative cycle 
changes using compressor cooling, 
heat recovery, turbine reheat, and 
moisture injection technologies. 
The advanced turbine system will 
use advanced low-NOx burners, 
thereby eliminating the need for 
costly emissions control equipment. 
The turbine will be coupled with a 

A b  

7 f  1 I  
/ 7 I  

- - - - - - 

1 I  

Generator Generator 
High 

steam 
turbine 

- performance - 

i 1157 f 998 i 158 i 118,768 ......................................................................... ....................... ; .......................................................................... : 
OBM Cost ($1000) i 228 i 114 i 114 i 85,410 ........................................................................ : .......................................................................... : ....................... 
Capital Cost ($1000) 

high-performance steam system, also 
under development, to provide even 
higher efficiency. 

High Performance Steam System: 
Updating 1950s Technology to Meet 
21st Century Needs 
(Innovative Steam Technologies, Inco, 
Precision Castparts, COhTEX, Corn Co., 
AlliedSignal) 
Steam turbine systems (a boiler to 
generate the steam and a turbine to 
convert it to electricity) are used as 
both stand-alone systems and with gas 
turbines in combinedqcle systems 
for industrial cogeneration. The effi- 
ciency of these systems has changed 
little since temperature and pressure 
limits were set in the 1950s. These lim- 
iting conditions are mostly a result of 
the corrosion and erosion problems 
that occur when conventional steam 
system components are operated at 
high temperatures. If these problems 
could be overcome, however, steam 
temperature and pressure could be 
raised, resulting in increased gener- 
ating efficiency (and thus power 
output) for a given quantity of steam. 
To address these long-standing limi- 
tations, OIT is sponsoring the devel- 
opment of a high performance steam 
system (HPSS) for industrial cogener- 
ation applications. 

The HPSS technology is based on 
using two advanced steam-cycle com- 
ponents. One is a high-temperature 
boiler whose tubes are made from 
Inconel 617, an exceptionally strong 
nickel alloy that is capable of with- 
standing high temperatures without 
wearing out. The second component 
is an efficient, high-speed steam tur- 
bine that incorporates state-of-the-art 
turbine blade materials technology 
borrowed from gas turbines. A system 
based on HPSS technology can handle 
steam with a pressure of 1500 pounds 
per square inch and a temperature of 
1500"F, compared with current maxi- 
mum conditions of about 900 pounds 
per square inch and 1000°F. This 
trimslates into an increase in conver- 
sion efficiency of more than 50% and 
an increase in electricity generation 
of more than 20% using the same 
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i Current f OIT 
Category kechnoIogyiTechnoIogy 

Table 4-16 
Annual Benefits of High P e r f m n c e  Steam System 

Reduction 
Unit f Industry 

.......................................................................... .................................................................................................... 

......................................................................... 2 ................................................................................................... 1 ; 

Market LOW 

Year of Maximum Market Share 2006 

amount of steam. Compared to the 
, typical industrial practice of operating 
with conditions as low as 600 pounds 
per square inch and 750°F, the HPSS 
will more than double both power 
output and turbine efficiency. 

Ceramic Retrofit Gas Turbine: 
Ceramic Parts to Boost the Efficiency 
of Existing Turbines 
(Solar Turbines) 
Gas turbine efficiency is presently 
limited by the performance of the 
materials used for construction of the 
turbine hot section. Much progress 
has been made in the development 
of ceramic components for various 
high-temperature environments; now, 
attention is focusing on integrating 
such components into stationary gas 
turbines such as those used by indus- 
trial cogenerators and electric utilities. 
Using ceramic components would 
allow higher turbine inlet tempera- 
tures, improving the thermal effi- 
ciency of gas turbines. In the long 
term, turbines incorporating ceramic 
components will have enhanced 
ability to use lower-grade fuels. 

OIT is currently sponsoring a coop- 
erative program with industry to 
develop selected ceramic compo- 
nents such as nozzles, blades, rotors, 
and combustor liners for gas turbines. 
In addition to operating at higher 
temperatures, ceramic components 
are more durable, lightweight, and 
cheaper than conventional compo- 
nents. When combined with advanced 
ceramic combustor designs, these 
advantages translate into a significant 
improvement in thermal efficiency, 
considerably lower NOx emissions 
than the best domestic equipment 
currently available, a major reduction 
in emissions of CO and VOCs, and 
lower capital costs. The technology 
could be used to retrofit an existing 
15,000 MW of capacity, as well as be 
used for new capacity additions. The 
program is attempting to belp U.S. 
gas turbine manufacturers to become 
the first to commercialize this technol- 
ogy and capture a major share of the 
$loot billion worldwide market. 
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Table 4-1 7 
Annual BenpJik of Ceramic Reb-ofit Gas Turbine 

f Current f 0 1 1  
! Category ilechnologyilechnology 

Reduction 
Unit Industry 

I 648 I 486 I 162 i 101.216 I 

.......................................................................... : ................... ....................................................... : ........................ 
57 i 57 i 0.0 : 0.0 ........................................ ........................................................... ......................... - ................................................. OBM Cost (SlOOO) . 

......................................................................... ................................................. Emissions (metric ton) .. ................................................. 0 

I 34,188 i 25,641 i 8547 i 5.341.929 

41 f 31 f 10 i 6428 

28 

........................................................... ...............) ........................ :.. ...................... j ........................ 1 ........................ co2 
NOX .......................................................................... ........................ ; .......................................................................... : 

0.2 i 0.1 i 0.1 f ......................................................................... ................................................. ........................ ........................ : so* ; 

Particulates 1 ;  1 ;  0.2 ; 134 

Solid Waste (1000 short tons) - 0  - :  - .  - ......................................................................... 4 ........................ i ................................................... i ........................ 
......................................................................... t ........................ ......................... 3 ........................ 1 ........................ 

Risk ............................................. .................................................................................................................................. 
Technfcai HIGH 

Market LOW 

2010 

.......................................................................... ;..a ................................................................................................. 

......................................................................... 2 .................................................................................................... 
Year of Maximum Market Share 

j Current i OIT 
Category flechnologyilechnology 

Table 4-18 
Annual Benefits of Low NOx Combustion Gas Turbine 

Reduction 
Unit i Industry 

. . .  
Capital Cost ($1000) i 276 i 158 i 118 i 23,665 ......................................................................... ; ........................ : ........................ & ........................ ' ........................ 
O&M Cost ($1000) 51 i 17 f 34 f 6833 ......................................................................... .....e ............................................. ................................................. 

Emissions (metric ton) ...................................................................................... ........... .i ........................ 6 ........................ ........................ 
I 10,257 i 10,257 i 0 ;  0 .......................................................................... ........................ ........................ ........................ ........................ co2 j : 

0 1 

0.0 I I Energy Use (billion Btu) i 194 i 194 i 0.0 f 

Market LOW 

2007 
......................................................................... .. .................................................................................................... 

Year of Maximum Market Share 

I I Energy Cost (SIOOO) 'i 534 f 534 : 0.0 : 0.0 

Total Cost ($1000) 862 f 709 153 f 30,498 .................................................................. ................................. 1 ........................ * ................................................ 

......................................................................... ................................................. ........................ ...................... ; ^ " 

0 O I  

0.0 i 0.0 i 0 ;  I ;:Luiates 0.0 i 0.0 : 
....... . . .  

- 1  Solid Waste (1000 short torts) - :  - .  - .  ........................ ........................................................................... ........................................................................... : 

Risk ........................................................... ................................................................................................................... 
Technical MEDIUM 
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ENABLING THE REUSE OF 
HEAT TO IMPROVE INDUSTK7tAt 
ENERGY EFFICIENCY 

A heat exchanger transfers heat from 
one fluid (a liquid or gas) to another 
fluid. Heat exchangers are designed 
to reuse the heat content of in-process 
or waste liquids or gases. About two- 
thirds of all industrial energy use (or 
approximately 15 quads) is for process 
heat or steam. After initial use, materi. 
als or fluids being processed typically 
still retain a great deal of their origi- 
nal heat. Heat exchangers take advan- 
tage of this unused heat by transfer- 
ring it to another application where 
it can be reused. This reduces 
the costs and requirements for 
new energy. 

Heat exchangers are used widely in 
industrial processes under diverse 
conditions, and vary greatly in size, 
appearance, materials of construction, 
and method of operation. They can 
be plate-like, spiral, or tubular, and 
be made of metal, plastic, glass, brick, 
or ceramic. In the most common type 
of heat exchanger, heat is transferred 
from one fluid to another through 
a solid-usually a high-conductivity 
metal-that prevents the fluids from 
mixing. Three major applications 
of heat exchangers are process 
heat exchange, power generation 
heat exchange, and industrial waste 
heat recovery. 

Though shell-and-tube exchangers 
are by far the most common type, 
they are but one of many varieties 
used in industry. The design, materi- 
qls, and size of heat exchangers can 
vary considerably depending on 
such factors as scale of the industrial 
process and the properties of the 
fluids involved in the heat transfer 
process. Heat exchangers can range 
from the simple tube-within-a-tube 
variety to complex surface exchangers 
with thousands of square feet of heat 
transfer space. They can possess a 
broad range of distinguishing features 

120 

such as shape, presence or absence 
of area-expanding fins, and the direc- 
tion of fluid transfer through the heat 
exchanger (concurrent, countercur- 
rent or cross flow). Indeed, the great 
assortment of types of heat exchang- 
ers to a certain extent mitigates 
against a generic R&D program. 
Hence, most opportunities for heat 
exchanger R&D target a limited 
niche of the entire market. 

Heat exchangers that recover waste 
heat from process streams (such as 
flue gases) that would normally be 
vented to the atmosphere or other- 
wise lost are commonly known as 
recuperators. Recuperators are 
typically used in medium-to-high 
temperatures, and often in corrosive 
environments. In less corrosive 
environments, the use of metallic 
heat exchangers is widespread. 

Major Markets: Chemicals, 
Petroleum Refining, Nectric 
Power 
About a third of all industrial heat 
exchangers are used in the chemical 
industry where they are commonly 
used to transfer heat between liquids 
or from liquid to vapor. Shell-and-tub 
designs account for about 75% of all 
heat exchangers used in the chemical 
industry and they are most frequently 

Warmed fluid out 

Cooled fluid out 

Cold fluid in 

used in the petro/organic chemical 
and agricultural chemical segments 
of the industry. Most process heat 
exchangers in the chemical industry 
are used in the medium-to-low tem- 
perature ranges. However, many 
process streams are highly corrosive 
requiring that heat exchangers have 
protective coatings. Higher tempera- 
ture, less conventional applications 
of heat exchangers in the chemical 
industry include chemical reaction 
processes, such as steam reforming 
and steam cracking. 

