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ABSTRACT

The U.S. glass industry is comprised of four primary industry segments—flat glass, container
glass, specialty glass, and fiberglass—which together consume $1.6 billion in energy annually.
On average, energy costs in the U.S. glass industry account for around 14% of total glass
production costs. Energy efficiency improvement is an important way to reduce these costs and
to increase predictable earnings, especially in times of high energy price volatility. There is a
variety of opportunities available at individual plants in the U.S. glass industry to reduce energy
consumption in a cost-effective manner. This Energy Guide discusses energy efficiency practices
and energy-efficient technologies that can be implemented at the component, process, system,
and organizational levels. A discussion of the trends, structure, and energy consumption
characteristics of the U.S. glass industry is provided along with a description of the major process
steps in glass manufacturing. Expected savings in energy and energy-related costs are given for
many energy efficiency measures, based on case study data from real-world applications in glass
production facilities and related industries worldwide. Typical measure payback periods and
references to further information in the technical literature are also provided, when available. The
information in this Energy Guide is intended to help energy and plant managers in the U.S. glass
industry reduce energy consumption in a cost-effective manner while maintaining the quality of
products manufactured. Further research on the economics of the measures—as well on as their
applicability to different production practices—is needed to assess potential implementation of
selected technologies at individual plants.
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1. Introduction

As U.S. manufacturers face an increasingly competitive global business environment, they seek
out opportunities to reduce production costs without negatively affecting product yield or quality.
The volatility of energy prices in today’s marketplace can also negatively affect predictable
earnings, which is particularly concerning for publicly traded companies in the U.S. glass
industry. For public and private companies alike, increasing energy prices are driving up costs
while decreasing value added. For example, because of its reliance on natural gas as a process
fuel, the glass industry was hit especially hard by the seasonal increases in natural gas prices in
2000 (James 2001).

The challenge of maintaining high product quality while simultaneously reducing production
costs can often be met through investments in energy-efficient technologies and practices.
Energy-efficient technologies frequently offer additional benefits, such as quality improvement,
increased production, and increased process efficiency, which can lead to further productivity
gains. Energy efficiency is also an important component of a company’s environmental strategy,
as energy efficiency improvements can often lead to reductions in pollutant emissions. A strong
energy management program can also provide a solid foundation for corporate greenhouse gas
management programs and can be an effective strategy to work towards the so-called “triple
bottom line” that focuses on the social, economic, and environmental aspects of a business.' In
short, energy efficiency investment is sound business strategy in today's manufacturing
environment.

To assist industry in improving its competitiveness through increased energy efficiency and
reduced environmental impact, the federal government offers several voluntary programs.
ENERGY STAR® is a voluntary program operated by the U.S. Environmental Protection Agency
(EPA) in coordination with the U.S. Department of Energy (DOE) that stresses the need for
strong and strategic corporate energy management programs. ENERGY STAR also provides a
host of energy management tools and strategies to support the successful implementation of
corporate energy management programs. This Energy Guide reports on research conducted to
support the U.S. EPA’s ENERGY STAR Focus on Energy Efficiency in Glass Manufacturing,
which works with the U.S. glass industry to identify information and resources for energy
efficiency improvement. For further information on ENERGY STAR and its available tools for
facilitating corporate energy management practices, visit www.energystar.gov.

In this Energy Guide, energy efficiency opportunities for glass plants are assessed. The U.S. glass
industry includes establishments engaged in manufacturing flat glass, container glass, specialty
glass, and fiberglass. These four primary industry segments produce over 20 million tons of glass
per year, with a value of over $16 billion. Glass manufacturing in the United States is one of the
most energy intensive industries; in 2003, energy costs were about $1.6 billion, representing
around 14% of the industry’s total production costs. Primary energy consumption of the glass
industry is approximately 1% of total U.S. industrial energy use. In this Energy Guide,
opportunities are presented that can help decrease these costs and increase energy efficiency.

This Energy Guide begins with a description of the trends, structure, and production
characteristics of the glass industry in the United States. The main production processes in glass

" The concept of the “triple bottom line” was introduced by the World Business Council on Sustainable
Development. The three aspects of the “triple bottom line” are interconnected as society depends on the
economy and the economy depends on the global ecosystem, whose health represents the ultimate bottom
line.


http:www.energystar.gov

plants, the types of fuels used, and the major end uses of energy are then summarized. The
remainder of this Energy Guide discusses opportunities for energy efficiency improvement in
U.S. glass plants, focusing on energy-efficient measures and technologies that have successfully
been demonstrated in individual plants in the United States or abroad.

Although new technologies are developed continuously (see e.g., Martin et al. 2000), this Energy
Guide is focused on practices that are proven and currently commercially available. Some of the
technologies that may hold promise for the future but are still in the research and development
phase are included in Section 5.11.

This Energy Guide aims to serve as a resource for energy managers and decision-makers to help
them develop efficient and effective corporate and plant energy management programs.



2. The U.S. Glass Industry

The U.S. glass industry manufactures a wide diversity of products, including food and beverage
containers, fiberglass insulation, windows for automobiles and buildings, video displays,
cookware, and light bulbs. The U.S. glass industry produces approximately 20 million tons of
glass annually and accounts for 20% of total worldwide glass production (GMIC 2004). Glass
production in the United States can be broken down into four primary segments—flat glass,
container glass, specialty glass, and fiberglass—which are summarized in Table 1.> In 2003,
these four industry segments had a combined value of shipments of over $16 billion and
employed nearly 70,000 people directly (U.S. Census 2005a).

Table 1. Major U.S. glass industry segments and typical products

Segment SIC | NAICS | Key Products

Flat glass 3211 | 327211 | Sheet plate and float glass for residential and
commercial construction, automotive
applications, tabletops, and mirrors.

Container glass 3221 | 327213 | Packaging of foods, beverages, household
chemicals, pharmaceuticals, and cosmetics.
Specialty glass 3229 | 327212 | Pressed and blown glass for tableware,

cookware, lighting, televisions, liquid crystal
displays, laboratory equipment, and optical
communications.

Fiberglass’ 3296 | 327993 | Fiberglass (glass wool) insulation for
buildings, roofing, and panels.

3229 | 327212 | Textile and plastic reinforcement fibers for the
construction, transportation, and marine
industries.

The U.S. glass industry is a largely consolidated industry, with production in each industry
segment dominated by a handful of large manufacturers. Most glass production in the United
States is concentrated near major population centers, due to the heavy concentration of customers
in such areas and the high costs of shipping both raw materials and finished glass products. Table
2 provides the locations of major glass manufacturing plants in the United States (National Glass
Budget 2004). States with the largest number of major glass plants include Ohio, Pennsylvania,
California, Texas, New York, Kentucky, and North Carolina. A full listing of major glass plants
by U.S. state and industry segment is provided in Appendix A of this Energy Guide.

* A fifth glass industry segment exits—glass products made from purchased glass (NAICS 327215, SIC
3231)—which does not manufacture glass from raw materials, but rather purchases glass manufactured by
other glass industry segments to fabricate into final products. This Energy Guide focuses only on those
glass industry segments that convert raw materials to glass melt (see Table 1).

? Fiberglass production is comprised of two distinct categories: fiberglass (glass wool) insulation, which is
classified under the “mineral wool” sector (NAICS 327993), and textile/reinforcement fibers, which is
classified under the “pressed and blown glass” (specialty glass) sector (NAICS 327212).



On a percent-of-shipments basis, glass production is one of the most energy-intensive industries
in the United States (U.S. DOE 2004a). In 2003, energy purchases by the four primary industry
segments totaled over $1.6 billion, or 10% of total value of shipments (U.S. Census 2005a). The
estimated primary energy consumption of the U.S. glass industry in 2002 was 331 trillion Btu
(TBtu) (see Chapter 4). Most of the energy consumed is in the form of natural gas, which is used
to fuel glass furnaces and process heating equipment. Glass production is also very capital-
intensive, due in part to the cost of rebuilding glass furnaces every 8-12 years.

Table 2. Distribution of major U.S. glass plants

Major Major

State Plaits State Plaits
Arkansas 1 North Carolina 7
Arizona 3 New Hampshire 2
California 12 New Jersey 4
Colorado 1 New York 9
Florida 1 Ohio 15
Georgia 6 Oklahoma 5
Iowa 1 Oregon 1
[llinois 6 Pennsylvania 12
Indiana 5 South Carolina 5
Kansas 5 Tennessee 5
Kentucky 8 Texas 10
Louisiana 2 Utah 1
Massachusetts 1 Virginia 7
Michigan 3 Washington 2
Minnesota 1 West Virginia 3
Mississippi 1 Wisconsin 3
Missouri 1

Source: National Glass Budget (2004)

While most glass production in the United States serves U.S. consumers, export markets are also
significant. In 2003, exports by the four primary industry segments totaled nearly $2.7 billion, or
17% of total value of shipments (U.S. Census 2005b). Exports are particularly important for the
flat glass segment, which exports around 28% of its total value of shipments (GMIC 2004).

The container glass segment manufactures roughly 10 million tons of annual products, and is the
U.S. glass industry’s largest producer (U.S. DOE 2002a). Three manufacturers—Owens-Illinois,
Saint-Gobain Containers, and Anchor Glass Containers— account together for more than 95% of
U.S. container glass production (GMIC 2004). The majority of glass container products are made
of clear (flint) (64%), amber (23%) or green glass (13%) comprising the remainder (GMIC 2002).
The major markets are beer bottles (53%), food packaging (21%), non-alcoholic beverage bottles
(10%), and wine bottles (6%) (Cattaneo 2001). Competition with alternative materials such as
plastic, aluminum, and steel in these markets is intense.

In 2003, U.S. container glass manufacturers employed over 15,000 people directly and produced
nearly $4.4 billion in shipments (U.S. Census 2005a). The total primary energy consumption of
the U.S. container glass segment in 2002 totaled around 92 TBtu (EIA 2005), which is the largest



amount for the four primary U.S. glass industry segments. The costs of purchased energy totaled
$511 million, including $185 million for electricity.

The combination of rising energy, labor, and capital costs, as well as increased competition by
alternative materials led to a larger number of plant closures since the late 1970’s. As of 2002,
approximately 55 glass container plants producing 36 billion glass containers annually remained
in operation within the U.S., down from over 100 in 1979 (GMIC 2002).

The flat glass segment is the second largest producer in the U.S. glass industry, accounting for
roughly 5 million tons of production per year (U.S. DOE 2002a). Flat glass production in the
United States is dominated by six major manufacturers—PPG Industries, Guardian Industries,
Cardinal FG, Automotive Components Holdings LLC, AFG Industries, and Pilkington—who
operate 30 flat glass plants throughout the country (U.S. DOE 2002a; GMIC 2002). While flat
glass is used in many different products, including mirrors, tabletops, and instrument gauges, the
residential construction, commercial construction, and automotive industries account for about
80% of the flat glass market (GMIC 2002). As a result, U.S. flat glass production is highly
dependent on the economic cycles of the automotive and construction industries. In the
construction industry, increased attention to energy efficiency is likely to lead to increased
demand for low-emissivity (low-E) flat glass in the future (James 2001).

In 2003, U.S. flat glass manufacturers employed over 10,000 people directly and produced over
$2.8 billion in shipments (U.S. Census 2005a). The costs of purchased energy totaled $350
million, of which $101 million was for electricity. In 2002, the total primary energy consumed
by the U.S. flat glass segment amounted to 73 TBtu (EIA 2005).

The specialty glass segment produces a wide diversity of products, including cookware, fiber
optics, lighting products, textile fibers, television tubes, and liquid crystal display panels. In
1999, there were over 500 establishments in the United States producing over 100 different
specialty glass products (U.S. DOE 2002a). On a value of shipments basis, the key end-use
markets for specialty glass are textile fibers (33%), lighting, automotive, and electronics (30%),
tableware and cookware (17%), and scientific glassware and lens blanks (16%).

