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Glass Melting Technology:
A Technical and Economic Assessment

Executive Summary
Basic understanding of melting technology and knowledge of industry economics is
essential if the glass manufacturing process is to be advanced to conserve energy, protect
environmental quality, and secure capital investment. This study unravels the
complexities of the glassmaking process in all segments of the industry. Glass
manufacturers, managers and administrators, scientists and engineers, and policy makers
will find this report a ready reference for further study. Government agencies will
understand how best to support glass manufacturing and apply appropriate regulations to
the industry. Materials and equipment vendors can identify present and future needs to
better serve glass manufactures. Educators and students in higher education can profit
from past research and development to design pre-proprietary research. Collectively,
these groups will be equipped to mold a more viable future for the US glass industry that
employs over 148,000 workers and produces 20 percent of the 100 million tons of glass
produced worldwide.

Current glass melting technology, based on continuous furnace design initially developed
in the mid 19th century by the Siemens Brothers in Germany, has evolved in response to
manufacturing requirements. But few revolutionary changes to this basic technology have
occurred because such changes involve considerable financial and technical risks that no
single glass corporation can reasonably undertake. Development of melting techniques is
also hampered by the industry’s peculiar characteristic of being segmented into the
sectors of container, flat, fiber and specialty glasses, with those segments further divided
within themselves. Reaching consensus on melting technology is difficult, but a
cooperative research and development effort by all glass manufacturers, with government
support of funding and practical regulatory standards, could result in a glass melting
technology that would answer the major challenges posed by energy usage,
environmental regulations and costly capital investment.

The industry experienced a noticeable overall compound annual growth rate (+0.8
percent) between 1997 and 2001. However, growth has slowed in the past several years
and has suffered from general decline in the US economy. Plant over-capacity,
increasing foreign trade and imports, capital intensiveness, rising costs for environmental
compliance, increasing international competition, and substitution by aluminum and
plastics have also challenged the US glass industry. Most manufacturers expect a short
(one-to- two—year) payback for capital investments in established businesses, resulting in
smaller evolutionary steps to improve the melting process. New manufacturing facilities
have difficulty attracting capital investment because glassmaking is a capital intensive
process and because rate of return on investment is low. Established glass businesses
struggle to earn consistent rates of return on corporate cost of capital and have little
financial flexibility to promote research and development.

A national and international survey of over 75 glassmaking corporations and academic
research institutions, an extensive analysis of technical literature published and patents



awarded, and a forum convened to tap hundreds of years of experience and knowledge of
expert glass industry scientists and engineers provided the data for this document. As an
industry reference, “Glass Melting Technology: A Technical and Economic Assessment”
should enhance the viability of the glass industry in the nation’s economy by creating a
broad based understanding of glass melting technology research and development;
economic challenges and potential; current glass melting practice; past innovations with
potential for future development; the perspective of experienced glass manufacturers;
and activity in cutting edge melting research. To expand this document’s value,
appendices include a primer on the glass fusion process; review of technical literature
and patents; and an analysis of automation systems and instrumentation to improve the
melting process.

Technology Assessment

The technical dimensions of the current glass melting process must be addressed if the
industry is to meet the increasing demands of the 21st century. Development for all four
segments of the industry will be affected by the following factors: higher quality
requirements; stricter environmental regulations; cost and availability of fuel; capital
intensity; capital productivity; improved flexibility of operation; reduced product costs;
development of new glass compositions; improved worker ergonomics; and better
methods to recycle waste glass. Competition from other materials and imported glass
products intensifies the need for advanced melting technology.

Development of a new glass melting process will not be easy. Energy efficiency of the
glass melting process is approaching practical limits. Further environmental regulations
and glassmaking technology must be compatible. The four glassmaking segments must
identify common areas for improvement, pool their resources, and share the risks.
Profitability must be improved to allow appropriate funding for research and to provide
capital investment opportunities.

Under the auspices of the US DOE Office of Industrial Technologies and the Glass
Manufacturing Industry Council (GMIC), research efforts are already underway to
enhance the viability of this important US industry. Among the research projects funded
are Submerged Combustion Melting (Next Generation Melting System/NGMS);
Segmented Melting System; High-Intensity Plasma Glass Melter; and Advanced Oxy-
Fuel Fired Front End Melting. Members of the GMIC are making a concerted
cooperative effort to advance glass-melting technology.

Economic Assessment

Despite economic challenges, most segments of the multi-billion dollar glass industry
have maintained reasonable operating margins and have generated positive cash flow.
Container glass, although threatened by substitution of plastics and aluminum, has
experienced an upsurge in the past few years due to increased use for alcoholic
beverages. Flat glass has fluctuated with the economy, yet sales have remained positive
over the past 25 years. Fiberglass insulation has slowed slightly in recent years but is
expected to surge with new construction due to lower interest rates and with concern for
energy consumption. Fiberglass textiles and reinforcements sales have also reflected a
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cyclical economy. Specialty glass maintains the largest sales of any segment from its
diverse and large group of sub-segments.

A critical component of the nation’s economy, the glass industry must continue to
develop those technical innovations that reduce cost of material, overhead and operating
costs; conserve energy; and comply with environmental regulations. As cost savings
throughout the entire manufacturing operation are realized, the glass industry will
become more attractive to capital investment. The fragmentation into four major
segments with sub-segments hampers standardization, discouraging collaboration that
would allow economies of scale and increase bargaining power. The segments of the
industry have been reluctant to collaborate for practical reasons. They produce different
glass types, require furnaces of different size and scale, and have a long history of
competitiveness and anti-trust concerns. Collaboration has been stimulated recently by
the launching of the Next Generation Melting System under the auspices of the GMIC
and the DOE/OIT.

When the industry develops a common view of what forces will stimulate the economy,
glassmakers can proceed to cooperate on the highest priority challenges. Efforts to
improve glass melting technology have recently focused on separating the stages of the
melting process rather than employing one single large melter for batch, melting and
refining. Development of a step-change process of innovative technology with the risks
and costs shared for research and development of pre-competitive melting concepts could
improve capital productivity and attractiveness for capital investment.

Collaboration across the industry is essential if the industry of the year 2020 is to meet
the goals of the “Roadmap for the Future”—production costs 20 percent below the 1995
levels; process energy use by 50 percent toward theoretical energy requirements; air and
water emissions 20 percent below 1995 levels.

Current Practice

For most commercial glasses, large-scale, continuous furnaces are currently used for
melting, refining, and homogenization of soda-lime, borosilicate, lead crystal and crystal
glasses. The conventional method of providing heat to melt glass is to burn fossil fuel
above a batch of continuously fed material and draw molten glass continuously from the
furnace. Three categories of melting—particle, blanket or pile melting—are used
depending on the capacity needed, the glass formulation, fuel prices, the existing
infrastructure, and environmental performance. The glass melting process is energy
intensive. 50 percent of the US glass industry uses fossil fuel in recuperative furnaces.
Oxy-fuel firing has been adopted by 25 percent of US glass manufacturers because fossil
fuel furnaces can be converted to oxy-fuel with relatively low risk.

Innovations in Glass Melting Technology

Numerous innovations in melting technologies have been developed over the past 30
years in response to high capital costs for building facilities; limited flexibility of
operation; high costs of fuel; and environmental regulations. Innovative technologies
have met with various degrees of success. Commercialization has been hampered by lack
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of funding for development; inadequate material for construction; problems from scale
up; unreliability of the technology; limitations of the glass compositions that could be
processed; environmental failure; safety issues; high net cost; lack of process control; or
production of poor quality glass.

Technical innovations explored, but not developed over the past three decades, deserve
further consideration with the advancements in refractory materials; instrumentation and
computer modeling; state-of-the-art equipment; new fining technologies; and fuel
replacements. Previous technology will be reviewed for pursuit in the future because of
the necessity to comply with clean air laws; to recycle glass industry waste and used glass
products; and to provide electric melting for longer furnace life and to improve quality of
glass products.

Expert Perspective

In one important aspect of this study—the industry forum, glass melting experts pooled
hundreds of years of knowledge and experience and concluded, “The glassmaking
process is ripe for drastic change.”

* Any solutions to save energy, comply with environmental regulations, secure capital
investment must be cost effective and practical for glass manufacturing.

* To remain vigorous and competitive, the glass industry must mount major research
efforts and develop innovative technology.

* The most promising long-range directions for research are forced convection melters;
melter designs for faster glass composition changes; sub-atmospheric pressure fining to
eliminate chemical fining agents; refractories to allow higher melting temperatures;
thermodynamic modeling of melting for which properties of glassmaking materials can
be measured and analyzed.

* All segments of the industry must collaborate to pool technical knowledge, share cost,
and distribute risks.

Vision for the Future

The conservative, risk-averting glass industry has waited far too long to confront the
challenges and establish a strategy for survival, according to this study. Immediate action
must be taken to identify and solve problems that affect the industry as a whole. The
areas of critical concern across the industry are for expanding research and development;
enhancing batch and cullet preheating; developing accelerated shear dissolution in fusion;
and reducing fining time. Under a new business model concept, conceived as Glass Inc.,
the industry could cooperate to benefit from economies of scale for purchasing raw
materials, obtaining energy sources and capital equipment, and constructing and
rebuilding facilities.

In the future, the glass industry must be prepared to respond to an uncertain environment
with increased innovation in research and development. Members of the industry must
collectively identify and solve common problems for the industry as a whole. All
segments of the industry, working collaboratively, can secure the glass industry as a vital
entity in the economy of the United States.
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Reference

The report is supplemented with a full reference appendix. A primer for glass fusion
provides a basic understanding of the glass melting process. Automation systems and
instrumentation devices for glassmaking are specified and promise to improve the
economics of the US glass industry. Research projects in process are detailed for review.
Relevant glass science and engineering literature and patents awarded by the US
government, along with an extensive bibliography, are compiled to provide a major
reference tool for glass manufacturing administrators and operators, educators, scientific
researchers, government agents, and materials and equipment suppliers.
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Preface

The glass industry is undergoing dramatic changes today in the United States.
Historically, the glass industry has had no well-established organization to support it in
research and defend its viability, as other industries have had. Rather, each glass of the
four major glass industry segments—container, flat, fiber or specialty glass—has focused
its energies on marketing and lobbying for its own sector. Efforts to advance glassmaking
technology overall have been limited to several broad industry groups that met only
infrequently to exchange ideas. But partially as a result of discussions and initiatives
generated by this Technical and Economic Assessment (TEA) (during its editing and
review stage), glassmakers are seeking ways in which to advance glass technology.

As findings of this research project indicate, the design of conventional furnaces has been
nearly optimized, leaving little room for further improvements. So to design a “dream”
furnace that needs no refractories, that requires no rebuilds, that can be shut down or
started up in four hours, that creates no pollution, that has no surface combustion, and in
which electricity is optional, glassmakers must move with diligence and discipline to the
task of designing the glass furnace of the future.

For the most part, US glass companies have divested themselves of research activity
other than their involvement in activities that foster productivity and profit. Such an
economic environment has not been conducive to coordinated technical improvements or
developments. Manufacturers generally hire outside experts on furnace design,
engineering and construction in glass manufacturing and rely on suppliers for refractory
research and development and supply. Funding for research remains a very low 1 to 1.5
percent of sales industry wide.

But when in the mid 1990s the US Department of Energy (DOE) identified the glass
industry as one of the “Industries of the Future” (IOF)—nine primary energy-intensive
industries—to assist in improving the energy efficiency of these industries’ operations,
the glass industry began to look forward. The DOE helped bring the glass industry
experts together to develop a “National Vision Document and Technical Roadmap.” In
supporting the creation of the Glass Manufacturing Industry Council (GMIC), the DOE
encouraged links to national laboratories to revitalize glass research. To ensure that
research is relevant to glass makers and the broader industry, the DOE has required a
substantial additional cost share from industry partners.

As GMIC members began to consider the overall direction of the glass industry, they
initiated a process that is attempting to understand why various segments of the glass
industry adopted certain melting technologies and to identify the drivers that motivate the
industry to adopt new technology. To gain this understanding, the larger segments of the
industry, which produce 90 percent of the glass in the US, were studied. The GMIC, in
cooperation with the Department of Energy has conducted this study, “Advancing Glass
Melting Technologies: A Technical and Economic Assessment,” to explore advanced
technologies for commercial glass melting.
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To compile this technical assessment of US glass melting, principal investigators C.
Philip Ross and Gabe Tincher tapped a number of resources. Extensive interviews were
conducted with glass melting experts in the United States and Europe. Consultations in
over 75 companies and institutions provided information relevant to glass melting
technology. They conducted an exhaustive search of glass patent and research literature;
the results were studied and categorized to determine technical concepts, ideas or
processes. A high-level workshop of expert glass scientists, engineers and administrators
was convened. To ensure accurate reflection of the technical and economic status of the
US glass industry, the perspective of glass manufacturing authorities from throughout the
industry was solicited: Warren Wolf, Owens-Corning (ret.), L. David Pye, dean and
professor of glass science, emeritus, New York State College of Ceramics at Alfred
University; John T. Brown, Corning Inc. (ret.), GMIC technical director; Frank Woolley,
Corning Inc. (ret.); Frederic Quan, Corning Incorporated; and many others.

