Chapter 4

4 TECHNIQUES TO CONSIDER IN THE DETERMINATION OF
BAT

41 Introduction

This chapter sets out techniques considered generally to have potential for achieving a high
level of environmental protection in the industries within the scope of the document.
Management systems, process-integrated techniques and end-of-pipe measures are included, but
a certain amount of overlap exists between these three when seeking the optimum results.

Prevention, control, minimisation and recycling procedures are considered as well as the re-use
of materials and energy.

Techniques may be presented singly or as combinations to achieve the objectives of the IPPC
Directive. Annex IV to this Directive lists a number of general considerations to be taken into
account when determining BAT and techniques within this chapter will address one or more of
these considerations. As far as possible, a standard structure is used to outline each technique, to
enable comparison of techniques and an objective assessment against the definition of BAT
given in the IPPC Directive.

The content of this chapter is not an exhaustive list of techniques and others may exist or be
developed which may be equally valid within the framework of IPPC and BAT.

The standard structure used to outline each technique is shown in Table 4.1

Type of information Type of information included

considered
Description Technicgl dF:scription of the technique (including drawings,
schematics if necessary)
Achieved Main environmental benefits (including energy, water, raw
environmental material savings, as well as production yield increases, energy
benefits efficiency, etc) addressed by the technique
Main environmental side effects and disadvantages to other
Cross-media effects media caused by using the technique. Details of the

environmental effects of the technique in comparison with others
Data on consumption and emission levels from operational plants
using the technique (including any reference conditions and
monitoring methods used). Any other relevant information on
how to operate, maintain and control the technique

Indication of the type of plants in which the technique may be
applied, considering, e.g. plant age, (new or existing), plant size
(large or small), techniques already installed and type or quality
of product

Information on costs (both investment and operational) and any
possible savings (e.g. reduced raw material or energy

Economics consumption, waste charges) or revenues including details on
how these costs/savings or revenues have been
calculated/estimated

Local conditions or requirements which lead to or may stimulate
implementation. Information on reasons other than environmental
ones for implementation (e.g. increase in productivity, safety)
Reference to (a) plant(s) in which the technique is applied and
Example plants from which information has been collected and used in writing
the section

Literature or other reference material (e.g. books, reports, studies,
Reference literature websites) that was used in writing the section and that contains
more details on the technique

Operational data

Applicability

Driving force for
implementation

Table 4.1: Information breakdown for each technique described in this chapter
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This chapter as seven main sections, which cover:

melting technique selection

materials handling

techniques for controlling emissions to air from melting activities
techniques for controlling emissions to air from non-melting activities
techniques for controlling emissions to water

techniques for minimising other wastes

energy.

The main environmental impact of the glass industry as a whole arises due to emissions to air
from melting activities. Techniques to reduce these emissions are described in Section 4.4,
which is the largest and most detailed section of this chapter. Most of the techniques described
are relevant to the majority of installations in the glass industry and share a common basis. For
this reason, Section 4.4 is structured with a substance-based approach and for each substance,
the various emissions reduction techniques are described. The techniques have been described
in the section relating to the substance on which they have the greatest effect, but there are
inevitably multi-substance effects for many of the techniques. Where appropriate, the effects on
other substances have been described and cross-referenced to other sections.

In various parts of the document the terms "primary and secondary abatement measures" are
used. These terms are rather imprecise but help to categorise some of the techniques. In general,
primary techniques are those which reduce or avoid the formation of the pollutants; and
secondary techniques are those which act on the pollutants to render them less harmful (e.g. by
converting to other species) or to collect them in a form that can be re-used, recycled or
disposed of. Some of the techniques described do not fall conveniently into either category, and
where appropriate this is made clear in the text.

To be able to compare and assess the performance of the various techniques, data will be
explained, as far as information is available, in terms of methods used for sampling, analysis
and data processing (averaging, etc).

Data on emissions may be expressed as absolute or concentration values, and relative to actual
production or production capacity. The most relevant economic aspects of each of the
techniques will be described to identify, where possible, the overall economic impact of any
given technique. Various expressions may be used for costs and consumption, referring to units
of production or time.

An important consideration for this chapteris that a technique, which is successful in one
application, may have very different implications if used in a different sector or even at a
different installation in the same sector. The costs, environmental performance and associated
advantages and disadvantages can differ widely for different sectors and for individual
installations. For each technique, its availability and likely applicability in a range of situations
is discussed.

In assessing the applicability of any technique described in this chapter to a continuous melting
process, it is necessary to consider whether it can be applied to the furnace during the campaign,
or if it can only be applied (or is best applied) at a rebuild. An important feature of the glass
industry is the fact that furnaces have a limited operational life, after which time they must be
repaired or rebuilt, to varying degrees. In general, fossil fuel fired furnaces producing container
glass, flat glass, glass wool, and continuous filament glass fibre, operate continuously for
8 to 12 years. Special glass and domestic glass fossil fuel fired furnaces usually operate
continuously for 3 to 8 years. Electrically heated furnaces tend to have shorter operating lives in
all applications, i.e. 2 to 7 years. Some other furnaces such as cupola furnaces and batch melters
for glass frits production are operated for much shorter periods, from a few days to several
weeks.
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There are two main categories of rebuild for continuous processes:

o in a “normal” rebuild, the refractory of the furnace and, where appropriate, the
regenerators are repaired by the full or partial replacement of the material. The furnace
frame is not significantly adjusted and the furnace dimensions remain basically
unchanged. Where there is no significant change in furnace requirements or technology,
this is the most common type of rebuild between campaigns

o a “complete” rebuild usually involves a major adjustment or replacement of the furnace
frame in addition to the replacement of the refractory material. This can be comparable to
the construction of a new furnace although, in many cases, much of the existing
infrastructure and particularly the regenerators may be retained. This type of rebuild is
less common and is usually undertaken where a major change in furnace requirements
(e.g. significantly increased melting area or major changes in firing capacity) or
technology is involved. A complete rebuild generally involves significantly higher costs
than a normal rebuild.

During a furnace campaign, the opportunity to modify the furnace is limited. Although hot
repairs to replace or shore up damaged refractories are often undertaken, and burner
modifications or replacement can also be relatively straightforward. Major changes affecting
melting technology are usually most economically implemented if coincided with furnace
rebuilds. This can also be true for complex secondary abatement measures. However, many
improvements to the operation of the furnace, including the installation of secondary techniques,
are possible during the operating campaign. Where appropriate, these issues are discussed in the
consideration of the applicability of the various techniques.

The distinction between a “normal” rebuild and a “complete” rebuild is not absolute and there
are a number of increments between the simplest normal rebuild and the complete demolition
and total replacement of a furnace. For example, a small repair can be carried out either hot or
cold to repair specific damage or to introduce a minor modification. Also minor rebuilds may
occur where a scheduled cold repair is made but most of the refractory is retained and only
damaged parts replaced. The most important difference, which affects both the cost and the
freedom to implement new technology, is whether there is a significant change to the furnace
frame and therefore its dimensions.

For smaller furnaces with more frequent rebuilds and lower capital costs, the advantages of co-
ordinating environmental improvements and furnace repairs are less significant; however, even
in these cases, environmental improvements may be more economical if coordinated with other
operations and investments planned for the melting furnace.

4.2 Melting technique selection

The melting techniques used within the glass industry are described in Chapter 2. They range in
size from small pot furnaces to large regenerative furnaces producing up to 900 — 1000 tonnes
of glass per day. The choice of melting technique depends on many factors but particularly the
required capacity, the glass formulation, fuel prices, and existing infrastructure. The choice is
one of the most important economic and technical decisions made for a new plant or for a
furnace rebuild. The overriding factors are the required capacity and the glass type.

The choice between a regenerative or a recuperative furnace is normally based on economical
and technical reasons. Therefore, the environmental aspects are only discussed briefly here. The
choice between conventional air-fuel firing and electrical or oxy-fuel melting is an important
factor in determining BAT and these techniques are described separately. Similarly other
specific melting techniques, e.g. the LoNOy® melter, are discussed separately in the substance-
specific sectors.
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Each of the techniques described in Chapter 2 has its inherent advantages, disadvantages and
limitations. For example, at the time of writing (2009), the best technical and most economical
way of producing high volume float glass is from a large cross-fired regenerative furnace. The
alternatives are either still not proven in the sector or compromise the economics or technical
aspects of the business (e.g. electric melting or recuperative furnaces).

The environmental performance of the furnace is a result of a combination of the choice of
melting technique, the method of operation, and the provision of secondary abatement
measures. From an environmental perspective, melting techniques that are inherently less
polluting or can be controlled by primary means are generally preferred to those that rely on
secondary abatement. However, the economic and technical practicalities have to be considered
and the final choice should be an optimised balance.

The environmental performance of the various melting techniques will differ greatly depending
on the glass type being produced, the method of operation and the design. For example, the
emissions (before secondary abatement) from a recuperative furnace producing TV glass with
added nitrate and nearing the end of a campaign, will bear little resemblance to the emissions
from a newly built recuperative continuous filament glass fibre furnace which has optimised
geometry, formulation and firing. These factors make a direct quantitative comparison of the
various melting techniques difficult and of limited value, and the sections below only
summarise the main environmental considerations for each of the techniques described in
Chapter 2. Oxy-fuel melting and special furnace designs are covered in
Sections 4.4.2.5 and 4.4.2.3 respectively. The differences in emissions from the different
furnace types are discussed, where appropriate, in the substance-specific sections of this
chapter.

Electric melting differs from the other techniques described below, because it is a fundamental
change in technology and has very significant effects on emissions. Electric melting is presented
as one of the specific techniques for consideration in determining BAT. However, due to its
impact on all emissions, it does not fit conveniently into the substance-based approach of this
chapter; therefore, it is presented in this section.

The specific energy consumptions for container glass classified by furnace type and size are
shown in Table 3.10 and Figure 3.3.

Regenerative furnaces

These furnaces are generally more energy efficient than other conventional fossil fuel fired
furnaces due to the more efficient combustion air preheating system. The low energy use per
tonne of glass melted leads to reductions in many of the pollutants associated with combustion.
However, the high preheat temperatures favour higher NOx formation. These furnaces have
shown very good results with primary emission control techniques, particularly for NOx. Of the
two types of regenerative furnace, the end-fired furnaces tend to show better energy efficiency
and lower emissions. Potentially, cross-fired regenerative furnaces can produce a better glass
quality than end-fired furnaces.

The high capital cost of regenerative furnaces means they are normally only economically
viable for large-scale glass production (generally >100 tonnes per day although there are
examples of smaller furnaces). For production rates of >500 tonnes per day, cross-fired furnaces
are generally used to obtain good heat control along the full length of the furnace.

Recuperative furnaces

These furnaces are less energy efficient than regenerative furnaces, but still recover a substantial
amount of heat via the recuperator system. Further improvements in energy efficiency are
possible using further techniques, e.g. electric boost, waste heat boilers, gas preheating, and
batch/cullet preheating. Preheat temperatures are lower than in regenerative furnaces and good
results can be achieved with primary NOx controls.
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However, specific emissions of regenerative and recuperative furnaces, expressed in kg
NO,/tonne glass are comparable, with the exception of special design recuperative furnaces
(LoNOx” furnace).

Combined fossil fuel and electric melting

There are two principal approaches to the use of this technique, predominantly fossil fuel firing
with an electric boost or predominantly electrical heating with a fossil fuel support. Provision
for electric boosting is installed in many furnaces and can contribute 2 — 20 % of total energy
input. Generally in container and float glass furnaces, the amount of electric boosting is very
limited (<5 %) due to the cost of electricity. Electric boosting will reduce the direct emissions
from the furnace by the partial substitution of combustion by electrical heating for a given glass
pull rate. As discussed in Section 4.2.1 below, if a more holistic view is taken, the reductions
achieved on-site should be considered against the emissions associated with power generation.

The high costs associated with electric boost mean that it is not generally a practicable long-
term emissions reduction option for base level production. It is an operational tool, the use of
which is determined by economic and technical issues. Electric boost has a beneficial effect on
furnace emissions and can be used in association with techniques such as low NOx burners to
improve melting and reduce emissions, but it is not a cost-effective option when used in
isolation. Electric boost can also be used to improve the convective currents within the furnace,
which helps heat transfer and can aid refining. However, the evaluation of the overall
environmental benefits of electric boost should take into account the efficiency of electricity
production at the power plant.

Fossil fuel over-firing on a predominantly electrically heated furnace is a much less commonly
used technique. It allows many of the environmental benefits of electric melting to be realised
by overcoming some of the technical and economicl limitations of the technique. The use of the
burners increases the melting rate of the raw materials. Clearly there are emissions associated
with the fuel combustion and these will depend on the ratio of the heat supply. Many of the
emissions reduction techniques discussed in this chapter can be applied in these furnaces,
including low NOx burners and oxy-fuel melting.

Discontinuous batch melting

The technique traditionally used for low volume discontinuous melting is the pot furnace,
although other techniques such as day tanks and the Flex®melter are becoming more common.
The choice of technique will usually depend on the logistics of the specific installation,
particularly the scale of production, the number of different formulations produced, and
customer requirements. Many of the primary abatement measures described in this chapter will
be applicable to these furnaces to a greater or lesser degree. The most effective techniques are
likely to be the optimisation of batch formulations and combustion techniques. Due to the
design of pot furnaces the techniques will generally give better results for day tanks and semi-
continuous furnaces. Where the use of day tanks or continuous/semi-continuous melting is
practicable, better energy efficiency and lower emissions will usually be achieved.

Stone wool melting

The most commonly used technique for stone wool melting is the hot blast cupola, although
there are examples of electric melting and gas-fired furnaces. In several cases these other
options have been designed as full-scale developmental plants to study the long-term viability of
the techniques, or they have been chosen due to particular local circumstances. The hot blast
cupola has a number of operational advantages and is the preferred technique within the sector.
The alternatives either do not show any substantial environmental advantages or are not proven
to be technically and economically viable for wider application.
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421 Electric melting

Description

The technique is described in Section 2.3.4 because it is a basic melting technique common in
several sectors. Electric melting has important effects on pollutant emissions and so is also
discussed in this chapter as a “primary” abatement measure.

Achieved environmental benefits

The complete replacement of fossil fuels in the furnace eliminates the formation of combustion
products; namely, oxides of sulphur (when fuel oil is used), thermal NOy, and carbon dioxide
CO,. The remaining emissions arise from particulate carryover and the decomposition of batch
materials, particularly CO, from carbonates, NOx from nitrates and SOy from sulphates. In most
cases where electric melting is applied, sulphate use in the batch composition is quite low, since
the use of other refining and oxidising agents is more common (e.g. nitrates).

There may also be low levels of halide emissions, e.g. hydrogen fluoride (HF) or metals where
these materials are present in the raw materials. However, emissions can be significant from
added fluoride formulations. The emissions of all volatile batch components are considerably
lower than in conventional furnaces due to the reduced gas flow and the absorption,
condensation and reaction of gaseous emissions in the batch blanket which usually covers the
whole surface of the melt.

The furnaces are usually open on one side and there are significant air currents due to the
gaseous emissions and the heat from the melt. It is usually necessary to provide some form of
ventilation to allow dust, gases and heat to escape without entering the work place. This is
achieved either by natural draught or by extraction. The waste gas emitted by natural draft will
have a very low volume but may have a high dust concentration, and poor dispersion
characteristics.

Dust emissions can be controlled by extraction to a dust abatement system, which due to the low
volumes involved is usually a bag filter. This arrangement results in very low dust emissions
and also allows for the treatment of HF emissions by dry scrubbing if necessary. See
Sections 4.4.1.3 and 4.4.3.

The actual emissions achieved will depend greatly on the batch formulation, and due to the low
waste gas flows, a comparison of emission concentrations can be misleading. However, as a
broad indication, overall direct emissions are reduced by a factor of between 10 and
100 compared to a conventional air-fuel fired furnace of comparable pull rate. Some actual
quantitative data are given in Section 3.8.2.2 for mineral wool installations, and in the example
installations presented in this document.

Cross-media effects

Direct emissions from the furnace are greatly reduced using electric melting and the thermal
efficiency is very high. However, when considering the overall environmental performance of
the technique, the environmental impact of power generation can offset some of the advantages.
A full quantitative analysis is impossible within the scope of this document. The environmental
issues associated with electricity generation are very complex, and differ widely across the EU
and sometimes between installations.

Electricity can be supplied from the national supply or from a local or dedicated supply, which
can affect both the cost and the efficiency of supply. If the power is taken from the national grid
network, it can be from a wide variety of sources. Power generation from coal, oil, gas, nuclear,
hydro and other renewable sources all have very different environmental issues associated with
them.

The difference in thermal efficiency between electric melting and fossil fuel melting is also
reduced when the efficiency of electricity generation is considered (primary energy).
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Again it depends very much on the source of electricity, but for a traditional fossil fuel fired
power plant, the efficiency from primary fuel to point of electricity use is in the region of
30 - 35 %. For a combined cycle natural gas turbine plant, the figure would be closer to 50 %.

Indirect emissions of CO, and NO, associated with the production of electric energy have been
estimated for a small furnace producing 20 tonnes/day of non-lead crystal glass. In this case, the
reduction of 14 tonnes/year of NO, emissions, achieved by switching from a fossil fuel fired
furnace to electric melting furnace, is completely offset by the amount of indirect emissions
accounted for the production of electricity, equivalent to 15-16 tonnes NO,/year and
6300 tonnes/year of indirect CO, emissions. This is not always the case; for lead crystal glass
furnaces, the net NO, and CO, emissions (indirect + direct emissions) are slightly lower for the
electric furnace than for the fossil fuel fired one, but the difference between the two is rather
small. The data reported above do not represent a general conclusion, since they refer to specific
examples of lead crystal and non-lead crystal glass productions.

Due to the low waste gas volumes associated with the technique, the cost of any downstream
abatement equipment is greatly reduced and the low volumes of collected dust can be readily
recycled. The low volatile loss also reduces the consumption of raw materials, which reduces
both emissions and costs. This is particularly beneficial for some of the more expensive and/or
toxic components such as lead oxides, fluorides, arsenic compounds, borax, etc.

Operational data

In general, electric melting produces a very homogenous high quality glass. For some domestic
and special glass applications, this can be one of the primary reasons for choosing electric
melting.

The traditional view within the glass industry is that sodium nitrate or potassium nitrate are
required in cold-top electric furnaces to provide the necessary oxidising conditions for a stable,
safe and efficient manufacturing process. The use of nitrates directly affects the emissions of
NOx and although not necessary for all applications, this can reduce some of the environmental
benefits of electric melting. The use of nitrates as oxidising agents becomes more important
where waste material which contains organic compounds is recycled to the melter. The use of
high external cullet levels (or other recycled materials) can sometimes cause odour problems.

A summary of the main advantages and disadvantages associated with the application of electric
melting is shown in Table 4.2

Advantages
. very low direct emissions

potentially increased melting rate per m” of furnace area

improved direct energy efficiency

in some cases lower raw material costs

in many cases electric melting gives a better quality and more homogenous
glass

reduced capital cost and furnace space requirements

o potentially simpler operation

Disadvantages
° high operating cost

° reduced campaign length
° not currently technically and economically viable for very large-scale glass
production
° less flexible and not adapted to large pull variations for high quality glasses
° associated environmental implications of electricity generation
Table 4.2: Main advantages and disadvantages of electric melting
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An example installation is presented in Table 4.3 for the production of domestic glass,
particularly crystal and lead crystal.

Operating conditions Associated emission levels”
Emission levels
3
Furnace 1 Furnace 2 Pollutant (mg/Nm, firy gas at
operating O,
content)
Type of Cold top electric Cold top electric Particulate o
furnace furnace furnace matter '
Furnace age 4 yrs 7 yrs Furnace 1 (lead
15 (magnesium crystal crystal)
Capacity 27 t/d glass) 20 t/d (lead 420 - 560 mg/Nm®
NOx
crystal glass) . . (8.1 kg/t)
(nitrates in
3) | Furnace 2
Average the batch) (magnesium crystal)
production 25 t/d (2006) 15.8 t/d (2005) 340 - 460 mg/Nm’
(10.4 kg/t)
Magnesium crystal Not relevant - no
Type of glass Lead crystal glass & Y S0, @ sulphur in the batch
glass, lead crystal ..
composition
Cullet 100 % internal only 100 % internal only HC1® <3
Use of filter 3)
dust yes yes HF <1
Specific Melting: Melting:
energy 4.32 GJ/t glass 7.20 GJ/t glass Sb @ gZiteiZElSafeoi)Ol 01
consumption | Total: 7.70 GJ/t glass | Total: 10.58 GJ/t glass P '
15000 = 20000 15000 - 20000 Nm’/h
Flue-gas Nm’/h . 3) gaseous <0.01
. (dry gas at operating Pb .
volume (dry gas at operating particulate 0.04
O, content)
O, content)

1. Abatement measures/techniques applied: bag filter for each furnace; the fumes from hot-end glass processing
(volatilization of lead) are extracted.

2. Average of three half hour continuous measurements

3. Single measurements every two years (half-hour mean values)

Table 4.3: Example installation for the application of electric melting in the domestic glass
sector (crystal and lead crystal glass)

[110, Austria, Domestic glass plants 2007]

Applicability

Electric melting is applicable in many parts of the glass industry and is widely used in several
sectors including high temperature insulation wools, mineral wool, special glass, domestic glass
and, to a lesser extent, in container glass. Electric melting can clearly only be installed at a
furnace rebuild. There are no known full-scale examples of electric melting in the flat glass or
frits sectors. The technique is commonly used for the production of potentially highly volatile,
polluting glasses (e.g. lead crystal and opal glass) and for high value added products.

The wider use of the technique is limited by the operating costs and by some technical
considerations. As discussed above, the main constraint is the operating cost and, depending on
a range of factors, this sets an upper size limit on the economic viability.

At the time of writing the document (2008), the technique is not in use for large volume glass
production (>300 tonnes per day) and so cannot be considered fully proven either technically or
economically. The application of electric melting to the production of continuous filament glass
fibre is not considered to be currently economically or technically viable, since E-glass often
used for this type of product has a low alkali content resulting in very low electrical
conductivity.
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An experimental float glass line with an electrically heated furnace was in operation in the UK
from 1989 to 2000. This plant was built to demonstrate the principle of cold top electric melting
for float glass production. The plant has operated successfully on this pilot scale and it has been
used to produce a range of exotic glasses, the emissions from which would have been very
difficult to control from a conventionally fired furnace. The application demonstrated that
operating a full-scale float glass line (>500 tonnes per day) with an all-electric furnace is not
currently economically viable due to the high operating costs. The furnace is no longer in
operation.

Economics

The economic viability of electric melting depends mainly on the price differential between
electricity and fossil fuels. At the time of writing (2008), average electricity costs per unit
energy are 4 to 5 times the cost of fuel oil. Electricity costs can vary by up to 100 % between
Member States, but fossil fuel prices tend to show less difference. Fuel prices and their
variations are discussed in Section 4.4.3.1. Electric furnaces are very thermally efficient; in
general, 2 to 4 times better than air-fuel fired furnaces. The comparison for large, energy
efficient furnaces is at the lower end of this range, and for smaller furnaces at the upper end.

Electric furnaces have much lower capital costs than conventional furnaces which, when
annualised, partially compensate for the higher operating costs. However, the furnaces have
shorter campaign lives before they require rebuild or repair, i.e. 2 to 6 years compared to 10 to
12 years for conventional furnaces. For small air-fuel conventional furnaces (up to around
50 tonnes/day), the heat losses are relatively high compared to larger furnaces. In the range of
10 to 50 tonnes/day, because of the higher specific heat losses of air-fuel furnaces, the electric
furnace can be more competitive.

The comparison between an all-lectric melting furnace of about 30 tonnes/day, in the
tableware/crystal glass sector, and a recuperative unit melter furnace shows a higher investment
cost of about EUR 3 million, due to the shorter life time of the furnace, but lower operating
costs (EUR 350000 lower). This results in slightly lower costs per tonne of molten glass.

Based on current practice, the following is proposed as a very general indicative guide to the
size of electrical furnaces which may be viable, i.c. those which can potentially be a practicable
alternative. There are inevitably exceptions due to local circumstances:

o furnaces below 75 tonnes per day are generally viable
o furnaces in the range 75 — 150 tonnes per day may be viable in some circumstances
o furnaces greater than 150 tonnes per day are generally unlikely to be viable.