The U.S. specialty glass segment produces roughly 2 million tons of glass per year (excluding
textile fibers). Major specialty glass manufacturers in the United States include Corning, GE
Lighting, GE Quartz, Libbey Glass, OSRAM Sylvania, PPG Industries, Techneglas, and World
Kitchen (National Glass Budget 2001; U.S. DOE 2002a). While the U.S. specialty glass segment
has experienced strong growth in recent years, intense competition from overseas (particularly in
the electronics market) is putting increased pressure on U.S.-based producers.

The specialty glass segment employed over 25,000 people in 2003, more than any other segment
in the U.S. glass industry (U.S Census 2005a). Total value of shipments in 2003 was $4.1 billion,
while the costs of purchased energy totaled $398 million ($163 million of which was for
electricity). In 2002, the U.S. specialty glass segment consumed an estimated 91 TBtu of primary
energy, up from 32 TBtu of primary energy in 1991 (U.S. Census 2004; U.S. DOE 2002a,
2005b).

The fiberglass segment is comprised of two distinct production categories: fiberglass insulation
and textile/reinforcement fibers, which account for 3 million tons of fiberglass products each year
(GMIC 2002). Fiberglass insulation products include unbonded and bonded glass wool, batting,
mats, pipe insulation, and ceiling tiles. Textile/reinforcement fibers are continuous fiber strands



used to reinforce plastics and other materials used in the construction, transportation, and marine
industries.

In the United States production of fiberglass insulation is dominated by Owens Corning, Johns
Manville, Guardian Industries, and CertainTeed (National Glass Budget 2001; U.S. DOE 2002a).
On a value of shipments basis, the major end-use markets for fiberglass insulation are building
batting (39%), industrial and appliance insulation (27%), acoustical insulation (21%), boards
(5%), and loose fiber (5%) (U.S. DOE 2002a).

The U.S. Census Bureau categorizes fiberglass insulation production as part of the mineral wool
manufacturing sector (NAICS 327993, SIC 3296), which includes all mineral wool made from
siliceous materials such as glass, rock, slag, or combinations of these. Thus, production and
energy consumption data are not available for fiberglass insulation as a distinct production
category. In 2003, the U.S. mineral wool manufacturing sector as a whole employed nearly
18,000 people directly and produced over $4.7 billion in shipments (U.S. Census 2005a). Energy
purchases for the mineral wool manufacturing sector in 2003 amounted to $355 million, of which
$158 million was for electricity. The total primary energy consumed by U.S. manufacturers of
mineral wool in 2002 amounted to around 75 TBtu (EIA 2005).

The major manufacturers of textile/reinforcement fibers in the United States are PPG Industries,
Saint-Gobain (Vetrotex), Owens Corning, and GAF Materials (National Glass Budget 2001; U.S.
DOE 2002a). Since the U.S. Census Bureau categorizes textile/reinforcement fiber production
under the specialty glass sector (NAICS 327212, SIC 3229), economic and energy data for
textile/reinforcement fibers are included in the specialty glass category and not available
separately.

Within the U.S., fiberglass is the largest secondary market for post-consumer and industrial waste
glass. Presently, fiberglass manufacturers in the U.S. recycle about 1 billion pounds of waste
glass annually (GMIC 2002), and use 10-40% recycled glass in their final products.

Figure 1 plots the combined production value of the four primary segments in the U.S. glass
industry, from 1981-2003. From the early 1980s to the late 1990s, the glass industry as a whole
experienced gradual, yet steady growth. In recent years, however, U.S. glass production has
experienced a slight decline due to several different factors, including rising energy and labor
costs, intense competition from developing nations, market penetration by alternative materials,
and marginal growth in key end-use markets (U.S. DOE 2002a; GMIC 2004).

The economic contribution of each U.S. glass industry segment is shown in Figure 2, which plots
the value of shipments of each segment from 1981-2003. Over the past two decades, the fastest
growing industry segments have been specialty glass and mineral wool, while the flat glass
segment has experienced slight growth (subject to the cyclical demands of the automotive and
construction industries) and the container glass segment has struggled with competition from
alternative materials (U.S. DOE 2004a). In all segments, U.S. producers are striving to reduce
operating costs and to improve energy efficiency to maintain competitiveness.

* Value of shipments is defined as the selling price of products. Value added is defined as the difference
between the selling price of products and the cost of externally purchased materials and services.



Figure 1. Value of shipments and value added of the U.S. glass industry, 1981-2003
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Figure 2. Value of shipments of the four U.S. glass industry segments, 1981-2003
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3. Process Description

There is a large variety of glass products with varying characteristics and, hence, varying
production and processing routes. While recognizing the variability, the process description will
focus on the main steps that are found in virtually all glass plants. The process of manufacturing
quality glass is comprised of six basic steps: (1) raw materials selection, (2) batch preparation (i.e.
weighing and mixing raw materials), (3) melting and refining, (4) conditioning, (5§) forming, and
(6) post-processing (i.e. annealing, tempering, polishing or coating). The technologies employed
in each step depend on the product manufactured. Figure 3 gives a simplified process overview
of glassmaking.

Figure 3. Simplified process schematic of glass manufacture
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Note: The process schematic may differ for the various glass products. Figure 3 is based on typical
container glass production practices. Cullet is waste or broken glass for remelting. Cullet can be plant
generated or recycled from the marketplace.

Raw materials selection & Batch preparation. The glass composition determines the physical
and chemical properties of the glass, and varies therefore for each product/application. Of
particular interest for most applications are the chemical durability, the transmission, the
softening point and the thermal expansion of the glass. Depending on their function, glass-
forming oxides can be grouped into network formers (for example SiO,, B,0; P,0s),
intermediate oxides (for example Al,Os, TiO,, ZrO,), and network modifiers (for example Na,O,
CaO, MgO).



A typical soda-lime glass composition used for window or container glass consists of ~60% silica
sand, ~18% calcium monoxide from limestone, and ~20% sodium monoxide from soda ashs;
other common ingredients are feldspar, salt cake, colorants, and refining agents (for example
arsenic, sodium chloride).

The use of 5 to 25 weight percent of clean cullet is not uncommon; in the case of colored
container glass, sometimes more than 90 weight percent of cullet from post-consumer glass is
used.

During batch preparation, the fine-ground raw materials are weighed according to the recipe, and
subsequently mixed to achieve a homogenous composition. Cullet can be either mixed into the
batch, or be charged into the glass melting tank simultaneously with the batch. Table 3 provides
an overview of typical compositions.

Table 3. Approximate composition of different glass types

Oxide Container Float glass Fiberglass Laboratory
Glass (E-Glass) Ware
Si0;  [w%] 73 72 54 80
B,0; [w%] 10 10
ALO; [w%] 1.5 0.3 14 3
CaO [w%] 10 9 17.5 1
MgO [w%] 0.1 4 4.5 1
Na,O [w%] 14 14 5
KO  [w%] 0.6

Melting & Refining. With the exception of a few specialty glass manufacturing processes,
continuously operated tank furnaces are commonly used for the melting of glass’. A typical
glass-melting furnace (“tank”) consists of a batch charging area (“doghouse”) attached to a
refractory basin covered by a refractory superstructure (“‘crown”).

Common heating methods are combustion-heating (oxy-fuel, air-fuel burners) and direct
electrical heating (“Joule heating”), as well as combinations of both (“electric boosting”). Many
furnaces use electric boosting to increase production rates, or to increase the flexibility of the
furnace operation (e.g. choice of energy source and production rates). Presently, most glass
furnaces in the U.S. are heated with natural gas. To increase fuel efficiency and reduce emissions
of nitrous oxides (NOx), oxygen is increasingly replacing combustion air. Electric boosting
typically accounts for 10 to 30% of the total energy input (see for example Wooley 1992). Most
electric furnaces have a uniform distribution of electrodes and have a cold top (Hibscher et al.

> The U.S. glass industry consumes about 50% of the soda ash produced in the United States.

® Discontinuous glass melting is mostly done in pot furnaces and in day tanks. In pot furnaces, one or more
crucibles made from refractory material are filled with batch and/or cullet, and placed in a gas-fired or
electrical furnace. After melting of the batch material is completed, the temperature of the furnace is
typically increased to lower the melt viscosity and activate refining agents to remove bubbles from the melt
(refining), and subsequently lowered to condition the glass for forming. Day-tanks are small tanks which
are recharged with batch and cullet, once the glass level falls below a certain mark; as in a pot furnace, the
temperatures are adjusted for melting, refining and conditioning of the glass melt (often overnight).



2005). All-electric, cold-top furnaces are primarily used for wool-type fiberglass production
(Ruth and Dell’ Anno 1997) but are also used for specialty glass production. All of these heating
technologies are discussed in more detail in Section 5.8.

To keep the glass level constant, the mixture of batch and cullet is continuously charged into the
glass-melting furnace to compensate for the glass withdrawn.

The process of refining (also know as fining) takes place in the melting chamber. During this
process, the batch of molten glass is freed of bubbles, homogenized, and heat conditioned before
the glass is introduced into the forehearth.

Improved refractory materials for the construction of the crown and the basin allow for higher
operating temperatures (and thereby better insulation) while being less prone to corrosion; this
leads in some cases to an increase in campaign life from about 2 to more than 9 years.

To improve energy efficiency and achieve higher flame temperatures, air-fuel furnaces typically
recover heat from exhaust gas streams with recuperative or regenerative systems to preheat the
combustion air. In recuperative systems, heat is continuously transferred from the exhaust gases
to the combustion air in a heat exchanger. In regenerative systems, the exhaust gases stream
through large chambers packed with refractory bricks arranged in patterns forming open conduits.
During the first part of the firing cycle, flue gases pass through the conduits and heat the
brickwork before leaving through the stack. After a certain time (typically about 20 minutes), the
exhaust port is closed and the firing direction is reversed: cold combustion air is passed through
the heated brickwork in the opposite direction, and mixed with the fuel in a combustion chamber.
Commonly, the cycle time is automatically adjusted by a control system to achieve the highest
efficiency possible.

Excess heat in the off-gas stream of recuperative or regenerative systems can be used to generate
steam in a waste-heat recovery boiler (for example for space heating), or to preheat cullet. Both
measures can increase the overall efficiency of the glass furnace to 50-65% (Whittemore 1999).
Modern glass furnace technology aims to increase the use of oxygen as a way to increase fuel
efficiency and reduce emissions of nitrogen oxides (NO,).

Average float glass furnaces, the largest in the industry, have a capacity of 450 tonnes/day, but
can be as large as 2,000 tonnes per day, whereas container glass tanks generally have a capacity
of 250 to 350 tonnes/day (GTI 2002). Common in both industry segments are regenerative
furnaces. Larger float- and container-glass tanks tend to exhibit improved energy efficiency (GTI
2002). Fiberglass furnaces are generally smaller than container and flat glass furnaces. Typical
capacities for insulation glass furnaces are 70 to 90 tonnes/day and 90 to 130 tonnes/day for
textile glass furnaces. Pressed and blown glass furnaces are generally the smallest, operating at 4
to 22 tonnes/day (GTI 2002). About 90% of the furnaces in each of the sub-sectors are
recuperative furnaces.

Natural gas is currently the fuel of choice for glass furnaces. In the U.S., some glass furnaces use
electric boosters to help melt the glass, as glass is an electrical conductor at high temperatures.
Generally, 10 to 30% of the energy input to the furnace is from the electric booster (Wooley
1992). For wool-type fiberglass production, melting is predominantly done with all electric, cold-
top furnaces (Ruth and Dell’ Anno 1997).
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Due to the high temperatures in the tank, glass melting is a large source of NOy emissions. State-
of-the-art technology aims at further reductions in NOy emissions, while simultaneously reducing
energy costs.