When in 2002 DOE adopted a policy to encourage “Grand Challenges”—projects of a
wider scope that involve higher risk that, if successful, would lead to “step changes”
rather than incremental, evolutionary changes—GMIC members began to think larger
and voted to submit a project that would meet the DOE requirement. A team of
committed companies developed a credible project description. Each of eight glass
companies pledged $50,000 cash and $1.5 million in kind over a three-year period. In an
unprecedented step, each member agreed to contribute appropriate intellectual property,
know-how and patents to benefit the project. A proposal was compiled for the Next
Generation Glass Melting System that met the Grand Challenges criteria for funding with
a “submerged combustion melter” concept. This technology holds promise to improve
yields and the life of the furnace.

As a foundation for undertaking challenges, high-risk projects that could greatly impact
the glass industry, the GMIC, with support from the US Department of Energy,
undertook this extensive study of all technical and economic aspects of the current
practice of glassmaking. This report is designed to supplement the knowledge of
experienced glass manufacturers, provide fundamental knowledge for the less
experienced glass scientist, engineer or manufacturer, and serve as a reference for all
scientists, engineers, educators, administrators, managers, policy makers, and operators
who are dedicated to preserving and enhancing the viability of glass manufacturing in the
United States.

Within the covers of this document, you will find an up-to-date account of the status of
the glass melting technology; the economic challenges to and stimulants for glass
manufacturing; current glass melting practice; technical innovations over the past quarter
of a century that might inspire advanced technology if revisited; industry personnel’s
recommendations for advancing glass manufacturing; and a vision for the future based on
the collective knowledge obtained from this exhaustive study.

Of particular importance, the chapter on the automation and instrumentation of

glassmaking in Section Il provides guidance for developing processes for glassmaking
that will provide savings in human power, energy usage, and environmental emissions.
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While this section was not a major component of the TEA study on glass melting
technology, it was appended because of its tremendous potential of automating the
glassmaking process. Investment in process control technology could improve yields and
extend life of the furnace. Glass furnaces might be regulated and controlled far better by
sensor feedback and automated control than by human observers. Emerging advanced
controls in place in Europe are adjusting operating targets of aging furnaces and changing
conditions on a moment-to-moment basis, as pull or cullet ratios or product quality
requirements change. The benefits of better operations and reduced labor costs should
accrue from pursuing the examples as cited in Appendix B “Automation and
Instrumentation for Glass Manufacturing.”

This document outlines the major technical and economic challenges that face the US
glass industry and provides substantial data to suggest how these challenges might be
met to fortify glass manufacturing by addressing broad industry concerns as well as
concerns that face individual industry segments. “Glass Melting Technology: A
Technical and Economic Assessment” telescopes into the future of glassmaking,
eliminating the need for guesswork and risk-taking and provides a major reference
for glass scientists, engineers and managers to foster the vitality of one of our nation’s
most long standing and important industries.

Michael Greenman

Executive Director

Glass Manufacturing Industry Council
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Introduction

The goal of the project, “Glass Melting Technology: A Technical and Economic Assessment,” is to create
a common base of knowledge on which future technology might be developed for one of the nation’s
most important industries. The objectives of this study were to better understand the issues that face the
US glass industry, particularly with regard to current melting technologies; to identify the factors that will
motivate the industry to adopt new technology for commercial glass melting; and to analyze the barriers
that have stifled technical innovation and change.

One of the major barriers to finding common goals to advance glass melting technology has been the
division of the glass industry into four major segments, each with its own requirements, products, and
processing methods. To obtain a broad vision of the total industry, the study focused on the larger
segments of the glass industry that represent more than 90 percent of all container, flat, textile and
insulation fiber, and the major segments of specialty glass, i.e., lighting, TV and tableware.

This report represents the collective efforts of glass scientists, engineers and manufacturers,
organizations, academic institutions, technical librarians and automation specialists. Experienced glass
engineers, scientists and manufacturers gave willingly of their time and experience to help the authors
assess the challenges that face the glass industry as a whole. Personnel and institutions throughout the
United States, Europe and Asia generously provided information vital to this study. Professional technical
librarians and research scientists conducted exhaustive literature and patent searches that resulted in over
500 technical articles and over 300 patents that been categorized and evaluated, making this an invaluable
reference tool. The experimental work of glass scientists and engineers provided a record of the
innovations in glass-melting technological innovations that have been developed but, for economic and
technical reasons, not implemented over the last quarter of the past century.

Today, the US glass industry faces serious economic and technological challenges in three areas that must
be addressed. a) Energy consumption must be further reduced, as its future availability, cost and
effectiveness are uncertain. A melting system that addresses this issue must be developed. b)
Environmental regulations for gaseous and particulate emissions are expected to become more restrictive,
and glass manufacturers must be prepared to comply. ¢) Capital investment for operations and plant
facilities is extraordinary, and glass manufacturers must become more attractive if the glass industry is to
remain viable. Under these constraints, glass manufacturers must enhance productivity to stay abreast of
market demands. To meet these challenges, experienced glass manufacturers agree that the industry must
change dramatically.

This review of glass melting practices in the United States has been based on the technical roadmap,
which was developed in consultation with GMIC-member industry glass engineers and scientists under
sponsorship of the US DOE-Office of Industrial Technologies (DOE-OIT). Aggressive and
challenging—but realistic—goals are defined to improve glass manufacturing by the year 2020.

Glass Industry Perspective
The consensus of glass industry scientists, engineers and manufacturers on the status of glass melting
technology and its role in manufacturing economics can be distilled into eight major concerns:

1. Capital and operating costs for melting must be justified by the quality required to be competitive

in the marketplace.

2. Energy savings are driven only by net cost savings.

3. Higher operating costs may be acceptable if higher capital productivity can be realized.

4. The technical and economic horizon of the glass industry is short term.
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All traditional glass segments are averse to both technical and economic risks.

6. Perceived differences—particularly environmental issues—between segments for melting
concerns limit collaboration within the total industry.

7. Interest in collaboration in a large-scale melting initiative is dependent on a change in the key
incentives.

8. A clear view of future energy, capital and environmental costs could provide the necessary drivers

to change melting practices, encourage melting development, and catalyze collaboration.

Technology Assessment

As in other mature industries, the glass industry resists changes in its tried-and-true manufacturing
processes. It continues to use the technology of the original continuous melting furnace developed in
Germany by the Siemens brothers in 1867. The glass melting process has been adapted to increase energy
efficiency, improve product quality, take advantage of improved equipment or materials, or comply with
government environmental regulations. Today’s glass manufacturers enjoy a certain comfort factor with
the process that has evolved over the last 100 years.

The technology of glass manufacturing lacks standardization, and the industry segments lack readily
identifiable production interests. The four main segments of the industry—flat glass, containers,
fiberglass, specialty glass—and even individual companies within a segment have adopted a broad range
of melting technologies. All industry segments produce silicate-based glasses that require high
temperatures to flux silica sand with other industrial minerals, but the industry segments diverge from this
point into producing glasses with specific chemistries desired for the physical properties of the various
glass product. Particular temperatures, various viscosities and different coefficients of thermal expansion
are required for each segment if it is to have the most productive fabrication processes.

Conventional glass melting furnace designs have evolved into relatively efficient and reliable glass
melting systems. Incremental changes have improved the operation of today’s continuous glass melters
sufficiently to forestall fundamental innovations in glass melting technology. With the demand to lower
energy requirements, improve furnace life, install better pollution control equipment, and promote
instrumentation for process control, glass technology has improved in certain areas: selection of raw
material mixture; methods of increasing heat potential of energy sources and enhancing heat transfer;
improvement of materials for facility constructions; acceleration of key chemical reactions within the
melt; and removal of gas bubbles in refining. Melting technologies have been developed to meet the
specific needs of each industry segment.

All segments of the industry accept established furnace designs as the standard. Large regenerative side
port furnaces are now standard for float glass with incorporation of the Pilkington float glass process,
which was perfected in the 1950s and revolutionized the flat glass industry. Large regenerative end port
furnaces are considered suitable for container glass production. Oxy-fuel is being accepted for melting
TV glass and E-glass fiber reinforcements. Justification of oxy-fuel for float glass melting, however, is
difficult in areas where the cost of electric power to produce oxygen is high. Three full-scale commercial
operations have demonstrated that conversion from air-fuel to oxy-fuel is possible.

Panel TV glass has similar quality requirements as high quality float glass, but defects result during
production due to a furnace configuration that features a throat to transport glass from the melting
chamber. Designers and modelers have proposed that panel furnaces be converted from throat to waist
designs similar to those used on flat glass melters. But the industry hesitates to take the risk of major
change. Concerns for high initial capital cost, limited operating flexibility, and retrofitting to comply with



environmental protection regulations all require that the glass industry face reality and confront the
challenges that loom large.

Different requirements from manufacturer to manufacturer in glass chemistries are also a major obstacle
in standardizing the melting process. Oxide-source raw materials differ among glass manufacturers; how
materials perform during the melting process directly may impact selection of melting technologies. The
volatile and corrosive nature of B,O3 in borosilicate glasses requires refractories of different properties
than those used for melting soda-lime glasses. Low-alkali glasses require very fine raw materials that can
create detrimental dusting conditions under certain combustion practices. Batch wetting can be easily
accomplished for soda-lime glasses but not for most borosilicate glasses.

Throughout the last half of the 20th century, glass scientists and engineers pushed the limits of glass
science and engineering, expanding knowledge of glass down to its very atomic structure. Efforts to
advance the technology of glass melting have focused on batch and cullet preheating, air preheating,
accelerated methods for rapid heat transfer and melting, and accelerated refining. New concepts for
melting have ranged from segmented melters and refining zones to suspended electrodes and submerged
combustion. Some of the breakthrough concepts have evolved into conventional melting systems; others
have been incompatible with existing systems, posed too high risk for experimentation, or lacked other
required technology or materials.

Despite the basic reluctance of the glass industry to take financial risks, it has incorporated some technical
innovations to advantage. The float process for producing flat glass, high-performance bushings and
spinners for fiberglass; Vello and Danner processes for producing glass tubing; multi-gob, multi-section
bottle-blowing machines; and oxy-fuel firing conversions have succeeded perhaps because of lower risk
to existing facilities, or because more products of better quality and lower net cost have brought financial
reward. Some savings in energy and operations management might be realized from automating the
glassmaking process as cited in Appendix B “Automation and Instrumentation for Glass Manufacturing.”
In the ongoing debate between machine and humans, each has their role. Machines are superior in some
aspects of control because they do

not tire as observers, but the well-trained human is still superior to mindless reliance on

control devices.

Economic assessment of glass manufacturing

The current economic state of the US glass industry is mixed. The glass container segment has recently
experienced one of its best years in a decade, but has become dependent on one application—alcoholic
beverages. Competition from plastics remains a constant threat, and even in a good year container
manufacturers struggle to earn the cost of capital, which is 10 to 12 percent of sales. Growth of flat glass
and glass fiber segments has slowed from 4 to 6 percent to 2 to 3 percent in response to the sluggish US
economy. These two segments generate relatively good operating margins at 10 to 20 percent of sales and
generate cash flow. Some specialty segments are also affected by the US economy and are threatened by
imported products.

Construction of glass melting furnaces requires major capital investment, and a furnace, once started up,
cannot easily be shut down, some for as long as 15 years. Problems with new melting technologies can be
costly to fix, imposing a devastating financial penalty, impacting production and sales as well as the
company’s reputation for quality and the integrity of engineers and scientists involved.



* Energy issues

Glass melting is an energy-intensive process in a period of rising energy costs; energy represents overall
approximately 15 percent of manufacturing costs. While only about 2.2 mmBtu should be needed to melt
a ton of glass, current glass furnaces use between 3.8 and 20 mmBtu. A reliable forecast of future
availability and cost of fossil fuels could be of major value in planning and developing glass melting
technology. As customer requirements for quality have increased steadily, melting technologies have
balanced production quantity with quality, thus increasing energy usage.