The financial considerations can also be greatly affected by site-specific factors including:
prevailing energy costs; product quality requirements, available space, costs of alternative
abatement measures, prevailing legislation; ease of operation; and the anticipated operating life
of alternative furnaces.

In those Member States where the price difference between fossil fuels and electricity is at the
upper end of the range given, the option of electric melting may appear less attractive. In such
cases this could lead the operator to select a combination of other techniques in preference to
electric melting.

When using electric furnaces, the emissions of CO, associated with the melting process are low,
since they only arise from the batch composition. The related operational costs would hardly be
affected by European Directive 2003/87/EC, establishing an Emissions Trading Scheme for
greenhouse gas emissions (EU-ETS). However, whether or not electric furnaces can be
considered more "carbon" efficient will depend on the source of electricity. This may in turn
have an indirect effect on the cost of electricity by the generator passing on EU-ETS costs.
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An example installation, presenting the costs associated with the electric melting technique

applied to the production of special, borosilicate glass is given in Table 4.4.

Furnace 1 Furnace 2 Air pollution ?ontrol system
and associated costs
Type of furnace Electric furnace Electric furnace Filter type Bag filter
Planngd 60 months 60 months Temperature before R0 °C
campaign filter
Max. crown 230 °C 230 °C Sorbent Ca(OH),
temperature
Capacity 38 t/d 48 t/d Amount of sorbent 3 (kg/h)
Current pull rate 35t/d 45 t/d Filter dust Landfill
Borosilicate, Borosilicate, Energy consumption
Type of glass white white including ventilator 20 (kWh'h)
Cullet 70 % 70 % Investment/ EUR 440000
replacement costs
Specific energy 445Gltglass | 3.91 Gl glass | Duration of 10 yrs
consumption amortization
Use of filter dust no no Operating costs EUR 50000
Annual amortization EUR 58520
costs
Total annual costs EUR 108520
Estimated costs per EUR 3.71/
tonne of glass t glass
Associated emission levels
Furnace 1 Furnace 2
mg/Nm*" kg/t glass mg/Nm*?" kg/t glass
Particulate 1.2 0.0017 0.8 0.0008
matter
NOx ) 72 0.39 103 0.29
SO, 0.7 0.0037 4.7 0.013
HCI 5.1 0.028 22.0 0.061
1. Concentrations are referred to the measured oxygen content
2. NOx emissions arise form the use of nitrates in the batch formulation

Table 4.4: Example installation for the application of electric melting in the special glass
sector

[75, Germany-HVG Glass Industry report 2007]

Driving force for implementation

The thermal efficiency of an electric furnace is better than the equivalent conventional furnace.
Waste gas volumes are very low (only gases from batch decomposition). In Member States,
where the energy strategy and policies favour nuclear, hydroelectric and wind power generation,
the price of electricity might be more stable than the price of fossil fuels.

Example plants

Schott, Mainz, Germany - Special Glass.

British Gypsum Isover Ltd, Runcorn, UK - Glass Wool.

Saint-Gobain Desjonqueres, Mers-les-Bains, France - Container Glass.
Bormioli Luigi, Parma, Italy - Domestic Glass

Bormioli Rocco e Figlio, Bergantino, Italy - Container borosilicate glass

Reference literature
[65, Glass for Europe-Proposals for GLS revision 2007] [94, Beerkens - APC Evaluation 2008]
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4.2.2 Operation and maintenance of furnaces

Description

The operation and maintenance of the melting furnace is a primary technique for minimising the
environmental impact due to glass furnace ageing. This technique is normally applied to
regenerative long life furnaces, but some of these recommendations can also be applied to other
furnaces.

Combustion glass furnaces can be in operation for a long period of time and the tendency is to
increase this period more and more; over 12 years in many cases. Refractory wearing and
ageing as well as movement (expansion and contraction) happens throughout the furnace life
and consequently losses of heat and energetic efficiency, along with cracks in the furnace
superstructure can be produced. Depending on the furnace pressure, cracks can produce
parasitic air infiltration.

Therefore, it is very important to establish permanent monitoring to ensure that the necessary
maintenance is carried out for minimising the ageing effects and for optimising the operating

conditions and their parameters.

The most important operations for refractory maintenance are:

o to ensure at all times that the furnace and regenerator walls are sealed to avoid parasitic
air infiltrations

o to close and/or seal all furnace openings (e.g. peepholes, other holes for monitoring
probes, dog houses and burner blocks) when not in use

o to improve heat transfer in regenerative furnaces, clean checkers when necessary, and to
provide adequate maintenance of the heat exchangers in recuperative furnaces

o to keep the maximum insulation possible for the current furnace condition.

Regarding furnace operations, the established parameters must be kept constant depending on
the production process and the primary techniques used by making the following adjustments,
for instance:

o positioning burners and ensuring that they are sealed with burner blocks

o controlling the stabilised flame conditions, e.g. length, brightness and temperature
distribution

o controlling air/fuel ratio.

Furnace monitoring and control is essential for obtaining the best results. An adequate
maintenance programme should be established for the equipment used. Probes are usually less
reliable than other electronic devices and need to be checked regularly.

Achieved environmental benefits

The most important benefits of this technique are the energy consumption and NOx emissions
reduction. Another benefit can be the reduction of dust emissions by decreasing carryover due
to better positioning of the burners and better flame conditions.

In a well maintained furnace, ageing produces an increase in energy consumption that can be
estimated for regenerative furnaces of between 1.5 and 3 % yearly, due to less insulation and
less efficiency in the heat exchange. Poor maintenance can significantly increase these
consumptions by more than an additional 0.5 % yearly.

Parasitic air infiltrations reduce energy efficiency because this air is not preheated and also
because of a change in the combustion conditions. Also, the additional nitrogen coming into the
furnace with the air increases NOx production in an uncontrolled way. Special attention should
be taken with the oxy-fired furnaces in order to avoid air infiltrations caused by a poor sealing
of the furnace and/or the burner blocks which would generate NOx formation.
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In addition to the reduction of NOx emissions and energy consumption, this technique can
improve productivity and the quality of the glass produced because it can increase the melting
stability. Information assessing these improvements is not available yet.

In general, in a well- maintained furnace, the lifetime of the silica crown increases.

Cross-media effects

A solid waste stream is produced from the cleaning of checkers, which might be contaminated
with refractories and/or metals. In this case, the dust (mainly sodium sulphate) cannot be
recycled back to the melting furnace and the solid waste will have to be disposed of.

Operational data

Monitoring furnace parameters and closing all the furnace holes should be included in the good
practices of furnace operation. The monitoring schedule will depend on the furnace (e.g. type,
size, age, wear, type of checkers), the type of glass melted and produced, the type of fuel used
(oil or gas), etc.

As an example, a monitoring schedule could be as follows:

° for parasitic air entries (holes, fissures): daily visual inspection and action (to seal) when
necessary
° for regenerators: visual inspections to be carried out regularly by plant operators; clean

checkers when necessary.
The cleaning of checkers produces sulphate dust.

In addition to NOx and the reduction of energy consumption, the maintenance of the furnace
can improve productivity and the quality of the glass produced because it can improve the
melting stability. Information assessing these improvements is not available yet.

Applicability

This technique can be applied during the life of existing or new furnaces. It is more useful for
recuperative and long life regenerative furnaces. It can also be considered for other furnaces, but
requires a specific assessment in every case.

Economics

The costs associated with the application of this technique include the training of qualified
personnel for supervision and maintenance, the purchase of necessary equipment, such as
cameras, sensors for oxygen and for temperature measurements. If sulphate dust is sent to
landfill, an additional cost will be incurred.

However, maintenance costs do not compare to the benefits obtained from the energy savings,
better quality products and greater productivity.

Driving force for implementation

Legal requirements for NOx emissions can be more difficult to accomplish at the end of the life
of a furnace. Only maintaining the furnaces in the best possible condition can reduce the
increase of these emissions.

Example plants
Most large glass container companies, such as Saint Gobain, Owens-Illinois (O-I), Ardagh
Glass are applying this technique to their furnaces. {More plants should be indicated}

Reference to literature
[75, Germany-HVG Glass Industry report 2007] [78, DUTCH oxi-firing furnaces 2007]
[79, TNO OxyFiring2005ATIVFinal 2005] [85, Spanish BAT Glass Guide 2007]
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4.3 Techniques for materials handling

The diversity of the glass industry results in the use of a wide range of raw materials. The
majority of these materials are solid inorganic compounds, either naturally occurring minerals
or man-made products. They vary from very coarse materials to finely divided powders. Liquids
and, to a lesser extent, gases are also used within most sectors. The general techniques used for
materials handling are described inSection 2.1. There are very few issues regarding emissions
to air from materials handling that are specific to the glass industry. Therefore, this section only
summarises those techniques, which are generally considered to constitute good practice when
handling these types of materials.

Bulk powder materials are usually stored in silos, and emissions can be minimised by using
enclosed silos, which are vented to suitable dust abatement equipment such as fabric filters.
Where practicable, collected material can be returned to the silo or recycled to the furnace.
Where the amount of material used does not require the use of silos, fine materials can be stored
in enclosed containers or sealed bags. Stockpiles of coarse dusty materials can be stored under
cover to prevent windborne emissions.

Attention must be paid to the storage of post-consumer cullet, being a potential source of dust,
fugitive emissions and odour deriving from the organic residues contained in the raw material.
Where dust is a particular problem, some installations may require the use of road cleaning
vehicles and water damping techniques.

In general, dust from flue-gas treatment systems is very fine and may contain significant
amounts of unreacted alkaline reagent. Consequently, the handling and storage of this material
require particular care.

Where materials are transported by above ground conveyors, some type of enclosure to provide
wind protection is necessary to prevent substantial material loss. These systems can be designed
to enclose the conveyor on all sides. Where pneumatic conveying is used, it is important to
provide a sealed system with a filter to clean the transport air before release. To reduce dust
during conveying and carryover of fine particles out of the furnace, a percentage of water can be
maintained in the batch, usually 0 - 4 %. Some processes (e.g. borosilicate glass production) use
dry batch materials, and where dry materials are used, the potential for dust emissions is higher
and, therefore, greater care is needed.

An area where dust emissions are common is the furnace feed area. The main
measures/techniques for controlling emissions in this area are listed below:

o moistening of the batch

o application of a slightly negative pressure within the furnace (only applicable as an
inherent aspect of operation)

o use of raw materials that do not cause decrepitation phenomena (mainly dolomite and
limestone)

o provision of extraction, which vents to a filter system, (common in cold top melters)

o use of enclosed screw feeders

o enclosure of feed pockets (cooling may be necessary).

Dust emissions can occur directly to the air or may occur within the process buildings. Where
this occurs, dust can build up within the building and can lead to fugitive emissions by the
movement of air currents in and out of the building. In potentially very dusty areas such as batch
plants, the buildings can be designed with the minimum of openings and doors, or dust curtains
can be provided where necessary. In the furnace buildings, it is often necessary to ensure a
degree of natural cooling and so vents, etc. are provided. It is important to ensure a good
standard of housekeeping and that all dust control measures (seals, extraction, etc) are properly
functioning.
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Areas of the process where dust is likely to be generated (e.g. bag opening, frits batch mixing,
fabric filter dust disposal, etc) can be provided with extraction which vents to a
suitable abatement plant. This can be important at smaller installations where a higher degree of
manual handling takes place. All of these techniques are particularly relevant where more toxic
raw materials are handled and stored, e.g. lead oxide and fluorine compounds.

Volatile raw materials can be stored so as to minimise emissions to air. In general, bulk storage
temperatures should be kept as low as practicable and temperature changes due to solar heating,
etc. should be taken into account. For materials with a significant vapour pressure, or for
odorous substances, specific techniques may be necessary for reducing releases arising from
tank breathing or from the displacement of vapour during liquid transfers.

Measures/techniques for reducing losses from storage tanks at atmospheric pressure include the
following:

use of tank paint with low solar absorbency

control of temperature

tank insulation

inventory management

use of floating roof tanks

use of vapour return transfer systems

use of bladder roof tanks

use of pressure/vacuum valves, where tanks are designed to withstand pressure
fluctuations

application of a specific release treatment e.g. adsorption, absorption, condensation
. subsurface filling.

Reference to literature
[121. Reference Document on Best Available Techniques on Emissions from Storage, European
Commission 2006]

44 Techniques for controlling emissions to air from melting
activities

441 Particulate matter

For the purposes of this document, the term 'particulate matter' is taken to mean all material that
is solid at the point of measurement, and for emissions from melting activities is considered to
be synonymous with the term dust. Both of these terms are used interchangeably throughout this
chapter. The term 'total particulate matter' is taken to mean all inorganic and organic solid
materials (with no lower size limit), droplets and aerosols. The temperature at the point of
measurement is particularly important for glass furnaces because some of the materials that
form dust (particularly borates) can be volatile at quite low temperatures. Also the nature of the
dust from these processes makes accurate measurement very difficult.

The nature of the dust emissions from glass furnaces varies for different processes, but depends
mainly on the furnace design and operation, and on the glass composition.

The three main sources of dust from melting are:

batch material carryover

volatilisation and reaction of substances from batch materials and the glass melt

metal impurities in the fuels

chemical reaction between gaseous pollutants and alkaline reagents used for waste gas
treatment.
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For fossil fuelled furnaces, the volatilisation and subsequent reaction/condensation of volatile
materials released from the hot glass surface, represents by far the largest proportion of the
overall dust emissions. In general, 80 to 95 % of the dust emissions will be produced in this
way. It is therefore important to ensure that any volatile species have been condensed before the
waste gas is treated or measured. This is not a problem for sodium sulphate (melting point
approx. 888 °C) but is a consideration for flue-gases which contain borates.

Carryover of batch materials usually accounts for less than 5 % of the final emissions from a
modern, well-operated furnace. This dust is made up of the components of the batch, and is
dominated by the lightest materials.

Metal impurities in fuels (vanadium and nickel) will contribute to dust emissions, but at a level
generally significantly below 5 % of the total. These impurities arise mainly with fuel oil, which
may also add a small amount of ash to the total. Metal impurities also occur in cullet and other
raw materials.

The mechanisms of material volatilisation and particulate formulation are not fully understood
for all glass types. In particular, for SO, rich flue-gases (oil-fired furnaces) the mechanism of
particulate formation is rather complex at temperatures below 400 °C, with different compounds
that can be formed (sodium hydrogen sulphate NaHSO,, sodium pyrosulphate Na,S,0; and
sulphuric acid H,SO,4) which could heavily affect the reliability of particulate concentration
measurements if not taken into account. Approximately 90 % of all glass produced in the EU is
soda-lime glass, and most information is available for these compositions. Dust from soda-lime
glass furnaces is predominantly composed of sodium sulphate. Up to 98 % of the dust is made
up of soluble materials; of this, 80 — 90 % is sodium sulphate. The remainder will depend on the
precise glass composition, but will contain mainly sulphates, particularly potassium sulphate
(K»S0,). The insoluble fraction contains mainly silica, with lower levels of metals (e.g. Al, Fe,
and Cr). If external cullet is used, the dust may contain other components (e.g. Pb). The particle
diameter is generally in the range of 0.02 to 1 um, but the small particulates readily agglomerate
into larger particles. A number of different volatilisation processes can be distinguished and are
discussed inSection 4.4.1.1 below.

For glasses that contain substantial levels of boron in the composition (e.g. continuous filament
glass fibre, glass wool, and borosilicate glass), borates are a major component of the emitted
dust. The remainder will be made up of sulphates, silica and compounds dependent on minor
batch components and impurities.

Since the batch compositions may differ strongly for the different types of glasses, the resulting
dust emissions are also diverse and follow different formation mechanisms. In the mineral glass
wool production, the batch composition contains high levels of boron oxide but also large
amounts of sodium oxide that, during melting, evaporate and subsequently form solid sodium
metaborate (NaBO,) at temperatures of below 900 °C, down to 650 — 700 °C. Small quantities
of boron are emitted in gaseous form, mainly as metaboric acid (HBO,). Boric acids, HBO, and
H;BO;, condensate to form particulates at much lower temperatures, and some gaseous fractions
can still be present at 60 °C.

In the production of E-glass for continuous filament glass fibre, the low concentration of alkali
oxides (typically around 1 % in mass) affects the mechanism of dust formation leading to a
dominant evaporation of metaboric acid (HBO,),compared to sodium metaborate (NaBO,)or
potassium metaborate (KBO,) evaporation. During flue-gas cooling, almost all sodium and
potassium will condensate to form sulphates, generated by the presence of SO, from fining the
glass melt with sodium sulphate and, to a lower extent, alkali borates. In this case, most boric
acid species will be present in the flue-gas as gaseous compounds at temperatures below of
200 °C, but also as low as 60 °C. In the case of borosilicate glasses, the mechanism formation of
dust strongly affects the capability of filtration systems to remove boron species present in the
flue-gas, since the operating temperatures could be too high for capturing boric acid species,
unless a suitable scrubbing agent is injected upstream of the filtering unit.
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In many cases, when gaseous boron compounds are present in the flue-gas of the melting
furnace, the particulate content (as measured) strongly depends on the measuring method
applied and on the temperature of the waste gas at the sampling point.

In lead glass (TV and crystal glass), lead volatilisation will produce lead oxide or sometimes
lead sulphate condensations.

In cold top electric melters, the emissions of dust are much lower and arise almost exclusively
from batch material carryover. The absence of the high temperature combustion atmosphere
precludes the formation of particulate matter by reactive volatilisation. In stone wool cupola
furnaces, the dust emissions are a combination of raw material dust, combustion products, and
condensed volatiles released during melting.

The emissions to air of metals from glass processes are largely contained in the particulate
matter. For this reason, metals are not treated separately in this chapter but are discussed in
respect to dust emissions and, where appropriate, references are made to other sections.
However, in some circumstances there can be significant gaseous metal emissions, for example,
selenium from bronze or decolourised glasses, lead from some lead crystal or special glass
processes, or impurities from external cullet (lead, selenium, etc).

The main sources of metals are impurities in raw materials, the use of specific substances and
additives in the batch formulation utilised to impart specific properties (e.g. lead oxides, and
colourants/decolourants), cullet and fuel. External cullet is an important source of metal
contamination particularly for lead (in some cases >400 ppm) but also for other metals; for
example, mercury contamination can occur if cullet contains mercury vapour light tubes.
Information on metal emission levels is given in the sector-specific sections in Chapter 3 and in
Table 3.3.

There are three main approaches for controlling emissions of metals either within the dust or as
gaseous components:

1. raw material selection to minimise contamination and where practicable to use alternative
additives. Raw material selection includes cullet sourcing and sorting
2. dust abatement techniques, particularly bag filter systems and electrostatic precipitators.

Where emissions contain significant metal concentration, up to 70 - 80 % of total dust
(i.e lead crystal glass production), high efficiency dust abatement systems can generally
reduce both dust and metal emissions to <5 mg/Nm’

3. gaseous metal emissions (e.g. selenium) can be substantially reduced by the use of dry or
semi-dry scrubbing techniques in combination with dust abatement (see Section 4.4.3.3).

In some instances, and particularly in Germany, a major factor in the driving force for the
installation of dust abatement combined with dry or semi-dry scrubbing has been the reduction
of metal emissions.

4411 Primary techniques
[tm18 CPIV, tm30 Dust][19, CPIV 1998][31, CPIV 1998]

A glass furnace is a very dynamic environment and any changes to the chemistry or operating
conditions can have consequential effects within the melting process, and on other emissions.
For this reason it is important to consider all the primary techniques described in this document
as a package rather than simply as individual techniques. However, for clarity, the techniques
have necessarily been described separately, but consequential effects have been discussed where
possible.A low level of emissions from material carryover is achieved by maintaining a level of
moisture in the raw materials and by controlling the batch blanket coverage, particle size, gas
velocity and burner positioning. For those processes which require dry batch materials, and/or
very fine batch materials, the figures may be slightly higher.
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However, the contribution to the overall emissions will still be minor compared to the volatile
species contribution. Issues relating to dust arising from material charging are dealt with in
Section 4.3 above.

Because the dust emissions arise mainly from volatile species, the primary abatement
techniques discussed here concentrate on this source. From dust analysis of soda-lime furnaces,
it can be concluded that sodium species are the major components leading to dust formation in
flue-gases. Volatile species from the batch (e.g. NaCl) and from the melt (e.g. NaOH) react with
sulphur oxides to form sodium sulphate (Na,SO,) which condenses in the waste gas below
1100 °C. In most cases, sodium sulphate is used as the fining agent. The dissociation of the
sodium sulphate in the molten glass leads to sulphur oxide concentrations, which are much
higher than the sodium component concentrations in the combustion chamber and in the flue-
gases. The oxides of sulphur from fuel combustion or batch sulphate are available in
stoichiometric excess compared to the volatilised sodium, which is the governing parameter for
dust formation. The main sources of sodium are the cullet or soda ash and, to a minor extent,
sodium sulphate. However, the use of high amounts of sodium sulphate in the batch
composition causes an increase in dust emissions.

In very sulphur lean gases, sodium chloride, sodium fluoride or sodium carbonate particles can
be formed during the cooling of the flue-gases to below 900 °C. This is not common, and can
only occur when natural gas is used and when sodium sulphate is replaced by another fining
agent, like antimony. This is never the case for container or flat glass but could happen in
special applications.

A number of different volatilisation processes can be distinguished in soda-lime glass:
. reactive volatilisation from the molten glass surface. The sodium oxide (Na,O) in the

silicate melt reacts at the surface with water vapour: Na,O (melt) + HO — 2 NaOH (g).
This type of volatilisation may be the major source of dust emissions in soda-lime glass

furnaces

o volatilisation of the NaCl present as an impurity in synthetic soda. This volatilisation
leads not only to sodium sulphate dust but also to HCI formation

o volatilisation of sodium sulphate from the surface of molten glass

o reactive volatilisation by chemical reactions at the batch blanket surface with components

in the furnace atmosphere. The water vapour in the combustion chamber is thought to be
important for the reaction of soda ash to form sodium hydroxide vapours, with similar
reactions for potassium compounds: Na,CO; + H,O — 2NaOH(g) + CO,

o volatilisation of raw material components from the surface of the batch blanket (e.g. sand,
feldspars, lime, soda ash, dolomite and sodium sulphate) is generally very low. Vapour
pressures are very low below 1200 °C, and above 1000 °C, the single components have
already reacted to form silicates

o volatilisation of sodium compounds in gas bubbles during the fining process is also of
relatively minor importance
o in the case of the recycling of external cullet (container furnaces), emissions of lead

components (PbO, PbCO;, PbSO,) might take place because of lead glass, mirror
fragments and metallic lead contaminants in the cullet.

The situation is different for other glass types. For boron glasses containing low alkali
(e.g E-Glass), reactive volatilisation is thought to be the main source of particulate matter. The
emitted dust is made up mainly of the reaction products of sodium and potassium with SO, and
partly of alkali borates. As already explained in Section 4.4.1, metaboric acid is formed by the
reaction of boric acid with water vapour - B,0; (liquid) + H,O — 2HBO,(gas) and is present in
a gaseous form in the flue-gases even at low temperatures. For higher alkali-boron containing
glasses (e.g. glass wool), the emitted dust is mainly composed of alkali borates, with lower
levels of boric acids. Dust formation by volatilisation occurs very readily for glasses which
contain boron and the concentration of unabated emissions is generally higher than for soda-
lime glasses. In some cases they are more than ten times higher.
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The types of volatilisation mechanisms described for soda-lime glass are the general basis of
volatilisation in most other glasses, but clearly there is variation depending on the chemistry.

The most important factors affecting volatilisation are temperature, water vapour content in the
furnace atmosphere, and the velocities of the gases at the surface of the melt. The availability of
reactive species is also an important factor, particularly sodium and sulphates in soda-lime
glass, and boron in boron glasses. However, this factor is often limited by the glass chemistry.

A particular situation occurs when oxy-fuel combustion is applied for the melting process. The
reduced flue-gas volume with lower flue-gas velocities and the significantly different
composition of the combustion gases in contact with the glass melt (much higher concentration
of water vapour and CQO,) affect the volatilisation processes resulting, in general, in a reduced
dust formation and lower emissions in terms of kg/tonne glass, although this effect strongly
depends on the furnace design, type and positioning of the burners.