The process of refining (also know as fining) takes place in the melting chamber. During this
process, the batch of molten glass is freed of bubbles, homogenized, and heat conditioned before
the glass is introduced into the forehearth.

The role of the forehearth is to condition the glass. Conditioning produces a stable, desired glass
temperature, evenly distributed both vertically and laterally. Many defects are related to the
temperature and result from the lack of thermal homogeneity of the glass, directly related to the
conditioning of the forehearth.

Conditioning. After completion of the refining stage the fairly homogenous, bubble-free glass
leaves the tank and enters the forehearth, sometimes through a specifically designed pathway
(channel, “throat”). Main function of the forehearth is to condition the glass, i.e. to deliver glass
with the desired temperature and temperature distribution to the forming process. Deviations from
the desired thermal profile can cause undesirable differences in viscosity, and subsequently lead
to visible defects in the finished product. Forehearths can be gas-fired or electrically heated.

Forming. The conditioned glass is delivered from the forehearth to the forming equipment at a
constant rate (“pull rate”). Depending on the process, the viscous glass stream is either
continuously shaped (floatglass, fiberglass), or severed into portions of constant weight and shape
(“‘gobs”) which are delivered to a forming machine (container glass).

Container glass is produced today by automated processes known as pressing, blowing, press-
blowing, and blow-blowing. The viscous glass stream leaves the forehearth though an orifice
ring at a constant rate, and is severed into portions of defined weight and shape (“gobs”) by
mechanical means. The gobs drop into a chute (“gob feeder”), and are delivered to the forming
machine. In simple pressing machines, the gob drops into a preheated mold, and is subsequently
pressed into shape by a preheated die. Forming machines for glass bottles pre-shape the gob by
either pressing or blowing, and obtain the final shape by injecting air into the gob placed in a
surrounding mold. Common is the delivery of multiple gobs at a time to multiple forming
stations; typically, standard machines are capable of producing more than 200 containers per
minute.

Flat glass is produced today either by the float glass process, continuous drawing (updraw,
downdraw, overflow fusion), or continuous rolling. The float glass process was invented and
commercialized by Pilkington Brothers PLC in the United Kingdom. Introduced on an industrial
scale in 1959, the process and its variations are now the principal method of forming flat glass
throughout the world.

After leaving the delivery system, the conditioned glass flows onto the surface of a molten tin-
alloy (“float bath”). To avoid oxidation and reaction of the tin-alloy with the glass, the
atmosphere in the float chamber is slightly reducing’. The temperature at the entrance of the float
chamber is high enough to allow the glass to spread out on the liquid metal bath and form a flat
ribbon, and remove irregularities in the surface figure; typical are temperatures of up to 1800°F
(980°C). The ribbon is continuously withdrawn from the float chamber, and cools while floating

7 Typical forming gas mixtures injected into the float chamber consist of nitrogen with up to 10 volume %
of hydrogen.
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on the tin-alloy bath to about 1100°F (590°C); the glass is then rigid enough to be lifted from the
float bath without deformation and surface damage by conveyor rollers. The continuous ribbon
passes through an annealing lehr to release stresses, and is finally cut to length.

The float process is capable of producing flat glass with a uniform thickness ranging from about
2.5mm (0.1”) to more than 25mm (1”). Typical float glass plants produce more than 5000 tons
per week, and operate without interruption for multiple years.

Patterned flat glass and wire glass are manufactured with a rolling process. A continuous stream
of conditioned glass is poured between water-cooled rollers made out of cast iron or high-
temperature stainless steel, and continuously withdrawn. If the glass ribbon is patterned on only
one side, the slightly larger bottom roller is engraved with the negative of the pattern. The
thickness of the glass ribbon can typically be varied in the range of 4 to 15mm by changing the
diameter of the roller and adjusting the gap between the rollers. Glass temperatures of about
1900°F (1040°C) before, and 1600°F (850°C) after completion of the shaping are typical for
patterned glass. The formed continuous ribbon is supported by conveyor rollers, and passes
through an annealing lehr before being cut to size.

Drawing processes are used today mainly for the manufacture of thin glass.

Glass fiber consists mainly of continuous glass fiber (e.g. textiles) and glass wool (used for
insulation). Continuous glass fiber is a continuous strand, made up of a large number of
individual filaments of glass. Molten glass is fed from the furnace through a forehearth to a series
of bushings that contain over 1,600 accurately dimensioned holes or "forming tips,” while
modern production facilities may have over 4,000 holes in the bushing. Fine filaments of glass
are drawn mechanically downwards at high speed, and are wound.

Glass wool is made in the crown or rotary process. From the forehearth of the glass tank, a thick
stream of glass flows by gravity from the bushings into a rapidly rotating alloy steel dish
"crown," which has several hundred fine holes around its periphery. The molten glass is ejected
through the holes by centrifugal force to form filaments that are further extended into fine fibers
by a high velocity blast of hot gas. After being sprayed with a suitable bonding agent, the fibers
are drawn by suction onto a horizontally moving conveyor positioned below the rotating dish.
The mat of tangled fibers is carried through an oven, which cures the bonding agent, and is then
cut to size.

Optical fibers are considered a specialty product using extremely pure glass. Optical fibers
consist of two distinct glasses, a core of highly refracting glass surrounded by a sheath of glass
with lower refractive index between the two glasses. Optical signals are guided by total reflection
at the core-sheath interface to the other end of the fiber. There are many manufacturing processes
being used to produce cored fiber. For extremely accurate dimensions and complicated inner and
outer profiles, extrusion is used to form the glass. Extrusion uses low process temperatures and a
glass melt with unusually high viscosity compared to traditional forming methods like drawing or
blowing.

Currently, fiber glass production is the main user of electric melting, as it allows producing a very
homogenous and high quality product.

Finishing. Different finishing treatments can be used to influence product characteristics, e.g.
annealing, toughening and coating.
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In annealing, the strain in the glass can be reduced by slowly reheating the glass in an oven,
called a lehr. First, the glass product is heated to a high temperature, varying between 800°F
(400°C) and 1000°F (500°C), depending on the product. Next, the glass product is gradually
reduced to a temperature at which no further strain can be induced. Then, it is cooled by fan air
to room temperature. The time required for this process depends on the size of the product and its
wall thickness, but the process is normally completed in less than an hour.

Re-heating the glass product uniformly to a temperature just above that at which deformation
could take place and then rapidly cooling the surfaces by jets of air comprises toughening. Rapid
cooling of both surfaces leads to the build-up of a compressive stress layer upon further cooling,
since the hot core glass can still contract. Thermal strengthening can be applied to flat glass or
simple shapes like curved car windscreens or tumblers. The glass thickness must be uniform, not
too thin, and the shape of the article must be such that all surfaces can be uniformly cooled at the
same time. Bottles cannot be toughened in this way. However, bottles can be toughened in a
chemical process.

The coating of glass surfaces (e.g. mirrors, strengthening of bottles, and coloring) gives glass new
physical, chemical, and optical properties. Lightweight glass containers are coated with organic
compounds to give the surfaces a degree of lubricity, thus preventing abrasion in handling. This
adds strength to the container and has enabled glass manufacturers to make a lighter and better
product.

Finally, the glass product is packaged, stored in a warehouse or shipped to customers in different
industries.
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4. Energy Use in Glass Making

Energy costs are significant for the U.S. glass industry and, on average, account for around 14%
of direct glass production costs (GMIC 2002). In 2003, the four primary glass industry
segments—flat glass, container glass, specialty glass, and fiberglass—spent over $1.6 billion on
purchased fuels and electricity (U.S. Census 2005a). Of this, $1 billion was spent on purchased
fuels and $600 million was spent on purchased electricity. Natural gas accounts for nearly all
purchased fuels and is the primary fuel used in melting and annealing processes. Electricity is
typically used as booster energy in melting tanks and throughout the plant for lights, fans, pumps,
compressed air systems, and forming equipment. In this chapter, an overview of energy use in
the U.S. glass industry is provided with an assessment of energy consumption of each major
process step.

Table 4 summarizes estimates of energy use by the U.S. glass industry, as reported in the
Manufacturing Energy Consumption Survey (MECS) published by the U.S. Energy Information
Administration (EIA 1994, 1997, 2001, 2005).8 Due to significant differences in reporting
formats between the different years of the MECS, it is not possible to develop a consistent time
series for glass industry energy consumption using MECS data.’

Table 5 provides estimates of energy use by the U.S. glass industry in 2002, which were derived
using data from the U.S. Census Bureau’s Annual Survey of Manufactures (ASM).'” The ASM
data led to an estimate of 362 TBtu of primary energy consumed by the four primary segments of
the U.S. glass industry in 2002. Comparing Tables 4 and 5, it can be seen that the MECS
estimates of fuel use in each glass industry segment are generally lower than the ASM-derived
estimates of fuel use. Both ASM and MECS report electricity consumption in kWh, and are
comparable. The ASM fuel estimates were derived by dividing the fuel expenditures reported by
the ASM by the 2002 average U.S. industrial natural gas price, which might result in significant
uncertainties. The fuel consumption data in the MECS are based on a survey that directly reports
on fuel use. However, in the MECS the results of a more limited sample are extrapolated to the
sector as a whole. Adding the 2002 MECS estimates for the flat glass, container glass, and
mineral wool segments to the 2002 ASM estimate for the specialty glass segment gives an

¥ Table 4 reports estimates for both final energy use and primary energy use. Final energy use is the sum of
all purchased fuels and electricity (i.e., the energy consumed at the plant). Primary energy use includes
final energy use as well as the energy losses associated with generating, transmitting, and distributing the
electricity purchased by the plant. Electricity losses are calculated using an average U.S. conversion factor
of 7,088 Btu of energy loss per kWh of electricity purchased (U.S DOE 1997, 2002a).

’ The 1991 MECS and 1994 MECS report data for the flat glass, container glass, specialty glass, and
mineral wool segments but do not report data for the purchased glass segment (NAICS 327215, SIC 3231).
The 1998 MECS reports only data for the “glass and glass product manufacturing” sector (NAICS 3272) as
a whole, which includes the flat glass, container glass, specialty glass, and purchased glass segments. The
1998 MECS does not provide data for the mineral wool segment. The 2002 MECS reports on NAICS 3272
as a whole, but also provides data for the flat glass, container glass, and mineral wool segments. The 2002
MECS does not provide data for the specialty glass segment.

' The estimates in Table 5 were derived based on 2002 ASM data using the national average industrial
natural gas price for 2002 of $4.02 per 1000 ft* (U.S. DOE 2005a); purchased electricity use was based on
actual consumption reported in the 2002 ASM. The estimates do not account for fuel purchased to generate
electricity sold offsite. Electricity losses were calculated in the same manner as in Table 4.
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estimated total primary energy consumption of 331 TBtu for the four primary industry segments.
Due to the limitations described above, this estimate is considered to be uncertain.