Although energy usage for glass melting has been reduced over the last several decades, actual energy
consumed in melting glass is still greater than the calculated theoretical energy required. Of energy
consumed, 70 percent is used to melt and refine glass. Of that 70 percent, 40 percent of the energy from
combustion goes to melt raw materials, while 60 percent is lost through furnace walls and hot exhaust
gases.

Energy consumption by the glass industry has been reduced considerably by the development of
refractories that resist higher temperature; greater insulation of furnaces; improved combustion efficiency;
preheating of combustion air with recovery of waste heat; and increased understanding of process and
control. Further energy savings toward theoretical limits may be more difficult to obtain, as the industry
believes it is approaching practical limits in energy reduction but continues to make incremental efforts to
save energy. Some technologies are available to reduce energy consumption but savings incurred do not
justify the capital investment at the current cost of the energy. To support the required glass product
volumes and production rates, it may be necessary to develop high-temperature melters that, while
consuming more energy per unit of time, have much higher output, or less energy per mass of product.

* Environmental issues

The combustion-based melting process inevitably pollutes the air with NOx, SOx and particulates;
emissions of VOC, heavy metals, crystalline silica, fine particulate and greenhouse gas emissions are
concerns as well. Recent links of fine particle emissions to allergies and asthma in children and a $50
million study funded recently by the US Environmental Protection Agency (EPA) could lead to even
tighter regulations in glass melting emissions standards. In general, changes in the melting process driven
by environmental concerns have not led to increased production but to increased operating costs.
Investment in environmental control equipment has placed additional pressure on the glass industry’s
already low return on capital.

Ever-expanding environmental regulations force the glass industry to find alternative, cost-effective
melting technologies that maximize energy usage and reduce atmospheric emissions. Advances in glass
melting technology must be developed for environmental compliance, furnace durability and cost
effective production. Combustion regenerative and recuperative-heated furnaces must be replaced,
modified or equipped to comply with clean air laws. Techniques to recycle glass industry wastes and used
glass products must be developed. Melting tanks could be replaced with smaller, less expensive and more
flexible melting technologies.

* Capital investment issues

Glass manufacturing is a capital-intensive industry in a period of declining investments. With its long-
term returns, it is less attractive to capital investors. Experimentation in glassmaking technology is costly,
and to scale-up from experimental stage to production is difficult. The huge footprint of glass furnaces
testifies to the capital-intensive nature of glass manufacturing and presents a major barrier to growth.



Most glass manufacturers expect one-to-two-year payback for capital investments such as a rebuild. This
short-term financial expectation has led to smaller, evolutionary steps to improve the melting process
because risk is perceived to be lower than for major innovation. Higher rates of return are imposed as
hurdle rates for higher risk capital decisions and investments, resulting in slower realization of economic
benefits. With competition from an increasing variety of alternative materials and products, mature glass
products struggle to compete in price and performance.

Overall, the US glass industry does not attract new capital investment. Because of the huge capital
investment required to build a melting furnace, serious efforts are made during production to expand the
useful life of a furnace. These costs can exceed millions of dollars for large furnaces.

Current challenges

When glass-melting technology as currently practiced was surveyed, major issues of concern became
clear. With regard to batch processing, manufacturers require better quality materials and better
inventories of batch compositions. They need solutions to batch agglomeration problems; simplified,
cost-effective mechanisms for preheating batch materials; and techniques for removal of coloring
chemicals and reduction of surface foam.

With regard to melting operations, glass furnaces could be improved with better technology for energy
flexibility and recovery of waste heat. Melters might be improved by segmented, or zonal, processing.
Refractory materials could be improved for compatibility with innovative energy sources and resulting
chemical reactions. High shear forces could benefit melting and refining. Submerged batch charging and
submerged combustion also need to be considered. In the refining stage, efforts to minimize the use of
chemical refining agents are needed to reduce cost of raw materials and to minimize toxic emissions.
Effective thermal conditions, increased yield and production efficiency, and cost-effective environmental
compliance technologies also need to be addressed by the industry as a whole.

A total automation system of instrumentation and sensors could be developed for the glass melting
process from batch to finishing. At present, individual aspects of glass melting may be selectively
automated but in no comprehensive manner. Process modeling, in-process sensors and advanced controls
could be coordinated system wide to result in greater economic benefits due to waste reduction, energy
conservation, emissions control and quality regulation.

The economic conditions within the glass industry are problematic due to a long history of competition
within the industry itself, and now with other materials and products produced within the US or imported
from other countries. A new business model for the glass industry could standardize processing and
materials composition within manufacturing segments. Competition between individual glass
manufacturing companies has been intense throughout the history of the industry and intellectual property
rights and proprietary interests have been fiercely protected. Different industry segments have different
needs; for example, float and fiberglass sectors have less need for furnaces with production rate or
composition flexibility than do the container and specialty sectors.

Collaboration between industry and government national laboratories for technology development
promises to be the best scenario for confronting the challenges that face the US glass industry.
Coordinated efforts could improve buying power and lower capital costs. Reliable predictions of future
increases in energy costs could provide the incentive for the glass industry to develop improved energy-
saving technologies. This model has been conceptualized as “Glass Inc.”



The issue of funding for research and development is of great concern. Fear of failure and aversion to risk
by a single manufacturer in an industry threatened by a shrinking market sector could hamper
collaborative efforts. A public-private partnership could provide the resources with which to research and
develop new energy-efficient technologies that would benefit the whole industry. The needed investments
are too costly and the risk too great for individual glass companies

to fund these technologies alone. Investment decisions consistent with public goals and private business
criteria could be based on proven technology developed cooperatively between industry and government.

Advancing glass melting technology

To improve the process of glass melting, an emphasis on research of methods for preheating batch and
cullet, rather than melting itself, could hold the most potential. Preheating is a means to accelerate
dissolution in the fusion process and reduce refining time. Energy and capital efficiencies of the glass
melting process could be improved by a host of promising technologies in new materials, combustion and
control systems. Glass industry professionals increasingly believe that radically different ways to melt
glass, rather than gradual improvements, will realize the vision of the DOE “Roadmap” for 2020.

Glass manufacturing is one of mankind’s oldest industries. Yet glass manufacturers must continue to
seek dramatic ways to improve combustion techniques, develop refractories compatible with advanced
technologies, regulate quality of raw materials, and develop glass formation process controls. Industry-
wide solutions must be developed in the immediate future if glass manufacturing in the United States is to
remain a viable industry.

In the six chapters of this report, the state of the glass industry in the United States is assessed from a
number of viewpoints. Current technical issues are presented via an overview and an account of melting
practices. Economic issues are reviewed from the perspective of glass manufacturers. Innovations in glass
technology that have been researched and developed are presented in sufficient detail to evaluate their
feasibility for review. The collective recommendations by glass manufacturing authorities and the
findings of the study are presented for future consideration. The extensive appendices provide the basics
of glass melting, details of automation control systems, technology innovations in research and
development stage, literature and patent references, a glossary, and contributor references. This
comprehensive document has been designed from the outset to serve as a major reference resource for
industry, government and academe on the status of glass melting technology at the start of the twenty-first
century.
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Chapter | Technical Assessment of Glass Melting

1.1. Status of melting technology

Glass manufacturers generally consider current glass melting practice to be adequate—
efficient and reliable. Yet the process, an adaptation of the technology developed in the
1860s by the Siemens brothers, today lacks the capability to meet demands of 21%
century glassmaking. Typical of a mature industry, the glass industry has been reluctant
to alter the principles of an aged manufacturing process, especially since adaptations over
this long period of time pose less risk than new technologies that might conserve energy,
reduce emissions, and minimize capital investment.

Most current melting technologies have been evolutionary, rather than revolutionary,
only answering critical problems that could not be overlooked. With the evolution in
furnace design, traditional glass melting has been improved by employing advances in
combustion, refractories, raw materials, and glass forming process control. New
technology has been adopted or rejected depending on whether it was appropriate for
manufacturing in a given industry segment. This evaluation has been based on
established priorities of quality, economics and process compatibility.

Melting technologies that have evolved in response to ongoing customer requirements for
quality glass are primarily adaptations to the continuous melting furnace developed in
response to manufacturers’ expectations for shorter, one-to-two-year payback on capital
investment. Past innovations in the glass melting process have focused on adapting
combustion-heated furnaces to comply with clean air laws; developing techniques to
recycle industry waste and used glass products; extending furnace lifetimes; and
replacing large melters with smaller, less expensive, more flexible melting technology.
Improvements to the traditional furnace technology have indeed resulted in lower energy
requirements, improved furnace life, better implementation of pollution control
equipment and advanced instrumentation for process control.

Advances in the glass melting process have been made in many other areas, such as
selection of raw material mixtures; increased heating potential of energy sources and
enhanced heat transfer; improvement of furnace construction materials; acceleration of
key chemical reactions within the glass melt; and removal of gas bubbles in refining.

But these improvements fall short of what is needed to advance glass melting. For
example, changes in the melting process to meet environmental requirements have
generally not led to increased productivity but have increased operating costs, further
reducing the glass industry’s low operating margins. These evolutionary improvements in
melters have proved efficient and reliable enough that the fundamental aspects of the
Siemens technology have never been replaced with alternative, advanced technology.
Incremental, evolutionary improvements in technology have been favored over bold,
radical changes because of the industry’s aversion to risk and the high cost of failure. For
the conservative-natured glass industry, the risks of failure have been considered too high
and the return on investment too uncertain.



However, the challenges that face today’s glass industry demand serious consideration of
alternative melting technologies. Because of stricter environmental regulations,
uncertainty of future costs and availability of energy resources, and scarcity of capital for
facilities and operations, glass manufacturers must look ahead and make a concerted
effort to advance glass-melting technology.

Any nationwide, collaborative effort to develop new glass melting technologies has been
hampered at the outset by the divisive nature of the industry, which is fragmented into the
four specialized segments of float glass, container glass, fiber glass, and specialty glasses.
These segments themselves are further fragmented into sub segments. The segments have
different glass chemistries, different products, different equipment, and different
properties, complicating even further any attempts to advance glassmaking technology.

The common theme for technical improvement of the glass melting process that emerged
from this study was that development of glass melting technology should focus on
individual components of the glass fusion process and perhaps separate each function by
process segmentation steps. The technology for segmenting the glass melting process is
considered by industry experts to hold the most promise for a revolutionary and
innovative glass melting system. As energy costs escalate, intensifying and optimizing
the various aspects of melting and refining become attractive for technology
development. The consensus of experts consulted for this study was that priorities for
considering innovative technology should be given to technologies that will require lower
energy costs for operation and lower capital costs for operations and facilities.

The areas with most potential for melting improvement include batch and cullet
preheating; a driven process to accelerate shear dissolution in the fusion process; and
innovative means of reducing refining time. Development of new glass melting
technology will be stimulated by:

* higher quality requirements;

* reduced emissions and complying with environmental regulations;

« improved fuel efficiency and development of alternative melting fuels;

* lower capital costs;

* capital productivity;

* improved flexibility of operations;

* lower final glass product costs;

* new glass melt compositions;

* improved worker ergonomics;

* recycling manufacturing waste;

» adapting glass melting against metal containers;

* updated skills of operating personnel,;

* intensifying competition with alternative materials.

1.2. Historic melting processes

Prior to introduction of the Siemens furnace in the mid-19" century, glass was produced
on direct-fired pot melters, in which batch was introduced into the melter, then refined
and manually gathered and produced into an object. The Siemens furnace accelerated the
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process when it introduced continuous glass production in a configuration that
incorporated waste heat recuperators and used liquid or gaseous fuels.

Whether the furnace is regenerative, recuperative, electric or oxy-fuel fired, glass is
produced in continuous melting tank furnaces. In each type of furnace, the mixed batch
floats on the surface of previously produced molten glass. The overall rate of melting
fusion depends mostly on the surface of the molten glass. Consequently, surface area of
the tank is defined by expected output. Depth of the glass is more dependent on glass
chemistries and color variables, and is variable because of the reliance on convection
currents. A large inventory of glass within the melting furnaces reduces flexibility in
changing glass composition or glass color. (Barton, ICG, 1992)

Few revolutionary melting technologies have been commercialized in over 130 years
except for the continuous all-electric melters developed in the 1930s and the PPG P-10
system developed in the 1980s. Despite potential financial consequences, the industry has
pioneered advances in glass forming technology such as the Pilkington float process for
producing flat glass; the Corning fusion process and the high speed ribbon machine for
making light bulbs at the astounding speed of up to 2,500 per minute; high-performance
bushings and spinners for fiberglass; Vello and Danner processes for producing glass
tubing; and multi-gob, multi-section bottle-blowing machines. These technologies
attracted interest because of their low risk to an existing facility. They promised financial
rewards with production of more and better products at lower net cost.