The most important primary measures that can be taken to reduce dust emissions are outlined
below:

a. Raw material modifications

Sodium chloride can be a significant factor in emissions of dust and chlorides. It is used in some
special glasses as a refining agent, but is more usually present as a low level impurity in soda
ash made by the Solvay process. Pressure from the glass industry has led soda ash producers to
lower NaCl levels significantly (now generally around 1 kg/tonne). A further significant
reduction in the short term would probably require further processing and therefore an increase
in price. Natural soda ash is available which is virtually NaCl-free, but this material is generally
more expensive in the EU due to taxes and transport costs from the countries of origin.

In most furnaces, the batch sulphate levels have been reduced to the minimum commensurate
with good fining and maintaining the correct oxidation state of the glass. Alternatives to sodium
sulphate can pose a greater environmental problem, e.g. arsenic and antimony-based fining
agents. Further progress in this area is not expected to yield substantial emissions reductions.
The limiting factor is thought to be the concentration of the sodium containing vapours, but for
gas-fired furnaces, very reduced sulphate concentrations would limit the reaction in the gas
phase.

In glasses containing boron, the boron is essential to the forming of the products and the product
characteristics. In recent years, substantial reductions have been made in boron levels, but
further progress is becoming difficult without affecting the productivity, energy consumption
and quality. Boron-containing materials are relatively expensive and every effort is made to
reduce consumption. At the time of writing no credible alternatives to boron are available and
the difficulties have led many operators to install secondary abatement techniques, particularly
for glass wool and borosilicate furnaces. In general, abated dusts are recycled to the furnace.

A number of companies in the continuous filament glass fibre sector have developed glass
compositions that have low levels of boron and fluorine or only contain these elements due to
trace levels in the raw materials. Emissions below 0.14 kg/tonne melted glass have been
reported, to be compared with values of around 2 kg/tonne melted glass for formulations
containing boron where no primary measures are applied, which demonstrate the importance of
boron in the dust formation. This type of glass requires a higher melting temperature, is more
difficult to fiberise, and the long-term effects on refractory life have yet to be determined. The
details of the technique are proprietary, and therefore, although extremely promising, the
technique cannot yet be considered as generally available. Progress varies between the different
companies, but several of these formulations are now marketable.
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b. Temperature reduction at the melt surface

The crown temperature is an important factor in particulate formation, as more volatile species
are generated at higher temperatures. A correlation between crown temperature, the glass melt
surface temperature and particulate formation has been shown in soda-lime furnaces. Reduction
of furnace temperature must be balanced with glass quality, the productivity of the furnace, and
other environmental aspects such as the NOx concentration in the flue-gas. Measures which
have the greatest effect in reducing dust per tonne of glass are those which improve the energy
efficiency and particularly the heat transfer to the glass. The main points are:

o furnace design and geometry to improve convective currents and heat transfer. These
modifications can only be implemented at the furnace rebuild. Larger furnaces are
generally more energy efficient also resulting in lower emissions per tonne of glass

o use of electric boost which helps to reduce the crown temperature by putting energy
directly into the melt and improving convective currents. The positioning of the
electrodes is important, but this is difficult to change except at the furnace rebuild. The
use of electric boost is usually limited by the cost of electricity

o the increased use of cullet which will reduce the melting energy requirement allowing
operation at a lower temperature and lower fuel usage. Also, because cullet has already
been melted its use helps to reduce the level of some of the volatile and reactive species,
which contribute to dust formation, e.g. sodium chloride and batch sulphates. This is
particularly relevant in oil or mixed oil/gas fired furnaces where a reduction in the fuel
requirement, due to the use of cullet, reduces SO, levels. Cullet usage is limited by the
availability of cullet at the correct quality, composition and affordability. For example,
container glass furnaces use 5 —95 % cullet (internal and external), soda-lime domestic
glass and flat glass furnaces generally 10 — 40 % (usually only internal), and continuous
filament glass fibre furnaces rarely use any cullet.

c. Burner positioning

Another important factor in the rate of volatilisation from the melt is the rate of replacement of
the gases above the melt. A high gas velocity or a high level of turbulence at the surface of the
melt will increase the rate of volatilisation. Progress has been made with burner positioning to
optimise combustion air velocity and direction, and fuel velocity and direction. Further work
has also been carried out involving combining these changes with modifications to the furnace
width and length of the unfired portion of the blanket, with the aim of reducing the flue-gas
velocity over the glass melt and the stripping effect on volatile components of the batch
formulation. Changes that involve modifications to furnace design can only be implemented at
furnace rebuild, and other changes are sometimes most effective when implemented with
furnace redesign. When changing the positioning of the burners, it is important to avoid
reducing flames touching the melt, since this would increase dust emissions and would promote
refractory attack in the superstructure, with possible effects on the glass quality.

d. Conversion to gas firing (or very low sulphur oils)

Conversion from fuel oil firing to natural gas firing can give substantial reductions in dust
emissions. The reasons for this are probably the particular condensation reactions for
particulates with gas firing than with oil, although in some cases the reduced SOx levels might
also be a factor.

For example, the flat glass sector has reported dust emission reductions in excess of 25 % for
the conversion from oil to gas firing. The flat glass sector has also reported a significant effect
from reducing the sulphur content of the oil (20 mg/Nm’ reduction in dust per 1 % reduction in
oil sulphur content). A similar effect was observed in domestic glass with low sulphur oil
(<1 %). Conversion to natural gas firing is discussed in more detail in Section 4.4.3.1. The main
points are summarised below:
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. the majority of plants are already equipped to use either fuel, although some may not
have access to a natural gas or a fuel oil supply

. costs of the technique will depend mainly on the prevailing fuel prices

. there is concern within the industry that heat transfer to the melt is poorer than with oil
firing due to the lower luminosity/emissivity of the flame

. natural gas firing can result in higher NOx emissions compared with oil firing

° some cases of mixed combustion, using both types of fuels simultaneously in one furnace,

may give interesting compromises of the two types of melting processes. Emissions of
NOy, SOy and dust can be balanced according to the local environmental requirements.

e. Other techniques

Emissions from cold top electric melters can be minimised by reducing airflows and turbulence
during charging, and by raw material grain size and moisture optimisation. Primary measures
are rarely implemented for dust emissions from stone wool cupolas. The main action that could
be taken would be washing the raw materials to remove dust. However, most cupolas are fitted
with bag filters and so there is little incentive to take primary measures, because they are very
unlikely to change the need for secondary measures.

The main advantages and disadvantages of primary techniques for the reduction of dust
emissions are shown in Table 4.5.

Advantages

° low cost
° focus on prevention rather than abatement
° techniques do not involve the use of energy or the potential solid

wastes that can be associated with secondary techniques

Disadvantages:

] primary measures/techniques cannot meet the emission levels
associated with secondary techniques such as electrostatic
precipitators. This is unlikely to change in the foreseeable future

] primary measures/techniques place additional operating constraints on
the process

Table 4.5: Main advantages and disadvantages of primary techniques for dust reduction

Achieved environmental benefits

The emission levels achievable using primary techniques are difficult to quantify, because of the
wide range of factors that can affect the results and the wide variation in furnace types and glass
formulations.

For flame-fired furnaces, the lowest emission levels, using only primary abatement techniques,
are achieved by furnaces producing soda-lime glasses. Average mass emissions are around
0.4 kg/tonne of glass melted, and the majority of the emission concentrations fall into the range
of 100 — 300 mg/Nm’. There are some furnaces achieving less than 100 mg/Nm’® for dust, but
these are not common.

At the time of writing, few plants have dust emission levels of below 100 mg/Nm® without
secondary abatement, and 100 — 200 mg/Nm’ (<0.4 kg/tonne of glass) is considered currently
achievable with primary measures.

It is unlikely that these figures could be achieved for compositions other than soda-lime glass. In
general, for other compositions the optimisation of primary techniques could be expected to
reduce emissions by 10—30 % of the starting value associated with a condition when no
specific measures are applied to limit dust emissions.
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Cross-media effects

In general, the techniques described prevent emissions without using additional
chemicals/substances so the cross-media effects are assumed to be positive. However, a
modification of the raw materials used for the preparation of the batch composition, with the
scope of reducing volatile components, could result in an increase of specific energy
consumption. For instance, the addition of water to the batch composition to suppress carryover
or the substitution of a raw material with one less volatile but requiring a higher melting
temperature normally results in an increase of energy consumption. A temperature reduction at
melt surface might affect the quality of glass, leading to higher rates of rejected finished articles
and higher specific energy consumption per unit of saleable product. A different positioning of
the burners applied to minimise volatilisation phenomena might cause a decrease in the energy
efficiency of the furnace with a consequent increase of specific emissions from combustion; in
addition, a modification of the evaporation/condensation phenomena of the deposited salts may
occur with potential damage to the refractories exposed to the flue-gas.

The conversion from fuel oil firing to natural gas firing is normally associated with an increase
of NO, emissions.

Operational data
Included in the descriptions.

Applicability

The techniques described are considered to be generally applicable to all parts of the industry
within the constraints identified. However, techniques successfully implemented in one furnace
may not have the same effects for other furnaces. In the short to medium term, primary
measures for dust abatement are likely to achieve more significant reductions for soda-lime
formulations than for other glass types. An exception may be represented by the continuous
filament glass fibre produced with low or boron-free formulations.

Economics

Very little information is available on the costs of primary techniques, but the industry has
reported that the costs of the measures implemented to date (2009) are considered to be low.
Indeed those techniques that reduce energy usage may result in cost savings. Costs relating to
gas firing are discussed in Section 4.4.3.1.

Primary measures can involve varying costs depending on the level and time scale of the
application. The measures are an overall package and it is the optimisation of the package that
determines the costs and results. For example, the use of low chloride or natural soda ash is
unlikely to reduce dust emissions to levels comparable to secondary abatement, and depending
on other factors the costs may be disproportionate to the benefits. However, it is one aspect of
the package of measures, the costs and results of which, must be considered as a whole.

Driving force for implementation

The implementation of primary measures for the reduction of dust emissions is often based on
economic and operational benefits deriving from the application of the selected techniques, such
as avoiding the clogging of regenerators, corrosion or damage of the materials, reducing
volatilisation and the consequent loss of valuable raw materials, etc.

Example plants
The application of some of the primary techniques described in this section is common within
the glass industry.

Reference literature[tm18 CPIV, tm30 Dust] [19, CPIV 1998] [31, CPIV 1998][103,
Beerkens Fining glass. Boron 2008]
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4.41.2 Electrostatic precipitators

Description

The electrostatic precipitator (ESP) is capable of operating over a wide range of conditions of
temperature, pressure and particulate burden. It is not particularly sensitive to particle size, and
can collect particulates in both wet and dry conditions. The ESP consists of a series of high
voltage discharge electrodes and corresponding collector electrodes. Particles are charged and
subsequently separated from the gas stream under the influence of the electric field generated
between the electrodes. The electrical field is applied across the electrodes by a small direct
current at a high voltage (up to 80kV). In practice, an ESP is divided into a number of discrete
zones (up to five fields can be used) as shown in Figure 4.1.

Gas flow distributors

al

1)

Inlet ——p

Discharge
electrodes

Dust collection
hoppers

electrodes (plates)

l Collecting

Figure 4.1: Electrostatic precipitator

Particles are removed from the gas stream in four stages:

application of an electrical charge to the particles
migration of the particles within the electrical field
capture of the particles onto the collecting electrode
removal of the particles from the surface of the electrode.

The discharge electrodes must be rapped or vibrated to prevent material build-up and their
mechanical strength must be compatible with transmission of the rapping blow or vibration. The
mechanical reliability of the discharge electrodes and their supporting frame is important as a
single broken wire can short out an entire electrical field of the precipitator. In wet precipitators,
the collected material is removed from the collector plates by flushing with a suitable liquid,
usually water, either intermittently or by continuous spray irrigation.

The performance of an ESP follows the Deutsch Formula, which relates dust collection
efficiency to the total surface area of collector electrodes, the volumetric flow rate of the gases
and the migration velocity of the particles. For a given material, maximising the surface area of
the collector electrodes and the residence time in the electrical fields are two of the most
important parameters. Also, the larger the distance between collecting electrodes, the higher the
voltage that can be applied. This distance is dependent on the supplier design.

Good rectifier design includes the use of separate rectifier sections for each zone or portion of a
zone of the ESP.
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This allows the applied voltage to be varied in the inlet and outlet zones, in order to take
account of the reduced particulate load towards the outlet, and allows operation of the zones at
progressively higher voltages. Good design is also influenced by the use of automatic control
systems, which ensure that the optimum high-tension (HT) voltage is applied to the electrodes.
Fixed HT power supplies are unlikely to provide optimal collection efficiencies.

The resistivity (the inverse of the conductivity) of the particulate material is particularly
important. If it is too low, the particles reaching the collector electrode lose their charge easily
and particulate re-entrainment can occur. When the particulate has too high a resistivity, an
insulating layer is formed on the electrode, which hinders normal corona discharge and leads to
reduced collection efficiency. Most particulates encountered in the glass industry have a
resistivity within the correct range. However, if necessary collection can be improved by
conditioning the particulate, e.g. ammonia and sulphur trioxide can be used, but this is not
generally necessary in glass processes. The resistivity can also be reduced by reducing the gas
temperature or by adding moisture to the gas.

Achieved environmental benefits

ESPs are very effective in collecting dust in the range of 0.1 to 10 um, and overall collection
efficiency can be 95-99 % (depending on inlet concentration and ESP size). Actual
performance varies depending mainly on waste gas characteristics and ESP design, but emission
concentrations in the range of 5 to 10 mg/Nm’ can be achieved with new installations. For
existing ESPs, the possibilities for significant upgrading can be limited, due to construction and
operating restrictions and in such cases the achieved performance may be in the range of
20 - 30 mg/Nm’. Although an important factor, the performance does not depend exclusively on
the number of electrical fields applied. A two-stage ESP of one design may be as efficient as a
three-stage ESP of a different design or in a different application, and the choice will depend on
the necessary performance level. The efficiency of ESPs in collecting dust from flue-gases
containing boron compounds may vary significantly depending on the positioning of the filter,
and weather or not condensation of boric acid takes place before or after the filter.

Cross-media effects

The use of electrostatic precipitators involves an increase in energy consumption, but this is low
relative to the energy consumption of the furnace, less than 1 % (which is equal to 1 -3 % of
energy cost). There will be a resultant environmental effect at the point of electricity generation,
which will depend on the source of the electricity.

In many applications within the glass industry, it will be necessary to remove acid gases prior to
treatment. This will usually be achieved by dry or semi-dry scrubbing which creates a solid
material stream up to ten times greater than the dust abated. If this can be recycled to the
furnace there will be an overall reduction in the consumption of raw materials; if not, there will
be a waste stream to dispose of.

In practice, the collected dust can be recycled in most cases and, depending on the sorbent
chosen, the material can replace a portion of the other raw materials particularly sodium
sulphate (and where appropriate materials containing fluoride and lead). Problems could occur
in the container glass sector where the sulphate requirements may be low, due to high cullet
levels and for reduced glasses, where the sulphur solubility is relatively low.

This could limit the potential for recycling dust especially if a high sulphur fuel oil is used, and
a portion of the collected dust would have to be disposed of off-site. A further problem could
occur if multiple furnaces producing different types and/or colours of glass are attached to a
single ESP. In some sectors, the ability to recycle the collected dust may be limited by product
quality constraints and glass chemistry, for example, where a very high optical quality is
required.Additional limitations to the possibility of recycling filter dust are present when dry
batch preheating is applied, due to the fine dust which can cause severe carryover and plugging
of the regenerators.
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The recycling of filter dust with high concentrations of NaCl, normally originated from treating
the waste gases with sodium-based absorption agents, can cause damage to the refractories in
the combustion chamber and/or in the regenerators, depending on the temperature and the
composition of the checkers.

The costs of disposing of a dust that cannot be recycled (including the costs for classification of
the residue) and the costs of lower sulphur fuels (e.g. low sulphur oil or natural gas) might have
to be compared in many circumstances (particularly for container glass) in order to evaluate
whether it would be more convenient for an operator to change fuels rather than create a solid
waste stream for disposal. One of the main purposes of the acid gas scrubbing phase is often to
condition the gas for the ESP, in order to avoid corrosion, with consequently lower overall acid
gas emissions. If the filter dust is recycled, a dynamic equilibrium between sulpur input and
output will form.

In the glass industry, the majority of the particulate matter emitted is formed by reactive
volatilisation. It is therefore important to ensure that the gas stream is below the particulate
formation temperature, which depends on the species present. The major constituent of dust
from soda-lime silica glass production is sodium sulphate with a formation temperature at
~ 800 °C; while for borosilicate glasses, the complete condensation of boron species may occur
well below 200 °C.

In regenerative furnaces, the waste gas temperature is generally around 400 °C and cooling is
not usually required either to condense volatiles or to achieve the ESP operating limits. In
recuperative furnaces, the waste gas temperature is usually around 800 °C and cooling is
required, both to condense the particulate matter and to cool the gas to the limits of the ESP. As
already reported above, for glasses which contain boron (e.g. glass wool), it may be necessary to
reduce the gas temperature to below 200 °C prior to abatement, whilst ensuring that
condensation and the associated risk of corrosion are minimised in the system. The waste gas
temperature from oxy-fuel furnaces is usually >1000 °C and substantial cooling is required.

A summary of the main advantages and disadvantages associated with the use of ESPs is shown
in Table 4.6.

Advantages:
[ high dust removal efficiency

. collected dust is generally in a form that permits re-use

° low pressure drop relative to bag filters, and so operating costs are relatively low

° can form part of an integrated treatment system e.g. with scrubbers and SCR

[ ESPs are not easily blocked due to high load or moisture content, which can be a problem
with fabric filters

° in general (i.e. not restricted to the glass industry), there is more operating experience at
high temperature than for bag filters

° can be designed to allow addition of further fields at a later date

Disadvantages:

° energy use. Although this is low relative to furnace energy (<l %), costs are more
significant because it is electricity. Indirect emissions are associated with the use of
electricity (CO, and other emissions at the power station)

solid waste streams generated are not always possible to recycle

° many processes require acid gas scrubbing and in these cases an absorbent is consumed.
Indirect emissions are associated with the use of alkaline reagents (production cycle of the
material)

[ ESPs can involve higher capital costs than some other systems

it is critical to maintain plant operations within the design conditions or performance can
drop considerably

° safety precautions must be observed in the use of high voltage equipment
o ESPs can be very large and the space requirement must be considered
Table 4.6: Main advantages and disadvantages of electrostatic precipitators
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Operational data

In most applications, a well designed two or three stage ESP could be expected to achieve less
than 10 mg/Nm’ and less than 0.04 kg dust per tonne of glass melted. For certain existing ESPs,
this can be limited to less than 30 mg/Nm® dust emissions. In the glass industry, almost all
examples of ESPs are two or three stage and the most recent installations can achieve the figures
indicated. In many applications, ESPs can achieve figures below these levels either due to
favourable conditions or because high efficiency designs are used. Emission levels for ESPs
lower than 5 mg/Nm’ are measured in a number of installations; however, except where
favourable conditions exist, to guarantee performance at this level would generally involve costs
higher than those identified in this section.

The application of an ESP is, in general, common at installations with several furnaces.

At the time of writing this document (2009), many big furnaces/installations were equipped with
continuous particulate or opacity monitoring. In regenerative furnaces with reverse firing,
representative data should always be an average of the emissions produced during a multiple of
firing time.

To achieve the best performance from an ESP, it is essential that the gas flow through the unit is
uniform and that no gas bypasses the electrical fields. Correct design of inlet ducting and the use
of flow distribution devices within the inlet mouthpiece, must achieve uniform flow at the inlet
to the precipitator. In general, the operating temperature must be kept below 430 °C. The
performance of an ESP will reduce during prolonged operation. Electrodes can rupture, become
misaligned or scaly, and regular overhaul is necessary, particularly in older equipment.

In applications where the gas stream may contain significant concentrations of acid gases
(particularly SOx, HCI and HF), it is generally considered necessary to use some form of acid
gas scrubbing prior to the ESP. This usually consists of dry or semi-dry scrubbing using calcium
hydroxide, sodium carbonate or sodium bicarbonate. These techniques are discussed in
Section 4.4.3.3.

The acid gases arise from the raw materials, including recycled cullet, and from the sulphur
contained in fuel oil used for combustion and without acid gas removal, the ESP could suffer
severe corrosion problems. With some glasses containing boron, the alkali also helps to
precipitate volatile boron compounds. If waste gases do not contain high levels of acid gases
(i.e. gas firing and low sulphur raw materials), pretreatment may not be necessary, €.g. in most
glass wool processes.

In the flat glass sector, dust emissions associated with the use of a four fields ESP, e.g. McGill
type, and using hydrated lime for acid gas scrubbing, are in the range of 10 - 20 mg/Nm’, for a
removal efficiency of SOx between 25 — 33 %. Better efficiencies might be possible depending
on the scrubber temperature, type of hydrated lime and molar ratio of injected lime versus
SOx+ HCI + HF present in the flue-gases (see Section 4.4.3.3).

Some examples of dust emission levels associated with the use of electrostatic precipitators are
presented in Table 4.7
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Table 4.7:

. Fuel/melting Total . Dust emissions
Production technique | production ESP characteristics AELs @
mg/Nm3 s
Tonnes/day dry gas at | kg/t glass
8% 0O,
Container glass
Soda-lime 1 field — dry scrubbing )
areen/white Natural gas 470 with Ca(OH), 17 0.027
5 fields — dry
Soda-lime Natural gas 640 scrubbing with 7.6 0.016
Ca(OH),
Flint Natural gas 275 3 fields - no scrubbing | 5 0.037
system
Fuel oil + 2 fields - dry scrubbing
Amber natural gas 297 with Ca(OH), 12 0.0019
. . 2 fields - dry scrubbing
White/amber Fuel oil 547 with Ca(OH), 18 0.027
Emerald 2 fields - dry scrubbing
green/UV green Natural gas 367 with Ca(OH), 27 0.040
Flat glass
. . 2 fields - dry scrubbing
White/coloured Fuel oil 259 with NaHCO; 3.0 0.0048
. Fuel oil + 4 fields - dry scrubbing
White natural gas 700 with Ca(OH), 1.5 0.0031
. 3 fields - dry scrubbing
White Natural gas 600 with Ca(OH), 30 0.084
Domestic glass
Not specified | Fueloil [ 110 ] Not specified 165 | 0.034
Special glass
. Fuel oil + 2 fields - dry scrubbing
Not specified natural gas 170 with Ca(OH), 20 0.127

1. Emission levels represent average values of discontinuous measurements (30 - 60 minutes).
2. Monthly average value of continuous measurements.

Dust emission levels associated to the use of ESPs for example installations

[75, Germany-HVG Glass Industry report 2007] [84, Italy-Report 2007] [86, Austrian container glass

plants 2007] [120, Portugal 2009]

Applicability

In principle, this technique is applicable to all new and existing installations in all glass sectors.
In the case of existing installations, an upgrade of the filter with additional fields can be carried
out only when the melting furnace is under repair, on condition that the necessary space is
available. Similarly, the setting up of an ESP is generally required to be carried out during a

cold repair or the rebuild of the furnace/s.

ESPs are not used with stone wool cupolas due to the explosion risk associated with carbon

monoxide (CO).

Economics
The major factors affecting ESP costs are:

. waste gas volume

. required efficiency

. number of fields

. waste gas conditioning

. if acid gas scrubbing is required, efficiency of the scrubber and scrubbing agent
(i.e. hydrated lime, sodium hydrogen carbonate, sodium carbonate)

. plant characteristics (space availability, layout, required site preparation, etc)

. the local specific costs for energy, electricity, water and manpower

. dust disposal costs (if not possible to recycle).
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Each additional electrical field over two will increase capital costs by about 10 - 15 %, but the
total increase of these complete air pollution control (APC) systems, including scrubber and
operational costs, is only about 5 %.

Costs associated with the installation of ESPs are likely to be higher for existing plants than for
new plants, particularly where there are space restrictions and where the location of the filter at
relatively long distances would require additional piping (often to be insulated).

For electric furnaces and smaller conventional furnaces (<200 tonnes per day) the high capital
costs may lead operators to choose alternative techniques, particularly bag filters.