Table 4. U.S. glass industry energy use data from MECS (TBtu)

| 1991 | 1994 [ 1998 [ 2002
Glass Industry — Total
Purchased electricity 39 43 42 42
Fuel oils 3 4 3 6
Natural gas 140 199 159 153
Total final energy 186 249 206 201
Electricity losses 81 89 87 87
Total primary energy 267 338 293 288
Flat Glass
Purchased electricity 5 5 - 6
Fuel oils withheld 2 - 3
Natural gas 42 45 - 52
Total final energy 49 52 - 61
Electricity losses 10 10 - 12
Total primary energy 59 62 - 73
Container Glass
Purchased electricity 14 15 - 13
Fuel oils 2 2 - withheld
Natural gas 69 66 - 52
Total final energy 85 83 - 65
Electricity losses 29 31 - 27
Total primary energy 114 114 - 92
Specialty Glass
Purchased electricity 10 11 - -
Fuel oils 1 withheld - -
Natural gas withheld 51 - -
Total final energy 11 63 - -
Electricity losses 21 23 - -
Total primary energy 32 86 - -
Mineral Wool
Purchased electricity 10 12 - 13
Fuel oils withheld withheld - -
Natural gas 29 37 - 35
Total final energy 41 51 - 48
Electricity losses 21 25 - 27
Total primary energy 62 76 - 75

Sources: EIA (1994, 1997, 2001, 2005)
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Table 5. 2002 U.S. glass industry energy use estimates based on ASM data (TBtu)

Flat Container | Specialty | Mineral Total
Glass Glass Glass Wool
Purchased electricity 7 13 12 12 44
Purchased fuels 59 66 53 45 223
Total final energy 66 79 65 57 267
Electricity losses 15 28 26 26 95
Total primary energy 81 107 91 83 362

Source: U.S. Census (2004), U.S. DOE (2005)

The U.S. glass industry’s energy costs have increased steadily over the past decade, with the most
rapid increases occurring since the late 1990s. Figure 4 plots the U.S. glass industry’s energy
costs, energy costs as a percentage of value added, and energy costs as a percentage of value of
shipments from 1992-2003. The rapid increase in energy costs occurring since 1999 can be
attributed to steep increases in the price of industrial natural gas over the same period. Between
1999 and 2003, the average price of industrial natural gas in the United States rose from $3.12 per
1000 ft’ to $5.81 per 1000 ft’ (U.S. DOE 2005a). Energy costs as a percentage of production
(i.e., value added and value of shipments) decreased steadily throughout the 1990s, but have
trended upward along with total energy costs since 1999, as natural gas and electricity prices
increased.

Figure 4. Historical trends in energy costs for the U.S. glass industry

—e—Energy Costs as % of Value of Shipments

20% 2.00
§ Total energy costs on right axis
- 1.75
15% + - 1.50 &
i [ =
o
> - 1.25 E
m N
2 3
8 10% - - 1.00 o
i (&)
>
> 5
o - 075 &
= &
[
o
'—

5% - 0.50

—O—Energy Costs as % of Value Added

- 0.25
—Total Energy Costs
0% T T T T T T T T T T T 0.00
N @ < n © N~ [ o O - N @
(<2} D OO O o O [=2] oo O O o O
(=2} o O O D O [=2) oo O O o O
- - - - - - - - N N N N

Sources: U.S. Census (1995, 1996, 1998, 2003, 2005a)

Figure 5 shows the energy expenditures of the U.S. glass industry from 1992-2003, broken down
by expenditures on fuels and electricity. While industry expenditures on fuels and electricity
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were comparable throughout much of the 1990s, fuel expenditures have increased significantly in
recent years (largely due to rapidly increasing natural gas costs). In 2003, fuel expenditures
accounted for nearly two-thirds of the U.S. glass industry’s energy costs.

Nearly all of the electricity consumed by the U.S. glass industry is purchased electricity. On
average, less than 0.1% of the electricity consumed by U.S glass production facilities over the last
decade was generated onsite (U.S. Census 1995, 1996, 1998, 2003, 2005a).

Figure 5. Historical energy expenditures by the U.S. glass industry
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Of the total energy purchased by the U.S. glass industry, around 80% is used for process heating
purposes, primarily to heat raw materials to transform them into glass (U.S. DOE 2004). Around
8% of purchased energy is consumed by machine drives and around 4% is consumed by facility
heating, ventilation, and air conditioning (HVAC) equipment.

The specific energy of glass production (i.e., energy use per ton of product) depends heavily on
the end product type (i.e. chemical composition), the percentage of cullet in the feed, the
efficiency of the processes, and the type of furnace (EEBPP 2000). Table 6 summarizes the
average specific energy use of the major process steps in glass making for each of the primary
industry segments. Note that actual energy use may vary based on the chemical composition and
the use of cullet. Melting and refining are the most energy-intensive processes within each
industry segment, while batch preparation is usually the least energy-intensive process step.
Further details on the specific energy consumption of each major process step are provided
below.
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Table 6. Specific energy consumption of major process steps by industry segment

Average Specific Energy (MMBtu/ton)
Process Step Flat Glass Container | Specialty Fiberglass
Glass Glass
Batch preparation 0.3 0.5 0.8 1.1
Melting and refining 6.5 5.8 7.3 5-6.5
Forming 1.5 0.4 5.3 1.5-4.5
Post-
forming/finishing 2.2 0.7 30 I-2

Source: U.S. DOE (2002a); Rue et al. (2006)

Batch Preparation. Electricity is used to power the conveyors, crushers, mixers, hoppers, and
baghouses. Average values of specific electricity use in batch preparation range from 80
kWh/ton (0.3 MMBtu/ton) for flat glass to 340 kWh/ton (1.1 MMBtu/ton) for fiberglass (U.S.
DOE 2002a). The electricity consumed in batch preparation typically represents only around 4-
5% of a plant’s final energy demand.

Melting and Refining. The melting and refining of glass in continuous furnaces is the most
energy-intensive process step in glass production. Theoretically, 2.2 MMBtu are required to melt
one short ton of glass. In reality, however, most modern furnaces consume significantly more
energy, depending on the percentage of cullet in the feed (EC-JRC 2000). In general, only about
33-40% of the energy consumed by a continuous furnace goes toward melting the glass (U.S.
DOE 2002a, Pieper 1997). Up to 30% of the energy consumed by a furnace can be lost through
its structure, while another 30% can be lost through flue gas exiting the stack.

The fuel consumed in melting and refining depends foremost on the chemical composition and
the share of cullet used, but also on the type of furnace. In the production of flat glass, container
glass, and specialty glass in the United States, the vast majority of furnaces are fired with natural
gas and many of these will also use an electric boost. Electricity for boosting typically represents
10-20% of the final energy consumed by a furnace (U.S. EPA 1995; Wooley 1992). Electric
boosting may contribute from 2 to 20% of the energy inputs in a furnace. However, in large scale
container and flat glass furnaces boosting will be limited to 5-15%, depending on local electricity
rates (GMIC 2004). If oxy-fuel is used, electricity is also consumed to produce oxygen. In the
production of fiberglass insulation in the United States, electric melting furnaces predominate.

A recent study for the U.S. Department of Energy (Rue et al. 2006) surveyed glass plants in the
U.S. to establish the current energy intensities in various segments of the glass industry. The
study focused on the melting and shaping. The study concluded that for glass fiber the melting
and refining energy use is typically 6.5£0.5MMBtu/ton for textile fibers and 4.5+0.5 MMBtu/ton
for glass wool. For flat glass, the average melting and refining energy use was estimated at
6.5+0.5 MMBtu/ton, based on a found variation between 5 and 7.5 MMBtu/ton, while for
container glass the average melting and refining intensity was estimated to be 5.75+0.25
MMBtu/ton (Rue et al. 2006).

Table 7 summarizes estimates for the specific energy consumption of furnaces in each glass
industry segment by fuel and furnace type. Table 7 also provides the estimated production output
of each furnace type by industry segment, to indicate the relative prevalence of each furnace
technology in the United States.
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Table 7. Estimated specific energy consumption of glass melting furnaces

Industry Current Average Specific Energy (MMBtu/ton)"! |
Segment/ Estimated Natural Electricit Electricity Primary
Furnace Type Share Gas ectricity Losses ' Energy"
Flat Glass
Regenerative 80% 8.5(6.2-11.8) 0.3 (0.1-0.6) 0.6 9.4
Oxy-fuel 20% 4.7 0.7 1.5 6.9
Electric boost n.a. 5.7 (5.1-6.3) 0.8 (0.6-1.1) 1.7 8.2
Container Glass
Regenerative 70% 7.5 (4.8-10.2) 0.3 (0.1-0.5) 0.6 8.4
Electric boost 15% 4.7 (3.3-6.0) 0.8 (0.6-1.1) 1.7 7.2
Oxy-fuel 30% 4.0 (3.7-4.3) 0.7 (0.6-0.8) 1.5 6.2
Electric melter n.a. - 2.8 (2.5-3.0) 5.8 8.6
Specialty Glass
Regenerative 26% 5.5 (3.8-7.1) - - 5.5
Direct melter 34% 12.0 (8.0-16.0) - - 12.0
Oxy-fuel 35% 3.6 (3.0-4.2) - - 3.6
Electric melter 5% - 10.3 (8.9- 21.4 31.7
11.6)
Fiberglass Insulation
Electric melter 55% - 7.5 (3.0-11.9) 15.6 23.1
Recuperative 10% 7.0 (6.0-8.0) - - 7.0
Oxy-fuel 35% 5.6 (3.4-7.8) - - 5.6
Textile/reinforcement Fibers
Recuperative 25% 10.5 (6.0-15.0) - - 10.5
Oxy-Fuel 75% 5.6 (3.4-7.8) - - 5.6

Source: U.S. DOE (2002a); Rue et al. (2006)

As Table 7 shows, there is a wide variation in specific energy consumption between furnace types
and even for the same furnace type. Important parameters affecting the furnace efficiency
include the basic design, size, and age of the furnace, the type of glass being melted, the pull rate,
and the type of fuel used (most furnaces are designed for a specific fuel; using other fuels can
reduce efficiency).

Full electric glass melting furnaces are mainly used by smaller producers, as well as by producers
of specialty glass and fiberglass products. The main disadvantages associated with electric
furnaces are their potentially higher energy costs'®, higher primary energy use (due to significant

! For natural gas and electricity use, estimates of the specific energy consumption range are provided in
parentheses.

' Electricity losses are calculated using an average U.S. conversion factor of 7,088 Btu of energy loss per
kWh of electricity purchased (U.S DOE 1997, 2002a).

' Estimates noted in italics are based only on natural gas use as data on electricity use were not available.
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electricity losses), and a lower turn down ratio (i.e. turn down of the pull rate is limited compared
to gas-fired furnaces). Furthermore, the maximum capacity of electric melters is limited to a
maximum of 300 tons/day, the cullet share is limited due to unwanted chemical reactions or
increased energy losses, and campaign life is limited to about 4 years using modern refractories
(Hibscher et al. 2005). However, a distinct advantage of electric furnaces is that they generate less
direct emissions than natural gas-fired furnaces. However, sometimes the use of an electric
furnace is a technical necessity, e.g. high melting-point glasses, volatilization, as there are glass
types that can only be made with full-electric furnaces.

A recent survey of electric furnaces with capacities of over 10 tonnes/day estimated the average
specific electricity consumption of electric furnaces at 1.18 kWh/kg (1070 kWh/short ton)
(Fleishmann 1994, 1997). The survey was conducted in Germany and included a wide variety of
electric furnace designs (cold top, semi-cold top, and shaft) and electrode arrangements (top,
bottom, side, or a combination of these). The survey showed that electricity consumption varied
widely with furnace capacity, daily throughput, and the percentage of cullet in the feed. Based on
the survey results, a relationship between electricity use and throughput was derived (excluding
cullet percentage):

Electricity consumption (kWh/kg) = 1.3 - 0.0066 * Daily throughput (tonne/day)

The survey also showed that some electric furnaces operated more efficiently than others,
suggesting that there may be additional room for energy-efficiency improvement in the surveyed
electric furnaces. Modern electric furnaces would consume about 780-800 kWh/short ton of soda-
lime and sodium-borate glasses (Hibscher et al. 2005).