The petroleum industry is another 
large market for heat exchangers- 
accounting for an estimated 20% of 
all U.S. sales. An average refinery m2y 
have between 400-500 heat exchang- 
ers each with an average surface area 
of 2000-3000 square feet. Most heat 
exchangers used in the petroleum 
industry are of the liquid-to-liquid, 
shell-and-tube type. Corrosion is less 
of a problem for heat exchangers in 
this industry and consequently about 
75% use carbon steel tubes. 

The electric power industry pioneered 
the use of heat exchangers on a large 
scale in recovering waste heat from 
boilers and stack gases. Currently, the 
power industry is the third largest 
market for heat exchangers for use 
primarily as feedwater heaters, surface 
condensers and air preheaters. Heat 
exchangers used in the power indus- 
try are notable for their huge size. In - 
addition, the working fluid (typically 
air) can be under high pressure, 
requiring a heat exchanger that can 
withstand high pressure, high temper- 
atures, and a corrosive environment. 



Heeded: Heat Exchangers thaf 
Can Better Withstand Adverse 
3peraf ing  Conditions 
Current industrial heat exchangers 
cannot effectively capture the esti- 
lnated 4 quads of thermal energy 
released in high-temperature, high- 
pressure, and corrosive exhaust 
streams, nor are the materials com- 
mercially available to build viable 
high temperature and high pressure 
reaction vessels. Often, such adverse 
operating conditions are found in 
such large energy-consuming indus- 
tries as metals and pulp and paper 
where the use of heat exchangers 
is generally less extensive than in 
chemicals, petroleum refining and 
electric power. 

Surface fouling-the undesirable 
accumulation of solid or liquid 
deposits on heat-exchanger surfaces 
-retards the ability of the'surface to 
transfer heat. This is another problem 
area, that if successfully addressed, 
would afford opportunities to expand 
the usage of heat exchangers in indus- 
try. Recuperators are another promi- 
nent research target because existing 
technology is unsuitable or inade- 
quate for the job, and many opportu- 
nities for recovering waste heat in the 
industrial sector are unmet. Other 
heat exchanger technology needs 
include expanding heat transfer sur- 
face into less volume and reducing 
capital cost to enable payback in less 
than 2 years. 

THE OIT ADVANCED HEAT 
EXCHANGER PROGRAM 

The objective of OIT's Advanced Heat 
Exchanger Program is to develop and 
test methods and technologies for 
designing, fabricating, and using 
advanced heat exchangers for indus- 
trial waste heat recovery and process 
heat exchange. A major focus of the 
program is on the development of 
advanced high pressure heat 
exchange systems (HiPHES) for 
applications in chemicals production 
and for recovering waste heat from 
hazardous waste streams to generate 
electricity, The total potential energy 

benefits of these applications and 
others could approach nvo-thirds 
of a quad annually (Figure 41 1). 
The program is also sponsoring the 
development of an advanced compos- 
ite ceramic heat exchanger system for 
use in recovering waste heat from cor- 
rosive waste streams. 

HipHES for Steam/Methane 
Reforming: A Cleaner and More 
Efficient Method of Making Methanol 
(Stone & Webster) 
Steam/methane reforming is one of 
the process steps used to produce the 
chemical methanol. Methanol is used 
primarily as an industrial solvent or in 
the production of other chemicals; it 

Table 4-19 
Annual Benefits of HiPHES for Steani/Methane Reforming12 

I-I i Current i OIT I Category $echnologyiTechnology 
.~ ~~ 

......................................................................... " ......................... ....................... 
Total Cost ($1000) i 40,624 i 35,578 f 5046 i 30.273 

i 29,664 i 26,523 f 3140 i 18,842 ................................................................................................... i ........................ 4 ........................ ....................... 
Capital Cost ($1000) i 13.860 14,565 -705 i -4229 1 ......................................................................... 4 ........................ : ........................ 4 ........................ 8 ....................... 
O&M Cost ($1000) i -2900 f -5510 i 2610 15,660 

Energy Cost ($1000) 

Emissions (metric ton) ......................................................................... .. ................................................. * ................................................ 
i 1415 i 26,306 i -24,891 -149,344 

.......................................................................... ........................ ........................ ........................ ....................... 
-175 

11 i 28 i 
; : G 

1.2 i 30 i -29 i 
................... 

......................................................................... ........................ Particulates 28 i 72.4 i - 4 4 ;  
2 ................................................. * 

Solid Waste (1000 short tons) - -  - 1  0 ;  ......................................................................... : ........................ : ............................................... r...: ....................... 
Risk 

Technical HIGH 

Market HIGH 
.......................................................................... : ................................................................................................... 

I Year of Maximum Market Share 2020 
~~ ~ ~ 

'Data are for new plan& only. 
*OR data are for a relormer inlegraled wilh a gas turbine. OaM are deceased by a&& for elecbkdy prcduclion (OIT technology c4y) and sleam 

pmdudon (blh OIT and ament technology). 
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can also be processed into high-grade 
gasoline, gasoline octane boosters, 
and diesel fuel. In steam/methane 
reforming, natural gas (methane) 
and steam are converted at high tem- 
perature into a synthesis gas consisting 
primarily of CO and hydrogen. This 
synthesis gas is subsequently con- 
verted to methanol or ammonia. 
Conventional steam/methane reform- 
ing technology uses metal heat- 
exchange tubes that limit the outlet 
temperature of the synthesis gas to 
about 1600'F. This limits the conver- 
sion of steam and methane to syn- 
thesis gas to about 86%. Unreacted 
methane is recycled back to the 
process. 

Researchers are developing a HiPHES 
system for steam/methane reforming 
that uses an advanced material- 
ceramics-as well as an advanced 
design to significantly increase this 
conversion efficiency. The ability of 
the ceramic tubes used in the HiPHES 
reformer to operate reliably at tube 
temperatures of 1900°F could increase 
conversion efficiency to 99% or more, 
meaning that a separate recycling 
process step could be eliminated. 
The HiPHES reformer has the poten- 
tial to save as much as 30% of the 
energy requirement compared with 
conventional technology. The new 
system is also smaller and costs less 
than a conventional reformer for a 
given methanol production rate. The 
HiPHES is even more attractive when 
integrated with a gas-turbine power 
cycle to produce electricity that can 
be sold as a premium byproduct. A 
single 1000-ton/day methanol plant 
using a HiPHES reformer could 
reduce its C02 emissions by nearly 
$000 tons per year. As tighter U.S. 
environmental regulations stimulate 
the production of methanol-fueled 
vehicles in the near future, the 
demand for methanol is expected 
to grow. By the year 2005, HiPHES 
reforming systems could be saving 
nearly 25 trillion Btu each year in 
methanol production alone. 

1 

HiPHES for Power Generation/ 
Recovery of Waste Heat from 
High Temperature Streams: 
A New Generation'of High- 
Pressure Heat Exchangers 
(Solar Turbines) 
The design of commercial heat 
recovery equipment generally reflects 
a balance between heat recovery 
effectiveness and the capital cost of 

I f Current OIT Reduction 1 
Category iTechnoIogy!Technology Unlt i Industry 1 

538 i 120 i 418 i 10,445 1 ......................................................................... 2 ........................ z............ ..................................... :...........a ........... 7 Energy Use (billion Btu) 

Total Cost ($1000) f 7680 2768 i 4912 i 122,791 I .......................................................................... >........................I ........................ 0 ................................................. 
Energy Cost ($1000) i 7680 f 1717 i 5962 i 149,055 .......................................................................... > ................................................. j ........................ ,....a 

0 ;  884 i -884 i -22,103 
................... 

.......................................................... : .............. 4 ................................................. &........................I ........................ Capital Cost ($1 000) 

O&M Cost ($1000) 

Emissions (metric ton) 

0 :  116 i -166 i -4161 .................................................................................................. z ........................ " ................................................ 
......................................................................... 4 ........................ I ........................ 
................................................................................................... i ........................ i. ........................ I...... ................. 

........................ : ....................... 
f 94,101 i 21,044 i 73,057 i 1,826,428, 

79 i 18 i 61 i ' 1537 

552 i 13,794 

Particulates i 1860 i 416 i 1444 i 36,092 

COZ 

.......................................................................... J ................................................. L ................................................ N0.x 

so* f 711 f 159 i ......................................................................... A ........................ z ............................................................... 
......................................................................... : ................................................. 0 ........................ (......... ............. 
.......................................................................... j ................................................................................................... 
.......................................................................... ; ...................................................................... i 

.......................................................................... i ...................................................................................... ....i....... 

.......... 
Solid Waste (1000 short tons) NIA f NIA i 0 ;  0 

Risk ........................... 
Technical HIGH 

Market HIGH ' 

the recuperator (heat exchanger) 
used to recover the heat. Technical 
limitations, however, occur in three 
areas largely unrelated to system 
economics-high temperatures, high 
pressures, and highly corrosive gas 
streams. Despite awareness of the 
possibilities for improved perfor- 
mance using high-pressure, high- 
temperature heat exchangers, earlier 
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Tesearch efforts were largely unsuc- 
*essful because of problems with 
levelopment and fabrication of the 
ieeded ceramic components. DOE is 
wrrently participating in the develop- 
nent of a new generation of high- . 
iressure heat exchange systems 
'HiPHES) for use in a number , 
)f applications. The application 
Veceiving the most attention is the 
;eneration of power (in the form 
If electricity) from the heat found 
n available but unused high- 
.emperatwe, corrosive gas streams. 

The HiPHES technology being 
developed in this effort is designed 
to handle lowpressure gas streams 
with temperatures in excess of 2300°F. 
The gas stream could be an existing 
one, such as the exhaust from a haz- 
ardous waste incinerator or industrial 
process, or it could be from combus- 
tion equipment specifically built to 
dispose of some byproduct or high- 
sulfur fuel such as high sulfur wood 
chips or low-grade coal. The heat 
recovered by the HiPHES is fed into 
an indirectly heated gas turbine cycle, 
a type of turbine that is insensitive to 
the quality of the fuel being used. The 
power produced by the gas turbine 
can be used for electric power genera- 
tion or other industrial processes. 
In addition, the clean, hot turbine 
exhaust gas can be used as process 
heat within the industrial facility. 
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HELPERG INDUSTRY PUT 
WASTE ENERGY TO MORE 
PRODUCTIVE USE 

The industrial sector accounts for 
over a third of all primary energy 
used in the U.S. ecanomy-or about 
30 quads-at an annual cost of more 
than $100 billion. After subtracting 
out the electricity used for motor 
drive and process electrolysis and the 
energy used as feedstocks, virtually 
all the remaining energy consumed 
in industry is used to fire boilers, 
furnaces and other process heating 
devices. On an annual basis, this 
currently amounts to about 15 quads 
of energy valued an estimated 
$50 billion. . 