Revolutionary changes in glass melting technology have mostly involved heating and
energy processes: (1) conversion to the continuous melting process and use of waste heat
recovery for combustion air preheating before 1900 up to the turn of the 20" century; and
(2) the use of 100 percent electrical energy to melt glass, which was commercialized
before mid-20" century. Over the past two decades, innovations in furnace melting
systems have changed from being developed by glass manufacturers’ in-house
engineering groups, who have sought lower manufacturing costs or increased
productivity, to specialized architectural and engineering (A&E) organizations, who have
sought licensing fees and contracts for new facility construction or furnace rebuilds.
More innovations in glass technology have been developed in Europe, primarily in
Germany, and in Asia, especially Japan. These areas were historically faced with higher
energy Costs.

The glass industry has readily accepted new technology when it has been demonstrated to
operate successfully, and when other manufacturers have become aware of its
performance. Oxy-fuel technology, for example, has been accepted by almost 25 percent
of the glass furnaces in the US during the 1990s following its successful installation at
Gallo Glass in California. Oxy-fuel technology is also being accepted by the industry
because it operates on principles similar to conventional furnaces, especially unit melters.
It also meets other requirements and has been proven to be a relatively low-risk method
for improving glass melting.
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1.3. Industry perspectives on current technology

With regard to current glass melting technology, leading glass manufacturers have eight

major concerns. Each of these concepts deserves consideration and understanding of how

it could affect decisions on adopting advanced technology.

Can capital and operating costs for glass melting be justified by market demands?

Energy savings are driven by net cost savings only.

Higher capital productivity can justify higher operating costs.

The glass industry has a short-term technical and economic horizon.

All glass industry segments are averse to both technical and economic risks.

Perceived differences among industry segments limits interest in collaboration

despite the common concerns for melting, particularly environmental issues.

7. Without changes in key motivations, the industry is not interested in a consortium
to develop a large-scale melting unit.

8. Motivation to change glass-melting practices, develop new melting technology
and collaborate on costs and risks could result if the future of energy, capital and
environmental regulations were clearer.

Uk wd P

1.3.1. Quality costs

In most of the product segments, customers have steadily increased their demand for
quality glass over the past few years. Increases in glass melting production rates and
reductions in operating costs conflict with obtaining the highest glass quality. And since
melting technology influences glass quality, melting technology must change. All current
melting technologies have a substantial trade-off between quality requirements and
production rates, particularly in the higher volume, traditional glass industry segments.
(See Figure 1.1.)

Use of additional energy in the melting process can improve quality or production rate or
both. Conversely, reduction of energy consumption for a furnace may require reduction in
pull rate or deterioration in glass quality, which is not a viable option. Mandatory use of
post-consumer cullet causes product quality problems when using current melting
technologies. Several recent changes in glass melting practice, such as use of corrosion-
resistant, high-zirconia, fused-cast refractories for higher temperatures and oxy-fuel
melting conversions to produce TV tubes and lead crystal, have resulted from quality
requirements.
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Figure 1.1. Quality, Energy, Throughput Choices.

1.3.2. Energy savings

Actual energy consumption for melting glasses is greater than the calculated theoretical
energy despite reductions in energy used for melting over the last several decades.
Minimizing energy cost per ton of glass produced is more important than reducing energy
content measured in thermal units. This means considering reducing the cost of energy
as well as reducing the actual number of Btu’s consumed.

As energy efficiency in glassmaking has evolved over the last 100 years, furnaces have
been converted from coal producer gas to high-caloric fuels of oil and natural gas.
Fused-cast AZS refractories have replaced low-grade aluminosilicate refractories for
glass containment to allow higher glass melting temperatures, greater use of insulation
and longer furnace campaigns between cold repairs. Regenerators have been enlarged
with improved checker design and structure. Post-consumer glass is being recycled.
Larger furnaces are producing greater throughputs.

Modern glass melting still requires a high-temperature device that consumes a significant
quantity of energy to achieve production quality volumes and rates. Although
technologies are already available to reduce energy consumption, in most cases, the
capital investment costs for energy-saving technology exceed the value of potential
savings at current energy (natural gas and electricity) rates. Some proven energy
reduction melting technologies go unimplemented, and other concepts have been
identified to reduce energy consumption further.

Energy consumption records from glass melt furnaces show improvement. To melt one
(1) ton of container glass, an average level of 40 GJ energy (34.4mmBtu/short
tons)(1GJ/metric ton=0.86 mmBtu/short ton) was used in 1920. In 1970, energy
consumption of 8-9 GJ/ton molten glass was typical in this sector. In 1994, the energy
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consumption level was 5.5 GJ (6.9-7.7mmBtu/short tons) per ton of molten container
glass in Europe.

Glass furnace energy consumption includes the fuel input of the melting furnace,
electricity for boosting, oxygen for firing the furnace, (primary energy, including electric
energy of one (1) kWh/MJ and oxygen consumption of one (1) m*® oxygen, is 0.33-0.36
MJ). These figures do not include the energy consumption of downstream devices, i.e.,
distributors, forehearths, etc., and air pollution equipment. Comprehensive statistics for
glass melting energy of glass furnaces in the United States have been difficult to obtain.
(See Figure 1.2. for Energy Consumption of 123 Glass Furnaces.)
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Figure 1.2. Energy consumption of 123 glass furnaces globally, ranked low to high.

Financial models that justify development of technology and capital investment for
energy reduction make assumptions about future cost of energy. However, future cost
and availability of energy is uncertain. The underlying assumption of these financial
models, usually not explicitly stated, is that the energy needed will be available in the
quantity and form the technology requires. Energy has been readily available during the
past 25 years, and the “Annual Energy Outlook” of the Energy Information
Administration in the US Department of Energy forecasts relatively low energy cost
escalation to 2025. (Editor’s Note: Given recent developments (2004), this forecast is
now questionable). Value of the energy saved at the current cost of energy with an
assumed low rate of cost escalation is insufficient to justify many energy-saving
technologies, particularly technologies that require significant capital investment.

Increased volatility in some energy prices, such as natural gas, may cause some glass
manufacturers to consider alternative scenarios for future energy. In consultation with
glass industry experts over the effects of energy costs three to five times greater than the
current energy costs, we conclude that if forecasts of the future were to predict significant
increases in energy costs, the glass industry’s interest in developing energy-saving
technologies, or alternative energy sources, would increase dramatically. Without
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credible forecasts that energy costs will escalate in the future, aggressive pursuit of
revolutionary changes in glass melting technologies to save energy probably will not
happen.

European energy conservation efforts

A study of European furnaces in 1999 has provided glass-melting energy benchmarking
for European furnaces. (Ruud Beerkens, TNO, 2001 Conference on Glass Problems)
Energy-intensive industries in the Netherlands participated in the program for the Dutch
government to apply energy efficiency benchmarking to decrease national energy
consumption and CO, emissions over a 12-year period. Companies that participated in
the program were in the top 10 percent of energy-saving industry practices. One
incentive of the program was to be exempt from CO, tax and obtain more flexible
permits.

The European furnaces that were investigated provided statistical data on energy
efficiency based on furnace size, age of furnace, cullet-to-batch ratio, specific load, type
of furnace (end port, oxy-fuel fired, cross-fired regenerative, recuperative, all-electric),
and glass color. The most energy-efficient furnaces appeared to be large end-port
furnaces (>250 metric tpd), particularly those with large regenerators or those equipped
with a cullet or batch preheater system. The most energy efficient container glass furnace
was found to be a natural gas end-port furnace that performed at 3.9 GJ/ton molten glass
(3.3 mmBtu/short ton) at a level of 50 percent cullet. The most energy efficient float
glass furnaces were found to be regenerative furnaces that showed energy consumption
levels between 5 and 5.5 GJ/ton molten glass (4.3-4.7 mmBtu/short ton).

The most energy-efficient furnaces overall showed energy consumption of 3820-3850
MJ/metric ton of glass (3.29-3.31 mmBtu/short ton), based on 50 percent cullet with
primary energy consumption from electricity. Statistical analysis of the European study
showed that glass color at the 50 percent cullet ratio does not affect specific energy
consumption. This study showed that energy consumption values as a function of the
melting load exhibit higher pull rate and required lower energy per ton. Some of the
furnaces studied were equipped with cullet preheaters or combined batch-cullet
preheating systems.

Oxy-fuel container furnaces proved to be no more energy efficient that regenerative
container glass furnaces when accounting for energy required for oxygen generation.
The average end port furnace with a melting capacity above 200 metric tpd requires 6 to
7 percent less energy on average than the oxygen-fired furnace that requires oxygen
production. Modeling of energy balance for glass furnaces indicates that 10 percent
exchange of normal soda-lime-silica container glass batch by cullet will lead to 2.5-3
percent lower energy demands for melting. A rough correlation between cullet ratios to
energy consumption of 123 container glass furnaces shows an increase from 50 to 60
percent cullet to 2.3 percent energy savings. Thus, the influence of the cullet ratio on
energy consumption appears to be less than expected from the energy balances.
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Special energy consumption, normalized to 50 percent cullet in the batch and primary
energy equivalents, increased on average with 0.8-0.9 percent per year of age for the 123
investigated glass furnaces. This means that during five to 14 years of furnace lifetime,
energy consumption may increase by seven to 10 percent due to refractory wear, which
causes greater wall heat losses, air leakage, insulation wear, or plugging and fouling of
regenerators. For large end port regenerative and recuperative LONOx melters with cullet
preheaters that use 70 percent cullet, energy consumption levels were about 3.7-3.8
mmBt/short ton (normalized to 50 percent cullet).

The Sankey diagram (Figure 1.3.) of energy flows in the most energy-efficient container
glass furnace—cross-fired regenerative furnace without electric boosting—75 percent
cullet, with batch preheating. About 49 percent of the energy input was used for heating
the glass and the fusion reactions. Glass melt energy represents sensible heat of the glass
at throat temperature.

Energy units Mj/Kg (MBtu/Short ton) molten glass
IMj/Kg = 0.86 MBtu/Short ton

Fuel
combustion
Preheated batch ent l’:"ll"}"
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Flue gas 0.71
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Cooling 0.300
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Glass melt  1.71 (1.47)
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Structural heat
losses 0.480 (0.413)

Figure 1.3. Crossfired regenerative 70-75% cullet and batch preheat Sankey diagram from
Ruud Beerkens, TNO; represents one of the 10% most energy efficient furnaces
(container glass) in Europe

The general consensus of European glass manufacturers is that batch preheating can
potentially decrease specific energy consumption by about 10 to 15 percent. By
increasing cullet for raw material by 10 percent, energy input requirements could be
reduced by 2 to 5 percent. As the lining of the furnace deteriorates with age, energy input
requirements can increase by 0.1-0.2 percent per month.

1.3.3. Operating costs for capital productivity

With few new glass plants being built in the US over the past few years and additional
production needed to meet market demand, glass manufacturers have attempted to
increase productivity by increasing output from established furnaces. Since space in
most glass plant facilities is limited, the possibilities for expansion of furnace size are
limited, and capital cost to build new furnaces is high. Manufacturers may choose to
accept the extra cost of melting per ton of glass by increasing production with electric
boosting of fossil fuel or adapting to oxygen firing.
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Capital-intensive manufacturing businesses such as glass have struggled especially in the
past 10 years to earn rates of return that exceed corporate capital costs. This concern for
capital productivity has been a major stimulus for research and development of glass
melting technology. Because the cost of building large furnaces can exceed $20 million,
less capital-intensive, smaller furnaces have found a place in the glass industry. Even
though they are less energy efficient and more expensive to build per unit of glass
produced, they are more flexible for meeting marketing demands and rebuild time is
short.

Furnace life

As a trade-off for improved capital productivity, manufacturers accept some deterioration
in energy efficiency and production capacity by delaying “cold rebuilds.” While
operating an aging furnace, manufacturers also risk catastrophic failures and unplanned
production outages that affect their ability to meet their commitments to customers. By
extending furnace life, capital investment can be deferred as long as possible, usually
until quality, safety, or production demands are jeopardized. Furnace life varies with
glass composition, type of refractory used, and operating factors such as quantity of glass
produced each year in the furnace. Typically, furnace life is five to 14 years for
traditional, large-volume glass products.