All furnaces are subject to stress and corrosion, and are therefore lined with refractories. The
refractories may be coated to retard erosion. The refractories must be renewed periodically, as
deterioration can lead to significant energy losses (at the end of campaign life energy use can be
up to 20% more than at the beginning of campaign life due to lining loss) (EC-JRC 2000).

Forming. After glass is melted and refined in the furnace, molten glass is passed into the
forehearth where it is conditioned to a temperature suitable for forming. The molten glass is then
formed using any number of different processes, which depend on the desired shape of the final
product (see Chapter 3). Natural gas and electricity are the main forms of energy used in forming.
Most of the electricity is used to drive forming machines, fans, blowers, compressors, and
conveyors (U.S. DOE 2002a). In forming processes where proper working temperatures need to
be maintained, fuels (e.g. natural gas) and electricity are used to control the process heat.

The energy used in forming is highly product dependent; energy use in forming can account for
anywhere from 12% (for flat glass) to 34% (for fiber forming) of the total primary energy
consumed in glass production (Babcock et al. 1988). In flat glass production, electricity is used
to maintain the molten state of the tin bath and to drive rollers. In the production of glass
containers, final form is obtained using either compressed air (blow and blow method) or a
combination of compressed air and electricity-driven mechanical pressing (press and blow
method). The primary forming processes used in specialty glass production—press and blow,
press-forming, lamp-forming, spinning, and drawing—are also electricity-driven. In the

" The cost differential is strongly dependent on the natural gas and electricity prices for the specific
location of the plant. Electricity prices may vary widely, while natural gas prices have increased rapidly in
recent years. Hence, for specific locations an electric furnace may still be an economic option.

20



production of glass wool, both electricity (for rotary spinners and conveyors) and fuels (for steam
blowing or flame attenuation) can be consumed.

Estimates for the average specific energy use of forming processes in each glass industry segment
are provided in Table 8.

Table 8. Estimated specific energy consumption of glass forming processes

Industry Average Specific Ene'rgy (MMBtu/to'n)
Segment Electricity Electrlcgy Prlmarl);
Losses Energy
Flat glass 1.5 3.1 4.6
Container glass 0.4-0.7 0.8-1.5 1.2-22
Specialty glass 5.3 11.0 15.3
Fiberglass 2-5.5 4-11.8 6-17.3

Source: U.S. DOE (2002a)

Post-Forming and Finishing. After being formed into its final shape, a glass product may be
subjected to several different post-forming and finishing processes, including curing/drying,
annealing, bending, tempering, laminating, coating, cutting, drilling, and polishing.

Annealing is performed on all glass products except fibers and thin-walled products, such as light
bulbs. Annealing takes place in a lehr (an electric or natural gas-fired chamber or tunnel), where
the rate of glass cooling is carefully controlled to remove internal stresses. Most annealing lehrs
(over 90%) are fired with natural gas (U.S. DOE 2002a). Annealing process typically consume 2-
5% of the total final energy in a glass plant (EC-JRC 2000).

After annealing, some flat glass (particularly automotive and architectural glass) is subjected to
tempering to improve its strength. Tempering can occur in either an electric or natural gas-fired
furnace. Automotive flat glass typically undergoes mechanical bending prior to tempering to
attain desired curvature.

In the laminating process, two pieces of flat glass are sandwiched with a layer of resin in a rolling
process. The assembly is then heated in an autoclave to liquefy the resin and to remove trapped
air. Autoclaves are mostly powered with electricity (U.S. DOE 2002a).

Coatings are applied to glass containers after the annealing process to improve scratch resistance.
Container coatings are typically applied using motor-driven hydraulic spray nozzles. Coatings are
also applied to textile fibers after forming, using a rolling process.

Glass wool fibers are subjected to a curing and drying process after forming. The glass wool
fibers are collected on a conveyor and sprayed with a binder solution. The resulting mat of glass
wool is passed through a series of ovens, which cure the binder, and then through a dryer unit,
which forces ambient air through the glass wool mat. Natural gas is the predominant form of
energy in curing and drying, used for process heat and in the incineration of volatile organic
fumes arising from the curing process.

'* Electricity losses are calculated using an average U.S. conversion factor of 7,088 Btu of energy loss per
kWh of electricity purchased (U.S DOE 1997, 2002a).

' Primary energy estimates include only electricity use as data on fuel use were not available.
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Table 9 provides estimates for the specific energy use of post-forming and finishing process in
each glass industry segment.

Table 9. Estimated specific energy consumption of post-forming and finishing processes

Average Specific Energy (MMBtu/ton)

Industry Segment/Process Natural Electricit Electricity | Primary

Gas/Fuel Oil ey | Losses” | Energy™
Flat Glass
Annealing 0.4 0.01 0.02 0.43
Tempering (gas) 4.0 0.19 0.39 4.58
Tempering (electric) - 1.85 3.84 5.69
Laminating 1.0 - - 1.0
Autoclave 0.5 0.14 0.29 0.93
Container Glass
Annealing & finishing | 1.6 | 023 ] 0.48 | 231
Specialty Glass
Annealing & polishing | 3.0 | 0.05 | 0.10 | 3.15
Fiberglass
Glass Wool 4.4 - - 4.4
Textile Fibers 3.3 - - 3.3

Source: U.S. DOE (2002a)

' Electricity losses are calculated using an average U.S. conversion factor of 7,088 Btu of energy loss per
kWh of electricity purchased (U.S DOE 1997, 2002a).

'8 Estimates noted in italics are based only on natural gas use as data on electricity use were not available.
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5. Energy Efficiency Improvement Opportunities

Opportunities exist within U.S. glass plants to improve energy efficiency while maintaining or
enhancing productivity. Improving energy efficiency at a glass plant should be approached from
several directions. First, a glass plant uses energy for equipment such as motors, pumps, and
compressors. These important components require regular maintenance, good operation, and
replacement, when necessary. Thus, a critical element of plant energy management involves the
efficient control of cross-cutting equipment that powers the production processes of a plant. A
second and equally important area is the proper and efficient operation of the processes. Process
optimization and ensuring that the most productive technologies are in place are key to realizing
energy savings in a plant’s operation. Finally, throughout a glass plant, there are many processes
in operation at the same time. Coordinating their efficiency and operation is necessary to ensure
energy savings are realized. If a corporation operates more than one plant, energy management
can be more complex than just considering the needs of a single plant. Whether for a single plant
or for an entire corporation, establishing a strong organizational energy management framework
is important to ensure that energy efficiency measures are implemented effectively.

The sections below categorize energy efficiency measures by their utility systems (general,
compressed air, motors, lighting, heat and steam distribution, and others) or by process (batch
preparation, melting, electric furnaces (for small batches), forehearths and forming, and annealing
and finishing). An introduction to energy management and programs is provided in Section 5.1.
Case studies for glass plants in the United States and abroad with specific energy and cost savings
data are included with measure descriptions, where available. For other measures, comparable
data from similar facilities, such as other industries with high temperature melting processes, are
provided. A recent study (Rue et al. 2006) estimated the potential for energy efficiency
improvement of 20 to 25% in the glass industry, with the furnace being the most important area
for improvements, followed by refining and conditioning, cullet and batch preheating, and
increased cullet use.

This analysis excludes opportunity costs (such as down time for equipment replacement) and the
cost associated with the replacement of non-depreciated equipment because these values vary
among individual plants and may be as low as zero for some. When available data exist, simple
payback period as a first measure of profitability is provided. Better methods exist for
determining profitability, such as return on investment or life cycle costing. However, these
methods often require much more data than are available in this Energy Guide. It is expected that
the reader will use the payback period as a first criterion to determine whether or not to pursue
further research on profitability of the measure.

For U.S. glass plants, actual payback and savings for the measures will vary, depending on plant
configuration and size, manufactured products, operating characteristics, and location. The values
presented in this review are offered as guidelines since only a detailed study of a specific location
can produce reliable estimates for that plant. Wherever possible, a range of savings and paybacks
found under varying conditions for each glass sector is provided. Table 10 lists energy efficiency
measures that are general utility or cross-cutting measures, characterized by the system to which
they apply. Table 11 similarly lists energy efficiency measures that are process-specific,
characterized by the process to which they apply.
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Table 10: Cross-cutting (utilities) energy efficiency measures for the glass industry

Energy Management (Section 5.1)

Energy management programs

Energy monitoring and control systems

Compressed Air (Section 5.2)

System improvements

Maintenance

Monitoring

Leak reduction

Turning off unnecessary compressed air
Modification of system

Replacement of compressed air by other sources
Improved load management

Pressure drop minimization

Inlet air temperature reduction

Controls

Properly sized pipe diameters

Heat recovery

Natural gas engine-driven compressors
Energy recovery for air drying

Compressor motors

Use air at lowest possible pressure
Maximizing pressure dew point at air intake
Properly sized regulators

Motors (Section 5.3)

Motor management plan
Maintenance

Adjustable-speed drives
Minimizing voltage unbalances
Switched reluctance drives

Strategic motor selection
Properly sized motors

Power factor correction

High efficiency belts (cog belts).

Lighting (Section 5.4)

Lighting controls

Turn off lights in unoccupied areas

Exit signs—LEDs or radium strips

Replace incandescent with fluorescent or CFL
Replace T-12 with T-8 or metal halides
Replace mercury with metal halides or high
pressure sodium lights

Replace metal halide HID with high-intensity
fluorescents

HID lights voltage reduction

Replace magnetic with electronic ballast
Reflectors

Day lighting

System improvements

Heat and Steam Distribution—Distribution & Boilers (Section 5.5)

Improve boiler process control

Reduce flue gas quantities

Reduce excess air

Correct boiler sizing in design
Boilers—improve insulation

Boiler maintenance

Boilers—recover heat from flue gas
Boilers—return condensate
Boilers—recover steam from blowdown

Boilers-Replace obsolete burners w/ optimized
boilers

Steam and Hot Water distribution
Distribution-improve insulation
Distribution-maintain insulation

Improve steam traps

Maintain steam traps

Monitor steam traps automatically

Repair leaks

Recover flash steam

Other Cross Cutting Measures (Section 5.6)

HVAC—building shell
Other HVAC Meaures

Energy-efficient transformers
Combined heat and power (CHP)

24




Table 11: Process-related energy efficiency measures for the glass industry

Batch Preparation (Section 5.7)

Grinding—new technology
Mixing

Fluxing agents

Reduce batch wetting
Selective batching
Optimize conveyor belts
Re-sizing of motors

High-efficiency motors
Adjustable/variable speed drives

High efficiency belts

Conveyor belt systems

Cullet separation and grinding systems
Cullet preparation

Melting Task—Changes to Existing Furnaces (Section 5.8.1)

Process control systems
Minimize excess ait/reduce air leakage
Premix burners

Adjustable speed drives on combustion air fans

Waste heat boiler
Bubbler

Refractories/Insulation
Properly position burners
Sealed burners
Low-NOx burner
Recuperative burners
Vertically-fired furnaces

Melting Task—Furnace Designs (Section 5.8.2)

End-fired furnaces
Regenerative furnaces

Increase size of the refrigerator
SORG® Flex Melter

Melting Task—Oxy-Fuel Furnaces (Section 5.8.3)

Synthetic air
Oxygen enriched air staging
Oxy-fuel furnace

Heat recovery from oxy-fuel furnace
High luminosity burners (oxy-fuel)
Tall crown furnace (oxy-fuel)

Melting Task—Cullet Use and Preheating (Section 5.8.4)

Use more cullet and or filter dust

Batch and cullet preheating

Melting Task—Electric Furnaces (Section 5.8.5)

Top-heating
Optimize electrode placement

Replace by fuel-fired furnace

Forehearths and Forming (Section 5.9)

Process control
High efficiency forehearths

Oxy-Fuel fired forehearth
Improved insulation

Annealing and Finishing (Section 5.10)

Controls
Optimize plant lay-out
Reduce air leakage

Insulation
Product drying system upgrade
Glass coating

Emerging Technologies (Section 5.11)

Oscillating combustion
Segmented melter
Plasma melter

High speed convection

Reengineer process to spend less time in tank

Submerged combustion melting

Advanced glass melter
Air-bottom cycle

Glass fiber recycling

Use of waste glass in cutting
Other emerging technologies




5.1 Energy Management Systems and Programs

Although technological changes in equipment conserve energy, changes in staff behavior and
attitude can also have a great impact. Energy efficiency training programs can help a company’s
staff incorporate energy efficiency practices into their day-to-day work routines. Personnel at all
levels should be aware of energy use and company objectives for energy efficiency improvement.
Often such information is acquired by lower-level managers but neither passed up to higher-level
management nor passed down to staff (Caffal 1995). Energy efficiency programs with regular
feedback on staff behavior, such as reward systems, have had the best results. Though changes in
staff behavior (such as switching off lights or closing windows and doors) often save only small
amounts of energy at one time, taken continuously over longer periods they can have a much
greater effect than more costly technological improvements.