The enormous use of energy in indus- 
try to fuel process heating systems 
inevitably generates huge quantities 
of waste heat. This, in turn, creates 
many opportunities for waste heat 
recovery and reuse. Optimizing the 
efficiency of waste heat use typically 
involves improved integration of vari- 
ous components of the industrial heat 
network and supply systems including 
boilers, fired heaters, heat exchangers 

' and cogeneration systems. Industrial 
5, heat pumps (IHPs) are another, 

largely underutilized component of 
this network. IHPs are especially 
effective for recovering waste heat 
in low temperature (less than 350°F) 
applications so as to avoid primary 
heat requirements. 

The basic purpose of an industrial 
heat pump is to recycle heat between 
different heating streams in a system. 
An IHP removes waste heat from a 
process at one temperature, adds a 
small amount of energy to increase 
the temperature of the heat, and 
delivers that heat to a process at the 
higher temperature. Because they 
use energy that is normally discharged 
from processes as waste heat, heat 
pumps help reduce primary fuel 

. consumption, energy costs and the 
emissions associated with supplying 

process heat. The use of heat pumps 
can also eliminate the need for expen- 
sive new boilers and heaters when 
present equipment capacity has 
been reached. 

Specialized heat pumps also provide 
industry with process cooling below 
ambient air temperature-heat 
pumps used for this purpose are typi- 
cally called refrigeration systems or 
chillers. The cooling capability of heat 
pumps also enables them to condense 
volatile organic and other hazardous 
compounds to liquids so they can be 
recovered from exhaust air streams. 
For example, a specialized heat pump 
known as the Brayton solvent recovery 
heat pump is helping U.S. pharma- 
ceutical and chemical companies 
recover solvents from waste streams. 

Current and Potential Markets 
Industrial heat pumps provide process 
heat in lumber drying kilns, petro- 
leum refineries, food processing plants, 
chemical plants, and pulp and paper 
mills. The largest single use of IHPs in 
U.S. industry is in the lumber industry 
where they supply heat to dry lumber 
and cooling to remove water from the 
drying lumber (Figure 414). Many . 
petroleum refineries and chemical 
plants use heat pumps known as 
mechanical vapor recompressors to 
recycle heat within distillation systems. 

Estimates provided in the 
International Energy Agency's 
Implementing Agreement on 
Advanced Heat Pumps (Annex 21) 

indicate that the use of IHPs in the 
U.S. market could result in energy 
savings approaching 350 trillion Btu 
annually by 2010 (Table 4-21). At 
current energy prices, this would also 
help reduce annual operating costs 
in industry by over $1 billion. In 
addition, the increased use of indus- 
trial heat pumps would reduce over- 
all industrial air emissions (CO2, NOS 
and SOs) by an estimated 1%. 

Another market study by RCG/ 
Hagler, Bailly, Inc., investigated the 
heating potential of industrial heat 
pumps in 27 industrial processes. 
Three industries account for more 
than 80% of the potential market; 
these industries include chemicals 
(54%), food (15%) and pulp and 
paper (13%). This study concluded 

Figure 4-1 4 
IHPs in L!FP iic I'.S. Iirrliislrj 

Lumber 
72.0% 

Total number of lHPs installed: 1389 

Source: RCDHagler, &illy, Inc. IHPEKdenCy, Pr~uclmly, Expererne 
and Opporrunires in Key P m s  Indusldes, lor W E ,  
1994. Table 1 

Table 4-21 
Estimates of Potential Energy Savings and Emissions Reductions From IHPs in the United States 

'Qpe of Savings i Average Case f Maximum Case 

Projected Energy Savings 2010 (trillion Btdyear) 169 348 

sox : 

co2 i : 

CH4 : 

Projected Net Emissions Reductions (1,000 tons per year) 

19.3 40.5 

22.1 45.6 

24,782 

18.2 

0.4 0.9 

1.8 

........................................................................................... ......................................... ....................................... 

........................................................................................... : ......................................... i ....................................... N 4  

12,025 

co . .  8.9 
........................................................................................... ......................................... .................................. ...., 
........................................................................................... : ......................................... : ....................................... 
..................................................................................................................................... ....................................... 

Particulates 0.9 
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:hat heat pumps could reduce indus- 
:rial energy use by about 400 trillion 
Btu per year. The study also estimated 
the potential size of the domestic 
iiidustrial heat pump market to be 
310 billion for the period between 
1995 and 2010 with an additional 
$.5 billion potentially available from 
export sales over the period. 

Needed: Higher Lift 
and Delivery Temperatures 
In the United States, IHPs most 
commonly use a compressor to 
increase the temperature of waste 
heat (Figure 4-15). Current tech- 
nology limits the maximum temper- 
ature lift of an IHP to about 50’F to 
lOO’F, with a maximum delivery tem- 
perature of 350°F. Heat pumps that 
could provide higher lift temperatures 
economically and that could deliver 
heat at higher temperatures (as much 
as 500°F) would have much wider 
usage in industry than those 
currently available. 

One technology that is being explored 
to achieve these temperature charac- 
teristics is the chemical (absorption) 
heat pump. New technology being 
developed for chemical heat pumps 
allows higher lift and delivery temper- 
atures, Another advantage of chemi- 
cal heat pumps over conventional 
technology is that they use standard 
heat exchangers rather than motor- 
driven vapor compressors (Figure 
416). A heat exchanger costs less and 
requires less energy than the compres- 
sor and motor used in conventional 
IHP technology. Though there are a 
few chemical heat pump (CHP) instal- 
lations in Europe and Japan, the use 
of CHPs for process heating in the 
Unite$ States is virtually nonexistent. 

Though the number of opportunities 
for use of IHPs far outweighs their 
actual application, the use of IHPs 
can be costly to industry because IHP 
systems must be individually designed 
for each app1ication:In addition, for 
many applications, it is necessary to 
perform a process heat integration 
analysis prior to design that considers 

- F l = U  Motor 

Lower temperature process stream 

a variety of different heat recovery pos- 
sibilities to determine if heat pump 
recovery will, in fact, save energy. 
This custom design and analysis sig- 
nificantly increases up-front costs. As 
a result, many companies are reluctant 
to make the initial investment for the 
analysis without knowing for certain 
whether heat pumps would be benefi- 
cial to them. Consequently, the com- 
plexities and costs of identlfyng heat 
pump opportunities limit the use of 
IHPs in industry. 

THE OIT INDUSTRIAL 
HEAT PUMP PROGRAM 
Through its Industrial Heat Pump 
Program, OIT is seeking to make 
industry aware of the potential 
benefits of IHPs and the opportunities 
that exist in specific industries for 
IHP implementation. The program 
promotes the deployment of existing 
technology as well as the development 
of advanced heat pump technologies. 
Specific goals of the program include 
improving the economics of IHPs, 
extending their applications by allow- 
ing for higher delivery temperatures 
and greater lifts, and developing 
process cooling options that do not 
require chlorofluorocarbons (CFCs) 
and process heating options that 
reduce emissions. The current focus 
of the program is on the development 
of chemical heat pumps. 

As a result of a DOE proposal, !he 
International Energy Agency (IEA) 
added an annex to its Implementing 
Agreement on Advanced Heat Pumps 
to investigate the possible applications 
and environmental benefits of IHPs. 
Entitled “Global Environmental Benefits 
of Industrial Heat Pumps,” Annex 21 
estimates the market potential for vari- 
ous types of IHPs and the potential 
global environmental benefits of IHPs 
resulting from energy savings and emis- 
sions reductions. Annex 21 also pro- 
vides an information base for industry 
to help match heat pump technology 
to specific applications. 

Chemical Heat Pumps: Expanding 
Industrial Heat Pump Applications 
(Oak Ridge National Labmatmy) 
Chemical heat pumps use a non-CFC 
refrigerant and can be driven by high- 
pressure steam or waste heat. The 
use of a chemical heat pump reduces 
boiler steam consumption or elimi- 
nates the need for an additional boiler 
when expanding a process. This type 
of heat pump is ideal for applications 
in the petroleum refining, chemical 
processing, pulp and paper, and food 
processing industries because they gen- 
erate large amounts of waste heat that 
could be used to drive the heat pump. 

OIT is sponsoring research to advance 
the state-of-the-art in chemical heat 
pumps, focusing on the working 
media used by the pumps and on 
high-lift heat pump designs. The goal 
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Figure 4-16 
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A chemical absorption heat pump uses a series of heat 
exchangers (absorber, desorber. evaporator, condenser 
and liquid pumpjrather than a compressor and motor 
-to compress working fluid to lift heat. In the absorption 
cycle shown above, the absorption process releases heat 
and the desorption process requires heat, which can be 
provided by high-pressure steam or waste heat. 
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Waste heat in 

of the research is to develop equip 
ment that is cheaper, more energy 
efficient, and free of the corrosion 
problems experienced with earlier 
chemical heat pump designs. 
Researchers are looking at various 
working media-the chemicals in the 
heat pump that accept and release the 
heat-that can work at higher temper- 
atures, resist corrosion, and offer high 
lift and a wide range of temperature 
applicability. The specific media being 
investigated are a liquid/vapor, where 
vapor is absorbed into a liquid, and 
solid/vapor, where vapor is absorbed 
into a solid. 

Advanced heat pump technologies 
such as the chemical sorption heat 
pump can be used in applications 
beyond those considered in the 
Annex 21 and Hagler, Bailly market 
studies. In particular, the chemical 
heat pump is well-suited for use in 
process heat integration applications. 
Such versatility could enable the use 
of chemical heat pumps to save indus- 
try nearly 500 trillion Btu per year by 
2010 as shown in Table 422. 

Solidflapor Heat Pump Development 
(Rocky Research, Standard Refrigeration) 
An advanced solid/vapor heat pump 
that uses ammoniated complex salt 
compounds has been developed and 
is being field tested at an industrial 
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host site. In this heat pump, ammo- 
nia-acting as the refrigerant-is 
absorbed into salt compounds such 
as calcium chloride. These salt com- 
pounds are excellent media because 
they absorb large quantities of the 
refrigerant and are generally inexpen- 
sive and nontoxic. Other advantages 
of this new heat pump include the I 

elimination of moving parts (such as 
pumps) that could require repair, the 
potential for temperature lifts of as 
much as 2OO0F, and the ability to oper- 
ate at a wide range of delivery temper- 
atures (-70°F to 300°F). The solid/ 
vapor heat pump is feasible in many 
more process applications than con- 
ventional heat pumps, opening up 
new opportunities for saving energy. 
A prototype solid/vapor heat pump 
designed to provide process heat at 
130°F, while at the same time provid- 
ing refrigeration at 15"F, will be 
demonstrated at a Bilmar Foods 
turkey processing plant in 
Zeeland,' Michigan. 