The industry is more willing to consider a revolutionary concept to develop a melting
system with lower construction costs as they relate to capital investment and meeting
environmental regulations. At present no manufacturing segment has a standardized
melting furnace, in part because the industry has continually optimized furnaces to
balance demands for specific production rates, glass quality, acceptable energy
consumption and useful life.

Refractories

Longer refractory life is an important goal in advancing glass-melting technology.
Industrial glass melting furnaces are constructed with a number of different
classifications of refractories. Refractory materials are selected for properties that serve a
specific purpose. Many factors influence the choice of a suitable refractory for a given
application. In some cases, maximum service temperature may be the deciding factor. In
others, high refractoriness must be coupled with resistance to thermal shock. Chemical
resistance to batch, raw material components, metals, refractory erosion slags, or
disintegration by reducing gases may be most important factors. High insulation value
might be desirable in some cases, or high thermal conductivity in others.

High-temperature properties of refractories depend mainly on their microstructures,
particularly bonding structures and the presence of low-melting components. The
properties of refractories that can be determined most readily are chemical composition,
bulk density, apparent porosity, apparent specific gravity, and strength at atmospheric
temperatures. These properties may be used as controls in the manufacturing and quality
control process. At elevated temperatures the key determining properties of refractories
are hot modulus of rupture, hot crushing strength, creep behavior, refractoriness under
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load, physical and thermal spalling resistance, dimensional changes (elastic modulus,
thermal expansion, and growth from chemical alteration), and thermal conductivity.

Glass chemistry type and raw material properties determine which volatile species will be
present after chemical reactions. The type of burner and physical location of burners
determine if carryover of raw material components will be an issue. Operating
temperatures, as well as the degree of insulation, define which reaction mechanisms may
occur. Superstructure applications require load-bearing capabilities in addition to
resistance to volatile or carryover attack.

1.3.4. Short term technical and economic horizon

Financial justification to replace a facility or to rebuild, as well as to maintain and support
projects, has become more intensely scrutinized. Because most glass manufacturers have
a short-term financial expectation—one to two-year payback—for capital investments in
an established business, technology for the glass melting process has been improved
through smaller, evolutionary steps. This approach is perceived to carry a lower risk than
investing in revolutionary technology that might have higher rates of return but would
take longer to realize economic benefits. Some innovative technology proposed with a
three to five-year payback has gone unfunded because financial decision makers consider
the time horizon to be too long.

1.3.5. Aversion to technical risks

Given the present economic climate, manufacturers accept certain established furnace
designs as the standard for their individual segments of the glass industry: large
regenerative side port furnaces by float glass (although oxy-fuel firing for float glass
melting has been demonstrated in three, full-scale commercial operations); large
regenerative end port furnaces by container glass; and oxy-fuel furnaces for melting TV
glass and E-glass fiber reinforcements.

However, environmental and glass quality factors may influence more conversion from
air-fuel to oxy-fuel in the float glass segment, despite the high cost of electricity to
produce the oxygen in some areas of the country.

1.3.6. Similarities and differences among segments

The four major glass producer segments—float, container, fiberglass, and specialty
glasses—share a number of concerns, yet they differ in various ways that tend to hamper
broad-based, industry-wide collaboration. Different melting technologies are preferred
within each segment. Raw materials differ from segment to segment, as do requirements
for product quality and metrics for quality measurement. To be compatible with the most
productive fabrication processes of their particular glass products, manufacturers require
other properties, particularly temperature versus viscosity and coefficient of thermal
expansion. Furnaces differ in size and employ different melting technologies, thus
requiring different capital and varying operating costs.

Yet these segments have much in common. All produce silicate-based glasses. All glass
manufacturers employ melting technology that involves high-temperature fluxing of
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silica sand with a variety of industrial minerals to produce a particular glass. The industry
segments share common concerns: purchase of batch materials, purchase of energy, and
melting of batch and cullet.

Moreover, they are concerned about such issues as environmental compliance and
delivery of high-quality glass to downstream operations. Other areas of common interest
include oxygen combustion; electric boosting; bubbling; and batch preheating. Each
segment faces different challenges to comply with governmental regulations.

Environmental concerns of segments

Some technologies are better than others in their degree of environmental pollution. The
melting process within combustion-based melters inherently pollutes the environment
with NOx, SOx, and particulate emissions. Cold-top electric melters do not emit these
pollutants. However, the higher temperatures of electric melters lead to shorter furnace
life, and cost of electric power is higher than that of fossil fuels. Conventional furnaces
have faced ever-increasing requirements for reduced air emissions. Particulate matter
from batch volatile components, i.e., SOXx, alkali or borates, all require some level of
control under regional, state and federal regulations. All add-on devices require high
capital and operating costs but do not improve productivity. Many factories have space
restrictions that prevent add-on options. Regenerative furnace designs with chrome-
bearing refractories may need to be adapted due to more restrictive waste disposal
regulations.

Alternative technologies must be compared with conventional furnaces based on all
configurations that meet emission control requirements. Particulate control involves a
variety of process modifications, batch adjustments, or add-on devices such as bag houses
or electrostatic precipitators. Adjustments to sulfur-containing batch components or add-
on wet or dry scrubbers are needed to control SOx from low-sulfur fuels. Modifications
to the combustion process, changing temperatures and reaction possibilities, and post-
combustion gas treatment revert NOx back to N,.

Emissions from a glass furnace fired with fossil fuels take the form of combustion
products, namely oxides of sulfur, thermal NOx, and carbon dioxide. Other emissions
arise from particulate carryover and decomposition of batch materials, particularly CO,
from carbonates, NOx from nitrates, and SOx from sulfates. Sulfate is required in
modest levels as a refining agent as well as to promote oxidizing reaction. Emissions
from low level halides or metals and fluoride formulations may also occur where these
raw materials are present in a batch.

Emissions of all volatile batch components are considerably lower in electric furnaces
than in conventional furnaces due to the reduced gas flow and absorption, condensation,
and reaction of gaseous emissions and the heat from the melt. However, electric melting
is not currently in use in the US for large volume glass production (>300 tpd). Production
of continuous filament E-glass using 100 percent electric melting is not considered
economically or technically viable. Higher alkali insulating wool fiberglass can be
produced in cold-top all-electric furnaces, up to 200 tpd. A number of these furnaces
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have recently been converted to oxy-fuel firing to obtain lower operating costs and
greater operating flexibility, i.e., longer life, use of recycled cullet, and broader range of
pull rates.

1.3.7. Stimuli for melting technology development

The general assumption throughout the industry that the next 20 years will reflect the
trends in glass manufacturing for the past 20 years could be countered by reflections on
environmental regulations for glassmaking; energy availability and costs; and capital
availability and cost.

More restrictive environmental regulations imposed on glassmaking by government are
perhaps the most important factor. Environmental issues for the glass industry include
emission of NOx, SOx, VOCs, heavy metals, crystalline silica, fine particulate, and
greenhouse gases. While the US glass industry has improved environmental performance
considerably over the last several decades, it may face even more severe environmental
regulations in the future, especially with regard to particulate emissions. The US
Environmental Protection Agency (EPA) has recently committed $50 million to study
fine particulate emissions. Community health organizations are concerned about the link
between fine particle emissions and allergies and asthma. Without changes in key
motivations, the industry is not interested in a consortium to develop a large-scale
melting unit. To comply with stricter environmental demands, the glass industry would
need to develop cost-effective compliance technology that does not create greater
complexity in operations.

Uncertainty around energy availability and relative cost of fossil fuels versus electricity
are other factors that could affect the glass industry’s future. The industry could be
driven to change melting practices if energy costs should escalate substantially within the
next few years. A reliable forecast of energy costs would be valuable in planning and
developing glass technology. If energy costs do escalate, interest might be kindled in the
technology of segmentation of melting and refining and intensifying and optimizing each
segment.

However, although incremental efforts to save energy and reduce heat losses are ongoing,
the amount of energy that can be saved in the future is much less. The industry believes
it is approaching practical limits to further step changes in energy reduction. Although
technologies are available to further reduce energy consumption, the expected energy
savings from these technologies are not sufficient to justify capital investment at the
current cost of energy and cost of capital.

Although the glass industry is highly competitive, efforts such as the DOE-sponsored
Glass Industry Vision have helped define interests and priorities for melting process
improvements that could strengthen the industry nationwide. Problem solving and
common interests have been shared in forums such as the Glass Problems Conference
and the Glass Manufacturing Industry Council. Manufacturers have also cooperated in
responding to environmental regulations.

20



1.4. Motivation to advance melting technology

Much of the industry surveyed for this report assumes that glass-melting technology will
continue in the next several decades at the same direction and pace as it has for the past
several decades with higher energy costs, higher environmental standards, and higher
capital costs. This assumption could be altered by several emerging factors. Costs of
capital investment and operations to comply with environmental regulations threaten to
increase in the future. Greater efforts are being made to restrict emission limits and a
broader base of regulatory agencies has been established with the passage of the Federal
Clean Air Act Amendments of 1990 and 1996. Melting processes must change to
comply with these regulations. But no matter what the layout of a glass plant and its
production equipment for a given melting technology, glass-melting furnaces require
substantial capital investment. The industry is comfortable with known processes upon
which it can rely.

To attain expected levels of thermal efficiency, conventional melters rely on a number of
design and operational aspects. Up to 15 percent of glass manufacturing costs go for
energy to melt batch materials. To improve fuel efficiency would reduce costs to some
extent, but the industry has not been motivated due to a lack of sufficient forecasting for
future energy costs, making it difficult to justify R&D of energy efficient technologies or
alternative fuel source devices. Refractory design, material composition, and insulation
have improved to increase furnace performance. Waste heat recovery using regenerators
and recuperators returns useful energy to the combustion process. Operating equipment,
instrumentation, combustion control, and even batch preparation have contributed to a
continuing trend of lower energy per ton of glass melted.

Some alternative raw materials, such as optimum mixed alkalis or lithium compounds,
can be used to reduce total melt energy from 2 to 5 percent. In conventional furnaces

such savings may be undetected or lost in the noise of inaccurate energy measurements
because most furnaces have thermal losses greater than 50 percent of the input energy.

Technical areas that could have the highest impact on glass melting advancement would
have the following criteria: ability to produce good glass economically; adaptable to
existing as well as advanced glass melting systems; ability to generate predictive
technology models; and benefit to all four industry segments. Specifically, these priority
areas are as detailed below.

1. Microscopic batch melting: Since the batch pile is a major source of defects in the
melt, a better understanding is needed of the sequence of batch reactions during
prereaction and preheating and control mechanisms for agglomeration and segregation
within the batch. This would allow the batch pile to be integrated into computer models
of the melt for liquid formation and gas release, which would be combined to predict
foam generation in the reaction zone. To model this reaction, experimentally measured
gas solubility in molten salts and low-silica melts is needed.

2. Macroscopic batch melting: Experimental methods to measure the flux of defects
into the convecting melt from the batch layer could be used directly in existing defect
models. Models of batch layers based on measured thermal and rheological properties are
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needed to describe the batch layer in fluid flow/heat transfer models. Measuring these
transient properties in the presence of strong temperature gradients requires new
experimental methods.

3. Dissolved gases: Models of gas exchange and fining are limited by two major
problems. Experimental solubility and diffusivity measurements must be accurate
absolutely, not just relatively. Values accurate to a factor of two are adequate for fining
models, but accuracy within 10 percent is needed for locating sources of bubble defects,
especially for reactive gases (H,O, O,, SO,, CO,). Next, sound theoretical methods and
efficient computer models are needed for diffusion with reaction (e.g. O, SO,). The
concept of melt structure and oxygen bonding must be more rigorous. When these
problems are corrected, gas exchange in real systems that contain multiple reactive gases
and multiple polyvalent ions can be treated reliably.

4. Foams: Fundamental understanding of foams in melters is lacking, despite their
importance in both heat transfer and fining. By understanding what determines the
stability of glass bubbles on surfaces and measured composition and property gradients
that occur in films, models could be constructed for residence time of a bubble on the
melt surface before it breaks or reenters the convection flow and leads to foam breakage
rate models.

5. Melt redox reactions: With successful development of electrochemical and other
measurement methods for the oxidation state of each polyvalent at temperature,
interactions of multiple polyvalent ions in melts will be better understood.

6. Radiative heat transport: With the availability of laboratory methods to measure
spectral absorptivities at high temperatures, models could be developed to measure and
predict the absorptivities of compositions and redox conditions not already measured.
Scattering from particles and bubbles to deal with heat transfer near the batch layer and in
the fining zone should be modeled.