Establishing formal management structures and systems for managing energy that focus on
continuous improvement are important strategies for helping companies manage energy use and
implement energy efficiency measures. The U.S. EPA’s ENERGY STAR program has developed
a framework for energy management based on the observed best practices of leading companies.
Other management frameworks, such as ISO 14001, can be used to ensure better organizational
management of energy. One ENERGY STAR partner noted that using energy management
programs in combination with the ISO 14001 program has had a greater impact on conserving
energy at its plants than any other strategy.

Improving energy efficiency in glass manufacturing should be approached from several
directions. A strong, corporate-wide energy management program is essential. Ideally, such a
program would include facility, operations, environmental, health, and safety, and management
personnel. Energy efficiency improvements to cross-cutting technologies,'® such as the use of
energy-efficient motors and the optimization of compressed air systems, present well-documented
opportunities for energy savings. Optimizing system design and operations, such as maximizing
process waste heat recovery, can also lead to significant reductions in energy use. In addition,
production processes can often be fine-tuned to produce similar savings.

Energy management programs. Changing how energy is managed by implementing an
organization-wide energy management program is one of the most successful and cost-effective
ways to bring about energy efficiency improvements.

Energy efficiency does not happen on its own. A strong energy management program is required
to create a foundation for positive change and to provide guidance for managing energy
throughout an organization. Energy management programs also help to ensure that energy
efficiency improvements do not just happen on a one-time basis, but rather are continuously
identified and implemented in an ongoing process of continuous improvement. Furthermore,
without the backing of a sound energy management program, energy efficiency improvements
might not reach their full potential due to lack of a systems perspective and/or proper
maintenance and follow-up.

In companies without a clear program in place, opportunities for improvement may be known but
may not be promoted or implemented because of organizational barriers. These barriers may
include a lack of communication among plants, a poor understanding of how to create support for
an energy efficiency project, limited finances, poor accountability for measures, or organizational

% Cross-cutting technologies are defined as equipment that is commonly used in many different sectors,
such as boilers, pumps, motors, compressed air systems, and lighting.
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inertia to changes from the status quo. Even when energy is a significant cost, many companies
still lack a strong commitment to improve energy management.

The U.S. EPA, through ENERGY STAR, has worked with many of the leading industrial
manufacturers to identify the basic aspects of an effective energy management program.” The

major elements in a strategic energy management program are depicted in Figure 6.

Figure 6: Main elements of a strategic energy management program
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A successful program in energy management begins with a strong organizational commitment to
continuous improvement of energy efficiency. This involves assigning oversight and management
duties to an energy director, establishing an energy policy, and creating a cross-functional energy
team. Steps and procedures are then put in place to assess performance through regular reviews
of energy data, technical assessments, and benchmarking. From this assessment, an organization
is able to develop a baseline of energy use and set goals for improvement. Performance goals help
to shape the development and implementation of an action plan.

An important aspect for ensuring the success of the action plan is involving personnel throughout
the organization. Personnel at all levels should be aware of energy use and goals for efficiency.
Staff should be trained in both skills and general approaches to energy efficiency in day-to-day
practices. In addition, performance results should be regularly evaluated and communicated to all

20 Read about strategic energy management at Www.energystar.gov.
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personnel, recognizing high achievement. Some examples of simple tasks employees can do are
outlined in Appendix B.

Progress evaluation involves the regular review of both energy use data and the activities carried
out as part of the action plan. Information gathered during the formal review process helps in
setting new performance goals and action plans and in revealing best practices. Once best
practices are established, the goal of the cross-functional energy team should be to replicate these
practices throughout the organization. Establishing a strong communications program and
seeking recognition for accomplishments are also critical steps. Strong communication and
receiving recognition help to build support and momentum for future activities.

A quick assessment of an organization’s efforts to manage energy can be made by comparing its
current energy management program against the ENERGY STAR Energy Program Assessment
Matrix provided in Appendix C.

An important step towards the development and successful implementation of a corporate energy
management program is the formation of “energy teams”. Successful programs in many
companies have demonstrated the benefits of forming teams consisting of people from various
plants and departments of the company to bring together the wide expertise needed for the
successful development of energy efficiency programs and projects within a company or at a site.
ENERGY STAR has developed a separate guide on forming energy management teams (US EPA
2006). Appendix D provides a checklist for the development of energy teams.

As discussed above, internal support for a business energy management program is crucial;
however, support for business energy management programs can come from outside sources as
well. Some utility companies work together with industrial clients to achieve energy savings. In
these cases, utility personnel work directly with the company onsite. Furthermore, programs to
support energy-efficiency improvements at industrial sites exist. Both the federal government and
various states offer dedicated programs. Appendix E provides suggestions for programs that may
offer support for energy management activities (e.g. tools, audits, financial support).

Facility audits can be a particularly effective form of outside support. In recent audits carried out
by U.S. DOE Industrial Assessment Centers (IACs) at U.S. glass facilities, energy saving
opportunities were identified that offered anywhere from $6,000-$300,000 in annual energy
savings at payback periods ranging from only 1 to 11 months (U.S. DOE 2002b). In a U.S. DOE
sponsored audit of the OSRAM Sylvania specialty glass plant in Exeter, New Hampshire,
opportunities were identified for saving 1.7 million kWh of electricity and 3.3 MMBtu of natural
gas per year, which would lead to savings of over $170,000 per year in energy costs (D’ Antonio
et al. 2003).

Specific energy savings and payback periods for overall adoption of a strategic energy
management system vary from plant to plant and company to company. One company, United
Glass, one of the leading glass container manufacturers in the UK, implemented many elements
of the integrated energy management system discussed above, including setting up a monitoring
and targeting program of energy consumption and costs, carrying out energy audits, improving
motivation and awareness in all employees, setting up task force teams to deal with energy, and
improving training (EEBPP 1996a). In addition to employing an energy manager, every member
of the staff was trained for at least three days, while supervisors received more training. Savings
in electricity, heavy fuel oils, and gas were $420,000 (1995) annually. The payback period for the
energy manager’s salary was 1 month, and for capital energy efficiency investment measures 1 to
2 years.
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Energy monitoring and control systems. The use of energy monitoring and process control
systems can play an important role in energy management and in reducing energy use. These may
include sub-metering, monitoring, and control systems. They can reduce the time required to
perform complex tasks, often improve product and data quality and consistency, optimize process
operations, and improve production budgeting.

Monitoring and targeting systems can enable companies to achieve about 10% reduction in
energy without any investment (EEBPP 1996b). Further improvements through improved data
quality, improved time correspondence of data, and increased frequency or locations analyzed
may improve the monitoring system and lead to further savings. For process control systems,
energy and cost savings are typically around 5% or more for many industrial applications (but can
vary greatly from plant to plant). These savings apply to plants without updated process control
systems; many U.S. plants may already have modern process control systems in place to improve
energy efficiency.

Waterford Crystal at Kilbarry, Dungarvan and Butlerstown (Ireland) began monitoring and
targeting to reduce energy costs in 1993 (EEBPP 1996b). With continuous monitoring of
production processes, HVAC, lighting, and upgrades to air conditioning and lighting in offices,
they realized a 20% reduction in energy consumption with a payback of only 1 year.

Using a mathematical model to control its air drying process, Owens Corning Veil Netherlands
was able to reduce drying air and optimize the consumption of natural gas (NOVEM 1997). They
found savings of 500,000 m’ per year worth $67,000 (1997). With additional savings of $52,000
(1997) from reduced product losses and a project cost of $99,000 (1997), the payback was about
10 months.

5.2 Compressed Air

Compressed air may be used throughout the plant for tools, but is mostly used in the forming of
containers as well as for the forming of other specialty glass products. Compressed air use will
vary with product and from plant to plant. For container glass, electricity use for forming is
estimated at 105 kWh/ton (U.S. DOE 2002a), of which a large part is for compressed air. At a
specialty glass plant producing lamps (using an electric furnace), the share of electricity use for
compressed air generation was estimated at 3% of total electricity use (D’ Antonio et al. 2003), or
7% of all non-furnace electricity consumed. Compressed air is the most expensive form of energy
used in an industrial plant because of its poor efficiency. Typically, efficiency from compressed
air generation to end use is around 10% for compressed air systems (LBNL et al. 1998). Because
of this inefficiency, if compressed air is used, it should be of minimum quantity for the shortest
possible time. Compressed air should also be constantly monitored and reweighed against
alternatives. In addition to the measures detailed in this section, many other motor-directed
measures could also be applied to the compressors (see Section 5.3 on motors).

Many of the opportunities to reduce compressed air system energy use are not prohibitively
expensive; payback periods for some options are extremely short. For example, at an Automotive
Components Holdings glass plant in Nashville, Tennessee, a comprehensive energy audit and
efficiency improvement campaign on its compressor systems led to leak reductions, lower
operating pressures, and compressor efficiency upgrades that delivered annual savings of over
$700,000 at a payback of just 1 year (U.S. DOE 2003). Of the $700,000 in annual savings,
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$300,000 were due to energy savings and $400,000 were due to reduced maintenance and labor
costs resulting from the efficiency improvements.

A similar comprehensive audit at OSRAM Sylvania’s specialty glass plant in Exeter, New
Hampshire (which included control strategies, leak detection, and demand reduction in its
evaluation) identified opportunities for electricity savings of 164,000 kWh per year, which would
lead to energy cost savings of nearly $14,000 per year (D’ Antonio et al. 2003). The savings were
equal to 25% of the electricity used in the compressed air system.

System improvements. Adding additional compressors should be considered only after a
complete system evaluation. In many cases, compressed air system efficiency can be managed
and reconfigured to operate more efficiently without purchasing additional compressors. System
improvements utilize many of the energy efficiency measures for compressors discussed below.
Compressed air system service providers offer integrated services both for system assessments
and for ongoing system maintenance needs, alleviating the need to contact several separate firms.
The Compressed Air Challenge® (http://www.compressedairchallenge.org) offers extensive
training on the systems approach, technical publications, and free web-based guidance for
selecting the right integrated service provider. Also provided are guidelines for walk-through
evaluations, system assessments, and fully instrumented system audits (CAC 2002).

Beatson Clark (in the United Kingdom), a glass container manufacturer, refurbished its
compressor system in 1992 by decommissioning five of the eight compressors and installing
Programmable Logic Controllers (PLC) on the remaining three compressors (EEBPP 1995). The
PLC cost $28,000 (1992), valve modification cost $22,000 (1992) and compressor overhaul (for
all three) cost $19,000 (1992). They found energy savings of 522,732 kWh per year, a 12%
savings over the old configuration, worth $32,800/year (1992). They also identified maintenance
savings of $19,500/year (1992), resulting in an overall payback of 1.3 years. In addition to energy
and maintenance saving benefits, the scrap rates from the forming stations have been reduced
because of more stable air pressure.