Specific costs can be significantly higher for smaller productions and for oil-fired furnaces,
although this also depends on the degree of SO, reduction to be achieved. As an example,
Figure 4.2 shows the specific costs of filtering and dry scrubbing with the use of Ca(OH),,
related to four different situations for float glass furnaces, depending on the melting pull rate
and assuming the disposal of all filter dust.

= = = «A: ESP natural gas
T - 33 % SO, reduction

\ T - ~ = = =B: ESP fuel oil 0.9 % sulphur
~
S - 25 % SO, reduction

C: ESP natural gas
7. ~ 50 % SO, reduction

-]
]

Specific costs APC in Euro/ton molten float glass
o
[3,]
/|
/
.

-~

/

— » = D: Badfilter gas fired
33 % SO, reduction

[4,]

400 500 600 700 800 900 1000

Average melting pull in metric tons/day

Figure 4.2: Specific costs per tonne molten glass for air pollution control by dry scrubbing and
filters for float glass furnaces depending on melting pull
[94. Beerkens - APC Evaluation 2008]

For the cost estimation of air pollution control techniques applied to float glass furnaces, the
reference study considers the following achievable emission levels:

o dust emissions are considered in the range of 10-20 mg/Nm’, with possible values
ranging from 5 and 10 mg/Nm’ for ESP with 3 -4 fields and optimum operating
conditions

o a limited SOx emission reduction of only 25 - 33 % is assumed as the standard operating
condition.
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Other data and hypothesis concerning the estimation of costs can be found in
Section 8.1 (calculation methodology). The main results of the study are the following:

° the investment costs for an air pollution control system (four fields filters) for float glass
furnaces range from about EUR 4 - 5.5 million for the size range of 500 - 900 tonnes
molten float glass per day. The operational costs for these furnaces range from
EUR 375000 to 575000 per year, in case of complete filter dust recycling in the batch.
The annual operating costs can increase by almost 100 % (from EUR 685000 to 1140000)
when all filter dust has to be externally disposed of (assuming a cost for disposal of
EUR 400 per tonne).

° supposing an initial concentration level of SO, in the flue-gases of 800 - 1000 mg/Nm’
(8 % O,, dry) for gas-fired float furnaces and about 1800 - 2000 mg/Nm’ for oil-fired
float glass furnaces, the typical specific costs (costs per tonne melted glass) are EUR 3.90
for a 900 tonnes/day float glass furnace up to EUR 4.80 for smaller furnaces with a
capacity of 450 - 500 tonnes/day, considering that all the filter dust will be recycled to the
batch formulation

° in case of complete disposal of the filter dust (EUR 400 per tonne dust disposal), specific
costs per tonne of molten glass are about EUR 1.5 - 2 higher. In these calculations, the
SO, emission reduction is assumed to be only about 30 %; if more hydrated lime is used
for improving the removal efficiency, the costs for disposal and for the alkaline reagent
will increase. An increase of SOx removal efficiency from 35 % to 50 % SOy, by adding
more hydrated lime, will cause an additional cost of EUR I per tonne molten glass, in
case of gas-fired furnaces, assuming that the resulting filter dust cannot be recycled in the
batch, and the cost for disposal is EUR 400 per tonne dust. In case of oil-fired furnaces,
an increase of SOx removal efficiency from 35 % to 50 % is associated with an additional
cost of EUR 2.5 per tonne of molten glass. The costs per unit of reduced emissions (dust
and SO,) for the two different situations remains almost the same; EUR 0.45 to 0.7 per
kg SO, and EUR 9 to 15 per kg dust removed, the higher values are associated with the
cases where filter dust has to be totally disposed of

° the additional costs associated with the use of higher amounts of absorption agent are less
important when the filter dust can be completely recycled; in this case a modification of
the removal efficiency of SOx emissions from 33 to 50 % is associated with a specific
cost increase of only about 5 %, equivalent to EUR 0.20 - 0.30 per tonne molten glass.

A summary of the estimated costs concerning the application of air pollution control systems
(APC), consisting of electrostatic precipitator and dry scrubbing, applied to the flue-gases of
glass melting furnaces is showed in Table 4.9. Data presented in the table refer to both APC
applied before 2007, and systems implemented in 2007 and 2008.

This table (4.9) shows the total investment costs (second column), the investment costs
(depreciation & interest) per year, operational costs and specific costs for different furnaces in
three glass sectors, with or without filter dust recycling for ESP plus scrubbers. Also the costs
per kg SO, or per kg dust removed from the flue-gas are presented. These costs depend on many
factors and, for the same type of glass and tonnes of melted glass, the costs for scrubbing and
filtering may be different due to different flue-gas volumes, hydrated lime addition and over-
sizing of the equipment (to be able to operate the APC even at the highest production levels).

Part of the total cost is assumed to be associated with dust removal and the other part to the
reduction of SOx emissions. The methodology used for the calculation is illustrated in
Section 8.1.4.

The figures given may vary by plus or minus 15 % for capital costs and 30 % for operating
costs, depending on a number of site-specific factors. For installations that do not require acid
gas scrubbing, the capital costs will be approximately 15 -20 % lower and operating costs
30 - 40 % lower.
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The infrastructure costs will vary depending on the size of the ESP and on the local
circumstances for each installation. As mentioned above, ESPs can be quite large and on
existing installations, substantial civil work may be necessary where space is restricted.

Examples of actual cost data are reported in Table 4.8, for installations producing different glass
types (container, flat, special glass and mineral wool) under diverse operating conditions.

Driving force for implementation
The accomplishment of the legal emission limits is the most important driving force.

An additional factor in the driving force for the installation of dust abatement is the requirement
to reduce metal emissions and/or gaseous emissions (SOx, HF, HCI, etc), which often involve
the use of a solid reagent and the production of high levels of particulate emissions.

Example plants

There are many examples of ESPs used successfully within the glass industry; more than
90 furnaces in Germany and more than 40 in Italy are fitted with ESPs and acid gas scrubbing,
and also in the other European countries, ESPs are the most common filter used in the glass
industry. The ESP has been the technique favoured by the industry particularly for large-scale
glass installations.

In 2005 in the container glass sector, there were more than 65 furnaces operating with ESP dust
abatement. After 2005, most repaired furnaces were also equipped with electrostatic
precipitators. The same tendency is foreseen when all furnaces come to the end of their working
life.

In 2007, more than 60 % of all float furnaces were equipped with an electrostatic precipitator.
Since 2005, existing float glass installations have been equipped with the abatement system
during a cold repair of the furnace.

Reference literature
[tm32 Beerkens][33., Beerkens 1999] [64, FEVE 2007] [94, Beerkens - APC Evaluation 2008]
[75, Germany-HVG Glass Industry report 2007]
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Flat glass” Container glass @ Special glass® Glass wool®”
Type of furnace Cross—ﬁre':d, Cross—ﬁre':d, Cross—ﬁre;d, Oxy-fuel fired
regenerative regenerative regenerative
Fuel Fuel oil Natural gas Natural ga§/11ght Natural gas
fuel oil
Furnace capacity 350 t/day 350 t/day 220 t/day 206 t/day
Actual pull rate 259 t/day 275 t/day 170 t/day 170 t/day
Electric boosting Yes yes yes yes
White, extra
Type of glass white, bronze, Flint Not specified C-glass
yellow
Cullet 30 % 60 % 25 % 66 %
Specific energy 571 G/t glass |  3.78 G/t glass 16.44 GJ/t glass |  3.55 G/t glass
consumption
ESP fields 2 3 2 2
Eﬁ';perat“re before 300 °C 200 °C 350 °C Not available
Type of sorbent NaHCO;, None Ca(OH), None
Amount of sorbent 55-80 kg/h © - 22 kg/h -
Re-use of filter dust
in the batch 100 % 100 % 0% 100 %
formulation
Energy consumption
for ESP, including 125 kWh/h 194 kWh/h 250 kWh/h Not available
ventilator
Service interval Annually As required Not specified Not specified
Associated emission Half-hour Half-hour average Half-hour Measured data are
levels (AELs) average values values average values not available
mg/Nm’, dry gas at Dust: 3.0 Dust: 23.8 Dust: 20 )
8 % O, SOx: 1150 SOx: 386 SOx: negligible
Dust: 0.0048 Dust: 0.037 Dust: 0.127
kg/t glass SOy: 2.78 SOy: 0.60 SOy: negligible Dust: <0.1
: © EUR 2.2 L L
nvestment costs million EUR 1.5 million EUR 2.8 million EUR 910000
Duration of
amortization © 10 yrs 10 yrs 10 yrs 8 yrs
. EUR
(6)
Operating costs 205000/yr EUR 120000/yr EUR 275000/yr EUR 60000/yr
Annual amortization EUR
costs © 292600/yr EUR 199500/yr EUR 372400/yr EUR 158750/yr
EUR
(6)
Total annual costs 497600/yr EUR 319500/yr EUR 647400/yr EUR 218750/yr
Estimated costs per | EUR 326/t | pi1p 3 19/ glass | EUR 10.4/t glass | EUR 3.01/t glass
tonne of glass glass

1.The installation is equipped with a heat recovery system, installed before the ESP.
2. The amount of sorbent depends on the type of glass produced.
3. Cost data refer to the filtration and dry scrubbing system.

4. The installation is equipped with a heat recovery system, installed after the ESP.

5. The installation is equipped with SCR technique for NOy reduction
6. Cost data refer to an existing installation. Emission data indicate the expected levels.

Table 4.8: Examples of actual costs of electrostatic precipitators applied to the glass
manufacturing of flat, container, special glass and mineral wool

[75, Germany-HVG Glass Industry report 2007]
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Total

Specific costs

T 1)) . Investment/yr | Operation/yr A dust A SOy Specific costs Specific costs
APC methods and applications mvEsItJrlI;ent EUR/yr EUR/yr EU];)/:::then tonnes/yr tonnes/yr EUR/kgSO, EUR/kg dust
ESP plus dry scrubber with Ca(OH),
Float glass furnaces 500 TPD 3904240 | 500000 376000 48 78 153 051 10.2
with filter dust recycling
Float glass furnaces 700 TPD 4700000 | 603200 488000 427 104 203 0.48 9.55
with filter dust recycling
Float glass furnaces 900 TPD 5460000 | 700700 575000 388 130 254 0.45 8.93
with filter dust recycling
Float glass furnaces 500 TPD 3904240 500000 688000 6.51 78 153 0.69 13.87
all filter dust disposal
Float glass furnaces 700 TPD 4700000 | 603200 896000 5.87 104 203 0.6 13.12
all filter dust disposal
Float glass furnaces 900 TPD 5460000 | 700700 1080000 5.44 130 254 0.63 125
all filter dust disposal
Float glass furnaces 700 TPD
all e dust diuposat andl 1.5x more absorbent | 4700000 603200 1146000 6.81 104 308 0.73 14.56
Container glass 00 TPD 2380000 310000 185000 4.52 25.6 86.7 0.84 16.5
with filter dust recycling (oil)
Container glass 450 TPD 3170000 | 415000 237000 3.96 38 59 0.8 15.43
with filter dust recycling (gas)
Container glass 600 TPD 3400000 | 443250 341000 358 60 170 058 114
with filter dust recycling (oil)
Container glass 133 TPD
with filter dust recycling (oil), installed in 2007 | >°63000 404000 166000 11.74 -2 77 0.99 19.9
Container glass 435 TPD
with filter dust recycling (gas), installed in 2007 3850000 506000 317000 32 71 8 0.54 10.75
Container glass 740 TPD
Wih fiter duet reeyeling (zas). installed in 2007 | 4850000 632600 440000 3.96 98 135 051 10.24
Container glass 200 TPD 2200000 | 288000 201000 6.7 187 40 119 238
all filter dust disposal
Container glass 300 TPD
il Tilter doot disposal (ot 2380000 311400 379000 631 308 86.7 098 19.63
Container glass 450 TPD all filter disposal 3170000 | 415000 370000 477 38 59 0.95 19.1
Container glass 600 TPD
il Tilter dost disposal (oi]) 3400000 | 443250 673000 5.1 60 170 0.81 16.24
Container glass 560 TPD
all filter dust disposal (gas), installed in 4650000 605500 580000 5.8 59 103 093 18.3
2007 - 2008
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Total

Specific costs

T 1)) . Investment/yr | Operation/yr A dust A SOy Specific costs Specific costs
APC methods and applications mvEsItJrlI;ent EUR/yr EUR/yr EU];)/:::then tonnes/yr tonnes/yr EUR/kgSO, EUR/kg dust
ESP plus dry scrubber with Ca(OH),
Container glass 560 TPD
all filter dust disposal (oil), installed in 4650000 605500 897000 7.36 -67 -233 0.95 19.1
2007 - 2008
Container glass 133 TPD
all filter dust disposal (oil) installed in 3065000 403000 322000 14.96 =27 -76 1.16 233
2007 - 2008
Container glass 435 TPD all filter dust
disposal (gas) installed in 2007 - 2008 installed 3830000 505000 534500 6.53 71 98 0.68 13.7
Container glass 740 TPD all filter
dust disposal (gas) installed in 2007 - 2008 4850000 632600 743000 5.1 -98 -135 0.66 13.2
installed
Container glass 1275 TPD
all filter dust disposal (gas) installed in 7000000 933500 1194000 4.57 -178 -245 0.56 11.2
2007 - 2008
Tableware furnace 35 TPD 1190000 156500 57000 16.7 4.63 48 22 43.9
all filter dust disposal
Tableware furnace 33 TPD 1119000 156000 43500 15.65 4.63 48 2.05 41.1
with all filter dust recycling
Tableware furnace 180 TPD 1960000 | 256000 247000 7.6 227 56.2 0.99 19.73
all filter dust disposal
ESP plus dry scrubber with NaHCO;
Float glass furnace 700 TPD, gas-fired, 4719500 | 605920 1370000 775 104 414 0.79 15.9
all filter dust disposal
Float glass furnace 700 TPD, gas-fired, 4719500 | 605920 515000 439 104 414 0.49 981
all filter dust recycling
Container glass 300 TPD, oil-fired, all filter dust | 5405099 | 312800 600000 8.33 30.8 232 1.07 215
disposal, 67 %SO, absorption
Container glass 300 TPD, oil-fired, all filter dust |, ;9 312800 491000 738 30.8 173 1.02 20.36

disposal, 50 %SO, absorption

1. TPD =tonnes per day

2. Emission data used for the calculation are the following:

e dust: typical values between 10 and 20 mg/Nm® Optimised values between 5 and 10 mg/Nm®

e SO,: typical removal efficiency with Ca(OH), between 25 and 33 %.

Table 4.9:
[94, Beerkens - APC Evaluation 2008]

Estimated costs for air pollution control systems with electrostatic precipitators plus dry scrubbing, applied to the flue-gases of glass melting furnaces
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4413 Bag filters

Description

Fabric filter systems are used for many applications within the glass industry, due to their high
efficiency in controlling the fine particulate matter. Their use in container glass flue-gas
filtration is now much more common, due to the use of modern and reliable fabrics and control
systems. However, due to their potential to blind in certain circumstances, they are not the
preferred choice in all applications. In many cases there are technical solutions to these
difficulties, but there may be an associated cost.

The basic principle of fabric filtration is to select a fabric membrane which is permeable to gas
but which will retain the dust. Initially, dust is deposited both on the surface fibres and within
the depth of the fabric, but as the surface layer builds up, it itself becomes the dominating filter
medium. As the dust cake thickens, the resistance to gas flow increases, and periodic cleaning of
the filter media is necessary to control the pressure drop over the filter. The direction of gas
flow can be either from the inside of the bag to the outside, or from the outside of the bag to the
inside (see Figure 4.3).

__ Electrical adjustment unit
Air reversing flap
__—— Vibration motor
: . Vibration frame
Bag lid with pin
s Sealing collar
! Filter bag

Figure 4.3: Bag (fabric) filter scheme
[70, VDI 3469-1 2007]

The most common cleaning methods of a bag filter include reverse airflow, mechanical shaking,
vibration and compressed air pulsing. Often a combination of these methods is used. The normal
cleaning mechanisms do not result in the fabric returning to its pristine condition. It is not
beneficial to over clean the fabric because the particles deposited within the depth of the fabric
help to reduce the pore size between the fibres, thus enabling high efficiencies to be achieved.

Fabric filters are designed on the basis of anticipated filtration velocity which is defined as the
maximum acceptable gas velocity flowing through a unit area of fabric (expressed in m/s).
Filtration velocities generally lie in the range of 0.01 to 0.06 m/s according to the application,
the filter type and the cloth. The filter design must optimise the balance between pressure drop
(operating cost) and size (capital cost). If the filtration velocity is too high then the pressure
drop will be high and the particles will penetrate and blind the fabric. If the filtration velocity is
too low the filter will be efficient but very expensive.
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Because of the tendency of particles present in the waste gas downstream of glass tank furnaces
to adhere to the filter material, cleaning of precipitated particles from the filter material may
sometimes be difficult. Achieving satisfactory continuous operation can be assisted by the
tendency of the particles to agglomerate, by continuously recycling a partial stream of particles
cleaned off the filter material to the dirty gas stream. The use of hydrated lime in gas scrubbing
enhances this effect.

Fabric material selection must take into account the composition of the gases, the nature and
particle size of the dust, the method of cleaning to be employed, the required efficiency and the
economics. The gas temperature must also be considered, together with the method of gas
cooling, if any, and the resultant water vapour and acid dew point. Characteristics of the fabric
to be considered include maximum operating temperature, chemical resistance, fibre form and
type of yarn, fabric weave, fabric finish, abrasion and flex resistance, strength, collecting
efficiency, cloth finishes and cloth permeability.

Achieved environmental benefits

Bag filters are highly efficient dust collection devices and a collection efficiency of 95 —99 %
would be expected if fuel has less than 1 % of sulphur therefore not requiring a large amount of
alkaline reagent for the removal of acid gases.

Particulate emissions of between 0.5 and 5 mg/Nm’ can be achieved and levels below
5 mg/Nm® could be expected in many applications. This generally equates to significantly less
than 0.008 kg per tonne of glass melted and less than 0.02 kg/t glass in some specific cases,
such as borosilicate glasses or modified soda-lime glasses. The necessity of achieving such low
levels can be important if dust released from the process contains a significant amount of metals
(approaching or exceeding typical emission limit values) and the low range of this can be
expected in this case.

In the mineral wool sector, in particular for stone wool cupola furnaces, it is reported that the
application of bag filters on existing installations achieve concentrations of below 10 mg/Nm’
for dust emissions only in about 60 % of the cases.

It should be noted that in cases of discontinuous measurements, the uncertainty of the standard
methods (see EN 13284-1: 2003) is of the same order of magnitude as the measured value;
therefore, the low concentration data reported should be evaluated cautiously.

If a scrubbing stage is incorporated with the technique, a solid waste stream is generated that
must either be recycled to the furnace or disposed of. The scrubbing phase will usually result in
lower overall acid gas emissions (see Sections 4.4.3 and 4.4.4.2). If the dust is recycled, some of
the acid gases will be re-emitted. However, a dynamic equilibrium will form where, generally,
the uptake in the glass will be higher, some raw material levels may be reduced, and the overall
emissions will be less. For some gaseous pollutants and specific circumstances, the efficiency of
dry scrubbing can be higher with bag filters than ESPs, because further absorption can take
place on the filter cake, which is on the bags, or during recycling of part of the dust, within
mechanisms found in modern bag filtration systems.

Cross-media effects

The use of bag filters involves consumption of electricity for pressurised air and for the fans and
control systems, corresponding to less than 1 % of the energy consumption of the furnace. The
indirect CO, emissions related to the use of electricity will depend on the source of production
at the generation plant. The estimated emissions for a 500 tonnes/day float glass furnace are
about 2500 tonnes CO,/year (approximately 2.5 - 3 % of glass furnace CO, annual emissions).
For a container glass furnace of 300 tonnes/day, the indirect CO, emissions are about
1000 - 1050 tonnes CO,/year equivalent to about 2.5 to 3 % of the annual glass furnace
CO, emissions (from combustion and from raw materials).
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For tableware furnaces, the indirect CO, emissions are about 200 - 250 tonnes/year, for a
capacity of 30 - 40 tonnes/day and 600 tonnes/year for larger furnaces of 180 - 200 tonnes/day
(about 3 % of the total CO, emissions of the furnace).

Additional indirect emissions are associated with the production of alkaline reagents used for
the scrubbing process (sodium bicarbonate, sodium carbonate, calcium hydroxide). Values are
estimated in the range of 60 - 200 tonnes CO,/year for container glass furnaces with a capacity
of 200 -600 tonnes/day (<0.5% of the total CO, emissions of the furnace), and up
to 300 - 600 tonnes CO,/year for large float glass furnaces of 500 - 900 tonnes/day capacity
(about 0.5 % of the total CO, emissions of the furnace).

Production of solid waste can be a major cross-media effect when dust recycling is not possible
and external disposal is necessary. A summary of costs and cross-media effects for air pollution
control systems applied to melting glass furnaces is shown in Table 4.40.

Operational data

It is essential to maintain the waste gas temperature within the correct range for a bag filter
system. The gas must be maintained above the dew point of any condensable species present
(e.g. H,SO,4 or water) and below the upper temperature limit of the filter medium. If the
temperature is too low condensation occurs, which can cause bag blinding and/or chemical
attack of the fabric material. If the temperature is too high, the filter material can be damaged
requiring expensive replacement. Conventional filter fabrics usually have a maximum operating
temperature of between 130 and 220 °C and in general, the higher the operating temperature, the
higher the cost. In most glass processes, the waste gas temperature is between 450 and 800 °C.
Therefore, the gas must be cooled before the filter by dilution, quenching or by a heat
exchanger.

If the flue-gases are likely to contain acidic species (in particular oil-fired furnaces), then it is
considered necessary to install a scrubbing stage upstream of the filter, to prevent acid
condensation which would damage certain bag materials and the filter housing. For flue-gases
containing boron, the scrubbing stage helps precipitate volatile boron species and may make the
dust easier to collect without blockages.

Although fabric filters are sensitive materials, the technology has improved and modern filters
are now suitably robust. Proper control systems exist which allow a good control of the
temperature in order to avoid bag fabric damage giving overall good reliability. A well
developed technical procedure, combined with a reliable continuous electronic control system,
is required to prevent avoidable damage to the filter fabric.

Modern bag filter systems contain over 1000 bags. Damage to a small number of bags does not
normally significantly effect filtration efficiency. Continuous dust monitoring systems on the
stack effectively identify any potential problem.

A summary of the main advantages and disadvantages associated with the use of bag filters is
shown in Table 4.10.
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Advantages
° very high collection efficiencies

collection of product in dry condition
lower capital cost for simpler applications
effective capture of metals

in general, improved removal efficiency of acid gaseous species, e.g. hydrogen
fluoride, selenium and boron compounds.

Disadvantages
. a solid waste stream is generated that is not always possible to recycle

o increased energy consumption due to higher pressure drop (CO, and other
indirect emissions from electricity production)

gas cooling often required

fabric conditioning sometimes required

expensive fabrics sometimes required

dew point problems leading to blinding of fabric filters and filter housing
cleaning air (reverse flow) sometimes requires heating

some dusts very difficult to dislodge causing pressure drop to exceed the design
value

° outlet flue-gas temperature too low for SCR application, requiring waste gases
reheating, with an increase of energy consumption of about 5 — 10 %.

Table 4.10: Main advantages and disadvantages of bag filters

Applicability

In principle, fabric filters can be applied to all types of furnaces within the glass industry, and to
both new and existing furnaces. However, in many of the sectors it has not often been the
technique of choice due to relatively high maintenance requirements and the potential for the
fabric to blind, resulting in the costly replacement of the filter medium. In addition, it is more
technically feasible to join multiple furnaces to an ESP rather than a bag filter, which can be
advantageous in terms of both economic cost and space where space is limited.

In modern systems, most of these problems have been overcome and there are many examples
of bag filters operating well in container glass plants, borosilicate glass plants and one float
glass plant. The addition of a scrubbing stage and low fuel sulphur levels reduces the tendency
of the bags to blind.

Filter blockages due to fabric blinding have been a particular concern in fossil fuel-fired glass
wool furnaces (and some other boron containing glasses), because of the sticky nature of the
fine particulate matter, which without a dry scrubbing stage makes it difficult to avoid
blockages. The furnaces are usually gas-fired with very low concentrations of acid species, and
therefore, with a well maintained electrostatic precipitator a scrubbing stage may not be
considered necessary. This significantly reduces capital and operating costs and makes dust
recycling much easier. However, the use of a scrubbing stage favours the absorption and
condensation of volatile species, e.g. boron and selenium compounds.