7. Homogenization: A mathematical model of charge-coupled multi-component
diffusion in melts is not available on a theoretical level. On an applied level, the reliable
models to predict removal of cord require: Computational Fluid Dynamics (CFD) models
of the efficiency of mechanical stirrers as well as the incorporation of mass diffusion into
CFD models of convective flow in furnaces. For these models, measured diffusivities of
cations in melts and a theoretical basis for predicting diffusivities from composition are
needed. At a basic level, a standard method to describe inhomogeneities in glass is
needed, perhaps in terms of local concentration variations. A practical method to
measure flow velocities and directions in melts to verify basic flow models is also
needed.

8. Defects: While a fundamental model for removal of stones and knots by dissolution
with shear would be helpful, the greatest need is for practical methods to verify defect
models by sampling from operating melters and by in situ measurement of defect
concentrations and sizes.

9. Volatilization: Volatilization rate is controlled by both gas-side and melt-side
transport resistance in most practical cases. A simple model of this two-step process,
together with extensive measurements of volatilization rate from large glass melt surfaces
with controlled gas velocities, would provide better control over this important process.
10. Refractory/melt interaction: Local corrosion rates in melters are still predicted by
end-of-campaign examinations. The need to design the melter more fundamentally
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would be possible with a more detailed thermal and flow modeling around troublesome
features such as throats and electrodes. Better laboratory simulation methods are needed,
particularly for upward drilling corrosion rate. The corrosion process is better understood
with measured density, viscosity, and surface tensions of melt compositions partially
saturated with refractories, and measured diffusivities under conditions of refractory/melt
interfaces. These should be incorporated into models of composition profiles in the melt
near the refractory interface that includes density-driven convection. Examination of
mechanisms and experimental measures of refractory blistering are also needed.

11. Electrode corrosion: Melt reaction with electrodes is also a fundamental barrier to
higher melting temperatures. No models are available for corrosion of electrodes with
redox reactions. Active bubbling on electrode surfaces also creates an especially serious
condition. The mechanisms that control bubble generation rates on powered electrodes
are not clearly understood; models that link bubble generation to electrode corrosion are
needed.

12. Thermodynamic modeling: Thermodynamic tools used in process design by other
high-temperature chemical industries are just beginning to be used widely in glass
melting. These tools are potentially useful for predicting conditions for phase separation
in the glass melting process. Chemical activities used in place of concentrations could
markedly improve understanding of diffusion-controlled processes such as
homogenization, volatilization, corrosion and crystal growth. For these tools to be useful,
solution models for the free energies of melt components over the entire range of
commercial glasses are needed. These models will require both theoretical work and
measurement of activities in multi-component melts to test the free energy models such
as measured vapor pressures over silicate melts.

13. Sensors: A larger effort should be made to measure conditions inside melters, given
the importance of verifying the computer models already available. Even the continuous
long-term measurement of temperature in combustion spaces has not been fully mastered.
In-melt temperature sensors corrected for radiation transport and the ability to measure
heat flux at refractory interfaces are also needed.

1.5. Conclusion

The technology for glass melting used in the US glass industry today has evolved from
the Siemens continuous melting furnace of the 1860s into a design that is adequate and
familiar. Glass manufacturers have operated in an extremely conservative way to avoid
the risk of systems failure. But increasingly stringent environmental regulations,
uncertainty of energy sources and costs, and high capital costs suggest the importance of
exploring alternative glass melting technology.

Past innovations to the melting process have been adaptations to comply with clean air
laws, recycle industry waste, extend furnace life, and devise more flexible melters. But
more improvements are needed. Research for this report indicates strong industry interest
in pursuing technology for segmenting the glass fusion process.

During the 20™ century, few revolutionary melting technologies have been

commercialized. Exceptions include the all-electric melters developed in the 1930s and
the PPG P-10 system developed in the 1980s. Advances in glass-forming technology that

23



have evolved with little risk and substantial financial reward to industry have included
the float glass process for flat glass; the fusion process used for 0.6mm thick active
matrix glass for laptop and flat screen TVs; high-performance bushings and spinners for
fiberglass; glass-tubing processes; high-speed ribbon machines for lamp envelopes; and
multi-gob, multi-section bottle-blowing machines. The glass industry will accept new
technology when it is demonstrated to operate successfully and when other manufacturers
become aware of its performance.

The overriding sentiment in the glass industry is that future glass-melting technology will
evolve at the same pace and in the same manner as it has for the past few decades,
addressing problems with minimal risk and necessary capital investment. The most
prominent areas for improving melting technology include batch and cullet preheating,
acceleration of shear dissolution in the fusion process, and reduction of refining time.
The development of new technology will be stimulated by higher quality requirements;
stricter environmental regulations; cost and availability of fuel; capital costs; capital
productivity; need to improve flexibility of operations; reduction of product cost; new
glass compositions; better worker ergonomics; need to recycle waste glass; and
competition with other materials and imported goods. Synthetic fuels, generated by the
glass industry or in combination with other energy intense industries for generation of
lower cost energy may be a future consideration.

In this study, glass manufacturers expressed eight major concerns about current
operations for glass melting. Their concerns ranged from unknown costs of capital and
operation required for quality production to unknown future costs of energy and federal
regulations. To manufacturers, minimizing energy cost per ton of glass produced is more
important than reducing energy content measured in thermal units. Energy conservation
technology has advanced further in the European glass industry than in the United States
due to stringent government regulations in Europe.

Cost-effective environmental compliance technology may become a critical need as
government restrictions continue to intensify. Reduction in energy usage has been
achieved over the past few decades to the extent that the amount of energy that the
industry uses is approaching the practical limits to further step changes in energy
reduction.

Although the glass industry has been defined as a mature industry, it lacks the degree of
standardization and common interests in technology and operations characteristic of a
mature industry. The glass industry is fragmented due to the segmentation into four
major glass areas of production that are further divided into sub-segments. Each industry
segment, and even individual companies within a segment, operate several different
furnace designs and use different melting technologies.

Capital availability and energy cost could impact the future of glass melting technology.
Changes in tax incentives for capital investment, i.e., a tax credit for adoption of best
practices, could stimulate new investment and changes in glass manufacturing. Low
capital costs could stimulate creativity in the capital-intensive industry as vacuum
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refining, higher performance refractories, and new glass products would be of more
interest if capital investment hurdle rates were lower.

25



26



Chapter 1l Economic Assessment of US Glass Manufacturing

I1.1. Economic overview

The US glass industry is a strong factor in the nation’s economy, producing 20 million tons of
glass a year, 20 percent of the 100 million tons of glass annually produced worldwide. Moreover,
the glass industry employs an estimated 148,000 workers, making it a substantial contributor to
US per capita income. An economic assessment of glass manufacturing in the United States
today is essential if the industry is to survive current challenges and gain long-term viability.

This economic analysis of the glass industry is intended to enable comprehensive planning that
will enhance glass production nationwide. The economics of the American glass industry, like
many commodity industries, is facing very strong competition and economic challenges that
limit profitability. This has resulted in a very precarious situation in many segments of the
industry. Indeed the number of glass tanks in the United States has fallen by roughly 65 percent
in the last 25 years, but the industry has managed to maintain its output with increased
efficiency. Today the actual volume of glass produced is only slightly below the tonnage
produced 25 years ago.

To determine how the industry can survive today’s challenges, a broad cross-section of the glass
industry, including 90 percent of its larger manufacturers, was examined for economic trends.
Data and perspectives on the economic status of glassmaking were compiled through interviews
and workshops with glass melting experts throughout the United States and Europe. Over 75
corporations, companies and academic institutions were consulted over a six-month period,
March through August 2002. Statistical data up to the year 2002 were obtained through the US
Department of Commerce. Statistics were also sourced by various market studies such as the SR/
International Chemical Economics Handbook and Freedonia Studies.

Accurate statistics for glass manufacturing profitability of the four industry segments are difficult
to obtain because privately owned companies do not report financial information in the public
domain. Public companies report financial information as consolidated businesses, and US
companies with international alliances include US statistics with their global business statistics.

I1.2. Economic profile of manufacturing

Each of the four major industry segments—flat glass, container glass, fiberglass, and specialty
glasses—faces different problems that defy simple solutions. Each segment requires different
technologies for different products, hampering the identification of common scientific research
needs and marketing. As each segment could be considered a separate industry, the lack of
process standardization, and the identification of common problems becomes more problematic.

An energy and environmental assessment by the Department of Energy—Office of Industrial
Technologies (DOE/OIT) in April, 2002, concluded that, in many of its markets “...the glass
industry has been challenged with plant overcapacity, increasing foreign trade and imports,
capital intensiveness, rising costs for environmental compliance, and cyclical and moderate
growth prospects.”

27



A major regional producer, the United States ships glass products valued at $28 billion per year
throughout the world. Over the last 20 years, the annual compound growth rates of glass
manufacturing have slowed to 4 to 6 percent. Annual growth is projected to slow to 2 to 3
percent within the next decade. Growth in all the major segments is slowing with the exception
of the specialty glass sector.

Competition has become more intense in some segments with a continuous challenge to monitor
the balance of supply and demand and to adjust industry capacity rather than lower prices and
reduce profitability to fill unneeded capacity. Some segments are threatened by low-cost imports
and the substitution of other materials, as in the container industry, which is threatened by
widespread use of plastics and aluminum. Nevertheless, most segments of the industry have
maintained reasonable operating margins excluding depreciation at the relatively benign rate of
10 to 20 percent return on sales and have generated positive cash flow. However, the capital
intensity of the business has made it struggle to generate a return on capital at a rate that exceeds
capital costs.

As in most heavy manufacturing industries, investors are not readily attracted to the glass
industry because of the serious problems that it faces: high capital-intensity; rising energy costs;
stringent environmental regulations; competition from other materials; competition from
manufacturers in low cost producing regions; and cyclical and moderate growth prospects.

The most serious financial challenge to today’s glass industry is to improve capital productivity,
an issue that has become more serious over the last 10 years. Many companies have adopted a
form of shareholder value-added metric, a business performance metric that subtracts from profit
a charge for the cost of all the capital the company employs. This capital charge is a form of
opportunity cost, which is associated with tying up capital that could be used elsewhere to earn
an acceptable return at comparable risk. When an expected return on invested capital fails to
exceed the corporation’s cost of capital target, attracting capital to grow or sustain business
becomes difficult.

Future profits from glass manufacturing depend on four factors identified in this study:
* proper management of facility assets and operational costs;

* ability to increase capital productivity;

* balancing demand for glass products with production capacity in all segments;

* create innovative new products with higher margins.

Glass products are primarily a commodity product and as such have followed the classic
commaodity business model where each manufacturer tries to slash costs to become the low cost
provider of product. This headlong rush to be the dominant supplier has caused many companies
within the industry to reduce costs and eliminate needed staff functions like research and
development (R&D). The scaling back of this essential R&D function has unfortunately cut
back on the amount of innovation available to the industry. However, it allowed the industry to
survive economically but without the vitality it once had.

There have always been exceptions to generalizations, and the glass industry is no different. A

few glass companies, notably in the specialty glass segment and some even in the other more
commodity segments, had the foresight to differentiate their products, maintain their R&D, and
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survive by innovating new products. These companies are among the most economically
successful in the industry today, as profit margins were maintained to continue reinvestment.

Most companies, however, were not so fortunate and continued to execute the commodity
business model. Amid severe industry consolidation, the survivors remained very protective of
their “proprietary” technology and there continues to be little collaboration within the industry.
Anti-trust concerns added to the disincentives to collaborate. Historically, the glass industry was
under intense anti-trust scrutiny by the US Department of Justice from the late 1950s through the
early 1970s. Because of this, most glass companies are very leery of collaborating on anything.

For collaboration on technical matters among glass industry manufacturers in the four segments,
technical areas were identified under DOE auspices where no product differentiation is present,
such as more efficient production methods, improvements in yield in glass fabrication; and cost-
effective solutions to environmental problems and regulations. Without major advances in glass
melting technology, glass manufacturing will continue to shrink as US firms seek to set up
manufacturing in regions of the world where labor and capital costs are lower and environmental
regulations are less stringent.

With regard to glass melting, eight major issues were defined.

» Capital and operating costs required to meet competition of other materials and imported
products can often be justified.

* Energy-saving measures are taken only in relation to net cost savings.

* Higher operating costs might be acceptable to realize increased capital productivity.

* Technical and economic horizons for the glass industry are short term.

* All glass segments are adverse to both technical and economic risks.