Liquidmapor CHI%- 
.AlkitrateT"' Working Fluid 
(Energy Concepts Company, Litwin 
Engineers CY Constructors) 
Another novel chemical heat pump 
working medium that has been 
developed under OIT sponsorship 

Table 4-22 
Annual Benefits of Chemical Heat Pumps 

is a liquid/vapor combination that 
uses a patented liquid called 
AlkitrateT'\'. AlkitrateT" consists of 
a salt compound such as sodium 
nitrate dissolved in water. A chemical 
heat pump using this medium can be 
constructed from standard industrial 
materials at a moderate price. The 
most exciting feature of this heat 
pump, however, is its ability to with- 
stand temperatures as high as 500'F 
without corroding, more than 150°F 
higher than its conventional counter- 
parts. This means that process applica- 
tions where using a heat pump was 
previously unfeasible may now be 
technically and economically attrac- 
tive, leading to reduced primary fuel 
use. An AlkitrateT'\' heat pump also 
has enhanced temperature lift 
capability. A prototype system is 
currently being field tested at a 
refinery in Ohio. 

Brayton Solvent Recovery 
Heat Pump: A Novel Use 
of Heat Pump Technology 
to Improve the Environment 
(3M, iVUCON International) 
Millions of tons of VOCs are released 
to the atmosphere each year from 
the hundreds of industrial processes 
that use solvents. These VOC emis- 
sions represent an economic loss to 

- 
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Recycled 

industry and contribute significantly 
to air pollution. Conventional VOC 
control strategies used by industry 
include incineration and carbon 
adsorption. Both processes are energy 
intensive; incineration also results 
in the loss of the solvents and their 
embodied energy. This energy con- 
tent is substantial-as much as 
30,000 Btu/lb of solvent, consider- 
ing both the energy of the petroleum- 
based feedstock and processing 
energy requirements. Although 
carbon adsorption systems allow the 
solvents to be recovered, the capital 
and operating costs are sometimes 
prohibitive, especially for small firms. 

As an alternative to these conven- 
tional technologies, OIT has spon- 
sored the development of the Brayton 
solvent recovery heat pump (BSRHP). 
This heat pump system uses the same 
basic thermodynamic process (the 
Brayton Cycle) that is widely used to 
generate electricity using gas turbines, 
but in reverse. The reverse Brayton 
Cycle compresses, cools, and expands 
the solvent-laden air to allow the 
VOCs to condense and separate. The 
Braytcm solvent recovery heat pump 
offers low energy costs and competi- 
tive capital and operation and mainte- 
nance costs compared to conventional 
solvent recovery technologies. Unlike 
incineration, the BSRHP recovers the 
solvent for reuse, thus lowering indus- 
trial demand for new solvents. A 
mobile system has also been devel- 
oped that allows for multiple sites to 

Photo murtesy of NUCON Inlernalkml 
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be serviced with a single system, 
particularly attractive for small solvent 
users who cannotjustify the purchase 
of their own systems. The BSRHP 
technology has been successfully com- 
mercialized; the five operating systems 
are recovering a combined total of 
about 4650 tons of solvents annually. 
Cumulative energy savings of 7'70 bil- 
lion Btu have been achieved through 
1993, with savings of 400 billion Btu 
in that year alone. 
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EXPLOITING OPPORTUNETIES 
TO CUP COSTS AND CREATE 
FEEDSTOCKS AND FUELS 

The industrial sector generates about 
14 billion tons of waste annually- 
of which the manufacturing sector 
accounts for about 9 billion tons or 
almost two-thirds (see Chapter 2). 
Outside of manufacturing, the princi- 
pal sources of industrial waste include 
mining, oil and gas extraction and 
agriculture. Industrial wastes include 
airborne emissions of such pollutants 
as SOx, NOx, and VOCs as well as over 
one billion tons per year of Con and 
other global warming gases. Each year 
the industrial sector also generates 
huge quantities of solid wastes and 
sludges as well as billions of tons of 
waste water. Other categories of indus- 
trial waste include hazardous and 
toxic wastes that-when compared to 
the total quantities of waste generated 
by the sector-account for a relatively 
small but potent, tightly regulated and 
highly expensive proportion of the 

. fullamount. 

There is a strong relationship between 
energy use and waste generation in 
manufacturing. The materials and 
process industries that consume about 
80% of all the energy used in manu- 
facturing also generate an estimated 
95% of all manufacturingwaste. The 
materials and process industries are 
responsible for separating useful con- 
stituents from those that are unusable 
in the raw materials produced by the 
extractive industries. The potentially 
useful substances are then recom- 
bined (or synthesized) into consum- 
able industrial materials, fuels or 
hodstuffs. Separation and synthesis 
are intrinsically energy- and waste- 
intensive processes. 

The high levels of waste generated by 
the energy-intensive materials and 
process industries translates into large 
expenditures for pollution control in 
these industries. Preliminary estimates 
of the Department of Commerce 
indicate that manufacturers spent 
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roughly $25 billion on pollution con- 
trol equipment and operations in 
1992-about 1 % of the total value 
of all manufacturing shipments. How- 
ever, pollution control costs do not 
fall evenly among industries. Five 
materials and process industries- 
petroleum refining, pulp and paper, 
chemicals, metals, and ceramics and 
glass-account for about 70% of all 
expenditures for pollution control in 
manufacturing. On the average these 
five industries spend about 15% of all 
their capital expenditures on pollu- 
tion control. This amounts to about 
2% of the value of all sales by these 
industries and is about three times 
greater than that spent by the rest 
of manufacturing. 

Waste  Reduction: 
Lowering Waste  Generation 
within the  Plant Boundaries 
Pollution control costs are largely the 
cost of end-of-pipe clean up of regu- 
lated waste. A key strategy for cutting 
pollution control costs is to reduce 
the quantity of waste produced in the 
first place. This is the principal objec- 
tive of a variety of waste reduction 
options, technologies and strategies. 

When industry generates waste, mate- 
rials as well as energy are not being 
used efficiently. The wasted energy is 
embodied in the unused or ineffi- 
ciently used materials, in the energy 
content of waste streams, and in the 
energy required to manage and dis- 
pose of wastes. Because of the close 
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linkage between energy use and waste, 
waste reduction is an important mech- 
anism for increasing energy efficiency 
i n  industry. Waste reduction in indus- 
try decreases the fnel use of industrial 
processes as well as tlie&enerQ used to 
treat and dispose of wastes. 

Another way of looking at waste reduc- 
tion is through the concept of process 
yield improvement. Process yield is 
the proportion of useful product 
obtained after processing input raw 
materials-and the inverse of yield is 
the proportion of unused product 
(or byproduct waste) that is gener- 
ated. Hence, improved yields con- 
tribute to less waste-the objective 
of waste reduction. Improved process 
yields result in greater throughput, 
improved productivity and competi- 
tiveness, and increased capacity as 
well as reduced waste. 

Each of the materials and process 
industries has many opportunities 
to increase yield and reduce waste 
through improved and more efficient 
industrial processes. Unfortunately, 
there are often barriers that prevent 
the commercialization and adoption 
of higher yield and less waste-generat- 
ing processes, One of the most impor- 
tant barriers is related to the concept 
of diminishing returns. In many 
industrial processes, the optimal yield 
that contributes to the lowest unit 
cost is often around 90%-95%. Almost 
inevitably there are expensive trade- 
offs that must be made to improve 
process yield to 100% or where zero 
waste is created. As a result, certain 
quantities of industrial waste are 
unavoidable from a practical stand- 
point-at least at the process, prod- 
uct, plant, firm or industry levels. 

Waste Recycling and Use: 
Turning Una voidable Was f e 
info Feedstocks and Fuels 
But at the broader level of industry 
as a whole, the unavoidable wastes of 
different processes and industries can 
be recycled and eventually reused as 
inputs by other processes or indus- 
tries. Where waste reduction through 
process improvement or product 

H Improve operational efficiency 

H Recycle wastes within the process 

H Redesign the production process 

H Use alternative feedstocks 

H Redesign the product for more effec- 
tive use of materials 

redesign is no longer practical, waste 
recycling and use processes can help 
convert this waste to materials or 
energy useful as inputs elsewhere in 
industry. The objective of waste recy- 
cling is to convert unavoidable indus- 
trial waste into feedstocks for other 
parts of the industrial infrastructure. 

Organic waste such as plastic and 
paper is not as resilient as metals, 
glass and other inorganic materials. 
As it is recycled numerous times, 
organic waste degrades and loses its 
ability to reliably perform useful func- 
tions. But organic waste-unlike inor- 
ganic waste-possesses a high Btu 
value that when combusted yields con- 
siderable heat that can be converted 
to steam to generate electricity. The 
use of organic waste as fuels to gener- 
ate electricity is preferable to waste 
treatment and disposal. 

THE OIT INDUSTRIAL WASTE 
PROGRAM 
The objective of the OIT industrial 
waste program is to increase industrial 
energy efficiency and productivity by 
reducing the generation and increas- 
ing the use of industrial wastes. On 
one hand, the waste reduction compo- 
nent of the program focuses largely 
on activities within the plant. On the 
other, its waste recycling and reuse 
component focuses mainly on activi- 
ties that are outside the boundaries 
of a single plant. While OIT-supported 
projects typically target specific waste 
streams in individual industries, often 
these technologies may be adapted 
to meet the needs of other industries 
with only minor modifications. The 
program consists of five major 

H Separation and recycling 

H Conversion to reduce toxicity or pre- 
pare for recycling 

H Remanufacture to reassemble dis- 
carded goods and new parts into new 
products 

H Demanufacture to disassemble dis- 
carded products for further use 

H Direct conversion of energy through 
combustion or catalytic conversion 

H Remining or extracting to recover 
valuable materials from discards 

elements: waste characterization, 
opportunities assessments, R&D, 
technology transfer, and institutional 
analysis. The majority of funding, 
however, is used in the R&D element. 

VOC Control Strategies: Helping 
Small Industries Stay Compliant ' 

and Competitive 
(Mechanical Technologies Inc., 
Chemsystm Software, Pajco Corporation) 
Many industrial processes, including 
printing, chemicals production, metal 
cleaning, photographic development, 
and dry cleaning, rely on solvents to 
dissolve organic materials and conta- 
minants from a product. In many of 
these processes, the solvent ends up 
as a vapor contaminant-a volatile 
organic compound, or VOC-in a 
warm air stream. Until recently, the 
majority of VOCs were unregulated 
and were often subject to uncon- 
trolled release into the atmosphere. 
Now, however, the removal of VOCs 
from industrial waste streams is 
required for compliance with envi- 
ronmental regulations such as the 
Clean Air Act. For some small busi- 
nesses and industrial facilities, the 
financial burden of complying with 
environmental regulations can be the 
difference behveen financial stability 
and insolvency. Cost-effective VOC 
minimization techniques and recovery 
technologies could help U.S. indus- 
tries stay competitive while reducing 
their emissions. 
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Table 4-23 
Selected OtherNIC1E3 Projects* 

~~ 

Project Title i i Affected I Wastes 
(Developer) i , Project Description i Industries i Addressed- 1 

UV-Curable Coatings for i Demonstrate feasibility of i Aluminum can i . Volatile organic 
Aluminum Can Production i utilizing ultraviolet curing for i manufacturing : compounds; 
(Coors Brewing) i external surface printing and i Glycol ether 

i protective over-varnish during : 
i aluminum can production. i ................................................ I ................................................... < .................................. 