A further concern with bag filters is that most fossil fuel-fired furnaces require sensitive
pressure control, and the presence of a fabric filter with a high pressure drop could make this
more difficult. Modern materials and control systems have reduced this problem.

Bag filters have gained wide acceptance within a number of the sectors of the glass industry.
The technique is widely used in conjunction with electric furnaces, stone wool cupolas, frit
furnaces and furnaces for high temperature insulation wools (HTIW). In many smaller fossil
fuel-fired furnaces, bag filters have been chosen as the technique to operate with scrubbing
systems which are installed to reduce acid gas emissions. Furthermore, the lower capital costs of
bag filters compared with electrostatic precipitators can be very attractive, offsetting the
expenses associated with higher maintenance and the risk of bag blinding.
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The application of bag filter systems does not represent the best option when the use of SCR is
foreseen, due to the generally low operating temperatures, which are not suitable for the
operational conditions of the catalyst.

Economics

In general, investment costs are lower for a bag filter system than for ESPs but running costs
can be higher. However, for large gas volumes, the specific costs of bag filters combined with a
dry scrubbing stage are comparable or even higher than for an ESP plus a scrubber system. This
is mainly the case for float glass furnaces or for situations where several container glass
furnaces are connected to a single air pollution control system.

The major factors affecting bag filter costs are:

waste gas volume

filter surface area (depending on requested efficiency)

fabric material (glass fibre, polyamide, polyimide, etc)

waste gas conditioning to the filter operating temperature

if acid gas scrubbing is required, efficiency of the scrubber and scrubbing agent
(i.e hydrated lime, sodium bicarbonate, sodium carbonate)

plant characteristics (space availability, layout, required site preparation, etc)

o the local, specific costs for energy, electricity, water and manpower

o dust disposal costs (if not possible to recycle).

Cost estimations have been made in a reference study for different furnace capacities and SOx
removal efficiency. Data are based on the calculation methodology presented in Section 8.1,
which takes into account an emission concentration for dust in the range of <5 - 10 mg/Nm’ and
a standard removal efficiency of SO, between 25 and 33 %, unless stated otherwise. The main
estimated cost data are the following:

o the calculated specific costs for a bag filter and scrubber combination applied to a
500 tonnes/day float glass furnace are about EUR 7 per tonne molten glass (without filter
dust recycling), compared to the costs of about EUR 6.5 per tonne for the ESP plus the
dry scrubber. The operational costs are higher for bag filters than for ESPs. The typical
investment costs for the same size float glass furnace are equivalent to EUR 2.7 million
and annual operational costs are about EUR 0.9 million. The indirect CO, and
NO, emissions, related to the use of electric energy and production of alkaline reagent,
are higher compared to an ESP

o for a single container glass furnace, with a smaller flue-gas volume, the specific costs are
somewhat lower for the bag filter system compared to the ESP. For instance, for a gas-
fired container glass furnace producing 300 tonnes/day molten glass, typical costs without
filter dust recycling are EUR 4.5 - 6 per tonne molten glass and with filter dust recycling
EUR 3.9 -4.5 per tonne molten glass. In exceptional cases, the costs may increase
by 25 % (for instance for relatively large APC systems, to be able to operate at maximum
furnace pull). The lower ends of the given ranges of the cost data are based on air
pollution control equipment installed before 2005. Capital costs for filter systems,
however, increased in 2007 — 2008 (see Table 4.12)

o for glass production levels of 200 - 300 tonnes/day molten glass, specific costs for dry
scrubbing in combination with a bag filter are EUR 5 - 6.5 per tonne molten glass in the
case of oil-firing and complete filter dust recycling and about EUR 4.5 - 6 per tonne
molten glass for gas-fired furnaces and recycling of filter dust, based on capital cost data
for equipment installed after 2006. These costs will increase for gas-fired furnaces
(flue-gas: 600 - 800 mg SO,/Nm®) by about EUR 1 EUR per tonne molten glass in the
case of complete filter dust disposal (EUR 400 per tonne) and will increase by EUR 2 per
tonne molten glass for oil-fired furnaces (1800 mg SO,/Nm’), assuming a removal
efficiency of 25 - 30 % SO, by dry scrubbing and complete filter dust disposal to landfill
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° investment costs of bag filters plus dry scrubbers are typically EUR 1.2 - 1.5 million for
small furnaces (200 tonnes/day), and up to EUR 2 million for larger container glass
furnaces of 300 - 350 tonnes/day

° for a production range of 200 - 600 tonnes/day molten glass, operational costs with filter
dust recycling range from EUR 170000 to EUR 345000 per year, and when disposal of
the filter dust is required, between EUR 220000 and 490000 per year. In the case of filter
dust disposal, the specific costs will be higher for oil-fired furnaces compared to gas-fired
glass furnaces due to higher amounts of filter dust production (the cost increase can be an
additional EUR 1.65 per tonne glass).

Figure 4.4 shows some estimated cost data for bag filters plus dry scrubbers applied to container
glass furnaces.

_5 — — A: bag filter natural gas, 25 % SO, reduction
£ B: bag filter, fuel oil 0.9 % sulphur 25 % SO, reduction
E
2 ﬁ A C:bagfilter + Ca(OH), scrubber gas fired APC 2007-2008
; z’ 15 X D:bagfilter + scrubber oil fired APC 2007-2008
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Average melting pull of furnace in tonnes/day
Notes: 1 Glass furnaces, assuming complete filter dust disposal and 25 % SO, removal
2 Filter dust disposal at EUR 400/tonne
Figure 4.4: Specific estimated costs for dry scrubbers in combination with bag filters for
container glass furnaces, assuming a complete filter dust disposal and 25 % SO
removal

[94, Beerkens - APC Evaluation 2008]

The specific costs for oil fired furnaces (see Figure 4.4), assuming the same percentage of
SO, emissions reduction, appear to be 30 - 35 % higher than for gas-fired furnaces, mainly
because of the higher disposal costs for the sulphate filter dust and increased costs of hydrated
lime (due to the higher SO, concentration levels in the flue-gases of oil-fired glass furnaces).
These costs increased in 2007, due to higher capital (investment) costs for the installation (filter,
scrubber and piping), as shown in Figure 4.4 for installations C and D. Typical costs for smaller
glass production sites range from EUR 6 to 10 per tonne molten glass, but sometimes even
higher costs can be expected. Installations with a production above 400 - 500 tonnes/day molten
glass have costs between EUR 3.5 and 5 per tonne molten glass. These costs refer to cases with
complete disposal to landfill of collected filter dust and gas firing furnaces. The specific costs
will increase by EUR 1 - 1.5 per tonne molten glass in the case of filter dust disposal and fuel
oil-firing. Table 4.12 shows a summary of the estimated investment and operational costs for
different size installations in the container, float, tableware glass and continuous filament glass
fibre sectors, applying bag filters plus different options of scrubbing systems.

Examples of actual cost data, for two installations producing special glass under different
operating conditions are reported in Table 4.11.
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Special glass Special glass
Installation N. 1 Installation N. 2
Type of furnace Electric melting Oxy-fired
Fuel - Natural gas
Furnace capacity 86 t/day 50 t/day
Actual pull rate 80 t/day 40 t/day
Electric boosting - yes
Type of glass Borosilicate, white Borosilicate
Cullet 70 % 60 %
4.18 GJ/t glass
Specific energy consumption (average of two 6.72 Gl/t glass
furnaces)
Temperature before filter 80 °C 105 °C
Type of sorbent Ca(OH), Ca(OH),
Amount of sorbent 3 kg/h 15 kg/h
Re-use of filter dust in the batch 0% 0%
formulation
Energy L?onsun'lption f(?r filtration 20 kWh/h 34 kWh/h
system, including ventilator
Associated emission Half-hour Half-hour
levels (AELSs) average values average values
mg/Nm3 dry gas Dust: 1.0 P Dust: 0.3
’ SOy: <5 SOy: 5.6
ot alass Dust: 0.0013 Dust: 0.0027
gte SOx: <0.01 SOy: 0.054
Investment costs © EUR 440000 EUR 1.5 million
Duration of amortisation 10 yrs 15 yrs
Operating costs EUR 50000/yr EUR 83109/yr
Annual amortisation costs EUR 58520/yr EUR 126000/yr
Total annual costs EUR 108520/yr EUR 209109/yr
Estimated costs per tonne of glass EUR 3.71/t glass EUR 14.32/t glass
1. The emission levels represent the average value of two furnaces.
2. Cost data refer to the filtration and dry scrubbing system.

Table 4.11:

[75. Germany-HVG Glass Industry report 2007]

Examples of actual costs of bag filters applied to the special glass sector in two

installations

Driving force for implementation
The accomplishment of the legal emission limits is the most important driving force.

An additional factor in the driving force for the installation of a bag filter system combined with
dry or semi-dry scrubbing might be the reduction of metal emissions (Pb, Se, etc) and/or
gaseous emissions (SO,, HCI, HF, etc). When metals are associated to the dust emissions, bag
filters can be a good solution. For volatile metals such as selenium and arsenic, the lower
operating temperatures of bag filters promote good capture of the metals.

Example plants
For container glass, more than 16 plants were equipped with bag filters in 2005 and there were
many more in other glass sectors.

References to literature
[tm32 Beerkens][33, Beerkens 1999] [64, FEVE 2007] [70, VDI 3469-1 2007] [94, Beerkens -
APC Evaluation 2008] [86, Austrian container glass plants 2007] [110, Austria, Domestic glass

plants 2007
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Specific
Investment | Investment/yr | Operation/yr costs Adust ASO Specific costs | Specific costs
ications V@G y p y X p P
APC methods and applications EUR EUR/yr EURyr" | EUR/molten | tonnes/yr | tonnes/yr | EUR/kg SO, | EUR/kg dust
tonne
Bag filter plus dry scrubber
Float glass 500 TPD all filter dust disposal 2670000 344300 930000 6.98 -80 -159 0.72 14.42
Container glass 200 TPD with filter dust recycling 1211000 158600 168000 4.63 -17.2 -19.9 0.9 17.93
Container glass 300 TPD with filter dust recycling 1435500 188400 234000 3.86 -20.3 -26.5 0.98 19.57
Container glass 450 TPD with filter dust recycling 1588300 208000 268000 2.9 -35.3 -43.4 0.64 12.72
Container glass 600 TPD with filter dust recycling 1895000 249000 344000 2.7 -43.3 -53.3 0.64 12.9
Container glass 210 TPD with filter dust recycling -
Installation 2007 (gas-fired) 1960000 260300 191000 5.89 -25 -29 0.85 17
Container glass 210 TPD with filter dust recycling -
installation 2007 (oil-fired) 1960000 260300 227400 6.36 -28 -87 0.76 15.11
Container glass 270 TPD with filter dust recycling -
installation 2008 (oil-fired) 3036000 406500 365000 7.83 -47 -146 0.71 14.21
(.Iontame.r glass 290 TPD with filter dust recycling - 1860000 247000 235000 455 985 33 08 16
installation 2005 (gas-fired)
Container glass 200 TPD all filter dust disposal 1211000 158600 220000 5.2 -16 -19.1 1 20.04
Container glass 300 TPD all filter dust disposal 1435500 188400 298000 4.44 -20.5 -23.6 1.04 20.78
Container glass 450 TPD all filter dust disposal 1588900 208000 380000 3.6 -35 -41 0.79 15.74
Container glass 600 TPD all filter dust disposal 1895000 249000 488000 3.37 -45.5 -52.6 0.77 153
Contamq glass 210 TPD all filter dust disposal 1960000 260300 271000 6.93 25 29 1 201
installation 2007
Container glass 290 TPD all filter dust disposal 1860000 247000 326000 5.41 28.5 33 095 19
installation 2005 (gas)
Container glass 290 TPD all filter dust disposal
installation 2005 (oil-fired) 1860000 247000 526000 7.3 -32 -99 1.16 23.14
Tableware furnace 30 TPD with filter dust recycling 771000 99600 64500 12.85 -5.32 -3.25 1.49 30
Tableware furnace 30 TPD all filter dust disposal 771000 99600 77200 13.84 -5.32 -3.25 1.61 32.2
Tableware furnace 180 TPD with filter dust 900000 115000 174000 436 8 43 1.77 355
recycling
Tableware furnace 200 TPD with filter dust 905200 120000 155000 376 114 6.1 117 235
recycling
Tableware furnace with E-boosting borosilicate glass 1150000 154000 141000 54 68 _ _ _
150 TPD
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Specific
Investment | Investment/yr | Operation/yr costs Adust ASO Specific costs | Specific costs
iaations (D@2 G) y p y X P P
APC methods and applications EUR EUR/yr EURyr" | EUR/molten | tonnes/yr | tonnes/yr | EUR/kg SO, | EUR/kg dust
tonne
E-glass furnaces oxygen-fired 100 TPD, with all 1224000 160000 281000 1 34 39 061 123
filter dust disposal (estimated)
Bag filter plus semi-dry scrubber
Float glass 500 TPD without filter dust disposal,
gas-fired to 400 mg SOx/Nm’ 4500000 586000 700420 7.05 -68.3 -285 0.78 15.58
Float glass 500 TPD without filter dust disposal, oil-
fired to 750 mg SOx/Nm’ 4500000 586000 756860 7.36 -82.6 -655 0.58 11.65
ploat glass 900 TPD without fiter dust disposal, g25- | 7345000 963270 947000 5.82 122 508 0.65 12.96
ploat glass S00TPD all filter dust disposalat, 2514500000 586000 1165000 9.59 69.4 290 1.04 20.88
Float glass 500 TPD all filter dust disposal, oil-fired 4500000 586000 1793000 13.03 -83.8 -665 1.02 20.3
Float glass 900 TPD all filter dust disposal gas fired 7345000 963270 1774000 8.33 -121 -508 0.93 18.58
C'ontalner glass furnace 350 TPD without filter dust 2304500 300400 377000 53 232 1007 12 2400
disposal, gas-fired
Container glass furnace 350 TPD all filter dust | 550,50, 300400 535000 6.54 232 | 1007 1.48 29.62
disposal, gas-fired
1. The costs for filter dust disposal are assumed to be EUR 400/tonne.
2.TPD = tonnes per day.
3. Emission data used for the calculation are the following:
e  dust: typical values between 10 and 20 mg/Nm3 for ESP with optimised values between 5 and 10 mg/Nm3
e SO, typical removal efficiency with Ca(OH), between 25 and 33 %.
Table 4.12: Costs for air pollution control systems with bag filters plus scrubbing, applied to the flue-gases of glass melting furnaces
[94, Beerkens - APC Evaluation 2008]
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4414 Mechanical collectors

The term mechanical collectors is used to describe techniques which use mechanical forces
(gravity, inertia, centrifugal) to separate the dust from the gas stream, for example:

cyclones - spinning motion imparted to gas, and dust separated by centrifugal force

. gravity settlers - gas enters a large chamber reducing gas velocity and causing dust to
settle out

. baffle chambers - baffles cause gas to change direction and dust to settle out

. louvers - banks of small baffles split and change the direction of gas flow causing dust to
settle out.

These techniques have poor collection efficiencies for small particles, in particular with
diameters smaller than 10 um, and due to the low particle size of most dusts encountered in the
glass industry, they are rarely used. The exception to this is the cyclone, which can be found in
some applications, particularly as a pretreatment stage for other techniques. The operating
principles and main advantages and disadvantages are summarised below. However, because
they are not considered an effective technique for furnace emissions, cyclones are not described
in detail.

The cyclone is an inertial gas cleaning device. Dust becomes separated from the gas stream
when the direction of gas flow is changed and the dust continues in the original direction by
virtue of its inertia and is then deposited on a collection surface. There are two types of
cyclones; reverse flow and straight through. Reverse flow cyclones are the most common, and
consist of a cylindrical shell with a conical base, a dust collection hopper and air inlets and
outlets. There are two main types of reverse flow cyclones; tangential and axial. These
classifications arise from the geometry of the air inlet.

The inlet gas stream is channelled into a vortex and centripetal forces sustain the circular
motion. Particles above a critical size are thrown from the inlet spiral into a wider circular path
and are deposited on the cyclone wall. The airflow carries the dust to the collection hopper, and
at the base of the cone the gas flow reverses and clean gas passes back along the centre of the
cyclone in the outlet spiral.

In general, the efficiency of a cyclone increases for corresponding increases in: density of
particulate material, inlet velocity, cyclone length, number of gas revolutions, ratio of body
diameter to outlet diameter, particle diameter, amount of dust, and smoothness of the cyclone
wall. Efficiency decreases with increases in: gas viscosity, gas density, temperature, cyclone
diameter, gas outlet diameter, inlet gas duct width, and inlet area.

Cyclones are widely used in many industries and are particularly suitable for collecting particles
with diameters greater than 10 um. Depending on design, medium/high efficiency cyclones give
collection efficiencies of 45 — 90 % at 10 um, and 5 — 30 % at 1 um. They are frequently placed
preceding more expensive technologies, in order to remove coarse material from the gas stream
and hence reduce the dust burden entering the main abatement equipment.

A summary of the main advantages and disadvantages associated with the use of cyclones is
shown in Table 4.13.
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Advantages:
low capital and operating costs (including maintenance)

moderate pressure drop

low space requirement, relative to other techniques
capable of operation with high dust loading

can be used with a wide range of gases and dusts
can be operated at high temperatures and pressures
manufacture possible in a wide range of materials.

Disadvantages:
. low collection efficiency on small particles

. light materials or needle-shaped materials difficult to remove
. plugging can result where dew points are encountered
. explosion relief for flammable materials is difficult
. potential problems with abrasive dusts.
Table 4.13: Main advantages and disadvantages of cyclones
441.5 High-temperature filter media

One of the problems with conventional bag filters is the need to maintain the waste gas
temperature within the operating range of the filter material. When the temperature goes above
the upper temperature limit, the filter has to be bypassed or the gas cooled, e.g. by dilution.
Conventional filter materials have a temperature limit of 120 — 180 °C, with some materials up
to 250 °C (glass fibre). The costs of the materials increase significantly for materials capable of
operating above 180 °C. In some applications, high-temperature media have been used, but
these filters are not normal bag filters and usually are similar to candle filter designs.

High-temperature filters have been used successfully for abating emissions from some stone
wool cupolas and from a borosilicate glass furnace, but are no longer used due to either high
costs or the plant having shut down. The most common high-temperature filters used in other
industries are ceramic or high-temperature wool candles for the removal of dust. These filters
are made of aluminium-silicate materials and can be applied to temperatures up to 1000 °C. A
new type of filter is now available, which combines the technology of ceramic candles with
embedded catalyst for the removal of NOx. This is still considered an emerging technique,
therefore it is discussed in Section (6).

A summary of the main advantages and disadvantages associated with the use of high-
temperature filters is presented in Table 4.14.

Advantages:

° can be operated at high temperatures, up to 1000 °C

° in general, high resistance to acid gases

° high filtration efficiency; up to 99.9 %

° no need to reduce the flue-gas temperature with dilution air
° heat recovery systems can be positioned after the filter

(cleaned gas) at high temperatures.

Disadvantages:

° rigid and expensive materials
° high costs for maintenance and damage repairs
° low chemical resistance to HF at high humidity and low
temperatures.
Table 4.14: Main advantages and disadvantages of high-temperature filters
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4.41.6 Wet scrubbers

Wet scrubbing systems can be used to control both gaseous and particulate emissions. Whilst
the basic technology for both of these is similar, the design criteria for particulate or gas
removal are very different. However, to keep down capital costs, wet scrubbing systems are
often used to control mixed emissions of particulates and gases. The design is inevitably a
compromise, but may represent BAT where separate control systems are prohibitively
expensive. Wet scrubbing systems can also be prone to blockage by insoluble particles, and
waste slurry is generated. The technique is described in more detail in Section 4.5.6.1.2 for
mineral wool non-melting activities, particularly in the forming area applications and in
Section 4.4.3.4 for acid gases (SOx, HCI, HF, etc) removal applications.

In some applications venturi scrubbers may be considered. These systems have a high-pressure
drop and consequently they have high power consumption and operating costs. Although good
removal efficiencies can be achieved with venturi scrubbers, this technique is considered both
technically and economically impracticable in most cases, due to the size of the glass processes.
However, the removal of dust emissions by wet scrubbing may find application in some
specialised operations, particularly if gaseous emissions also need to be removed.

For most glass furnaces, wet scrubbing is not likely to be a useful technique or the most
optimum technique for cost-effective particulate matter abatement.

A summary of the main advantages and disadvantages associated with the use of wet scrubbers
is presented in Table 4.15.

Advantages:
° simultaneous removal of particulate matter and gaseous pollutants

o smaller space requirement.

Disadvantages:

o generation of a waste water stream to be treated
o high efficiencies only with high-pressure drops and high energy consumption
° difficulties and high costs for recovering dust/sludge to re-use in the batch

formulation.

Table 4.15: Main advantages and disadvantages of wet scrubbers

Economics
An estimation of the investement and operating costs related to the application of wet scrubbing
systems to glass melting furnaces is summarised below:

e for an oxy-fired furnace of 100 - 150 tonnes/day producing E-glass, the investment is
estimated at EUR 2.65 million, with annual operating costs of EUR 286400 and a
specific cost ranging from EUR 14.4 to 21.5 per tonne melted glass, based on the cost
for dust disposal ranging from EUR 100 to 400 per tonne of dust

e for a conventional air/gas furnace of 100 - 150 tonnes/day producing E-glass, the
investment is estimated at EUR 2.96 million, with annual operating costs of EUR 300
and a specific cost ranging from EUR 15.7 to 20.5 per tonne melted glass, based on the
cost for dust disposal ranging from EUR 100 to 400 per tonne of dust.

Example plants
A very limited number of wet scrubber applications are in operation in the glass industry,
particularly in the domestic glass and continouos filament glass fibre sectors. They are:

e Bormioli Luigi, Parma, Italy - domestic glass (electric furnaces)
PPG Industries Fibre Glass, Hoogezand, the Netherlands - continuous filament glass
fibre.
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References to literature
[94, Beerkens - APC Evaluation 2008]

4.41.7 Summary of considerations of techniques inSection 4.4.1
[115, EURIMA-ENTEC Costs evaluation 2008] [68, Domestic Glass Data update 2007

The reduction of particulate matter emissions from glass furnaces is somehow considered as a
debatable issue from both a technical and an economic point of view. There are a number of
factors that play a role when determining the BAT for dedusting at glass furnaces. The most
important are:

o the environmental impact of the dust
o primary and secondary abatement techniques in relation to BAT
o the economy of scale and related cost considerations.

Environmental impact of the dust

The relevant aspects of dust emissions from an environmental point of view are the emissions of
dust in general, the potential emissions of (heavy) metals and the emissions of fine particulate
matter. Studies have been carried out to investigate the potential non-toxicity of dust emitted
from soda-lime glass furnaces and to determine the theoretical contribution to background level
concentrations of particulate matter in the surrounding areas of glass installations.

In soda-lime glasses, the main component of the dust is sodium sulphate (up to 95 %). Sodium
sulphate is not considered harmful in itself, but as a solid it contributes to the emission of
particulate matter. Such emissions are currently receiving increasing attention from
environmental policy makers, particularly for particles with a diameter of less than
10 um (PM,) and less than 2.5 um (PM, s), which is generally the case for emissions from glass
furnaces.

Several species of metals may also be found in the particulate matter from glass furnaces. The
main components of concern are selenium (Se), lead (Pb), chromium (Cr), copper (Cu),
vanadium (V), nickel (Ni), antimony (Sb), arsenic (As), cadmium (Cd), zinc (Zn) and
manganese (Mn). The emissions of these components strongly depend on the quantity and
quality of recycled glass (cullet) used, whether or not fuel oil is used and the addition of metals
to the batch formulation for colouring and/or decolouring the glass. Most of these components
are predominantly bound in the particulate matter. However, especially for selenium, cadmium,
lead and zinc, volatile emissions of these substances may also be significant. The absorption of
gaseous metals may depend on the filtration temperature and the type of alkaline reagent
selected for the scrubbing stage. In many cases, the main driving force for installing dedusting
equipment has been the reduction of (heavy) metals emissions, either volatile or incorporated in
the dust. The reduction of gaseous emissions (SO,, HCI, HF, etc) has also been the driving force
in many cases.