Maintenance. Inadequate maintenance can lower compression efficiency and increase air
leakage or pressure variability, as well as lead to increased operating temperatures, poor moisture
control, and excessive contamination. Improved maintenance will reduce these problems and save
energy. Compressors should be located in a dry, clean, cool (5°C to 35°C), and well-ventilated
place with enough room for proper air flow and maintenance accessibility (Kaeser Compressors
1998). Proper maintenance includes the following (U.S. DOE and CAC 2003; Scales and
McCulloch 2007):

® Ongoing filter inspection and maintenance. Blocked filters increase the pressure drop
across the filter, which wastes system energy. By inspecting and periodically cleaning
filters, filter pressure drops may be minimized. Fixing improperly operating filters will
also prevent contaminants from entering into equipment, which can cause premature
wear. Generally, when pressure drops exceed 2 psi to 3 psi, particulate and lubricant
removal elements should be replaced. Regular filter cleaning and replacement has been
projected to reduce compressed air system energy consumption by around 2% (Radgen
and Blaustein 2001).

e Keeping compressor motors properly lubricated and cleaned. Poor motor cooling can
increase motor temperature and winding resistance, shortening motor life and increasing
energy consumption. Compressor lubricant should be changed every 2 to 18 months and
periodically checked to make sure that it is at the proper level. In addition, proper

30


(http://www.compressedairchallenge.org)

compressor motor lubrication will reduce corrosion and degradation of the system. An
analysis of several U.S. case studies in the container, fiber, and specialty glass industries
shows an average payback period for using synthetic oil lubricants of less than 6 months
(IAC 2005).”!

Inspection of fans and water pumps for peak performance.

Inspection of drain traps to ensure that they are not stuck in either the open or closed
position and are clean. Some users leave automatic condensate traps partially open at all
times to allow for constant draining. This practice wastes substantial energy and should
never be undertaken. Instead, simple pressure driven valves should be employed.
Malfunctioning traps should be cleaned and repaired instead of left open. Some auto
drains, such as float switch or electronic drains, do not waste air. Inspecting and
maintaining drains typically has a payback of less than two years (U.S. DOE 2004c).

Maintaining the coolers on the compressor to ensure that the dryer gets the lowest
possible inlet temperature (U.S. DOE and CAC 2003).

Compressor belt inspection. Where belt-driven compressors are used, belts should be
checked regularly for wear and adjusted. A good rule of thumb is to adjust them after
every 400 hours of operation.

Replacing air lubricant separators according to specifications or sooner. Rotary screw
compressors generally start with their air lubricant separators having a 2 psi to 3 psi
pressure drop at full load. When the pressure drop increases to 10 psi, the separator
should be changed (U.S. DOE and CAC 2003).

Checking water-cooling systems regularly for water quality (pH and total dissolved
solids), flow, and temperature. Water-cooling system filters and heat exchangers should
be cleaned and replaced per the manufacturer’s specifications.

Minimizing compressed air leak throughout the systems.

Applications requiring compressed air should be checked for excessive pressure,
duration, or volume. Applications not requiring maximum system pressure should be
regulated, either by production line sectioning or by pressure regulators on the equipment
itself. Using more pressure than required wastes energy and can also result in shorter
equipment life and higher maintenance costs. Case studies have demonstrated that the
payback period for this measure can be shorter than half a year (IAC 2005).

Monitoring. In addition to proper maintenance, a continuous monitoring system can save
significant energy and operating costs in compressed air systems. Effective monitoring systems
typically include the following (CADDET 1997):

*! The Industrial Assessment Center (IAC) database contains case study data for a wide range of industrial
energy efficiency measures. It gives a wide variety of information, including implementation costs and
savings for each case study. Using this information, a simple payback for each case was calculated. An
overall payback for a particular technology was calculated by averaging all the individual cases. In order to
accurately represent applicable technology for the glass industry, only the SIC codes that pertained to the
glass industry (i.e., SIC 3221, 3229, and 3296) were sampled.
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e Pressure gauges on each receiver or main branch line and differential gauges across
dryers, filters, etc.

e Temperature gauges across the compressor and its cooling system to detect fouling and
blockages.

¢ Flow meters to measure the quantity of air used.
* Dew point temperature gauges to monitor the effectiveness of air dryers.
e Kilowatt-hour meters and hours run meters on the compressor drive.

e Checking of compressed air distribution systems after equipment has been reconfigured
to be sure that no air is flowing to unused equipment or to obsolete parts of the
compressed air distribution system.

e Checking for flow restrictions of any type in a system, such as an obstruction or
roughness, which can unnecessarily raise system operating pressures. As a rule of thumb,
every 2 psi pressure rise resulting from resistance to flow can increase compressor energy
use by 1% (U.S. DOE and CAC 2003). The highest pressure drops are usually found at
the points of use, including undersized or leaking hoses, tubes, disconnects, filters,
regulators, valves, nozzles and lubricators (demand side), as well as air/lubricant
separators, after-coolers, moisture separators, dryers and filters.

e Checking for compressed air use outside production hours.

Leak reduction. Air leaks can be a significant source of wasted energy. A typical industrial
facility that has not been well maintained will likely have a leak rate ranging from 20% to 30% of
total compressed air production capacity (U.S. DOE and CAC 2003). Overall, a 20% reduction of
annual energy consumption in compressed air systems is projected for fixing leaks (Radgen and
Blaustein 2001).

The magnitude of the energy loss associated with a leak varies with the size of the hole in the
pipes or equipment. A compressor operating 2,500 hours per year at 87 psi with a leak diameter
of 0.02 inches (Y2 mm) is estimated to lose 250 kWh per year; 0.04 inches (1 mm) to lose 1,100
kWh per year; 0.08 inches (2 mm) to lose 4,500 kWh per year; and 0.16 in. (4 mm) to lose 11,250
kWh per year (CADDET 1997). An analysis of several U.S. case studies in the fiber, flat,
container, and specialty glass industries shows an average payback period for this measure of less
than 4 months (IAC 2005).

In addition to increased energy consumption, leaks can make air-powered equipment less
efficient, shorten equipment life, and lead to additional maintenance costs and increased
unscheduled downtime. Leaks also cause an increase in compressor energy and maintenance
Costs.

The most common areas for leaks are couplings, hoses, tubes, fittings, pressure regulators, open
condensate traps and shut-off valves, pipe joints, disconnects, and thread sealants. The best way
to detect leaks is to use an ultrasonic acoustic detector, which can recognize the high frequency
hissing sounds associated with air leaks. Leak detection and repair programs should be ongoing
efforts.
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A limited survey of the compressed air system at Anchor Glass Container Corporation’s Warner
Robins, Georgia, plant found that air leaks accounted for more than 20% of total air consumption.
The survey recommended renewed efforts to reduce leaks (OIT 2002).

Turning off unnecessary compressed air. Equipment that is no longer using compressed air
should have the air turned off completely. This can be done using a simple solenoid valve (Scales
2002). Compressed air distribution systems should be checked when equipment has been
reconfigured to ensure that no air is flowing to unused equipment or to obsolete parts of the
compressed air distribution system.

Modification of system in lieu of increased pressure. For individual applications that require a
higher pressure, instead of raising the operating pressure of the whole system, special equipment
modifications should be considered, such as employing a booster, increasing a cylinder bore,
changing gear ratios, or changing operation to off peak hours.

Replacement of compressed air by alternative sources. Many operations can be accomplished
more economically and efficiently using energy sources other than compressed air (U.S. DOE
2004c, 2004d). Various options exist to replace compressed air use, including:

e (Cooling electrical cabinets: air conditioning fans should be used instead of using
compressed air vortex tubes.

¢ Flowing high-pressure air past an orifice to create a vacuum: a vacuum pump system
should be applied instead of compressed air venturi methods.

e (Cooling, aspirating, agitating, mixing, or package inflating: use blowers instead of
compressed air.

® (leaning parts or removing debris: brushes, blowers, or vacuum pump systems should be
used instead of compressed air.

e Moving parts: blowers, electric actuators, or hydraulics should be used instead of
compressed air.

e Tools or actuators: electric motors should be considered because they are more efficient
than using compressed air (Howe and Scales 1995). However, it has been reported that
motors can have less precision, shorter lives, and lack safety compared to compressed air.
In these cases, using compressed air may be a better choice.

Four cases studies in the U.S. glass industry (one in the flat glass segment, one in the specialty
glass segment, and two in the fiber glass segment) estimate an average payback period for
replacing compressed air with other applications of 5 months (IAC 2005).

Improved load management. Because of the large amount of energy consumed by compressors,
whether in full operation or not, partial load operation should be avoided. For example, unloaded
rotary screw compressors still consume 15% to 35% of full-load power while delivering no useful

2 Numerous case studies across all U.S. industries estimate the average payback period for this measure to
be only slightly higher at less than 9 months (IAC 2005).

33



work (U.S. DOE and CAC 2003). Centrifugal compressors are cost effective when operated at
high loads (Castellow et al. 1997).

Air receivers can be employed near high demand areas to provide a supply buffer to meet short-
term demand spikes that can exceed normal compressor capacity. In this way, the number of
required online compressors may be reduced. Multi-stage compressors theoretically operate more
efficiently than single-stage compressors. Multi-stage compressors save energy by cooling the air
between stages, reducing the volume and work required to compress the air. Replacing single-
stage compressors with two-stage compressors typically provides a payback period of two years
or less (Ingersoll-Rand 2001). Using multiple smaller compressors instead of one large
compressor can save energy as well. Large compressors consume more electricity when they are
unloaded than do multiple smaller compressors with similar overall capacity. An analysis of U.S.
case studies shows an average payback period for optimally sizing compressors of about 1.2 years
(IAC 2005).

An assessment of the compressed air system at Anchor Glass Container Corp’s plant in Warner
Robins, Georgia, recommended the use of a high-pressure air receiver, so that a trim compressor
could be shut down for 10-20 minutes each time between loads (OIT 2002).

Pressure drop minimization. An excessive pressure drop will result in poor system performance
and excessive energy consumption. Flow restrictions of any type in a system, such as an
obstruction or roughness, results in higher operating pressures than is truly needed. Resistance to
flow increases the drive energy on positive displacement compressors by 1% of connected power
for each 2 psi of differential (U.S. DOE and CAC 2003). The highest pressure drops are usually
found at the points of use, including undersized or leaking hoses, tubes, disconnects, filters,
regulators, valves, nozzles, and lubricators (demand side), as well as air/lubricant separators on
lubricated rotary compressors and after-coolers, moisture separators, dryers, and filters (supply
side).

Minimizing pressure drop requires a systems approach in design and maintenance. Air treatment
components should be selected with the lowest possible pressure drop at specified maximum
operating conditions and best performance. Manufacturers’ recommendations for maintenance
should be followed, particularly in air filtering and drying equipment, which can have damaging
moisture effects like pipe corrosion. Finally, the distance the air travels through the distribution
system should be minimized. Audits of industrial facilities found that the payback period is
typically shorter than 3 months for this measure (IAC 2005).

Inlet air temperature reduction. If airflow is kept constant, reducing the inlet air temperature
reduces the energy used by the compressor. In many plants, it is possible to reduce the inlet air
temperature to the compressor by taking suction from outside the building. As a rule of thumb,
each temperature reduction of 5°F (3°C) will save 1% compressor energy (CADDET 1997a;
Parekh 2000). A payback period of two to five years has been reported for importing fresh air
(CADDET 1997a). In addition to energy savings, compressor capacity is increased when cold air
from outside is used. Industrial case studies have found an average payback period for importing
outside air of less than 1.7 years (IAC 2005), but costs can vary significantly depending on
facility layout.