Demonstration of Automated i Demonstrate automation of i Textiles 
Dyebath Reuse in Carpet i reconstituting and reusing 
Manufacturing (Shaw i dyebaths in batch dyeing 
Industries) i operations. 

Electrophotographic Screening Develop electrophotographic Consumer 
(Thomson Consumer i screening process for the pro- i electronics 
Electronics) i duction of picture tubes. 

Hydrochloric Acid Recovery i Develop hydrochloric acid i Steel 
System (Beta Control i recovery system for needs of i 
Systems) i galvanizers and small to medi- i 

i urn sized steel manufacturers. i 
Direct Osmosis Concentration i Demonstrate direct osmosis i Food processing 
8 Solar Evaporation: Food i concentration separation 
Industry (Osmotek) i process in conjunction with i 

i solar evaporation for the pro- i 
i duction of tomato products. i 

................................................................................................... .-. ................................ 

....................................................................................................................................... 

................................................ I ................................................... ................................. 

'The NICE3 Pmgam is dawnbed in grealer detail m Chapter 1. 

Recognizing the lack of information 
available to industry on VOC mini- 
mization and control, OIT's NICE3 
Program has sponsored the develop 
ment of computer software that iden- 

- tifies optimal VOC control strategies 
for individual facilities. As part of this 

- effort, technical personnel in govern- 
ment, industry, and the utility sector 
will be trained in the use of the soft- 
ware. A second goal of the project is 
the demonstration of an energy- 
efficient solvent condensing system 
for recycling VOCs. The prototype 
yszm is s2ed for small manufacturers 
who are presently emitting as much 
as 25 tons/year of VOCs. The new 
VOC recovery technology is more 
energy-efficient than conventional 
VOC treatment methods and, unlike 
incineration (a common method), 
recovers the solvents for reuse'in the 
industrial process. Although the ener- 
& savings of individual applications 
will vary, the estimated national poten- 
tial energy savings are 34 trillion Btu 
annually. There is also an estimated 
reduction in VOC emissions of nearly 
140,000 tons/year that could be 
achieved through widespread adop 
tion of the new recovery technology. 

Dyes; Chemicals; 
Water 

Phosphor; Water 

Hydrochloric acid 

Air emissions 
(e& N20, NO2) 

Development of Superior Asphalt 
Recycling Agents: Enabling More 
Road BuiIding Waste to Be Recycled 
(Texas A&M University) 
About 27 million tons of asphalt 
and nearly 20 times this much aggre- 
gate are consumed each year to build 
and maintain more than two million 
miles of roads in this country. During 
an average cycle of about 12 years, 
these roads must be resurfaced. 
Unfortunately, present recycling tech- 
nology cannot be applied to millions 
of tons of used road-building material. 
The only significant impediment to 
wider adaptation of current asphalt 
recycling technology is the lack of ade- 
quate specifications for highquality 
recycling agents that can rejuvenate I 

most, if not all, of the hard, older 
material into a ductile, long-lasting 
material with new material properties. 

To increase the recyclability of aggre- 
gate/asphalt road building waste, OIT 
is investigating how to produce high- 
quality asphalt rekycling agents. This 
should lead to techniques that would 
allow about one-third of the road- 
building waste generated each year 
to be recycled. In addition to saving 
the embodied energy content of the 
asphalt (which is substantial because 

asphalt is made from petroleum), 
the asphalt recycling technology will 
reduce the fuel consumption assbci- 
ated with hauling new material to the 
roads under construction and old 
materials away This combined energy 
savings has been estimated to be 
236 trillion Btu annually. In addition, 
the disposal of aggregate/asphalt road 
waste will be reduced by more than 
100 million tons each year. 

Electroplating Waste Minimization: 
Reduced Landfiiig of Toxic Sludge 
(Boeing, Los Alamos National Laboratory) 
In metal plating operations, parts 
made of one metal or alloy are treated 
in large baths to plate the part with 
another metal to achieve specific 
material properties. The plating 
industry, along with numerous DOE 
industrial facilities, generate large 
quantities of toxic metal wastes con- 
taining such pollutants as zinc 
cyanide. The standard treatment 
method is to convert the waste to 
sludge and send it to a landfill for 
disposal. This method wastes valuable 
metals and energy, and costs millions 
of dollars each year. In addition, the 
eventual burial of metal sludges does 
not adequately protect the environ- 
ment from toxic metal leaks. The 
Environmentd Protection Agency 
has established regulations that 
restrict the form and quantity of 
metals sent for disposal, thus making 
the need for metal recovery technolo- 
gies more acute. 

To address this need, OIT is develop 
ing and evaluating technologies to 
reduce plating wastes. The goal is to 
separate and purify the metals to allow 
them to be reused in the plating bath. 
This will reduce raw materials require- 
ments, transportation of raw materials 
and sludges, and sludge processing 
requirements. Plating waste minimiza- 
tion technologies could save 26 tril- 
lion Btu per year by 2015. Reducing 
plating wastes will decrease environ- 
mental pollution from toxic metals 
and is expected to slow the increasing 
inventory of stored metal sludges. It 
has been estimated that total heavy 

" 
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metal sludge production could be 
reduced by 226,000 tons per year, 
resulting in a decrease of more than 
700,000 drums of hazardous waste 
that must be disposed of each year. 

Collection of Vapor-Liquid 
Equilibrium Data for Acid Gas- 
Wied Amine Systems: Improving 
the Efficiency of the Natural Gas 
Purification Process 
(Texas A&M Universily) 
Before natural gas is used as a fuel 
to produce heat and power, or as a 
feedstock for chemicals production, 
it is commonly purified to remove 
acid gases, especially sulfur-containing 
gases, The standard purification 
process is to contact the contaminated 
gas stream, known as sour gas, with 
chemical compounds that absorb the 
acid gases. Heat is subsequently added 
to the absorbing compounds to strip 
away the acid gases for disposal. The 
energy efficiency of the process 
depends on accurate predictions of 
the vapor-liquid equilibrium (VLE) 
behavior of the mixtures-that is, 
how the chemical reactions occur as 
a function of factors such as tempera- 
ture, pressure, and exact chemical 
composition of the mixtures involved. 
Because the VLE behavior of these 
mixtures is not well known, natural 
gas purification systems are often 
operated too conservatively, wasting 
significant amounts of energy for 
excessive pumping and reboiling 
(Figure 4-18). 

OIT is presently sponsoring the devel- 
opment of an analytical technique to 
improve the measurement of VLE 
data for natural gas purification sys- 
tems, The new technique is based 
on a form of infrared spectroscopy, 
which can determine the exact com- 
position of the mixtures. With reliable 
VLE data, existing purification systems 
could be operated much more 
efficiently-as much as 50% more 
efficiently than current systems-and 
new systems could be designed that 
would have lower operating and capi- 
tal costs. The reduction in energy con- 
sumption by optimization of existing 
systems or construction of improved 

1 Category iTechnologyf Technology Unit f Industry 

systems will result in a corresponding 
reduction in the waste gas associated 
with the on-site burning of natural gas 
for purification process energy. A sub- 
stantial portion of these benefits could 
be realized very rapidly, because the 
recommended operational changes 
could be applied to existing systems 
with very little capital investment. 

Risk .......................................................................... ) .................................................................................................... 
......................................................................... i .................................................................................................... 
......................................................................... " .................................................................................................... 

.Technical HIGH 

Market HIGH 

2010 Year of Maximum Market Share 

Low-Temperature Catalytic 
Gasification of Industrial Waste 
Waters: How to Get the Energy 
Out of Food Processing Wastes 
(Pacific Nortliimt Laboralq, 
Onsite*Offiite) 
It has been estimated that less than 
half of the 200 million tons of raw 
agricultural commodities harvested 
annually in the United States end up 

Reduction f Current i OIT 
Category 3echnologyiTechnoIogy Unit Industry 

Energy Use (billion Btu) 10 i 1 :  9 i 26,973 

Total Cost (SlOOO) i 1162 i 436 i 726 i 2,177,201 ......................................................................... .y ................................................. + ................................................. 
Energy Cost ($1000) 48 i 5 :  43 i 130,624 ................................................................................................... ; ........................ j ........................ { 

Capital Cost (SlOOO) i 352 112 241 i 722,377 ......................................................................... i .......................................................................... ; 

O&M Cost (SlOOO) I 761 i 320 i 441 f 1,324,200 ......................................................................... i ................................................................................................... 
......................................................................... .. ................................................. 9 ........................ p....................... 

................................................................................................... i ........................ + ........................ 1 ........................ 

................................................................................................. : ..................................................................... ..... 

........................ 

........................ 

Emissions (metric ton) 

i 1150 i 115 i 3108 i 9,322.958 

. 2669 

8 i 0.8 i 7.2 i 22,318 ......................................................................... i ......................... .......................................................................... 
Particulates 2 2 ;  2 ;  20 i 58,388 ......................................................................... 2 ........................ I ........................ + 

Solid Waste (1000 metric tons) f N/A N/A 0.1 i 226 .......................................................................... > ........................................................................... : 

co2 
NOX 

SOX 

1 i 0.1 i 0.9 i .......................................................................... i ................................................................................................... 

......................... ........................ 
....................... 

Table 4-24 
Annual Benefits of Superior Asphalt Reqcling Agents 

Table 4-25 
Annual Benefits ofEkctroplating Waste Minimization 

......................................................................... ................................................................................................... i 
Technical LOW 

Market LOW ......................................................................... " ................................................................................................... 
Year of Maximum Market Share 2015 
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as useable products. The rest is waste 
material, typically wet materials that 

’have relatively little market value but 
possess significant energy content. 
For example, a typical large brewery 
produces about 28,500 tons/year of 
spent grain solids with a total energy 
content of 500 billion Btu. Other food 
processing industry waste streams with 
significant energy potential include 
cheese whey, potato waste, wet corn 
milling waste, meat packing waste, 
and even cattle feedlot manure. On 
an industry-wide basis, the food pro- 
cessing industry accounts for 20% of 
the total organic waste generated by 
all industries. A technology that could 
extract the energy content of these 
types of wastes, while at the same time 
reducing the amount of wastes that 
need to be disposed, could be 
extremely beneficial to the food 
processing industry. 