* Melting concerns, particularly environmental issues, are common to most glass manufacturers,
but collaboration within the industry is limited because of anti-trust concerns.

» Significant consortium interest in a large-scale melting initiative is essential.

* If the industry had a clearer view of future energy, capital and environmental costs, it would be
more motivated to revise melting practices, develop innovative melting technology, and
collaborate for economies of scale.

Capital investment required by the glass business remains high, compared to other materials such
as plastics extrusion and molding, which generate several dollars of annual sales per capital-
invested dollar. Investors interested in rapid sales growth with smaller capital requirements often
find “conversion” businesses more attractive than the traditional glass process business. Industry
profitability and attractiveness to capital investment depend on market growth and size as well as
on the five competitive forces described by Porter: hostility of established competitors; new
entrants into the industry segment; suppliers; buyers; and substitute products. (Michael Porter,
“Competitive Strategy”)

I1.3. Characteristics of glassmaking

Because of the complex and paradoxical nature of glassmaking, categorization is difficult. The
industry is mature, yet not standardized. As a process industry, glassmaking adds high value to a
low-cost raw material. Although it is an advanced manufacturing technology, glass melting
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continues to operate using technology based on conventional furnace designs that were
developed over almost a century and a half ago.

Mature industry

Glassmaking is America’s oldest manufacturing industry, begun in the colonial forests near
Jamestown, Virginia, in 1608. Therefore, in economic terms, the glass industry is considered a
mature industry, yet it lacks the expected degree of standardization and common interests that
characterize a mature industry. Price and cost pressures are characteristic of high-volume,
commodity sales within the glass industry; however, it does not have standardized technology
and manufacturing operations. Mature industries are unwilling to make significant changes to
their principle manufacturing processes, due to the high investments involved. The existing
glassmaking technologies have generally evolved over an extended period of time among a small
community of practitioners with little tolerance for risk.

Industry segmentation

Given the segmentation of the glass industry, US glassmakers are challenged by very different
markets and products and do not share common concerns for operations and production. As a
whole, the industry is weakened by this fragmentation, which hampers collaboration that would
empower the industry as a whole with economies of scale. Each segment, and even individual
companies within a segment, usually operates with several different furnace designs and with a
variety of melting technologies, weakening its collective position.

Even though the common public perception of glass is that of a single material with a common
chemical composition, this is not true. The unique product requirements of each segment require
technology specific to the glass chemistries that define the physical properties of their products
and applications. Different melting technologies are sometimes used within each segment. Raw
materials differ from segment to segment, as do requirements for product quality and metrics for
quality measurement. To be compatible with the most productive fabrication processes of their
particular glass products, manufacturers require other properties, usually temperature versus
viscosity and coefficient of thermal expansion but can include a number of very different
parameters. Furnaces differ in size and employ different melting technologies, therefore,
requiring different capital and varying operating costs.

Although the segments vary in the technology used and in the products they manufacture, the
basic melting process is generally the same. All glass manufacturers employ melting technology
that involves high-temperature fluxing of silica sand with a variety of industrial minerals to
produce a particular glass composition. The industry segments share common concerns:
purchase of batch materials, purchase of energy, and melting of batch and cullet. In addition,
they share an ongoing need for capital to rebuild furnaces and maintain operations. Table I1.1
defines glass industry segment by end-use markets.
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Table 11.1. Key End-Use Markets by Segment

SEGMENT KEY END-USE MARKETS
Flat glass Automotive, transportation/aviation, construction/architecture, furniture
Container glass Consumer markets: beer, wine, liquor, food, cosmetics, medical/health, household
chemicals
Glass fiber Construction (insulation, roofing, panels), reinforced composites, structural components
(transportation, electronics, marine, infrastructure, wind energy)
Specialty Tableware, cookware, lighting, laboratory equipment, instruments,
Electronics, displays, optical communications, biological materials, radomes, ophthalmic,
medical, photoelectric, and industrial applications
Products from Aquariums, tabletops, mirrors, ornaments, art glass, window assemblies
purchased glass

Process business

The glass industry is an extreme example of what is termed a “process” business. Glass
manufacturing adds value to a low-cost raw material but at a high cost of energy, technology and
capital. In a high-volume glass business, the purchased raw material is typically less than 25
percent of the total manufactured cost of the product and less than 15 percent of the selling price.
The cost of raw materials for glass containers may be 13 percent while color TV tubes might be
45 percent of the cost to manufacture as an example. By contrast, in a conversion business, the
purchased raw material cost is 40 to 50 percent of sales; in fabrication or assembly businesses,
raw materials are 60 to 70 percent of sales value.

Generally, value is added to the low-cost raw material, sand, with processing technology and
exceptionally high level of capital to build and maintain facilities. Cost of energy is a major
factor in adding value to the low-cost raw material. Direct labor costs add cost to the final glass
product more so in the United States than in offshore manufacturing plants where labor and cost
of manufacturing are cheaper. However, shipping costs due to the weight of most glass products
may limit where plants can be located. Freight, labor, sales and administrative costs, corporate
overhead, research costs, and profit add to the value equation to contribute to the selling price.

No one cost component dominates production of glass products. Costs are distributed among the
cost categories, making it difficult to reduce production costs. No single cost can be isolated and
addressed in a way that impacts overall production costs. (See Table 11.2 Estimated Cost of
Manufacture by Cost Component (%)).

Table 11.2. Estimated Cost of Manufacturing Process by Cost Component (%)

COST ELEMENT Container | Container 1l Fiber | Fiber 11 Flatl | CTV I | TV Panel

Raw material 13 13 25* 21* 25 45 22

Energy 8 13 11 15 24 15 9

Direct labor 29 40 11 31 15 8 38

Other variables 13 11 20 9

Fixed costs, including 37 23 33 24 36 32 31
depreciation

Total manufactured cost 100 100 100 100 100 100 100

*Includes chemical size and binder costs

Based on the “Energy and Environmental Profile of the US Glass Industry” prepared for the
DOE, melting and refining accounts for only 41 to 66 percent of the energy used to make glass.
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The percentage used for batch melting and refining combined increases 45 to 71 percent of the
total fossil fuel and electric energy when average batch preparation energy is added. Only 7 to
15 percent of the manufacturing cost can be attributed to energy use in the melting and refining
process stages. These process stages are rarely the highest priority for cost reduction by an
individual glass producer or a specific glass plant. The use of energy by process stage shown in
Table 11.3 illustrates the difficulty in targeting a single area for cost reduction.

Table 11.3. Energy by Process Stage

Flat Container Fiber Pressed/blown
Process Stage mmBtu/ton % mmBtu/t % mmBtu/t % mmBtu/ton %
on on

Batch preparation 0.68 5.2 0.68 5.6 0.68 34 0.68 4.2
Melting/refining 8.60 66.3 5.50 45.7 8.40 41.6 7.30 44.8
Subtotal 9.28 71.5 6.18 51.3 9.08 45.0 7.98 49.0
Forming 1.50 11.6 4.00 33.2 7.20 35.7 5.30 32.6
Post-forming 2.20 16.9 1.86 155 3.90 19.3 3.00 18.4
Total 12.98 100.0 12.04 100.0 20.18 100.0 16.28 100.0

Source: “Energy and Environmental Profile of the U.S. Glass Industry,” Table 1.2 prepared for the U.S. Department
of Energy by Energetics, April 2002.

11.4. Economic stimuli for innovations in melting

The three strongest stimuli for technical innovation in glass melting are the need for increased
capital productivity, greater energy efficiency, and environmental regulation compliance. Interest
in advancing technology for heat recovery and reuse to preheat batch and cullet was strong in the
early 1980s, following the energy crisis of the 1970s. However, these projects were curtailed by
limited R& D funds and relatively long payback periods for the investments.

Aversion to risk has created an environment in which glassmakers prefer incremental,
evolutionary improvements to bold, revolutionary technology. The capital costs of building and
rebuilding plants are high and margin for error is low. The economies of scale for the container,
fiber, and flat glass sectors dictate very large melters that demand large capital investments.
Manufacturers recognize that the consequences of failure of new melting technology would be
severe and the cost of correcting problems would be a financial liability. Technology failures
would impact not only immediate production and sales but also the reputation of a company.
Managers make decisions about glass melting furnace technology very conservatively in an
economic climate where perceived risks outweigh potential rewards.

Industrial leaders are also skeptical of vendors’ claims for the advantages of new melting
technologies. As many new technologies are proposed by suppliers to the industry, only a few
have lived up to their sales claims, which reinforces this attitude. However, in truth
unfortunately, much of the real innovation within the industry is actually coming from the
vendor community. The reductions in R&D investments within the container, flat, and fiber
segments of the industry have made major technical improvements very difficult to implement
due to cost constraints. The prevailing business philosophy has been to exploit the “cash cow”
businesses to fund more lucrative business opportunities in other than commaodity products.
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Therefore, technological improvements in traditional glassmaking have been evolutionary, rather
than revolutionary, in the areas of combustion, refractories, raw materials, glass forming,
processing control, and product and application development. New technologies are needed to
achieve high-energy efficiency and high product quality by scaling down the size of melting
furnaces. If low-pressure bubble-removing technologies and homogenizing technologies using
stirrers can be implemented at lower temperatures and combined, a high-quality glass should be
obtainable and furnaces could be designed with a higher-energy efficiency on a smaller scale.
Low-temperature melting or use of other materials would control corrosion of refractory
materials and extend the life of the furnace. Scaling down furnaces while keeping the same
economies of scale would have a long-term effect of reducing equipment, natural resource
deployment, and exhaust gases, as well as reducing scrap when the furnace is dismantled.
Melting technologies are needed that will extend refractory life, improve melt injection, employ
more cooling technology, and facilitate partial repair of hot furnaces.

Limited funding for research and development due to small profit margins and low growth rates
is a major economic barrier to development of new melting technologies. Currently, R&D
investments have short-term goals and are narrowly focused on projects that lead to new
products with a higher profit margin potential. Garnering support for a large, collaborative
project that focuses on glass melting is challenged by the lack of common objectives within the
segmented industry and competition among individual companies. Vendors will continue to lead
development efforts for new melting technologies unless industry champions step forward to
guide the effort. The new Submerged Combustion Melter Project is a notable exception to this
disturbing situation, and pioneers a much-anticipated effort by the glass industry. (See Section
Two, Chapter 3.)

For the glass industry to improve melting technology in the US, many companies within the
glass industry must unite to collaborate, as the capital requirements for such research will be
beyond the means of any single company. They must place the highest priority on maximizing
their collective financial resources, energy and expertise, to minimize melting costs and resolve
these challenges simultaneously at low risk. If the financial parameters of emerging
revolutionary technologies were to be assessed in light of the financial parameters of current
technology, capital investments might be justified. Rejuvenation needs to be a priority of this
basic industry.

I1.5. Marketing statistics and trends

Over the past several years, the compound annual growth rate (CAGR) of the total glass industry
has slowed to less than 1 percent, reflecting the downturn in the US economy in 2001. Future
projected growth rate in a more normal economy is a modest 2 to 3 percent. Although furnace
rebuilds and improvements require considerable and continuous capital, the glass business
generates excellent cash flow in a company’s portfolio of businesses.

Consolidation of markets and producers

Much like the overall US economy, especially in the basic commodity markets, glass industry
sales are dominated by large, low-cost producers, which essentially squeeze out smaller, less-
efficient competitors. This glass industry consolidation has matched the consolidation within the
distribution and retail markets that are the major outlets for glass products. This trend towards
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having fewer producers of major commodity glass products within all sectors of the glass
industry is expected to continue. The lowest cost producer within any commaodity product will
gradually force the less efficient suppliers out of the glass business.

As buyers and sellers both consolidate, glass manufacturers may have more opportunity to
increase processing capacity to improve profitability. By maximizing output from existing
furnaces, glass manufacturers have attempted aggressively to expand production, or to replace
production from obsolete or closed plants. Current capital requirements to operate a glassmaking
facility are 7 to 10 percent of sales—a serious financial challenge to the glass industry. The
consolidation of both production and distribution has resulted in an industry in which traditional
segments operate largely as independent oligopolies (defined as a few producers supplying
product that each can influence price, with or without agreement between them). Other specialty
glass markets, being so diverse, are not shown for the sake of simplicity. (See Table 11.4 Industry
Segment Concentration.)