Controls. The primary objectives of compressor control strategies are to shut off unneeded
compressors and to delay bringing on additional compressors until needed. Energy savings for
sophisticated compressor controls have been reported at around 12% annually (Radgen and
Blaustein 2001). An excellent review of compressor controls can be found in Compressed Air
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Challenge® Best Practices for Compressed Air Systems (Second Edition) (Scales and McCulloch
2007). Common control strategies for compressed air systems include:

e Start/stop (on/off) controls, in which the compressor motor is turned on or off in response
to the discharge pressure of the machine. Start/stop controls can be used for applications
with very low duty cycles and are applicable to reciprocating or rotary screw
compressors. The typical payback for start/stop controls is one to two years (CADDET
1997).

e [Load/unload controls, or constant speed controls, which allow the motor to run
continuously but unloads the compressor when the discharge pressure is adequate. In
most cases, unloaded rotary screw compressors still consume 15% to 35% of full-load
power while delivering no useful work (U.S. DOE and CAC 2003). Hence, load/unload
controls can be inefficient.

®  Modulating or throttling controls, which allow the output of a compressor to be varied to
meet flow requirements by closing down the inlet valve and restricting inlet air to the
compressor. Throttling controls are applied to centrifugal and rotary screw compressors.

o Single master sequencing system controls, which take individual compressor capacities
on-line and off-line in response to monitored system pressure demand and shut down any
compressors running unnecessarily. System controls for multiple compressors typically
offer a higher efficiency than individual compressor controls.

®  Multi-master controls, which are the latest technology in compressed air system control.
Multi-master controls are capable of handling four or more compressors and provide both
individual compressor control and system regulation by means of a network of individual
controllers (Martin et al. 2000). The controllers share information, allowing the system to
respond more quickly and accurately to demand changes. One controller acts as the lead,
regulating the whole operation. This strategy allows each compressor to function at a
level that produces the most efficient overall operation. The result is a highly controlled
system pressure that can be reduced close to the minimum level required (U.S. DOE and
CAC 2003). According to Nadel et al. (2002), such advanced compressor controls are
expected to deliver energy savings of about 3.5% where applied.

A variable speed air compressor was installed at the Lewis and Towers, Ltd. glass container
manufacturing plant in Edenbridge, United Kingdom, for one of four compressors being replaced
(EEBPP 1999). In addition, independent monitoring was undertaken to confirm operating
characteristics and energy savings of the compressors. The additional cost of a variable speed
drive (VSD) compressor was $10,000 (1999). They found the VSD compressor is saving about
31,200 kWh per year in electricity, totaling about $2,820 (1999). Through the monitoring, they
also found one of the other four compressors not operating correctly. Predicted savings when all
four compressors are working properly are 83,100 kWh or $5,700 (1999). This would result in a
payback for the VSD compressor of 1.7 years. As it were, with the faulty compressor, payback
would be 3.4 years.

Properly sized pipe diameters. Increasing pipe diameters to the greatest size that is feasible and
economical for a compressed air system can help to minimize pressure losses and leaks, which
reduces system operating pressures and leads to energy savings. Increasing pipe diameters
typically reduces compressed air system energy consumption by 3% (Radgen and Blaustein
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2001).  Further savings can be realized by ensuring other system components (e.g., filters,
fittings, and hoses) are properly sized.

Heat recovery. As much as 90% of the electrical energy used by an industrial air compressor is
converted into heat. In many cases, a heat recovery unit can recover 50% to 90% of this available
thermal energy and apply it to space heating, process heating, water heating, make-up air heating,
boiler make-up water preheating, and heat pump applications (Parekh 2000). It has been
estimated that approximately 50,000 Btu/hour of recoverable heat is available for each 100 cfm of
compressor capacity (U.S. DOE and CAC 2003). Payback periods are typically less than one year
(Galitsky et al. 2005a).

Heat recovery for space heating is not as common with water-cooled compressors because an
extra stage of heat exchange is required and the temperature of the available heat is somewhat
low. However, with large water-cooled compressors, recovery efficiencies of 50% to 60% are
typical (U.S. DOE and CAC 2003). Implementing this measure can recover up to 20% of the
energy used in compressed air systems annually for space heating (Radgen and Blaustein 2001).
Two case studies in the specialty and fiber glass industries estimate the payback period for this
measure is less than 6 months (IAC 2005).

Natural gas engine-driven air compressors. Gas engine-driven air compressors can replace
electric compressors with some advantages and disadvantages. Gas engine-driven compressors
are more expensive and can have higher maintenance costs, but may have lower overall operating
costs depending on the relative costs of electricity and gas. Variable-speed capability is standard
for gas-fired compressors, offering a high efficiency over a wide range of loads. Heat can be
recovered from the engine jacket and exhaust system. However, gas engine-driven compressors
have some drawbacks: they need more maintenance, have a shorter useful life, and sustain a
greater likelihood of downtime. According to Galitsky et al. (2005a), gas engine-driven
compressors currently account for less than 1% of the total air compressor market.

Ultra Creative Corporation, a U.S. manufacturer of specialty plastic bags, installed gas engine-
driven compressors in its plant in Brooklyn, New York. The initial costs were $85,000 each for
two 220 hp units and $65,000 for one 95 hp unit. The company reported savings of $9,000 in
monthly utilities (averaging $108,000 annually) (Audin 1996).

Nestlé Canada found that its gas engine-driven air compressor system was a cost effective option
when it was operated properly. The company’s projected payback period was estimated as low as
2.6 years with a 75% efficient heat recovery system, and as high as 4.2 years without heat
recovery (Audin 1996).

Energy recovery for air drying. In many industries including glass, compressed air must be
dried before use. The traditional method of drying compressed air typically includes an after-
cooler and a refrigerated dryer. Alternatively, some operators are beginning to switch to a reheat
system that has a low capital investment, lower energy use, and maintenance free operation (R P
Adams Co. 1998). The heat exchanger’s cooling source is the same compressed air that has
already been cooled by the reheat system after-cooler. A cyclone separator removes up to 99% of
the condensed liquid present in the air stream prior to returning it to the regenerative heat
exchanger. Two main advantages exist. The system reduces the amount of coolant needed in the
after-cooler because the regenerative heat exchanger performs part of the cooling load. The
compressed air is reheated using its own waste heat, hence energy use is reduced.
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Compressor motors. Motors are important in compressor systems as well, and are discussed in
detail in section 5.3. Below are a few examples of their use with compressors:

®  Adjustable speed drives (ASDs). Implementing adjustable speed drives in rotary compressor
systems can save 15% of the annual energy consumption (Radgen and Blaustein 2001). A
Glasuld glass wool insulation manufacturing plant in Vamdrup, Denmark, installed an ASD
on its main compressor, which led to annual electricity savings of 200 MWh (a 29%
reduction). The payback period of the project was 3 years (CADDET 1998).

® High efficiency motors. Installing high efficiency motors in compressor systems reduces
annual energy consumption by 2%, and has a payback period of less than 3 years (Radgen
and Blaustein 2001). For compressor systems, the largest savings in motor performance are
typically found in small machines operating less than 10 kW.

Use air at lowest possible pressure. Although system pressure may be higher, air used for a
particular application should be at the lowest pressure needed. In one example in the auto
industry, Toyota uses their entire piping system as air receivers/regulators to manage air to
applications (see “load management,” above). Quality should also be at the lowest required; it is
more economical to treat small amounts of compressed air for a particular application than to
treat the entire air supply (Kaeser Compressors 1998). An analysis of several U.S. case studies in
the fiber, flat, and specialty glass industries shows an average payback period for using lower
pressure of less than 3 months (IAC 2005).

Maximizing the allowable pressure dew point at air intake. Choose the dryer that has the
maximum allowable pressure dew point, and best efficiency. A rule of thumb is that desiccant
dryers consume 7 to 14% of the total energy of the compressor, whereas refrigerated dryers
consume 1 to 2% as much energy as the compressor (Ingersoll Rand 2001). Consider using a
dryer with a floating dew point.

Properly sized regulators. Regulators can provide the largest energy savings in compressed air
systems (Toyota 2002). By properly sizing regulators, compressed air will be saved that is
otherwise wasted as excess air. Also, specify pressure regulators that close when failing.

5.3 Motors>

Motors are used throughout glass manufacturing plants in compressed air systems, cooling water
pumps, furnace air blowers, ventilation fans, as well as for transport (conveyors). According to
the U.S. DOE, the typical industrial plant in the United States can reduce its electricity use by
around 5% to 15% by improving the efficiency of its motor-driven systems (U.S. DOE 2006).

When considering energy efficiency improvements to a facility’s motor systems, it is important to
take a “systems approach.” A systems approach strives to optimize the energy efficiency of entire

* The U.S. DOE’s Industrial Technologies Program provides a variety of resources for improving the
efficiency of industrial motor systems, which can be consulted for more detailed information on many of
the measures presented in this section. For a collection of tips, tools, and industrial case studies on motor
efficiency, visit the Industrial Technologies Program’s BestPractices Motors, Pumps, and Fans website at:
http://www1.eere.energy.gov/industry/bestpractices/systems.html. Furthermore, the Motor Decisions
Matter™ Campaign also provides a number of excellent resources for improving motor system efficiency
(http://www.motorsmatter.org/).
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motor systems (i.e., motors, drives, driven equipment such as pumps, fans, and compressors, and
controls), not just the energy efficiency of motors as individual components. A systems approach
analyzes both the energy supply and energy demand sides of motor systems as well as how these
sides interact to optimize total system performance, which includes not only energy use but also
system uptime and productivity.

A systems approach typically involves the following steps. First, all applications of motors in a
facility should be located and identified. Second, the conditions and specifications of each motor
should be documented to provide a current systems inventory. Third, the needs and the actual use
of the motor systems should be assessed to determine whether or not motors are properly sized
and also how well each motor meets the needs of its driven equipment. Fourth, information on
potential repairs and upgrades to the motor systems should be collected, including the economic
costs and benefits of implementing repairs and upgrades to enable the energy efficiency
improvement decision-making process. Finally, if upgrades are pursued, the performance of the
upgraded motor systems should be monitored to determine the actual costs savings (SCE 2003).

The motor system energy efficiency measures below reflect important aspects of this systems
approach, including matching motor speeds and loads, proper motor sizing, and upgrading system
components.

Motor management plan. A motor management plan is an essential part of a plant’s energy
management strategy. Having a motor management plan in place can help companies realize long-
term motor system energy savings and will ensure that motor failures are handled in a quick and
cost effective manner. The Motor Decisions Matter™ Campaign suggests the following key
elements for a sound motor management plan (MDM 2007):

1. Creation of a motor survey and tracking program.

2. Development of guidelines for proactive repair/replace decisions.

3. Preparation for motor failure by creating a spares inventory.

4. Development of a purchasing specification.

5. Development of a repair specification.

6. Development and implementation of a predictive and preventive maintenance program.

The Motor Decisions Matter®™ Campaign’s Motor Planning Kit contains further details on each of
these elements (MDM 2007).

Strategic motor selection. Several factors are important when selecting a motor, including motor
speed, horsepower, enclosure type, temperature rating, efficiency level, and quality of power
supply. When selecting and purchasing a motor, it is also critical to consider the life-cycle costs of
that motor rather than just its initial purchase and installation costs. Up to 95% of a motor’s costs
can be attributed to the energy it consumes over its lifetime, while only around 5% of a motor’s
costs are typically attributed to its purchase, installation, and maintenance (MDM 2007). Life cycle
costing (LCC) is an accounting framework that allows one to calculate the total costs of ownership
for different inve