With OIT funding, researchers are 
developing a unique catalytic gasifica- 
tion concept that converts wet food 
processing wastes, as well as other wet 
industrial wastes, to methane and car- 
bon dioxide. The methane can be 
used as a fuel in industrial boilers for 
generating process steam; the carbon 
dioxide has applications in bottling, 
packaging, and other plant uses. 
Other benefits of the new system, 
called the Thermochemical 
Environmental Energy System, or 
TEES, include its potential to cogen- 
erate electricity and its ability to 
reduce solid waste handling and waste 
water treatment requirements. TEES 
technology is distinctive in its ability 
to handle wet wastes; no other existing 
biological or thermal process exhibits 
the potential to provide the same 
overall impact. In addition to appli- 
cations in the food processing 
industry, the TEES has tremendous 
potential for use in organic chemical 
manufacturing and possibly in 
the handling of hazardous waste 
water streams. 

. 

Gas Purification Plant 
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Table 4-26 
Potential Applications of TEES Technology 

i Waste Production Rate i Energy Potential 
Industry (wet tonslyear) i : (trillion Btulyear) 

Malt beverages (not including 249 million 5.0 
spent grain) ......................................................... < .......................................................... < ......................................................... 

.................................................................................................................... L....................................................... . Cheese whey 7 million 3.5 

Potato waste 132 million 1.2 .................................................................................................................... ........................................................ 
1.7 Wet corn milling 

Meat packing 465 million 5.6 

Total 890 million 15.3 . 

37 million ......................................................... < .......................................................... < ......................................................... 
......................................................... : .......................................................... j ....................................................... 

Waste Tire Utilization: Scrap Rubber 
Treatment Process Allows Tires to , 

Be Converted to Vduable Products 
(Composite Partick, Inc.) 
Scrap tires represent both an energy 
resource that is largely unused and 
a serious waste disposal and environ- 
mental problem..Each year through- 
out the United States, 26 million 
scrap tires are used as fuel and 
another 28 million find other uses; 
188 million tires, however-more 
than 3 times as many as are used 
-are dumped or landfilled. This 
equates to nearly 4 billion pounds of 
tire rubber every year, and adds to 
the existing inventory of 2 billion tires 
already landfilled. The development 
of economical recycling technologies 
would enable these valuable materials 
to be used. 

A project within the Industrial Waste 
Program is developing a new tech- 
nology to convert finely ground tire 
rubber to high-value material for use 
in products such as bicycle tires, shoe 
soles, automobile bumper covers, 
canal liners, caulks, molded epoxy 
resin pipe fittings, and epoxy adhe- 
sives. By treating the ground rubber 
with a chemical such as chlorine, the 
chemical bonding characteristics of 
the surface of the rubber particles 
can be modified, enabling it to 
replace and supplement virgin 
polymers. The treated scrap rubber 
is projected to be less costly than 
80% of the plastic resins currently 
used. In addition, it requires far 
less energy to make-only 9000 Btu 
per pound-compared to resins 
requiring between 30,000 and 
100,000 Btu per pound. 

* 



Biological Conversion of Waste 
Gases to Acetic Acid: Designer 
Microorganisms Do the Job 
(Bioengiii eeiing Resources) 
About 10 billion pounds of waste gases 
(including COz and CO) are dis- 
charged into our environment each 
year as byproducts of the manufacture 
of carbon black, a material used to 
make rubber products, printing inks, 
and pigments, These waste gases rep- 
resent lost energy and chemical feed- 
stocks, as well as contribute to deple- 
tion of the ozone layer and to global 
warming. Unfortunately, conventional 
methods of waste gas recovery and 
separation are expensive and imprac- 
tical with current methods of carbon 
black production. A new biological 
process of converting these waste 
gases into usable chemicals has 
emerged as a viable method of not 
only controlling these emissions but 
putting the wastes to beneficial use. 

Recent advances in biotechnology 
have led to the development of 
designer microorganisms capable of 
promoting chemical reactions for a 
variety of applications. In a coopera- 
tive project with OIT, researchers are 
developing and testing a process for 
converting waste gases from carbon 
black manufacture into acetic acid. 
The technology should also be applic- 
able to. waste gases from the produc- 
tion of coke, which is used to make 
steel. Acetic acid is a relatively high- 
value, large-volume petrochemical- 
more than 3 billion pounds are pro- 
duced annually-that is mainly used 
in the production of plastics. The 
price of biologically produced acetic 
acid is expected to be substantially 
less than the cost of acetic acid made 
from petrochemicals because it uses 
industrial waste as the feedstock and 
requires much less energy to produce. 

Automobile Shredder Residue 
Recycling: Recovering the Plastics 
in Junked Cars 
(Argonne National Laboratory) 
Obsolete automobiles are the most 
recycled high-volume consumer 
product in the United States. 
Currently, 92% of ferrous auto scrap 

f Current f OIT Reduction 
Category fTechnologyfTechnology Unit 1 Industry 

i 1000 i 180 i 820 f 246,000 

Total Cost ($1000) I 15,580 i 5826 i 9754 f 2,926,428 

Energy Cost ($1000) i 3571 f 643 i 2928 f 878,553 

Capital Cost ($1000) i 1409 f 1183 f 226 f 67,875 

i 10.600 f 4000 f 6600 f 1,980,000 

....................................................................... .. ........................ : ........................ - ................................................. Energy Use (billion Btu) 

................................................................................................. I ........................ Q ................................................. 
. .......................................................................................................................... i. ........................ ......................... 

........................................................................ A ................................................ .- ................................................. 

. ................................................................................................ : ........................ - ................................................. 0 8 M  Cost ($1000) 

Emissions (metric ton) ........................................................................ 2 ........................ I ........................ Q ........................ > 

......................................................................... ; ........................ : ........................ j ................................................. 
....................... 

i 68,289 i 12,292 i 55,997 i 16,799.127 

126 i 23 103 i 31,020 

86 i 16 i 70 i 21.045 ........................................................................ L ........................ : ........................ - ................................................. 
Particulates 19 i 4 :  15 i 4604 ........................................................................ 2 ........................ I ........................ Q ........................ ......................... 

Solid Waste (1000 metric tons) I N/A i N/A i 9 ;  2727 ........................................................................ A ........................ : ................................................... i ........................ 
Risk 

co2 , 
NO. 

so* 
......................................................................... > ................................................. - ................................................. 

........................................................................ ., .................................................................................................... 
Technical HIGH 

Market MEDIUM 

2020 

........................................................................ j .................................................................................................... 

............................................................................................................................................................................. 
Year of Maximum Market Share 

is recovered for use as feedstock for 
the steel industry. The availability of 
lowcost scrap metals has played a sig- 
nificant role in the development of 
the electric arc furnace steel industry 
in this country, which today enjoys 
one of the lowest costs of production 
in the industrialized world. However, 
for each ton of steel that is recovered, 

i Current i OIT Reduction 
Category fTechnologyfTechnology Unit i Industry 

Energy Use (billion Btu) i 4501 f 2200 f 2301 f 48,328. 

Total Cost ($1000) f 62,919 f 25.082 f 37,838 f 794,592 

Energy Cost ($1000) f 37,522 i 18,338 i 19.183 f 402.846 

i 16,697 f 3743 f 12,955 i 272.045 

i 8700 f 3000 f 5700 f 119.700 

........................................................................ .. ........................ : ........................ ................................................. 

......................................................................... > ........................ * ........................ * 

......................................................................... , ................................................. j 

................................................. 

........................ ........................ 
........................................................................ ........................ Capital Cost ($1000) 

0 8 M  Cost ($1000) 

Emissions (metric ton) 

........................................................................ j ................................................. j ........................ ......................... 

& .......................................................................... ; 

........................................................................ 2 ........................ : .......................................................................... 
....................................................................... 9 ........................ I Q ........................ ........................ ........................ 

i 584.368 f 285,606 i 298.763 f 6,274,016 

5622 

i 3561 f 1741 f 1821 f 38,237 

Particulates i 9358 i 4574 i 4784 i 100.474 ........................................................................ 2 ................................................. Q ........................ ......................... 
Solid Waste (1000 short tons) ......................................................................... I. ........................................................................... I 

Risk 

co2 
NO, 

sox 

524 i 256 i 268 f ......................................................................... ; ................................................................................................... 
........................................................................ 2 ................................................................................................... 

- .  - :  - .  - ........................ 
......................................................................... ) .................................................................................................... 

Technical LOW 

Market LOW 
........................................................................ j .................................................................................................... 
....................................................................... .-. ................................................................................................... 
Year of Maximum Market Share 2010 

Table 4-27 
Annual Benefits of Waste Tire Utilization 

between 500 and '700 pounds of auto- 
mobile shredder residue (ASR) are 
produced. ASR contains plastics, 
rubber, wood, paper, fabrics, glass, 
sand, dirt, metal pieces, and possibly 
automotive fluids and refrigerants; 
the current disposal technology is 
landfilling. Unfortunately, when ASR 
is landfilled, a lot of high-priced 
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materials with significant embodied 
enerqt are lost. This loss, combined 
wit11 :: cost of landfilling, more strin- 
geni i iilations, long-term viability 
conct' I and shrinking landfill space 
dictatr riat viable disposal alternatives 
be devtioped to maintain a healthy 
metals recycling industry. 

With this in mind, OIT has been 
investigating a process for recycling 
many of the plastics found in ASR. 
These plastics have potential use in 
foam rebonding and in the produc- 
tion of plastic blends and plastic parts. 
Also recovered during the process 
are iron- and silica-rich fines, whose 
potential for use as a fuel in pulver- 
ized coal combustion systems is being 
evaluated. The recycling process will 
yield a net energy savings of about 
52 trillion Btu/year in 2010. Because 
the process recovers virtually all of the 
constituents of the ASR waste stream, 
there is a large reduction in the 
amount of solid waste that would 
otherwise be landfilled. Recovering 
the recyclable plastics will provide a 
new source of low-cost raw materials 
for industry, reducing the need for 
imported petroleum feedstocks by 
millions of barrels of oil equivalent 
each year. The process will also 
directly reduce the import of as 
much as 100,000 tons/year of scrap 
industrial polyurethane foam, valued 
at $60 million, for the domestic 
rebonding industry. Perhaps most 
importantly, the new ASR recycling 
process will allow the automobile 
shredding industry to continue to 
provide low-cost raw materials to the 
steel industry, which will enhance 
its overall competitiveness in the 
world market. 

Table 4-29 
Annual Benefits of Auto Shredder Residue Regcling 

i Current 
Category $ethnology 

Energy Use (billion Btu) i 1096 

Total Cost (SI0001 I 18.175 
....................................................................... .- ....................... 