A final point of consideration is the potential condensation of gaseous components after the
stack, which can occur especially in glasses which contain boron, where a portion of the
gaseous boron compounds may pass through the dust abatement equipment and condense after
being emitted to the atmosphere.

Primary and secondary abatement techniques in relation to BAT

The most well-established secondary abatement techniques in the glass industry are electrostatic
precipitators and bag filters. Both techniques are used widely, although each with its respective
possibilities and restrictions. By the end of 2005, approximately 40 % of the soda-lime glass
furnaces in the EU and 100 % of the furnaces in some Member States were fitted with
secondary abatement for dust. This process will be completed to almost 100 % of the furnaces
in connection with the furnace rebuild, at the end of their lifetime.
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On the other hand, the implementation of secondary measures involves substantial financial
costs, and a certain degree of environmental cost. In general (for small container plants to large
float plants), capital costs will be in the range of EUR 0.8 - 5.5 million with operating costs of
EUR 44000 to 1 million per year. Investment costs as low as EUR 0.1 million are reported for
particularly small furnaces in the mineral wool sector equipped with bag filters. Questions are
raised as to whether secondary dedusting would be necessary in all cases, in particular for small
furnaces producing high quality soda-lime glassware where the metal content of the emissions is
very low. Clearly, the costs of primary measures are much lower than for secondary measures
and no waste is produced or energy consumed. These are good reasons to prefer primary
measures above secondary measures and to stimulate the development of primary measures.

The European glass industry has invested significantly in understanding the mechanism behind
dust formation and the development of primary dust abatement techniques. At the time of
writing (2009), a large number of plants were already equipped with secondary measures and
only a small number of soda-lime plants had dust emissions below 100 mg/Nm’ without the use
of secondary abatement, while 100 - 200 mg/Nm’ (around 0.3 kg/tonne glass) was currently
considered the range generally achievable with primary measures. The relative benefit of further
reductions in dust should be considered in the context of the protection of the environment as a
whole.

The positive aspects of primary techniques are overshadowed in a technical sense by the much
better performance of secondary abatement techniques (<30 mg/Nm’ or 0.06 kg/tonne glass for
existing installations, and <10 mg/Nm’ or 0.02 kg/tonne glass for newer installations) and the
lack of prospect of reaching such low values with primary measures in the near future.

The need to reduce emissions of fine particulate matter, acid components and (heavy) metals
has made the application of secondary measures a well-established procedure within the glass
industry, being so far the best option in terms of emissions to air.

In addition, the exclusive use of primary techniques for reducing dust emissions could limit the
flexibility of the operational conditions of the furnace in terms of quality of the feed materials
(low impurities: fluorides, chlorides, heavy metals), type of fuel (low sulphur and heavy
metals), production changes (coloured or decoloured glasses).

Economy of scale and related cost considerations

The definition of “available technique” in the Directive 2008/1/EC requires a technique to be
developed on a scale which allows implementation in the relevant industrial sector, under
economically and technically viable conditions, taking into consideration the costs and
advantages, and to be reasonably accessible. In general, secondary abatement techniques for
dust in the glass industry are considered to be accessible, technically viable and, in the vast
majority of cases, economically viable.

However, as for any secondary technique, the economy of scale is an important aspect. It means
that for small furnaces, relative costs (costs per Nm® of flue-gas treated) are generally higher
than for large furnaces. The costs depend on the application and particularly the volume of
waste gas. Specific costs per tonne of melted glass may vary significantly depending on the type
of glass produced and the size of the furnace. The economy of scale should be taken into
account when determining BAT on a general level. Apart from the economy of scale, the overall
cost considerations for dedusting should also include the environmental benefits: removal of
fine particulate matter, metals (if present) and acid gas scrubbing (if present), and the drawbacks
due to waste generation (if recycling is not possible), energy consumption and indirect
emissions from the use of electric energy and alkaline reagents.
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4.4.2 Nitrogen oxides (NOx)
[88, FEVE Proposal Ch.4-NOx 2007]

The term "nitrogen oxides (NOx)" includes nitric oxide (NO) and nitrogen dioxide (NO,)
expressed as the NO, equivalent. Nitrous oxide (N,O) is not a normal pollutant within the glass
industry, and is not covered in the term "NOx". The three main sources of NOx emissions from
glass melting activities are raw materials, fuel and thermal NOx. A fourth source, prompt NOx
(from the reaction of nitrogen by a complex route with short-lived hydrocarbon radicals) is
relatively insignificant.

When nitrates are present in the batch materials, NOx will be emitted as the materials melt. In
general, the majority of the nitrogen component is emitted as NOx and is not incorporated into
the glass. For example, when sodium nitrate (NaNQs) is melted, the sodium component is
incorporated into the glass as Na,O and the rest of the compound is released as gases
CNOx, Ozand Ng)

Fuel NO arises by from the oxidation of nitrogen and nitrogen compounds present in the fuel,
but the overall contribution is low in comparison with thermal NOx. With natural gas firing, fuel
NO is effectively zero.

Due to the high temperatures in glass furnaces (up to 1650 °C and 2000 °C in the flame), the
major source of NOy is thermally generated NOx, arising from the oxidation of nitrogen in the
combustion atmosphere at temperatures above 1300 °C. The main sources of the nitrogen are
combustion air, atomising air (in oil-fired furnaces), and air leakage into the furnace. The
predominant species is NO (90 — 95 %) formed by the overall reaction N, + O, — 2NO. Levels
of NO, are very low, and most NO, detected in the emissions results from atmospheric
oxidation of NO. The conditions in the furnace are such that nitrous oxide (N,O) is not detected
in the emissions.

In electrically heated furnaces, NOx arises from batch material breakdown only. In stone wool
cupolas there is an overall reducing atmosphere and NOx emissions are generally very low.
Emissions may arise if an afterburner system is installed. The purpose of such a system is to
oxidise carbon monoxide and hydrogen sulphide.

In fossil fuel-fired furnaces, if all other factors are equal, thermal NOx emissions are reduced if
fuel consumption is reduced. Therefore, techniques that improve energy efficiency generally
result in lower overall NOx emissions expressed in kg NOx/tonne of melted glass. However, the
concentration of the emissions is not always reduced, particularly if waste gas volumes are also
lower. The reduction in thermal NOx is a result of a combination of factors but principally,
lower temperatures and reduced combustion air levels. Techniques that reduce NOx emissions
but are primarily intended to reduce energy consumption are described in Section 4.8 and are
not discussed here.

4421 Combustion modifications
Description

The formation of thermal NOx is determined by a series of chemical reactions and is
qualitatively described by the formula shown below.

NOy :Axexp(—%]XNz x(0,)"° xt

Where 4 and B are rate constants (m’/gmol-s), T is the flame temperature (K) and ¢ is the
residence time at temperature T (sec). Gases are given in concentrations (gmol/m”)
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Therefore, the main factors influencing NOy formation are flame temperature, oxygen content
in the reaction zone and the residence time in the high temperature zone of the flame. The
primary control measures for NOx seek to generate those conditions least favourable for NOx
formation, i.e. to avoid the simultaneous presence of nitrogen and oxygen at high temperatures.
The main techniques to minimise thermal NOx are summarised below.

a) Reduced air: fuel ratio

The leakage of air into the furnace, particularly around burner nozzles and through the batch
material feeder can lead to increased NOx levels. The burner block is relatively easy to seal and
measures can be taken to avoid air ingress at the batch feed area. These measures are relatively
cheap and quite effective. The NOx reduction clearly depends on the starting level but can be up
to 10 %.

Generally, furnaces operate with an excess of air of 5—10 % (e.g. 1 —2 % excess oxygen) to
ensure complete combustion. By reducing the air/fuel ratio to near stoichiometric levels,
significant NOyx reductions can be achieved and the technique can also result in significant
energy savings; although a slight excess of air is normally required in order to avoid significant
losses of fining agent from the batch and to ensure the glass quality. To implement the
technique effectively, it will be necessary to monitor the NO, CO and O, levels in the waste gas.
If combustion is substoichiometric, carbon monoxide levels and refractory wear may increase,
and the redox level of the glass may be altered thus affecting the glass quality.

The air levels in the furnace may be further reduced by using natural gas, high pressure or steam
as an alternative to air for oil atomisation. This reduces oxygen levels and so reduces peak flame
temperatures. Results with this technique have been mixed, with very little benefit seen in some
applications.

This type of change must be implemented carefully and incrementally to avoid problems and to
achieve the best results. In some cases (e.g. recuperative furnaces), if the stoichiometry of the
furnace as a whole is considered, some burner positions may fire with excess fuel in the hottest
parts of the furnace, and others with slightly excess air in cooler parts. Overall, the ratio will be
close to stoichiometric.

b) Reduced combustion air temperature

The flame temperature can be lowered by reducing the combustion air preheat temperature. For
example, the combustion air temperatures in recuperative furnaces are significantly lower than
in regenerative furnaces, resulting in lower flame temperatures and lower NOyx concentrations.
However, the lower preheat temperature results in a lower furnace efficiency (lower specific
pull), lower fuel efficiency and thus higher fuel demand and potentially higher emissions
(kg/tonne of glass) of NOx, CO,, oxides of sulphur, particulate, etc. Thus overall, this technique
is unlikely to be of environmental or economic benefit.

¢) Staged combustion

If the fuel and air/oxygen are injected at the same place in the burner, a flame is produced with a
hot oxidising primary zone close to the port and a cooler secondary zone further away. The
majority of the NOx is produced in the hottest zone. Therefore, by reducing the proportion of
either the air or the fuel injected at the burner, the maximum temperature and the NOx
formation are reduced. The remaining fuel or air is added later in the combustion zone. The
application of this principle is the basis of staged combustion, in both cases air staging or fuel
staging.

Air staging involves firing substoichiometrically and then adding the remaining air or oxygen
into the furnace to complete combustion. There are several ways of achieving air or oxygen
staging. First experiences by hot air staging have been problematic. The techniques of blowing
air staging (BAS) and oxygen-enriched air staging (OEAS) have been developed in the US.
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As of 2009, there is no available information regarding applications of this process, and it is
thought that this process is not being used in Europe due to the cost of the process and the
preference for other primary techniques.

Fuel staging is based on the following principle: a low impulse gas flame (around 10 % of the
total energy) is developed in the port neck. This secondary flame will cover the root of the
primary flame, reducing the oxygen content of the primary flame and its core temperature.
Therefore, NOyx formation is reduced. This technique has been applied widely by the glass
industry and is commonly used in most conventional furnaces. At the time of writing (2009), no
further improvements were foreseen by using this method.

d) Flue-gas recirculation

Waste gas from the furnace can be re-injected into the flame to reduce the oxygen content and
therefore the temperature and the NOx formation efficiency. Difficulties have been encountered
by applying this technique in the glass industry at full scale. An innovative application based on
internal recirculation of the flue-gases, has been in operation since 2007 on a recuperative
furnace producing special glass (lighting) at the Osram plant, Augsburg, Germany. The system
applied is based on the use of special "Glass-FLOX™" technology burners with automatic
recirculation of the waste gas. In this case, flue-gas recirculation takes place directly in the
combustion chamber; the combusted gases are used to dilute the FLOX" flames. The
application shows a reduction efficiency of NO, emissions in the range of 46 - 59 % from the
initial value. The best achieved performance reported shows a concentration value of
484 mg/Nm® of NO, emissions, from a starting level of 1183 mg/Nm’ when a conventional
combustion system was applied.

e) Low NOx burners

This is a term used to cover a range of proprietary or glass company burner systems designed to
minimise NOx formation. These systems can vary in principle and can incorporate a range of
features, including some of those described above and others listed below. Systems for gas
firing will differ in some ways from those for oil firing. The main features of low NOx burner
systems are:

o slower mixing of fuel and air to reduce peak flame temperatures (flame shaping)

o minimum injection velocities that allow complete combustion

o increased (radiation) emissivity of the flame, with optimisation of the heat transfer to the
glass melt. Therefore, a lower temperature level can provide the required energy for
melting

o different nozzles and nozzle designs enable to generate multiple fuel jets per burner; some

jets are shielded from the air by other fuel jets, creating soot to improve heat transfer and
cooling of the flame, with a consequent reduction of NOx formation.

f) Fuel choice

The general experience within the glass industry is that gas-fired furnaces result in higher NOx
emissions than oil-fired furnaces. Statistical data for 2005 concerning container glass furnaces,
indicate an average value of 1000 mg/Nm® with gas firing compared to 750 mg/Nm® with oil.
The differences vary widely between furnace type and application but a variation of 25 — 40 %
between gas-fired and oil-fired operating conditions is not uncommon. The main reason for this
is that gas flames have a lower thermal emissivity than fuel oil flames, requiring higher flame
temperatures to enable the same heat transfer to the glass melt and thus more favourable
conditions for NOy formation. However, as the industry has developed more experience with
gas firing and furnace designs have changed, the difference in NOx emissions and fuel
requirements for the two fuels has reduced. In some applications (e.g. container glass), fuel
efficiency and NOx emissions of gas-fired furnaces are progressively approaching those
associated with fuel oil firing, due to a suitable flame adjustment. However, a comparison
between the energy performance obtained with fuel oil and natural gas depends strongly on the
furnace design.
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To some extent, mixed oil-gas firing maintains the advantages in terms of oil flame emissions
while using a proportion of natural gas and is increasingly used in some sectors.

The nitrogen content of natural gas is generally negligible, but can vary from region to region,
with a consequential effect on NOx. For instance, the concentration of nitrogen in gas supplied
in the UK can vary between 0.1 and 5.7 % around the country according to the national grid and
this is also the case for other Member States, e.g. Portugal, Italy.

Nitrogen is also, at times, purposely added to natural gas to control its calorific value and
Wobbe index, which needs to be maintained constant, for instance for safety reasons in
household (domestic) applications. This practice occurs in the Netherlands on its natural gas
supply net with 11 - 14 % nitrogen in the gas composition. The UK, for example, is likely to
adopt this practice in the future to ensure that liquefied natural gas (LNG) imported into the UK
conforms to the entry specification and likewise may be necessary for gas to be imported from
various Norwegian gas fields. This source of nitrogen will have a particularly significant effect
on NOx emissions from oxy-fuel fired furnaces.

The choice between gas and fuel oil is very dependent on the prevailing economic conditions
and energy polices of the Member States. It is also reliant on the fuel being available which will
vary geographically and also seasonally depending on the security of supply issues.

Achieved environmental benefits
The indicative emissions reductions that can be achieved using these combustion modification
techniques are given in the description for each technique.

The effects of these techniques are not cumulative, as they are generally different ways of
achieving the same broad objectives. Therefore, a 10 % reduction arising from one technique
cannot simply be added to 10 % from another technique.

The overall emission reductions for optimised combustion systems vary widely from less than
10 % to greater than 70 %. For a furnace where little or no work has been done using these
techniques, reductions in NOx emissions of 40 — 60 % could be expected in most applications.

The actual emission levels achievable with these techniques will vary considerably depending
on the starting point, the age and design of the furnace, and particularly on the rigour with
which they are applied and monitored. A great deal can be achieved with relatively simple
measures if they are properly applied. During the last decade, the glass industry has made
substantial progress in minimising the formation of NOx emissions by means of combustion
modifications and a great deal of resources have been devoted to the work.

See also data regarding an example installation presented in Section 4.5.1.

Cross-media effects

The main cross-media effect associated with the application of most of the described techniques
is the emissions of carbon monoxide (CO), due to local substoichiometric combustion
conditions in the furnace, with potential problems in the recuperators and regenerators where
CO is generally oxidised to CO,.

At times, the completion of combustion might take place in the upper part of the regenerators,
causing a temperature increase, which generates higher levels of SOx emissions, due to the
volatilisation/decomposition phenomena of the sulphates deposited on the surface of the
regenerators.

Local reducing conditions may also be responsible for an increased evaporation from the glass
melt, with higher levels of particulate emissions. Moreover, an early decomposition of sulphates
used in the batch with a consequent loss of efficiency of the fining process and higher levels of
SOx emissions can occur.
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The fuel switch from natural gas to oil for improving the emissivity of the flame and for
decreasing NOyx emissions would lead to a significant increase of SOx emissions, associated
with the sulphur content of the fuel oil.

Operational data

End-fired regenerative furnaces generally give lower NOyx emissions than cross-fired
regenerative furnaces (see Section 4.2) and the techniques described in this section are generally
more successful for end-fired furnaces. Emission levels of 700—1100 mg/Nm® and
0.9 - 2 kg/tonne of glass have been achieved for cross-fired furnaces. For end-fired furnaces
concentration values of 550 - 800 mg/Nm’ and less than 1.5 kg/tonne of glass have been
achieved. A limited number of figures have been reported below these levels, for certain
applications.

Results on recuperative furnaces are more varied, but this may be due to the more variable use
of these furnaces. Results comparable to (or sometimes lower than for) regenerative furnaces
have been achieved with container glass and continuous filament glass fibre recuperative
furnaces.

In Table 4.16 below, a summary of the best performance levels achieved with the application of
primary measures in the container glass sector is presented, based on the mid 90 %
(i.e.5 - 95 % of the values) data collection reported in Table 3.11,Section 3.3.2.2.

Data shown in Table 4.16 refer to different types of furnace and glass products, and to
measurement conditions which are not homogeneous and standardised, therefore the reported
values should be regarded as short-term achieved emission levels.

Range of the best achieved short-term
Glass container emission levels

mg/Nm’ dry, 8 % O, | kg/melted tonne
Type of fuel
Gas 600 0.72
Fuel oil 520 0.65
Mixed gas + fuel oil 540 0.83
Table 4.16: NOx short-term emission levels achieved for certain applications in the container

glass sector with the use of primary techniques

The application of primary techniques to the glass frits sector is not expected to obtain the same
results as for the other glass sectors, due to the peculiar characteristics of the small size furnaces
which normally operate in oxidising conditions (excess air for combustion, oxygen enrichment)
and with a number of batch formulations which contain significant amounts of nitrates
(see Section 3.10.2.2). Typical NOx values for the sector are around 1600 mg/Nm® referred to
15 % oxygen, equivalent to 15 kg/tonne frit.

A summary of the main advantages and disadvantages associated with the application of
combustion modifications is shown in Table 4.17.
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Advantages:
° low relative costs

substantial reductions in NOx emissions are achievable for most types of furnaces
applicable to new and existing furnaces
these techniques can often result in significant energy savings

the lower furnace temperatures and energy use also result in lower overall emissions.

Disadvantages:
° substantial expertise required to obtain the best results

° modified furnace design may be required to obtain the best results
° care must be taken to avoid glass quality problems due to redox changes
° CO levels must be controlled to avoid refractory damage
° the more reducing atmosphere can encourage SO, emissions.
Table 4.17: Main advantages and disadvantages of combustion modifications
Applicability

In principle (and subject to the limitations stated above), these techniques are applicable to all
conventional fossil fuel fired furnaces. Most of the techniques can be applied to both existing
and new furnaces. However, the benefits of some techniques (e.g. low NOx burners) may only
be fully realised when combined with the optimum furnace design and geometry, which can
only be achieved for a new furnace.

The success achieved with these techniques may also depend on the degree of operator expertise
and scientific resource. To optimise the systems requires a sustained period of gradual
experimentation and monitoring and a high degree of technical expertise and experience. For
those operators that do not possess these resources, specialist consultants offer services for
furnace combustion modifications and optimisation. This development work of course adds to
the costs of the techniques.

The degree to which these techniques can be applied will also vary depending on product and
process requirements. For example, in some domestic glass production, the product quality
constraints demand a highly oxidised, very clear glass. This involves higher residence times,
higher temperatures, and the use of oxidising agents, all of which contribute to higher NOx
emissions and limit the use of some of the techniques described above. This example is
discussed further in Section 4.4.2.2 below.

The tendency of all glass sectors is to continuously improve the process by extending the use of
these techniques when possible, try to determine the emission levels that could be expected in
the future with primary techniques.

Economics

Costs comprise the purchase of adjustable burners, oxygen sensors (for cross-fired furnaces,
more oxygen sensors and a more complex control system are required compared to end-port
fired regenerative furnaces), a control unit for air-fuel ratio, maintenance, and manpower to
modify and check burner settings.

Burner exchanges and changes in burner blocks will typically cost EUR 50000 to 100000 for
end-port fired furnaces and up to EUR 300000 to 400000 for cross-fired furnaces.

The estimated costs for an oxygen sensor system are typically between EUR 20000 and 25000
for end-port firing, and EUR 60000 and 125000 for cross-fired furnaces.

In the case of furnace design changes, extra investment costs for the refractory materials and
steel construction have to be taken into account and this may amount to EUR 2 million for float
glass furnaces and EUR 700000 for end-port fired container glass furnaces.
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The costs of combustion modifications are relatively low and can sometimes be offset by lower
operating costs from energy savings. The costs for burners represent replacement costs (not the
additional costs) and for a new furnace, the extra costs would be very low. Air staged
combustion systems can be substantially more expensive.

These primary techniques combined with formulation optimisation are, in general, much
cheaper than secondary abatement techniques. Comparative costs are discussed in
Section 4.4.2.9.

The improvement and implementation of primary measures for the reduction of NO4 emissions
is based on the principle that actions taken to avoid the formation of NO, have, in general, a
better overall environmental impact than end-of-pipe techniques, including a lower economic
impact and a potential for energy savings with consequential reduction of other pollutants, e.g.
CO,. In any case, the application of primary techniques would be beneficial even when the use
of a secondary measure is foreseen, since it will reduce the initial levels of NO, before
treatment.

Example plants

In 2005 in the container glass sector, more than 76 furnaces were applying primary techniques.
Other glass sectors are also successfully applying one or more of these techniques. Many
furnaces in Europe and US apply adjustable burners and oxygen sensors to control the
combustion process (air-fuel ratio). This applies to the container glass, float glass and special
glass sectors.

Reference literature

[tm32 Beerkens][33. Beerkens 1999] [64. FEVE 2007] [94, Beerkens - APC Evaluation 2008]
[88, FEVE Proposal Ch.4-NOx 2007], [117, GWI, VDI-Berichte Nr. 1988 2007], [118, CTCV
Data for BREF revision 2007]

4.4.2.2 Batch formulation

Nitrates are used in glass manufacture as oxidising agents. By far, the most common nitrate
used is sodium nitrate, but in some special glass applications, potassium or barium nitrate are
also used. Sodium nitrate is often used in conjunction with fining agents that require oxidation
(e.g. Asy0Os, Sby0Os, Ce0,) and thus takes indirectly part in the fining process although, in most
applications, sodium sulphate would be the preferred fining agent. During the melting process
the nitrates dissociate to form NO, NO,, N,, and O,. The O, is used to oxidise the melt
(particularly iron Fe*" to Fe’") to give a very clear glass, and to oxidise any organic components
of the batch materials.

The use of nitrates varies widely between the different sectors of the glass industry. They are
rarely used in flat glass or container glass, except to produce some very high quality, very
colourless products or highly coloured glass, e.g. grey or bronze glass. Nitrates are used in the
domestic glass sector for some high quality products, which require a high optical clarity and so
low Fe*" levels. Nitrates are widely used in the special glass sector for TV (cathode ray tubes),
borosilicate, ceramic and optical glasses.

Electric furnaces producing very oxidised glasses or where raw materials containing organic
compounds are melted (e.g. glass wool waste) may also require nitrates as oxidising agents.

In glass wool production, nitrates are often used to compensate the oxygen consumption during
burning of the organic material contained in the batch composition, particularly when high
levels of recycled glass are added to the formulation. In frits production, nitrates are in the batch
of many of the products in order to obtain the required characteristics. In all, an estimated
7 -9 % of EU glass production involves the use of significant quantities of nitrates.
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Typical quantities of around 0.5 — 1 % nitrate are introduced, i.e. 5 — 10 kg NaNOj; per tonne of
glass. For some processes, e¢.g. TV glass or frits, this can be up to 4 % or even higher. During
melting, the main gases emitted are NO and O, with only low levels of N, and NO,. For 1 % of
nitrate introduced in the batch, the maximum NOx emission is 5.4 kg/tonne of glass. This value
is equivalent to approximately 2200 mg/Nm’ at 8 % O,, e.g. for a typical domestic glass
furnace. The actual NOyx emissions from nitrates vary from 30 to 80 % of this maximum, with a
typical value under industrial conditions of around 50 — 65 % (although the full range of values
are frequently found).