Table 11.4. Industry Segment Concentration

Number of companies
equal to 90+% of market

Flat

Container

Glass fiber insulation
Glass fiber reinforcement
Specialty glass tableware
Specialty lighting

TV

Alwoob~Ojlw Ol

I1.6. Marketing trends by segment

The current economic state of the US glass industry as a whole is mixed, depending on many
marketing factors within the four individual manufacturing segments of glass products. With
improved sales in 2002, the container industry experienced one of its best fiscal years in recent
history. However, the flat glass industry was down 12 percent in sales in 2002 due to the weak
US commercial construction sector. Glass sales in the textile sub-segment were down 27 percent.
The specialty glass segment, composed of a number of very varied sub-segments, is the largest
dollar segment for consumer and industrial markets. Here, glass shipments decreased 31.1
percent from 2001 to 2002 as the technology markets collapsed where most of these products
were used. Yet, in spite of multiple setbacks, most segments of the industry have maintained
reasonable operating margins and generate positive cash flow. (See Table 11.5.)

Table I1.5. Trend in value of glass products shipped 1997-2001 ($ million)

Sector 1997 1998 1999 2000 2001 CAGR (%)
1997-2001
Flat 2669 2607 2694 2869 2585 -0.8
Container 4176 4189 4190 4106 4209 +0.2
Pressed/blown 5921 5937 5477 54.71 5062 -3.8
Mineral wool 4277 4299 4480 4535 4526 +1.4
Purchased glass products 9699 9778 10,698 11,708 11,188 +3.6
Industry totals 26,743 26,810 | 27,539 | 28,689 27,570 +0.8

(Source: US Census Bureau Annual Survey of Manufacturers; www.ita.gov/td/industry)
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Container glass

The glass container segment experienced one of its best years in a decade in 2002, but it has
become more dependent on bottles for alcoholic beverages. The trend in glass container
shipments by end-use markets shows use for beer bottles up by 2.8 percent and for wine bottles
up by 1.5 percent. In 2001, beer accounted for over 50 percent of container shipments. During
the last decade, glass container shipments for beer grew at an annual compound rate of 4 percent.
Glass containers are recognized for their properties of hermeticity, clarity, aesthetics and
hygienic features, but weight and brittleness limit the market uses of glass containers and allow
plastics substitution.

More than half of the container glass plants have been closed in the US over the last 20 years.
With industry consolidation, the glass container industry is dominated by three producers: Owen-
Illinois (Owens-Brockway) [44 % of market share with 19 plants], Saint Gobain Containers
(Ball-Foster) [32% of market share with 18 plants], and Anchor Glass Containers [20 percent of
market share with 9 plants]. Barely over 40 percent of the US glass container plants operating in
1979 are in operation today.

With annual capital requirements of 8 to 10 percent of sales in the container industry, capital
intensity remains a challenge and the threat of substitution by plastics or aluminum cans is ever
present. Container glass shipments in 2000 and 2001 were valued at 9-million short tons of glass.
Units shipped in 2000 were down by 25 percent over units shipped in 1980. This decline
reflected competition from substitute materials like aluminum and plastics for food, non-
alcoholic beverages, and medical and health packaging.

The Beverage Marketing Corporation and the Beer Institute estimate that 45 percent of beer sold
in 2001 was packaged in glass, up from 32 percent in 1991. Beer, wine, liquor, and ready-to-
drink alcoholic coolers comprised 64 percent of shipments in 2001, making alcoholic beverages
the most significant market for glass containers. Substitution of plastics for glass in packaging of
milk and soft drinks is well advanced. Plastics are also beginning to be used for new food
applications such as condiments, baby food, and single-serving fruit juice containers. A market
study in 2001 by the Freedonia Group indicated that glass containers would be challenged by
substitute materials for food applications. (“Food Containers to 2005,” Freedonia 2001)

Opportunities for future growth in the container segment appear best in markets and
manufacturing facilities outside the United States. Imports of glass containers at 11 percent of
apparent consumption are a greater factor than exports of 3 to 4 percent of US manufacturers’
shipments. Year-to-date shipments of glass containers through August 2002 were nearly 3.5
percent ahead of shipments in 2001. Industry management of capacity and the closing of higher-
cost plants have improved the balance between demand and supply. (See Table 11.6 Trends in
Container Glass Shipments.)

Table 11.6. Trends in Container Glass Shipments

Year Shipments (1000s of gross=144,000 units) Value ($ billion)
1980 327,972 4.5
1985 273,695 4.6
1990 289,704 4.9
1995 269,289 4.0
2000 246,536 4.1
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Flat glass

Forecasters predict an annual growth rate of 2 to 3 percent a year for flat glass in the US over the
next several years, due to the trend toward larger homes with greater window area, multi-pane
insulating windows, and vehicles such as SUVs with more glass per vehicle. But the industry’s
ability to generate capital and maintain the profit margin needed for research and development
efforts is not secure. Flat glass volume was down 12 percent in 2000 due to a weak commercial
construction sector. Shipments of flat glass from US manufacturing plants were valued at $2.9
billion in 2000 and $2.6 billion in 2001. Overall, flat glass demand of 6 billion ft? is driven by
three markets: construction, motor vehicles, and specialty flat glass products. Production grew at
an annual compound growth rate of 3.25 percent in tonnage and 3.6 percent in square feet during
the 20-year period from 1980 to 2000. Production of flat glass increased by 47 percent during the
last 20 years of the 20" century.

From 1997 to 2001, growth in flat glass slowed. The annual compound growth rate of this
segment of the industry is currently 1.6 percent in tonnage and 1.25 percent in square footage.
Decline in value, shipment weight, and square footage of flat glass products in 2001 reflect the
difficulties in the US economy. While the residential building market has maintained some
strength with lower mortgage interest rates and strong remodeling activity, commercial
construction and automotive markets have declined.

In terms of value, the US is the world’s largest importer and exporter of both unprocessed and
processed flat glass, according to a World Glass File Study (DMG World Media, 2002). Imports
represent about 23 percent of the apparent consumption of flat glass in the US, while export
value is 28 percent of the value of flat glass shipments. Canada receives the largest percentage of
US flat glass exports, while Mexico supplies the largest percentage of imported flat glass.
However, the greatest growth in the flat glass market is expected to be outside the US,
particularly in the rapidly growing markets of China, the Pacific Rim and Eastern Europe.

Given the application demands for flat glass performance, substitute materials such as plastic are
not expected to become a competitive factor. The power of suppliers to raise costs is expected to
remain relatively low and new competitors are not expected to enter this capital-intensive
business. Technology development in the US is being directed more toward improved coatings,
surface treatments and fabrication processes than toward basic melt processing. The glass
industry is not highly attractive to capital investors because expectations and the struggle to earn
an attractive enough rate of return on capital will be challenging. (See Table I1.7 for trends in US
flat glass production from 1980 to 2000.)

Table I1.7. US Flat Glass Production 1980 to 2000

Year Short tons (thousands) Square feet (millions)
1980 2945.7 32934
1985 3670.7 4129.8
1990 4080.8 4737.1
1995 44375 5635.3
2000 5618.0 6677.2
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Fiberglass: Insulation

The health of the economy affects the demand for glass fiber insulation, as reflected by building
and construction, the major markets for insulating materials. The 35 percent increase in new
home size since 1985 has positively affected the demand for insulation, and relatively low
mortgage rates over the last several years have led to a robust building cycle and remodeling
activity. The glass fiber insulation industry sold 3.8 billion pounds of product valued at $2.9
billion in the year 2000. Consumers prefer glass fiber to other insulating materials because of the
material’s attributes and attractive price.

Residential construction represented 71 percent of the demand for glass fiber insulation in 2000.
Of this market, new housing starts accounted for 56 percent, replacement and remodeling 23
percent, and attic re-insulation 19 percent. Replacement and remodeling is an important growth
segment for glass fiber insulation. Overall demand for glass fiber, by the slowing residential
construction market is expected to grow by only 1.4 percent per year by 2005, a sharp
deceleration from the 4 percent pace from 1995 to 2000.

Energy costs, and expectations for future energy costs, also affect the demand for insulation
materials. Concern over US dependence on foreign sources of fuel may influence decisions about
energy conservation—and demand for insulation material. Insulation levels have increased for
buildings from R-11 to R-13, and in attics from R-19 to R-30; generally, better performing
building components are used in new construction. However, one study shows that consumers
are willing to add only $3,000 worth of up-front costs in building a home to save as much as
$1,000 a year in utility costs. (National Association of Home Builders Survey of Consumer
Preferences, 1996)

Production of glass fiber for insulation is capital intensive and requires particular technology, not
only in the glass melting area but also in the glass delivery, fiber forming, and downstream fiber
handling steps of the process. Five companies produce all the glass fiber insulation in the US and
share 95 percent of the market. The difficulty of producing fiberglass does limit new entrants
into the field. However, two new competitors did join this industry segment after the second US
energy crisis in 1977 and have increased industry capacity. Pricing and profitability of glass
fiber insulation have been affected by two major competitive forces: industry capacity utilization
(demand-supply balance) and consolidation in channels to market (increased buyer power).

With consolidation of the insulation channels to market through such big box retailers as Home
Depot and Lowes, the power of buyers has increased in do-it-yourself retail sales. Wholesale
distributors to professional construction buyers have also consolidated, but at a slower rate.
Cameron-Ashley acquired smaller local and regional distributors before being acquired itself by
Guardian Industries. Insulation contractors have also consolidated; for example, Gale Insulation
consolidated smaller contractors and then was acquired by Masco.

The increasing power of buyers suggests that sales channel alignment and distribution costs are
important, given the bulky nature of the products. The impact of substitute materials on sales has
been limited. Cellulose insulation struggled with issues of fire performance, volatility in costs
related to waste paper markets, the availability of glass fiber insulation, and credibility with
customers as an industry of smaller regional producers. Plastic foams compete directly with
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glass fiber in some applications and markets, particularly foam board products in commercial
and industrial market segments. (See Table 11.8.)

Table 11.8. Glass Fiber Insulation Demand by Market 1990-2010

Item 1990 | 1995 | 2000 | 2005 | 2010
Glass fiber wool demand (million 1b.) 2756 | 3088 | 3764 | 4010 | 4495
Residential construction 1836 | 2195 | 2662 | 2860 | 3240
Nonresidential construction 505 | 471 | 628 | 640 | 685
Industrial and equipment 327 | 333 |383 |420 | 480
Appliances and other 88 89 91 90 90
Price ($/1b) 0.66 | 0.70 | 0.78 | 0.84 | 0.91
Glass wool fiber demand ($ million) 1832 | 2156 | 2944 | 3380 | 4100

Source: Freedonia Market Study

Fiberglass: Textiles/reinforcements

Textile glass fiber sales were down 27 percent in the year 2000. The demand for textile glass
fiber in the US in 2000 was valued at $2.4 billion. Industry growth slowed in late 2001 and 2002,
but textile glass fiber has been one of the growth segments in the glass. Demand for textile fiber
is projected to rise 2.5 to 3 percent annually for the next several years, but the textile fiber
business is cyclical and greatly affected by economic trends.

Fiberglass yarn sales were down substantially in relation to the sharp drop in the electronics
market, especially decline in printed circuit boards for computers. Glass yarn products are used
to reinforce laminates used in printed circuit boards in electronic components. Fiberglass
volume declined 24 percent as electronics volume fell 32 percent. Recent economic difficulties
in electrical and electronic end-use markets also resulted in a decline in glass yarn sales in 2002.
Four major producers hold 65 percent of the market share. (“Glass Fibers to 2005,” Freedonia
Group, June 2001)

Building products and automotive applications are projected to remain the leading applications
of glass reinforcements. Reinforced plastics represent 45 to 55 percent of usage. Asphalt roofing
shingles are the next highest application with 95 percent of asphalt roofing shingles produced
with glass mats. The market for glass fiber mats made from wet chopped glass fibers began to
grow in the late 1970s when they were substituted for organic felt mats to provide longer shingle
life and better fire performance, and when the price of asphalt was escalating rapidly. The
growth of the glass fiber industry to produce asphalt shingles is expected to continue with the
growth of laminated shingles that require more glass.

Glass fiber for reinforcement is cost effective and has attractive mechanical properties, although
it is a relatively heavy product. Where weight is important and high strength, or high modulus, is
needed, higher performance carbon and aramid fibers compete with glass fibers in selective
niche applications. However, the price of these higher performance fibers, at $10/Ib. or more
compared to $1/1b. or less for glass fiber, limits their use as substitutes.

Specialty glass: Tableware, lighting and electronic glass

The specialty glass segment is composed of a number of variant sub-segments: table, kitchen, art
and novelty glassware; lighting, television tube blanks, and electronics-related glassware; and
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