Technology 1-1 
~~~ ~~~ 

419 i 677 52,114 ........................ L................................................ 

5436 i 12.739 i 980.901 ' 

i Energy Cost ($1000) i 3914 i 1497 i 2417 186,116 

i 1931 922 1009 i 77,684 Capital Cost ($1000) 

i 12,330 3017 i 9313 717,101 OBM Cost ($1000) 

................................................................................................. : ........................ j ........................ .................... .... 

....................................................................... .i ........................ : ........................ A ........................ I. . .  .................... 

I ........................................................................ - ................................................. - ................................................ 
Emissions (metric ton) . .  ......................................................................................................................... ........................ :............."'. .... 

, , .  coo i 74.845 i 28.627 i 46.218 i 3,558.793 

138 i 53 i 85 ........................................................................ J ........................ : ........................ A ........................ ....................... 
so, 94 36 i 58 i 4458 

NO, 

....................................................................... 
5715 

Particulates 21 ; 0 :  13 i 
2 .......................................................................... (..................*..I. 

Solid Waste (1000 metric tons) 
......................... . . . . .  

.......................................................... 
~ 

.................. Risk ................................................................................................. 
Technical MEDIUM ' 

Market MEDIUM 
........................................................................ G ................................................................................................... 

Year of Maximum Market Share 2010 I 
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I SIGNIFICANT, BUT LARGELY 
INTAPPED ENERGY AND 
QATERIAL RESOURCE 

kcording to the EPA, the United 
itates generated 196 million tons 
1-f municipal solid waste (MSMT) in 
990-compared to 88 million tons 
n 1960. EPA's definition of MSW, 
iowever, excludes industrial wastes, 
tnd as a result, DOE estimates that 
-oughly an additional 70 million tons 
)f industrial wastes currently end up 
n municipal landfills. MSW genera- 
ion is estimated to be increasing at 
i rate equal to or slightly greater than 
iopulation growth in the United 
states. MSW generation is expected 
o be just more than 220 million tons 
n 2000 (Figure 4-19). 

n 1990, about 67% of MSW was 
andfilled, compared to about 62% 
n 1960, This percentage peaked in the 
:arly 1980s atjust more than 80%. Also 
n 1990, about 16% of MSW was com- 
lusted; virtually all of this occurred to 
'ecover energy. Incineration accounted 
o r  nearly 30% of MSW use in 1960- 
nostly without any energy recovery 
ir air pollution controls. Recovery 
iccounted for the remaining MSW use 
n 1990 (about 17%), with recycling 
qepresenting the vast majority of this 
:ategory and composting accounting 
br  a very small fraction of MSW use. 
rhis is significantly higher than 8% 
n 1960 (Figure 420). 

dSW management includes collect- 
ng waste, transporting the waste to a 
andfill or a processing facility (a com- 
>ustor or a materials recovery facility), 
ind possibly transporting the residue 
+om processing to a landfill. The 
mergy'resource potential of MSW is 
iignificant; the current MSW stream 
:ontains over 2 quads of energy. 

Municipal solid waste contains 
durable goods, such as furniture and 
;ires; nondurable goods, such as cloth- 
.ng and newspapers; containers and 
Jackaging, such as boxes and cans; 
;ood wastes, such as corn cobs and 

vegetable peelings; yard wastes, such 
as grass clippings and leaves; and 
other, miscellaneous inorganic wastes. 
The estimated composition, by weight, 
of MSW in the United States in 1990 
is illustrated in Figure 421. 

Landfill Disposal 
Open landfills have been used as a 
waste management option for cen- 
turies. Regulations for landfill 

operation were established by the 
Resource Conservation and Recovery 
Act (RCRA) and have become increas- 
ingly stringent since the mid-1970s. 
Currently, less than 5,400 landfills are 
in operation, significantly fewer than 
about 30,000 landfills and open dumps 
operating in 1976. The 200 largest 
landfills receive more than 40% of 
all MSW disposed in the United States. 

Paper 

o ]  I I I 1 I 1 I I 
1960 1970 1980 1990 2000 

Source: Charaderiralion otMuniopalsorid Was18 in the UndedSlales: 1992 Updale, €PA 

Figure 4-20 
Dis/iosilioii of i\lS\\i 1960 niid 1990 

Incineration 
30% 

Combustion 
16% 

1960 

Source : €PA 

Landfill 
67% 

1990 
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Recent experience indicates a ten- 
dency to close smaller landfills and 
open or expand larger landfills. 

The cost of disposing MSMr in land- 
fills, referred to as tipping fees, has 
escalated substantially. Average costs 
have roughly tripled from about $10 
in 1982 to about $29 in 1992. This is 
in large part because of increased reg- 
ulatory requirements. Generally, t ip  
ping fees are substantially higher in 
more densely populated areas, such as 
the Northeast and Mid-Atlantic states 
(Figure 422).  In addition, many land- 
fills are reaching their capacity limits, 
leading to increased concerns about 
future availability of landfill space in 
some locations. 

New Jersey - 
Massachusetts - 

Waste io Energy 
Over time, the organic constituents 
of MSW-food, paper, yard waste- 
naturally degrade to landfill gases 
such as methane and Con. It is esti- 
mated h a t  it takes 2 years to 20 years 
for landfills to release one-half of the 
full methane potential. The collection 
of between 30% and 85% of landfill 
gas generated can be facilitated by: 
(1) careful enclosure of MSW, by pro- 
viding liners underneath it (which 
also helps control leachate and elimi- 
nate groundwater contamination) , (2) 
installing gas collection systems, and 

Washington - 
Maryland -1 

Georgia - 
Indiana - 

Alabama 

Montana 

2.7; Paper 
Other 37.5% 

Metals 
8.3% 

...... ...... ...... 
Yard 

Wastes 
17.9% 

Plastics Food 6.3% 
8.3% Wastes 

6.7% 

Total = 196 Million Tons 

Source: EPA 
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(3) capping the landfill when it is 
filled. Energy recovery is more eco- 
nomically viable at.very large landfill 
sites where the quantity of gas gener- 
ated is sufficient to justify the expense 
of the collection equipment. Landfill 
gas is currently recovered for its 
energy content at more than 100 
of the nation’s larger landfills- 
producing about 40 trillion Btu 
of energy annually. 

Electricity is also generated from the 
combustion (burning) of MSW at 
130 operating MSW combustion units 
in the United States-saving about 
0.26 quads of fossil energy use in 
1990. The Clean Air Act Amendments 
of 1990 have made emissions require- 
ments for MSW combustion more 
stringent. This will force many older 
facilities to update their pollution 
control equipment at great expense. 
In addition, the ash produced by 
MSW combustion h.as generated sub- 
stantial controversy. Currently, it is not 
listed as a hazardous waste, but when 
RCRA is reauthorized, certain groups 
will petition for its inclusion as a haz- 
ardous waste-mainly because of the 
presence of trace amounts of lead 
and othermetals that may leach 
from the ash. 

40 50 60 70 80 

$/Ton 

Recycling 
Recycling is a common MSW option 
for several wastes, such as aluminum 
cans, newspapers, and glass. The 
numerous benefits of recycling 
include: conservation of landfill 
capacity, conservation of natural 
resources, and reducing waste dis- 
posal costs. These benefits allowed 
recycling to reduce energy demand 
by 0.11 quads in 1990. For example, 
aluminum recycling saves consider- ‘ 

able energy because aluminum 
smelting is very energy-intensive, 
and recycling technologies and 
markets are readily available. 

However, recycling frequently 
requires large and sometimes risky 
investments in technologies for 
collecting, separating materials, and 
processing (materials recovery facili- 
ties). In addition, repackaging, resale, 
and disposal of processing wastes must 
be considered. These decisions are 
influenced by such factors as waste 
quantities and composition, as well 
as institutional factors. 

Due to increasing concern for the 
environment, more than 5400 com- 
munities have set up recycling pro- 
grams (many of these were mandated s 



by state governments)-well up from 
1000 in 1988. However, the cost of 
community recycling programs is 
usually higher than competing 
clisposal methods. 

Category I Million Tons Recovered i Percent Recovered 
Paper and Paperboard 20.9 29 ......................................................... < ..................................................................................................................... 

.................................................................................................................... < .......................................................... Glass 2.6 20 

Ferrous Metals 1.9 15 ......................................................... i ..................................................................................................................... 
Aluminum 1 .o 3a 

Other Nonferrous Metals 0.8 6a 

Plastics 0.4 2 

............................................................................................................................................................................... 

............................................................................................................................................................................... 

3fher Viable Options 
Other options for managing MSW 
streams include composting of yard 
and food wastes, cofiring refuse- 
derived fuel with coal, anaerobic diges- 
tion of MSW to produce methane, and 
gasification or pyrolysis of MSW to pro- 
duce a fuel gas. Except for composting, 
data regarding these technologies are 
limited because they are krely used at 
present. Additional development work 
is needed to demonstrate the practical- 
ity of these technologies as effective 
MSW management options. 

has been suggested as a possible 
method of simultaneously combat- 
ting both of the island's major 
waste problems. 

In anaerobic digestion, the organic 
materials (such as food wastes) in the 
MSW are separated from the inor- 
ganic materials and fed into a reactor 
vessel, where the waste is biologically 
converted to methane and Con. 
Anaerobic digestion essentially speeds 
up the natural degradation process 
from months to two to four weeks, 
reducing the volume of waste by more 
than 50%, and yielding a compost that 
can be used as a soil amender. Tuna 
sludge is an organic waste; experi- 
ments have shown that adding tuna 
sludge to MSW increases the yield of 
methane from the digestion process. 
The methane can be burned to gener- 

ate electricity. A transportable pilot 
unit will be evaluated in California 
and then moved to American Samoa. 
This novel approach will reduce the 
amount of MSW that is landfilled 
while constructively using tuna sludge. 

Landfill Gas Recovery: 
Gas from Decomposing Garbage 
Can Replace Fossil Fuels 
(National Renewable E n n u  Laboratorj, 
Electric Power Research Institute, 
Environmental Protection Agenq) 
The U.S. Environmental Protection 
Agency has proposed regulations 
requiring 500 to 700 of the largest 
landfills in the country to control gas 
emissions emanating from decompos- 
ing MSW. Methane, the main energy 
component of landfill gas, is a particu- 
larly potent greenhouse gas because 
of its ability to trap heat. It has been 

THE 017 MSW PROGRAM 
The OIT MSW program is focused 
on resolving issues that prevent inte- 
grated approaches to municipal waste 
disposal, including those that inhibit 
using waste disposal processes such as 
waste-to-energy and recycling. The 
program's multiple goals include 
minimizing landfill requirements and 
maximizing both energy and material 
recovery from post-consumer wastes. 
Also, significant opportunities exist 
for the development of new technolo- 
gies, and adaptation of existing tech- 
nologies, with improved economics 
and reduced emissions. 

Anaerobic Digestion System: Turning 
Tuna Waste into Turbine Fuel 
(National Renewable Energy Laboratory) 