The amount of NO emitted from nitrate depends on the heating rate, the redox state of the batch
and the effect of the reducing gases (reducing flames) contacting the batch blanket which
contains nitrates.

Effective alternatives to nitrates are limited by environmental and economic considerations. For
example, sulphates can be used but the required quantity is much higher, more than three times,
and SO, is emitted. Arsenic oxides can also be used, but these are being phased out wherever
practicable for environmental reasons. Cerium oxide can be used in some cases but is many
times more expensive than sodium nitrate. Some process modifications can also reduce the
nitrate requirement, but these are generally prohibitive due to quality considerations, energy
requirements, throughput restrictions or thermal NOx generation.

In conclusion, the current opinion within the industry is that nitrate levels can be reduced by
experimentation to the minimum commensurate with product and melting requirements, but due
to economic and environmental reasons an effective alternative is still not currently available (as
of 2009).

In many Member States, the legislation has allowed a doubling of the normal NOx emissions
limit for glasses requiring nitrate addition. This approach is not generally considered to be
commensurate with the objectives of Directive 2008/1/EC. It makes no allowance for the wide
variation in nitrate addition levels and provides little incentive to minimise nitrate usage.
Furthermore, for processes adding only small amounts of nitrate, the doubling of the emission
limit can mask high thermal NOx emissions and could reduce the incentive to optimise firing
conditions

The addition of nitrates cannot be considered as an isolated feature of the melting process. In
general, glasses that require nitrate also have other specific constraints linked to their use. For
example, the melting process for soda-lime glass, tableware or luxury packaging differs from
container glass production not only by the use of nitrates, but also by: residence time
(at least 50 % longer), by the requirement for much more oxidising conditions in the melt and in
the furnace, and by higher glass temperatures (between 50 and 100 °C higher). All of these
issues contribute to higher NOx emissions per unit of glass production and can be up to two to
three times higher than in container glass end-port fired regenerative furnaces.

The costs of the methods for reducing nitrate addition and the emission levels that can be
achieved are very difficult to quantify; they depend greatly on the starting point and are very
case specific.

4423 Special furnace designs

The concern over NOx emissions has led some furnace designers to propose recuperative type
furnaces that integrate various features intended to permit lower flame temperatures and
therefore lower NOx levels. The best known of this type of furnace is the LoNOy “ melter.
Another available design is the Flex® melter, which was originally intended to be used in
discontinuous applications but so far, most of the furnaces built are operated continuously. The
Flex® melter is understood to have comparable NOx emissions to the LoNOx ® melter. A brief
description of the Flex® melter is given in Section 2.3.7, but only the LoNOx ® melter is

discussed in detail here.
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Also the design of regenerative type furnaces can be modified with the aim of reducing NO,
emissions. However, detailed information about these applications is not available. In general,
the important parameters concerning furnace design with respect to NOx formation/limitation
are the following:

type of burners

number of burners in operation

angles of burners

angle of burner port

size of burner port (which determines the air velocity entering the combustion chamber)
distance between the burner/burner port and the melt

height and size of the combustion chamber (in general, increased sizes are associated
with lower NOx emissions).

Description
The LoNOy"® melter uses a combination of shallow bath refining and raw material preheating to
achieve reduced NOx levels, potentially without the penalty of reduced thermal performance.

Combustion air preheating is recuperative and two-stage raw material preheating is used to
compensate for the reduction in combustion air preheating compared to a regenerative furnace.
The waste gases from the main burners are passed over the raw materials entering the furnace,
in an extensive premelting zone, before entering the recuperators. Upon exiting the recuperators,
the waste gases are passed through an external cullet preheater, before finally leaving the
system.

The shallow bath refiner forces the important critical current path close to the surface of the
glass bath, thereby reducing the temperature differential between it and the furnace
superstructure. The furnace can be operated at lower temperatures than a comparable
conventional furnace.

The LoNOx" melter is basically long and narrow and is divided into three parts. The first part is
used to preheat, and then pre-melt the batch and cullet. Following this is the refining area, where
the glass bath depth is reduced to 400 mm (or less). A deep refiner completes the tank.

The heating is provided by gas or oil burners in the melting zone and, mainly, in the refining
arca. The waste gases are exhausted over the top of the batch and cullet in the first part of the
furnace, with consequent material preheating. The furnace is divided by internal walls to ensure
that the raw materials entering the furnace are not directly heated by radiation from the hotter
part of the furnace. Therefore, a high temperature differential is maintained between the raw
materials and the gases and efficient heat transfer is achieved.

A small amount of electric boosting may be provided to assist the maintenance of convection
currents in the preheating area and to avoid relatively low temperatures below the batch blanket.
This effect is aided by bubblers installed near the end of the melting zone.

The external cullet preheater is positioned after the recuperator and is an important part of the
LoNOy" melter. It is a direct heating system, where the hot waste gases and the cullet to be
heated are in contact with each other. The cullet and the waste gas flow countercurrently.

The cullet enters the tower construction at the top and slowly makes its way downwards to the
exit; the waste gases enter at the bottom and are exhausted at the top. The preheater has internal
louvre type vanes, which distribute the waste gases more evenly through the column of cullet.
The cullet residence time in the preheater is around five hours. The waste gases enter the
preheater at typically 500 °C and exit at typically 200 °C. The cullet preheat temperature is
typically around 350 °C.

BMS/EIPPCB/GLS_Draft_2 June 2009 189



Chapter 4

Achieved environmental benefits

Due to the lower combustion temperatures, quite low NOx levels have been achieved.
Emissions below 500 mg/Nm® are reported for the LoNOy" melter, which equates to
<1 kg NOxper tonne of glass melted. Lower emissions may be possible with increased operating
experience and the application of combustion optimisation techniques.

The technique can achieve good energy efficiencies; figures of approximately 3.3 GJ/tonne of
glass melted were reported for a cullet ratio of 90 - 95 % and an electrical boost of 3 %. This
figure, although not corrected for primary energy, compares favourably to modern regenerative
furnaces, although cullet levels as high as 90 - 95 % may be difficult to maintain due to the lack
of post-consumer cullet and this will impact on the energy performance figures.

For normal operating conditions, specific energy consumption is similar to a comparable
regenerative furnace.

Data concerning the performance of a LoNOy" furnace producing 358 tonnes per day of
container glass, with 80 % cullet in the batch composition are reported, showing an energy
consumption of 4.0 GJ/tonne glass (including electric boosting) and measured NO, emissions of
336 mg/Nm’ at 8 % oxygen. [75, Germany-HVG Glass Industry report 2007]

Cross media effects

The LoNOy"® furnace is designed to operate with high levels of cullet, which could cause an
increase in the emissions of metals and acid gaseous components (SO, HCI, HF) contained in
the raw material.

Due to the low glass depths, an inherent feature of the design is that it is a long, narrow furnace,
and the area of the furnace can be significantly greater than a conventional recuperative furnace
design for a specified pull rate. This increases the space requirements, the capital cost, and the
construction material to be used for the furnace and to be disposed of at the end of life.

As with all cullet preheating systems, there is the potential for emissions of organic species,
including odorous substances and potentially dioxins/furans. Measurements have shown dioxin
emissions to be below 0.1 ng/Nm® I-TEQ. These issues are discussed further in Section 4.8.

Operational data
The data submitted are included with the description.

Applicability

The technique of special furnace designs relies on significant preheating of the batch
composition, which is difficult to achieve without high cullet levels. These furnaces are only
really viable when high levels of cullet are used, i.e. greater than 70 %. Therefore, at the time of
writing (2009) this implies that the technique is only applicable to the container glass sector and
to those furnaces with >70 % cullet. The technique can only be applied at a full rebuild.

The dimensions of the tank (long and narrow) may also limit the applicability where there are
space restrictions.

Economics

In 1998, it was estimated that for a 350 tonnes per day container glass furnace, the extra
operating costs of this technique were negligible but the extra capital cost may be in the region
of EUR 1.8 million. No other information is currently available.

Driving force for implementation
No data submitted.

Example plants
Wiegand & So6hne, Steinbach am Wald, Germany - Container Glass.
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Reference literature

[Sorg LoNOx][60, SORG 1999][tm19 Syrs LoNOx][20, Ehrig et al. 1995]
[http://www.sorg.de/htm/sorg technology/lonox melter.htm]

[75, Germany-HV G Glass Industry report 2007] [tm6 NOxInd.duVerre][7, Ind.duVerre 1996],

44.2.4 The FENIX process

Description

The FENIX process is based on the combination of a number of primary measures for the
optimisation of combustion of cross-fired regenerative float furnaces and of the reduction of
energy consumption. In common with the combustion modification techniques described in
Section 4.4.2.1, the optimisation of combustion for FENIX relates to:

o the reduction of excess air

o the suppression of hot spots thanks to the homogenisation of flame temperatures; and a
controlled mixing of the fuel and combustion air, without giving rise to glass quality
problems or carbon monoxide emissions.

The FENIX process also involves a complete modification of the combustion system and
particularly the use of a new type of injectors. These injectors are under patent registration and
are different depending on the type of energy used (gas, heavy oil or mixed energy) and are
associated with new furnace designs including:

o overall dimensions (length, width, depth of glass), also depending on the pull rate
° design of burner ports
° regenerators (separate chambers).

The technology can be implemented on furnaces using gas, heavy oil, or the mixing of the two
energies. Combustion control is provided by:

° minimising excess air thanks to a reduction of the air for atomisation of fuel oil, special
designs of socket plates, elimination of cold air entrances and maintenance of furnaces
o reducing the fuel/air mixing rate in particular through the optimisation of the number, the

types and the positions (angles) of injectors in the port.

The technique also includes a review of the furnace control system and the installation of
monitoring methods for certain furnace parameters. In particular, oxygen probes are installed at
the top of the regenerator chambers to provide better control of excess air levels.

The main characteristics of the modifications to the combustion system are described in the
patent application and are summarised below.

Temperature peaks are limited by the maintenance of the flame length while increasing the
flame volume. The staging of combustion is achieved by controlling the supply of fuel and
oxidant to stagger the contact and/or increase the flame volume. A 100 % oxygen flame may be
used at the hottest level of the furnace. The staggering of the contact is also partly achieved by
the use of an inert “buffer” gas on at least one injector. The inert gas can be CO, or recycled
flue-gas and is injected between the main fuel and oxidant supplies. This pushes the
development of the flame towards the centre of the furnace and promotes a wider, more even
flame of greater volume.

The contact between the oxidant and the fuel can also be retarded by (a) secondary fuel
injector(s) positioned in or close to the air inlet opening above the injectors of the main fuel
supply. The technique can also include the use of air injectors or oxygen lances at various
locations to maintain an oxidising atmosphere above the glass without overall excess air.

These devices can also be used to help control the combustion. A very important aspect of the
technique is the design of the burner, details of which are considered confidential.
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Achieved environmental benefits

The FENIX process allows the continuous stabilisation of NOyx emissions of between
700 and 800 mg/Nm’. For example, NOy emissions of the Stolberg plant, that runs a cross-fired
float glass furnace (see Figure 4.5 below) have been stabilised below 800 mg/Nm’ since
February 2005, which correspond to a specific emission coefficient of less than 1.7 kg of NOx
per tonne of molten glass.
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Figure 4.5: NOx emissions from FENIX process
[65. GEPVP-Proposals for GLS revision 2007]

Cross-media effects
At the time of writing this document (2009), the cross-media effects had not been evaluated.

Operational data

As reported in the glass BREF adopted in 2001, the first trial in the Aniche plant (France) had
been carried out following the modifications to the combustion system as described in the patent
application and had shown a performance of 510 - 580 mg/Nm® (1.25 kg of NOy/tonne of
molten glass) during a short period of tests. In 2008, this furnace is operating with 60 % gas and
40 % heavy oil and the NOyx emissions had been stabilised consistently at a higher value than
the one which was achieved during tests, and are in the range of 700 - 800 mg/Nm”.

In the mean time, the Fenix process had also been applied to other furnaces with the same range
of emissions (between 700 and 800 mg/Nm’) being achieved.

Applicability

The FENIX process requires careful application by a specialised team. It has been fully
developed on at least nine furnaces of Saint-Gobain Glass in Europe. The technique can be
available for float processes when directly integrated during the design and construction of the
furnace.

Saint-Gobain Glass stated in 2001 that they were ready to grant a non-exclusive licence under
the FENIX technology to other glassmakers, provided that an agreement could be reached on
the conditions of such a licence. However, the application of this technique requires a previous
study of the furnace to be carried out by the supplier; this necessity could make the application
to other glassmakers very difficult because of confidentiality issues.
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At the time of writing this document (2009), this technique has only been applied to cross-fired
regenerative furnaces and, due to its specificities, it is improbable that it could be extended to
other furnace technologies.

The trends of the first results obtained in the Aniche plant that had been reported inside the
Glass BREF of 2001 were reproduced on other furnaces, using other fuels, allowing for the
conclusion that the NOy emission ranges of 700 - 800 mg/Nm® could be stabilised consistently.

The main issue concerning this technique is whether it can be considered available and
accessible to all processes where it could be applicable. The implementation of the technique is
a specialised and time-consuming process. Saint-Gobain have stated their readiness to license
the technology, but (as for 2009) there still remains the question of whether the existing
expertise is sufficient to permit the widespread implementation of the technique within the
medium term.

Economics

The capital costs, including the furnace modifications (upper cost of refractories), the new
burners and the improved control systems amount to approximately EUR 1.5 million for the
application to an existing furnace operating with at least part of the energy supply as fuel oil.
For a new plant or rebuild, the extra costs would be lower, at around EUR 1 million.
Consideration would also have to be given to any licence fee and the time and expertise required
to implement the technique.

Driving force for implementation
No data submitted

Example plants

Saint-Gobain Glass, Stolberg, Germany - float glass
Saint-Gobain Glass Herzogenrath, Germany - float glass
Saint-Gobain Glass, Chantereine, France - float glass
Saint-Gobain Glass, Aniche, France - float glass.

Reference literature
[tm24 FENIX][25, FENIX 1998] [65, GEPVP-Proposals for GLS revision 2007]
[tm36 FENIXpat] [38, FENIX 1998]

4425 Oxy-fuel melting

Oxy-fuel melting involves the replacement of the combustion air with oxygen (>90 % purity).
The technique can be used with either natural gas or oil as the fuel, although the use of gas is
more common. The elimination of the majority of the nitrogen from the combustion atmosphere
reduces the volume of the waste gases (composed mainly of CO, and water vapour) by
70 - 85 % depending on oxygen purity.

In general, oxy-fuel furnaces have the same basic design as recuperative melters, with multiple
lateral burners and a single waste gas exhaust port. In the most modern furnaces, the geometry is
optimised for oxy-fuel firing and NOx minimisation. Furnaces designed for oxygen combustion
do not currently utilise heat recovery systems to preheat the oxygen supply to the burners, due
to safety concerns.

The technique potentially involves energy savings, because it is not necessary to heat the
atmospheric nitrogen to the temperature of the flames.

Less gas has to be heated and therefore less energy is lost with the furnace waste gases. The
potential energy savings depend greatly on the conventional furnace with which it is being
compared.
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In particular, the efficiency of the waste gas heat recovery system (recuperator, regenerator, etc)
and the energy required to produce the oxygen must be taken into account. This complex issue
is discussed later in this section.

The formation of thermal NOx is greatly reduced because the main source of nitrogen in the
furnace is very much lower, although some nitrogen is still present in the combustion
atmosphere. ~This is derived from the residual nitrogen in the oxygen
(VSA/VPSA 4 6 %, cryogenic <0.5 %), nitrogen in the fuel (natural gas 2 — 15 %), nitrogen
from nitrate breakdown, and from any parasitic air. Due to the high flame temperatures any N,
present is more readily converted to NOx, and even low levels of N, can prove quite significant.
It is therefore important to minimise air ingress into the furnace.

The furnace waste gas flow volume is 4 to 7 times lower compared to air-fired furnaces; their
temperature can be very high (1200 — 1450) °C and will usually require cooling. Due to the high
water content and concentration of corrosive species (e.g. chlorides and sulphates), cooling is
usually by dilution with air. Following dilution, waste gas volumes are generally in the region of
30-100 % of conventional furnace waste gas volumes depending on the degree of dilution
necessary.

Oxy-fuel melting requires different burner designs than those found in conventional air-gas
firing. Since the introduction of the technique, the burner systems have undergone substantial
development, from early modifications of existing designs for other oxy-fuel applications to the
current, highly specialised low NOx oxy-fuel burners developed specifically for glass making.
These systems can feature some of the characteristics of other low NOx high efficiency burners
for conventional firing. Some of the important features of the main proprietary systems are
summarised below:

burners with long, wide luminous flames giving uniform heat transfer

multiple oxygen injection per burner to stage the combustion process

flat flames with wider coverage

delayed mixing of fuel and oxygen to reduce peak flame temperatures in the oxygen rich
zone

no water cooling

flame adjustability for momentum and shaping

. multi-fuel use.

The oxygen required for combustion can be supplied either by delivery to the site or by on-site
production. Except for very small applications (e.g. some isolated frit furnaces), the amounts of
oxygen required usually make it more economical to produce the oxygen on-site. However, if a
site is situated close to an industrial oxygen pipeline it is usually more cost effective to obtain
the oxygen directly from the pipeline. There are two main techniques for producing oxygen on-
site, cryogenically or via an absorber system. The oxygen plant is usually owned and operated
by the supplier who makes a charge for the oxygen supplied, although some operators will
chose to have complete ownership of the oxygen plant. On-site oxygen plants are always
provided with backup storage of liquid oxygen.Oxygen is produced cryogenically by
compressing air and passing it through a purification unit to remove dust, water, carbon dioxide
and trace contaminants.

The purified air is then cooled and passed through a low-temperature distillation column where
the separation takes place. The separated gases can be warmed in heat exchangers to provide
gaseous oxygen and nitrogen and, if required, liquid oxygen can be taken from the colder parts
of the system.

The absorption process usually takes one of two forms; Vacuum Swing Absorption (VSA) or
Vacuum Pressure Swing Absorption (VPSA). Both of these are non-cryogenic systems and the
separation takes place around ambient temperatures.
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The technique is usually much cheaper than receiving cryogenic oxygen by tracks, but has
limited capacity compared to the cryogenic system and is usually chosen for medium level
oxygen demands.

Most sites supplying only one or two glass furnaces would opt for this technique. For multiple
furnaces or for furnaces with high O, demand (e.g. float glass), a cryogenic system may be
preferred. The choice depends mainly on economic factors, which can be influenced by local
conditions.

Compressed air enters the bottom of one of two absorber vessels filled with zeolite, which
absorbs most of the nitrogen. The oxygen is withdrawn from the top of the vessel until the
zeolite becomes saturated with nitrogen. The air stream is then directed to the second vessel
whilst the nitrogen in the first vessel is discharged to the air. In the vacuum system, the nitrogen
is removed by vacuum and in the pressure system, it is vented under pressure. The vacuum
system usually gives the highest efficiencies.

The technique of partial oxy-fuel heating has been in use in glass making for many years. Two
different techniques have been tested: oxygen lancing which was an additional injection of O, in
a conventional air-fuel furnace in order to improve the heat transfer; or the addition of a pure
oxy-fuel burner. The technique was used mainly to solve glass quality and furnace pull
problems by positioning very hot flames accurately on the melt surface in order to increase
temperature gradients and consequently to enhance the convective currents inside the melt. This
also reduced the flow of waste gas feeding the same energy to the system. The technique was
often used to extend the operating life of a furnace that was showing signs of deterioration or
regenerator problems. The technique is still used in these ways today but the use is less common
due to the problems of potentially increased NOyx emissions arising from the high temperatures.
"Zero-port oxygen burners" are also used, for instance on float glass furnaces at the end of the
furnace campaign to improve the melting of the batch blanket.

Achieved environmental benefits

It should be noted that concentrations of pollutants in the case of oxy-fired furnaces may show
much higher values than those related to air-fuel furnaces, due to the reduced flue-gas volume.
Correction of emission concentrations to 8 % oxygen is not meaningful for oxy-fired furnaces,
since the oxygen content of the flue-gases includes both the possible excess of oxygen supplied
for the combustion and the air entering the furnace and waste gas system. In these cases, the use
of emission factors (kg/tonne glass) is more appropriate.

This principle should apply even when a combination of flue-gases from different furnaces
using diverse combustion techniques (oxy-fuel, enrichment with oxygen, air-fuel) is conveyed
to a single stack, which is often the case for glass frits production installations, in order to avoid
an incorrect estimation of the emissions.

The main environmental benefit of oxy-firing combustion is a significant potential reduction of
NOy emissions (in terms of emission factors) with respect to an equivalent air-fuel fired furnace
without other primary or secondary abatement techniques, and which would generally be
over 70 %. This figure clearly depends on the point of comparison and can be higher than 95 %
and lower than 60 %. In the glass frits sector, the reported NOy reduction efficiency achieved
with oxy-fuel fired furnaces is in the range of 20 - 45 %, due to the peculiar configuration and
operating conditions of the melting furnaces (slight negative pressure) that allow parasite air to
enter the furnace. Specific emission values of around 0.5 kg NO,/tonne glass and, in specific
cases, emissions as low as 0.23 kg/tonne glass are achieved with the application of oxy-fuel
firing.

Apart from the burner choice, the achievable levels depend significantly on the type of natural
gas supplied to the combustion system which might contain high percentages of nitrogen, and
other parameters reported in the section concerning the operational data, presented below.
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Oxy-fuel firing might also help to reduce overall emissions of volatile materials from the
furnace (particulates, fluorides, chlorides etc) due to reduced gas flow over the melt and, in
some cases, reduced turbulence, in spite of the high concentration of water vapour in the furnace
atmosphere which stimulates the evaporation of alkali or boron.

Particulate emissions in soda-lime glass can be reduced by 10 - 30 % from the starting emission
levels (air-fuel), although this is not seen in all applications. Particulate emissions are most
effectively reduced for glasses containing boron (up to 50 %), in particular for alkali-borate
glasses. In the US, the motivation for conversion to oxy-fuel melting has, in several cases, been
particulate reduction rather than NOyx reduction. In cases where the adoption of oxy-firing
results in a reduction in fuel usage, this will also lead to lower SO,, in terms of emission factors
when oil is used to fire the furnaces. However, SOx emissions can be increased if the sulphur
retention in the glass decreases due to the modified equilibrium between the glass melt and the
combustion gases. Direct emissions of CO, are also reduced in proportion to any energy savings
though the indirect CO, emissions corresponding to the electrical energy required to produce the
oxygen should also be taken into account.

Cross-media effects.

The main cross-media effect of oxy-fuel combustion is represented by the emissions generated
upstream at the power generation plant for the electrical energy used for oxygen production.
Oxygen production requires about 0.375 kWh/Nm’ and, according to primary energy sources,
the related emissions will offset to a greater or lesser extent the potential NO,, CO, and energy
reductions obtained with the application of oxy-fuel firing for glass melting. In particular, the
reported cross-media effects are the following:

° NOx emissions indirectly related to oxygen production are reported to represent up to
10 to 15 % of the reduction of NO, direct emissions
° examples report an increase of CO, emissions ranging from 35 to 230 %, compared to the

reduction of direct emissions obtained through energy savings

° on average, oxygen production by VSA requires approximately 1.44 MJ/Nm’ which
corresponds to about 7 % of the equivalent energy released by the complete combustion
of fuel with 1 Nm® of oxygen. In addition, this value should be converted into primary
energy according to the electrical conversion efficiency at the power plant
(i.e. up to ~20 % primary energy for a 33 % conversion efficiency)

° SOx, dust and other atmospheric emissions are associated with electricity generation.

In general, it can be said that if the energy savings from oxy-fuel melting outweigh the costs of
the oxygen production, then the reduced emissions will significantly outweigh the emissions
associated with the oxygen production.

In recuperative furnaces without additional energy recovery measures (waste heat boiler or
cullet preheating), the average energy saving will be about 25 —35 %, including the energy
consumption for oxygen production. For large regenerative furnaces this value is in the range of
0 — 15 %. For highly efficient regenerative furnaces, this figure can be negative.