American Samoa, an island territory 
with two tuna canneries, is looking at 
ways to solve its tuna sludge disposal 
problems. The sludge (consisting of 
heads, skin, and other wastes) is cur- 
rently dumped a few miles off shore, 
an action that is environmentally 
controversial as well as expensive. 
Compounding the island's waste 
problem is the MSW produced by the 
population, In addition, the volcanic 
island's topography is unsuitable for 
landfills and lacks soil for ground 
cover. Anaerobic digestion-decom- 
posing in the absence of oxygen- 
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estimated that on a carbon equivalent 
basis methane accounts for about 
18% of all greenhouse gas emissions, 
and that methane from landfills 
represents roughly 4% of the total 
U.S. contribution to greenhouse 
gases. Landfill gases also pose serious 
odor and safety problems; if trapped 
in pockets in landfills without gas col- 
lection systems, methane can explode 
and burn. There are two methods to 
control landfill gas-flaring, which 
burns the gas in open air without 
recovering its energy, and recovery, 
which collects the gas for uses such 
as boiler fuel. 

As part of its program to increase the 
recovery of landfill gas, OIT will spon- 
sor joint cooperative research, devel- 
opment, and demonstration projects 
between federal, state, and industry to 
remove technical and other barriers 
to enhanced landfill gas recovery. 
Recovery processes provide a valuable 
renewable fuel-methane-for gen- 
erating heat and electricity, thereby 
reducing the demand for fossil 
fuels from non-renewable sources. 
Recovery could also contribute to 
reduced emissions of methane, and 
improve the safety of landfill opera- 
tions. The fuel sold helps to offset 

Table 4-31 
Annual Benejts of Anaerobic Digest+ System 

the cost of the gas collection equip 
ment, and in some cases, may result 
in a net increase in revenues for 
the landfill. 

Data Collection and Analysis: 
Filling in the Knowledge Gaps 
on MSW Management Options 
(National Renewable Energy Laboratory, 
Argonne National Laboratory, 
Environmental Protection Agenq, MA, 
Solid W&te Association OfNorth A m ' c a )  
Experts in the field of MSW acknowl- 
edge that the best management 
approach is one that integrates the 
available disposal options. However, it 
is impossible to integrate the available 
options-and get the most use from 
the waste-without knowing the facts. 
Unfortunately, data on the energy, 
economic, and environmental charac- 
teristics of municipal waste manage- 
ment options are incomplete, out- 
ofdate, inaccurate, and often non- 
existent. Sometimes data are available 
but not in comparable formats, units, 
regions, or circumstances. Planning 
for effective waste management 
requires an abundance of good qual- 
ity data to provide a basis for making 
short- and long-range decisions for 
waste management strategies and 
methods. Therefore, the collection 

Catesow 
i Current f 011 
kechnoIosviTechnoIosv 

i 330 i 0 f 330 f 33,032 Energy Use (billion Btu) 

Total Cost ($1000) i 2417 i 2261 i 155 i 15,539 

Enemv Cost (S1000) i 494 i o i  494 i 49.362 

........................................................................ .. ................................................. - ................................................ 

........................................................................................................................... 0 ................................................ 

........................................................................ ................................................. ........................ ....................... 
9681 

Capital Cost (SlOOO) i 1826 f 2261 i -435 i 
& & i 

0 8 M  Cost ($1000) 97 : 0 ;  97 i 
. .  - .  Emissions (metric ton) ........................................................................ + ........................ i ........................ 6 . . . . . . . . . . . . . . . . . . . . . . . . .  ....................... 

co* i 23,080 i 0 i 23,080 i 2,300,000 

20 f 0 :  20 ; 1952 

i 168 i 0 :  168 f 16.283 
......................................................................... ; ................................................. & ........................ : ....................... NOX 

SOX ................................................................................................. ......................... - ................................................ 
Particulates i 441 i 0 i 441 i 44.102 ........................................................................ 2 ................................................. 0 ........................ { ....................... 

Solid Waste (1000 short tons) i N/A i N/A i 166 i ' 16,566 ......................................................................... ........................ : ................................................... : ....................... 
Risk 

Technical MEDIUM 

Market MEDIUM 
......................................................................... : ................................................................................................... 

Year of Maximum Market Share 2007 
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and analysis of comparative data 
on waste disposal options is of para- 
mount importance. 

Developing, analyzing, and communi- 
cating the needed information is a 
major focus of this OIT-sponsored 
program. Up-to-date energy, eco- 
nomic, and environmental data are 
being collected and compiled for each 
of the potential waste management 
options including as many different 
regions, community sizes, and individ- 
ual situations in the United States as 
possible. In one study, researchers are 
filling the knowledge and data gaps 
on the energy, environmental, and 
economic effects of materials recovery 
facilities, which sort and separate 
recyclable constituents in MSW. In I . . 
a joint effort with the Environmental 
Protection Agency, the different 
disposal options for specific waste 
streams including paper, food, yard 
waste, and glass are being analyzed. 
Case studies of six integrated waste 
management systems are also being 
performed to develop better data on 
the cost of the technology systems, as 
well as performance data from each. 
Because the information being devel- 
oped will lead to better understanding 
of MSW management options, the 
program will ultimately contribute to 
energy savings, reduced landfill ' 

requirements and emissions, and 
improved economics of MSW man- 
agement systems. 
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Methodology for Calculating Potential I BeneBiks of Technsisgies Supported by OkT 

The following discussion describes 
the procedures used to calculate the 
potential benefits of OIT-supported 
technologies described in this report. 

DATA COLLECTION 

Technology and 
Commercialization Data 
For each technology, data or estimates 
for each of the following categories of 
information were collected from OIT 
program managers, project mana&rs, 
contractors, and other sources such as 
technology characterizations, project 
descriptions, and various publications: 

rn Identification of principal com- 
peting technology and its current 
energy use 

OIT technology 

of OIT technology 

rn Year of commercialization of 

rn Expected maximum market share 

rn Number of units of OIT technology 
in place at maximum market share 

Number of years to maximum 
market share 

rn Unit energy use, capital cost, 
non-fuel O&M cost, average effi- 
ciency, operating factor, equipment 
lifetime for OIT and competing 
technologies 

rn Solid waste, SOx, NOx reduction 
perunit 

Technical and Commercial Risk 
Technical and market risks were 
derived using the Gas Research 
Institute’s Project Assessment 
Methodology’, For this report, 
Technical Risk was defined as the 
likelihood that the project will attain 
its cost, technical and performance 

goals. Market Risk was defined as the 
likelihood that the technology will be 
successfully accepted by manufactur- 
ers and end-users. 

OIT program managers assigned tech- 
nical risk scores to each OIT technol- 
ogy in the following categories: 

rn Proof of concept, 

rn Complexity, and 

rn Technology gaps and difficulties. 

OIT program managers also rated the 
commercial risk of each technology in 
three categories: 

rn Commercializing agent commit- 
ment, 

rn Regulatory or code/standard 
requirements, and 

Market infrastructure. 

BENEFIT CALCULATION 

The benefits of the OIT-supported 
technologies were calculated for the 
year in which maximum market share 
was expected; the benefit calculations 
pertain to only that year-they are 
not cumulative. For example, if the 
expected year of commercialization 
for a particular OIT technology was 
2000 and it was expected to take 
15 years for this technology to achieve 
maximum market share, then the 
year for which benefits were calcu- 
lated was 2015. 

_ -  
Annual Energy Use and Cost 
Given the unit energy use values of 
the OIT [UEU(OIT)] and competing 
[UEU(PT)] technologies, reduction 
in energy use per unit (UEnSave) 
and for the entire industry or market 
(IndEnSave) were estimated based on 
the following equations: 

UEnSave = UEU (PT) - UEU (OIT) 
IndEnSave = UEn Save[N(OIT)], 
where N(O1T) = Number of units 
in place at maximum market share 

Note that the energy use estimates 
pertain to a delivered Btu basis. 

Projected energy costs were based 
on 1995 industrial energy prices 
(1993$/mmBtu) as published in the 
Energy Information Administration’s 
1995 Annual Energy Outlook. 

Average energy price was calculated 
for each of the competing technob 
gies based on their respective fuel 
consumption mixes. Annual energy 
cost was estimated by multiplying 
average energy use by average energy 
price. Annual energy cost reduction 
was the difference between the aver- 
age energy cost of the OIT and com- 
peting technologies. 

Other Annual Costs 
The unit capital cost data that were 
collected include first and installation 
costs. The capital cost reported in the 
benefit tables were annualized based 
on equipment lifetime (Ewe) and 
a discount rate (DR) assumed to be 
10%. If the unit capital cost for the 
OIT technology was denoted as 
UCapCost(OIT), then the annualized 
unit value for OIT [UAnnCap(OIT)] 
was as follows: 

UAnnCap (OIT) = [UCapCost (OIT) 3 
[CRF(OIT)], where CRF(O1T) = 
capital recovery factor = 

DR(1 = DR)me(orr) 

(1 + ~ ~ ) E ” f e ( o r )  - 1 

Similar equations were developed for 
competing technologies. 
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The difference between 
UAnnCap(O1T) and UAnnCap (PT) 
was the unit.reduction of capital cost 
reported in the table. The industry- 
wide reduction was obtained by 
multiplying the unit reduction by 
the number of units in place. 

Unit reduction in non-fuel operating 
and maintenance (O&M) cost was cal- 
culated as the difference between the 
unit non-fuel O&M cost for the OIT 
and competing technologies. The 
industry-wide reduction was calcu- 
lated by multiplying the unit reduc- 
tion by the number of units in place. 

Total unit cost was the sum of the unit 
energy cost, annualized unit capital 
cost, and unit non-fuel O&M cost. In 
a few instances when the OIT technol- 
ogy and competing technologies had 
equal capital or non-fuel O&M costs, 
a value of NA (not available) was 
assigned to the particular cost for 
both technologies. Consequently, the - value of the total cost for each of these 
technologies would not include that 
particular cost item. 
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Annual Emission and 
Solid Ur2sfs Reductions 
The first step in calculating emissions 
benefits was to convert electricity to 
its primary energy. The second step 
was to estimate the fuel mix of the 
total primary energy use. Appropriate 
emissions factors (from EIA) were 
then applied to these energy values. 
If additional reductions were expected 
from the OIT technologies due to 
installed controls or improved com- 
bustion, then these' reductions were 
also included in calculating the emis- 
sions benefits. 

If an OIT technology was expected'to 
have significant solid waste reduction 
benefits, then these were calculated 
based on the given unit solid waste 
reduction and the number of units 
in place. 

. 

Technical and Market Risk 
Risk calculations were simply an arith- 
metic average of the estimated risk for 
each of the three commercial and 
technical risk categories. 

Gas Research Institute, RRcrults of 
Appraisal of GRll994-98 ROlD Plans, 
June 1993 