As for all abatement measures that require the use of energy, the environmental benefits
observed at site level are partially eroded when the overall figures are taken into account.
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Some examples concerning the evaluation of cross-media effects of oxy-fuel combustion
applied to glass furnaces are presented below (data reported are calculated on the basis of the
methodology indicated in Section 8.1):

o for a container glass furnace of 225 tonnes/day, the direct decrease of NO, emissions is
80 tonnes/year and the NOx associated with oxygen production is 11 tonnes/year, thus net
reduction is equivalent to 69 tonnes/year. The decrease of CO, release from the furnace is
equivalent to 1942 tonnes/year, but oxygen production causes indirect CO, emissions for
4444 tonnes/year. Besides, emissions of SO, released from the average power plant
amount to 30 tonnes/year

o for a continuous filament glass fibre melting furnace, the direct NO, emissions reduction
is 80 tonnes/year, but the indirect increase of NO, emissions (power plant) is almost
9 tonnes/year. The emissions of CO, from the furnace decrease by 5390 tonnes/year,
while the indirect CO, emissions increase by 3530 tonnes/year.

The specific indirect emissions estimated for different glass furnaces and for different abatement
pollution control techniques are shown in Table 4.41.

Operational data

The latest versions of oxy-fuel burners combined with optimised furnace design and operation
are reported to give NO, emissions in the range of 0.3 — 0.8 kg NOx/tonne melted glass in the
container glass sector, which generally equates to 200 - 500 mg NO,/Nm’. No information is
available for emissions from flat glass furnaces where oxy-fuel firing is applied.

In the glass frits sector, data reported show emission levels in the range of 8 - 12 kg NO,/tonne
of glass melted, to be compared with typical levels of around 15 kg/tonne glass when air-fuel
furnaces are used. These values refer to productions whose formulation contains significant
levels of nitrates and the requested operating conditions of the furnaces allow parasitic air to
enter the combustion chamber.

NOx emissions depend very strongly on the following factors:

o the production process of oxygen; oxygen produced by VSA or VPSA systems still
contains a small percentage of nitrogen

o natural gas quality; in the EU, natural gas is often supplied with more than 10 % nitrogen

o the type of applied burners; stage combustion burners generally lead to lower NO, values
(<0.5 kg/tonne molten glass, in the container glass sector)

o the energy consumption of the furnace; this determines the volume flow of flue-gases per

unit mass of glass melt and depends, among other things, on required glass quality,
furnace size and cullet ratio in the batch

o the quality of the fuel; some types of fuel may contain low quantities of organically-
bound nitrogen.

One of the most important issues related to this technique is the potential energy savings that
can be achieved. As mentioned above, this can often be the deciding factor in the economic
viability of the technique in a particular application. In considering the cost effectiveness of the
technique, it must be compared not just with the furnace it replaces, but with all the available
options and alternative abatement measures and taking into account the energy used for oxygen
production.

Energy savings can be greater than 50 % when small, thermally inefficient furnaces are
converted to oxy-fuel firing. For a medium-sized recuperative furnace with no specialised
energy saving measures, standard levels of insulation, and using only internal cullet, the energy
use with oxy-fuel melting would be in the region of 20 — 50 % lower. However, for large,
energy efficient regenerative furnaces with optimised thermal performance, the savings can be
close to zero or can even be negative and up to 5 %. In these cases, the savings in energy would
not compensate for the cost of the oxygen.
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Each case is unique and must be considered with regard to its individual circumstances. As a
general rule, oxy-fuel fired furnaces should be very well insulated and sealed in order to avoid
problems with corrosion and attack of the refractory superstructure by vapours from the glass
melt.

The main issue that could improve the economics of oxy-fuel melting is the recovery of heat
from the waste gases. The high temperature of the waste gases improves the potential for heat
recovery, but there are also a number of difficulties. The waste gases require cooling prior to
any waste gas treatment in order to reach the operating temperature of the abatement equipment
and to ensure that any particulate matter that will derive from volatile materials has been
condensed.

The nature of the waste gases from many furnaces limits the use of direct heat exchangers due
to problems of fouling by condensed particulates and corrosion. These problems are increased
by high waste gas concentrations associated with oxy-fuel firing.

A particular problem exists in glasses which contain boron, where the gases have to be cooled
quickly to prevent the formation of sticky solids which are corrosive and readily cause fouling
in ducting and abatement equipment such as electrostatic precipitators. For these reasons,
cooling tends to be carried out by dilution with air, although heat recovery should be the best
option.

For the above reasons, the energy saving measures available for conventional furnaces (e.g.
waste heat boilers, high-efficiency burners, and cullet preheating) have not been as widely
applied for oxy-fuel furnaces. There is some experience with these techniques and at the time of
writing (2009) it is understood that there are at least two furnaces fitted with waste heat boilers
and very few oxy-fired furnaces apply cullet or batch preheating. A new technique for batch and
cullet preheating, especially designed for oxy-fuel fired furnaces, which allows to operate at
much higher flue-gas temperatures, is expected to be tested in the near future in the US. Some
development work has been done on preheating gas and oxygen supplies, but this has not been
developed at full scale and cannot be considered available. More details are given in the
Emerging techniques, (Section 6).

However, as experience grows, more of these measures may be used in conjunction with oxy-
fuel firing. There are no fundamental reasons why most of these techniques could not be used
with oxy-fuel firing, but there are important technical issues that must be addressed and would
take time to resolve (e.g. possible deterioration of refractory materials, colour changes in glass
melt, foaming, etc).

Oxy-fuel melting involves higher flame temperatures which in some applications can lead to
higher pull rates per square meter of furnace size (up to 25 % increase). This is particularly
important where there is a desire to increase the capacity of a furnace but where space is not
available to accommodate a conventional furnace of the desired size. This situation is aided
further by the absence of the preheating system. In some applications, the technique can also
lead to better process control and improved glass quality. This is particularly so for some special
glass processes that require high melting temperatures. However, the higher levels of oxygen
and water vapour may affect the glass chemistry for some glass types, requiring changes to the
batch composition.

There is concern about the higher refractory wear and therefore shorter furnace lifetimes. In
some cases, it may also lead to a higher level of glass defects (e.g. due to crown dripping).
Reduced campaign lengths can have a very important financial impact on a plant particularly for
larger furnaces such as in float glass. Experience to date (2009) varies from application to
application from poor to very promising. A great deal of work has been done in this area and the
problem can be reduced greatly. Some borosilicate producers report extended furnace lifetimes
and, in some applications, lower crown temperatures have been experienced following
conversion. It has been proven that, in order to avoid sodium silicate formation and dripping
when a silica crown is used, the temperature of the crown should be maintained all the time at a
sufficiently high temperature (above 1460 — 1470 °C).
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Under these conditions, a soda-lime container glass furnace with silica crown was still operating
in 2009 after 14 years (O-I Europe, Leerdam, Netherlands in operation since 1994).

The new high emissivity burner systems are much more effective at transferring heat into the
glass. Combined with careful design of the furnace, careful burner positioning and higher
quality refractories, these burners make it easier to maintain operation within the thermal
resistance limit of the refractories.

The use of higher quality refractory materials can add to the capital cost of the furnace and there
remain concerns that they may not be sufficiently resistant in all applications. In soda-lime
glass, the high vapour pressure of water can cause high NaOH vapour pressures, which can
contribute to refractory wear, particularly above the glass level.

The technique of oxy-fuel melting is under constant development and furnaces designed using
the latest techniques are likely to have greater campaign lengths than the earlier furnaces. In
some applications problems with batch foaming have been reported. This can cause quality
problems and reduce the efficiency and stability of heating. In glass wool manufacturing, the
high oxygen levels in the furnace can make it easier to recycle wastes containing organic
materials without the use of nitrates.

The high concentration of water vapour in the atmosphere of the furnace created by oxy-fuel
promotes gas release from the melt with a potential improvement in fining (fewer seeds) but
also much more foaming.

The effect of the furnace atmosphere on foam stability is still not fully understood and is a topic
for further investigations. Although, oxygen-fired furnaces are considered proven technology,
some possibilities remain for the optimisation of furnace geometry, crown height, burner
location and height above the melt, positioning of exhaust ports which might improve energy
efficiency and accordingly a reduction of CO, emissions and energy costs. Other possibilities
for recovering heat from the low volume flow, but very hot flue-gases, are batch preheating or
natural gas preheating and other options for the use of the energy recovered which could be
developed. The high concentration of CO, in the flue-gas could potentially facilitate its capture.

A summary of the main advantages and disadvantages associated with the application of oxy-
fuel melting is shown in Table 4.18.
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Advantages

low values of NOx emissions can be achieved (0.2 - 0.8 kg/tonne of melted glass for soda-lime
container glass)

capital costs for furnaces are usually significantly lower
in some applications, the technique is cost neutral or results in savings

Disadvantages

glass quality may improve
may facilitate the capture of CO,, due to the high concentration in the flue-gases.

substantial reductions in energy consumption are possible in some applications (particularly
where a recuperative furnace is replaced)

. potentially lower emissions of volatile substances and dust, expressed in mass flow, where
waste gas volumes are reduced. This can lead to lower capital costs for abatement equipment

. potentially improved production/m? and improved process control

. if substantial energy savings are not realised, the technique can be very expensive, especially
for large soda-lime furnaces

the cost effectiveness varies greatly between applications and must be assessed individually

there have been problems with refractory wear leading to shorter furnace lifetimes, which have
not been fully resolved

o the generation of oxygen requires electrical energy (from around 7 % of furnace consumption
up to 20 % expressed in primary energy)
. the technique is essentially a primary measure in that it reduces NOx formation, but does

nothing to reduce NOx from non-thermal sources e.g. batch nitrates
the technique is most effectively installed at a furnace rebuild

. the storage, generation and use of oxygen have inherent risks and appropriate safety
considerations are necessary

oxygen generation can give rise to noise that must be controlled
° extra SO, emissions can arise because the sulphur retention in the glass can decrease

° when high glass quality is required, the use of this technique may be restricted, due to a
potential deterioration of refractory materials in the furnace.

Table 4.18:

Main advantages and disadvantages of oxy-fuel melting

Data concerning the emission levels achieved with the use of oxy-fuel melting for installations
producing container and special glass as examples, are presented in Table 4.19.

Container glass " Special glass Special glass Special glass @
Fuel Natural gas Natural gas Natural gas Natural gas
Total melting
capacity 650 t/day 50 t/day 50 t/day 40 t/day
Actual pull rate 502 t/day 40 t/day 50 t/day 40 t/day
Electric boosting - yes Yes yes
Type of glass Brown, green Borosilicate Borosilicate, containers | Glass ceramics
Cullet 66 % (average value) 60 % 40 % 50 %
Specific energy 4.20 G/t glass 6.72 G/t glass 10.37 G/t glass 3.5 G/t glass
consumption (average value)
Associated emission ©)
levels (AELs) 0.23 kg/t glass 1.42 kg/t glass 6.67 kg/t glass 5.59 kg/t glass

1. The installation consists of two furnaces.
2. The installation is equipped with a heat-recovery system, installed before a bag filter.
3. The value has been calculated, based on the information provided (mass flow, flue-gas volume, melted glass,

measured emissions concentration)

Table 4.19:

NOx emission levels associated with the use of oxy-fuel melting in example

installations

[75, Germany-HVG Glass Industry report 2007]
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Applicability

Although the principle of 100 % oxy-fuel melting is well established, particularly in the
continuous filament glass fibre and special glass sectors, its use in the glass industry as a whole
has been limited by a number of factors. The technique is still considered associated with
potentially high financial risk for larger capacity furnaces of >500 tonnes/day. A few issues still
require further investigations, such as the choice of optimum refractory for the superstructure of
the furnace, the prevention and stabilisation of foam formation and the heat recovery from the
flue-gases.

In general, it is beneficial to delay installation until the next furnace rebuild to maximise
potential benefits and to avoid any anticipated operating problems. In principle, oxy-gas burners
could be installed in many processes without waiting until a cold repair. Hot installation may
lead to energy savings and to an increased pull rate. However, it is unlikely to result in lower
NOx emissions and may actually increase NOx levels; also there is a danger of accelerated
refractory wear.

In 1998 it was estimated that 5 — 10 % of the world’s glass production was made with oxy-fuel
melting. Estimations made by the French oxygen producer Air Liquide, indicate that of the total
glass production made by oxy-fuel, 25 % is produced in Europe and 56 % in North America.
Since then, these figures have been changing with different trends between the sectors.

Worldwide there are at least 200 industrial oxygen-fired glass furnaces. Especially in the
continuous filament glass fibre sector and special glass sector, oxy-fuel firing is widely applied.
There are three oxy-fired float glass furnaces in the world (US) and about 40 to 50 oxy-fired
container glass furnaces.

There are also several examples of oxy-fuel melters operating successfully in the mineral wool,
special glass and frits sectors.

The application of oxy-fuel combustion has encountered more problems in the domestic glass
production sector, due to severe foaming that can affect the higher quality requirements for this
type of glass. However, some installations are successfully operating with oxy-fired furnaces.

Concerning the flat glass sector, the main barrier to the application of oxy-fuel combustion is
represented by the high costs for oxygen and special refractory material required for the furnace.
In Europe, at the time of writing (2009), one oxy-fired furnace was operating in the flat glass
sector (cast glass), and one application was planned to start in the near future in France. Eight
furnaces are operating for the production of container glass representing 3.2 % of the total
European production of the sector (in Germany, the Netherlands, France and Italy). In the
production of continuous filament glass fibre, 43 % of the melting furnaces operating in Europe
are oxy-fired. In glass frits production, 15 % of the furnaces apply oxy-fuel melting. A
significant number of European furnaces in the mineral wool, domestic and special glass
production (in particular for borosilicate glass tubes) are oxy-fired.

Economics

The financial aspects of oxy-fuel melting can vary greatly between the different sectors and
from case to case. The costs are very difficult to predict, but some indicative figures are given in
Section 4.4.2.9 where a comparison of NOyx abatement technique costs is given. The main
factors affecting costs are:

o the capital cost compared to the most likely alternative

o the possible energy savings that can be achieved (very dependent on furnace size and
design)

o the prevailing cost of oxygen for the installation

o the potential effect on campaign length and the financial risk that entails.
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An important factor in the capital cost is that oxy-fuel furnaces do not have a conventional
combustion air preheat system and so the capital cost is generally lower than for a regenerative
or recuperative furnace of comparable pull rate. This is most evident for new plants where the
total cost of the preheating system is saved. The most advanced oxy-fuel burners are generally
more expensive than advanced low NOx burners and the costs of the oxygen control system are
quite substantial. However, for most furnaces, the extra costs of the oxy-fuel burners and control
systems are significantly lower than the savings for the preheating system.

Concerns over the effect of the technique on refractory life may lead to the use of more
expensive materials for the furnace crown. If necessary, this extra cost could reduce the capital
advantage significantly. Comparative costs have been calculated for oxy-fired furnaces with
high duty silica crown (EUR 300000 - 400000 in extra costs) and for crowns constructed of
fused cast materials (AZS or alumina). These fused cast materials may increase the costs for the
crown of a float glass furnace by EUR 4 - 5 million.

The elimination of air preheaters and consequent capital savings is not only the case in the most
common glass sectors (container, continuous filament glass fibre, special glass, etc) but also in
the frits industry where the use of air preheating with recuperative heat exchangers is well
established and applied to the majority of furnaces.

For regenerative furnaces, the regenerator systems can date back to the first furnace built in that
position, and they will be repaired, upgraded or replaced as necessary with each furnace rebuild.
Therefore, although there is a significant savings it may not be as great as for a new plant. With
recuperative furnaces, the recuperator is usually replaced with each furnace rebuild, but the
supporting framework may be re-used if the furnace design and position are largely unchanged.
The capital savings for new plants may vary significantly among different installations. In
general, savings in the region of 20 % for recuperative furnaces and 30 - 40 % for regenerative
furnaces have been reported.

If the supplier operates the oxygen plant, the capital cost is generally included in the oxygen
charge and is not considered separately.

The housing of the oxygen facility is usually provided by the glass company, but the cost is
quite low. If the glass company chooses to operate the oxygen plant independently, the capital
cost may be up to 10 % of the furnace cost. If the nitrogen by-product from oxygen generation
can be used or sold, then it may contribute to reducing the overall costs.

Several documents in the glass industry literature quote the costs of oxy-fuel firing as greater
than or equal to SCR. However, this has not always been reflected in practice with some
operators reporting cost-neutral conversions or in some cases savings on operating costs. Most
of the positive results are from conversions of smaller non-regenerative furnaces, with relatively
high specific energy consumption.

Excluding concerns over refractory life, in most applications, the determining factor regarding
the cost effectiveness of oxy-fuel firing will be the difference between the energy savings and
the costs and the cross media effects of oxygen compared to the costs and the cross-media
effects of alternative NOy abatement techniques. This is case specific and while for many
smaller furnaces the balance will be beneficial, for larger furnaces the savings are generally
lower and the financial balance will depend much more on the specific circumstances and other
factors (particularly the annualised capital cost) will become more important. The prevailing
energy and particularly the oxygen costs (both of which are subject to variation) are also clearly
important.

In Figure 4.6 below, the total difference in specific melting costs comparing oxygen-gas fired
furnaces with conventional glass furnaces is shown. Estimated data concerning regenerative
furnaces for float and container glass and large tableware, and recuperative furnaces for small
tableware and continuous filament glass fibre are reported. (See Section 8.1 for the
methodology and assumed costs used for the comparative study).
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Figure 4.6: Difference in specific melting costs after conversion from conventional furnaces to
oxygen-firing for different glass production installations (container, float,
continuous filament glass fibre and tableware)

[94, Beerkens - APC Evaluation 2008]

In Germany, as of 2007, the current average costs for oxygen production were quoted to be in
the range of EUR 0.04/m’ and EUR 0.07/m’, depending on the type of generation system used
(cryogenic, VSA/VPSA) and the volume produced, and a final price at delivery point is reported
between EUR 0.046 and 0.11 per m’. The electricity needed for the production of oxygen is
between 0.4 and 1 kWh/m®, with a typical cost in the range of EUR 0.05 - 0.065 per kWh.
[75, Germany-HV G Glass Industry report 2007].The price of oxygen may vary significantly up
to a factor of two or more, depending on the amount of oxygen use in the installation.

Specific costs related to the application of oxy-fuel melting have been estimated for different
types of glass and furnace capacity. The achievable levels assumed for the calculation have been
the following:

o float glass: 1.5 - 2 kg NOx per tonne of melted glass
e container glass: 0.5 - 0.9 kg NOx per tonne of melted glass
e special glass (no nitrates in the batch): 1 - 1.5 kg NOx per tonne of melted glass.

The results obtained are reported below:

o for container glass, the estimated costs for furnaces of different capacities
(200 tonnes/day and 450 tonne/day), when comparing an end-port regenerative type
furnace to an oxy-fired furnace, show a decrease in investment costs of between
EUR 2 million for a small furnace and EUR 4.7 million for the larger furnace, with
annual operating costs that increase by EUR 450000 per year and EUR 1.5 million per
year, respectively. The specific cost increase per tonne of melted glass is equivalent to
EUR 3/tonne glass for the small furnace and EUR 5 - 5.25/tonne glass for the larger
capacity furnace. The cost of NO, removal is estimated at EUR 3.4 - 4 per kg NO, for the
small furnace and EUR 5.5 - 6 per kg NO, for the one of larger capacity

o for float glass, the costs estimation for the application of oxy-fuel combustion to a float
glass furnace with a capacity of 500 tonnes/day shows a decrease in investment costs
equivalent to EUR 7.5 million in the case of a silica crown for the furnace, reduced to
EUR 3.5 million when fused cast material (AZS or alumina) is used for the crown. The
operating costs would increase by EUR 2.7 million per year, including costs for CO,
allowances to comply with the Emission Trading Scheme (ETS) Directive 2003/87/EC,
and calculated on the basis of a cost for oxygen equivalent to EUR 0.06 per m’.
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The specific costs would increase by EUR 6.8 per tonne glass up to EUR 11.4 per tonne glass,
depending on the type of material used for the furnace crown. A lower price for the oxygen
would significantly reduce the cost increase per tonne of melted glass. For a price of EUR 0.045
per m’, the specific cost increase would be in the range of EUR 1.1 and 5.6 per tonne glass. The
estimation for the float glass furnace results in a cost for NO, removal of between EUR 3 and
5 per kg NO, removed

for tableware, the extra investment costs estimated for a furnace of 30 tonnes/day are
equivalent to EUR 500000, due to the high quality refractory material required for this
type of glass. A decrease in operational costs is expected if the oxygen price is below
EUR 0.12/m’. For an existing furnace of 70 tonnes/day, the conversion from regenerative
configuration to oxy-fired resulted in a reduction of the investment costs equivalent to
EUR 2.25 million. Operating costs increased by EUR 600000 per year, equivalent to an
increase of EUR 12 - 13/tonne of glass, based on an oxygen price of EUR 0.10 per m’.

for continuous filament glass fibre, for a furnace of 100 - 120 tonnes/day, the increase of
investment costs related to the conversion from a recuperative type furnace to oxy-fuel
combustion has been estimated at EUR 1.5 million, with a reduction of operating costs
equivalent to EUR 250000 per year, taking into account a price for oxygen of
EUR 0.10 per m’. In this case, the specific costs per tonne of glass melted will increase
by EUR 6 per tonne and the cost of NO, removal is equivalent to EUR 3 - 3.25 per kg
NOy

for glass wool, the application of oxy-fuel combustion to a melting furnace of
125 tonnes/day, shows specific costs of about EUR 100 per tonne of glass. The estimation
is based on the price for oxygen at the delivery point equivalent to EUR 0.1 per m® and a
cost of electricity of EUR 0.091 per kWh including taxes. Above this furnace capacity,
the application of fuel-air combustion appears to have a lower specific cost.

Examples of actual cost data are reported in Table 4.20 for installations producing different
glass types under diverse operating conditions.
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Container glass”

Special glass®

Special glass®

Fuel Natural gas Natural gas Natural gas

Furnace capacity 650 t/day 50 t/day 50 t/day

Actual pull rate 502 t/day 40 t/day 50 t/day

Electric boosting - yes Yes

Type of glass Brown/green Borosilicate Borosilicate

0,

Cullet 66 % 60 % 40 %
(average value)

Specific energy 4.20 GJ/t glass

6.72 GJ/t glass

10.37 Gl/t glass

melting

(average value)

consumption (average value)

Associated emission levels

(AELs) 0.23 kg/t glass 1.42 kg/t glass 6.67 kg/t glass
Oxygen production On-site, cryogenic Delivered, cryogenic On-site, cryogenic
Electric energy cost EUR 0.05/kWh EUR 0.065/kWh 350 °C
Delivery cost of oxygen EUR 0.046/m’ EUR 0.11/m’ EUR 0.065/m’
Natural gas price EUR 0.0193/kWh EUR 0.025/kWh EUR 0.025/kWh
Specific costs for oxy-fuel EUR 9.97/t glass ~ EUR 23/t glass

Total investment costs

including amortisation of EUR 34.2/t glass EUR 93.46/t glass EUR 90.73/t glass
entire plant

Interest rate 6 % - -

Service life 12 years - -
Estimated cost for a

comparable conventional EUR 40.2/t glass EUR 120.13/t glass EUR 142.36/t glass
regenerative furnace

Estimated difference -15% -22% -36%

1. The installation is equipped with two furnaces. A heat-recovery system is installed before the bag filter. Values
for cullet usage and energy consumption are the mean average of the two furnaces.

2. The fuel decreases from 555 m*/t glass (conventional furnace) to 196.2 m*/t glass (oxy-fuel melting). Costs are
estimated based on verbal communication from the site management.

3. Costs are estimated based on available information. Costs associated with the use of electric boosting are not
included in the calculation.

Table 4.20:

special glass sectors.
[75, Germany-HVG Glass Industry report 2007]

Driving force for implementation

Examples of estimated costs of oxy-fuel melting applied to the container and

Oxy-fuel melting is a primary technique that is applied to reduce NO, emissions and, in some
specific cases, other atmospheric emissions (particulate). The application of oxy-fuel melting to
some sectors of the glass industry (special glass, continuous filament glass fibre, mineral wool)
is regarded as a good technical and economic option for the melting process. The reduction of
energy consumption with consequently lower CO, emissions may be the driving force for the
application of oxy-fuel melting to furnaces in these sectors.

In the glass frit sector, the NOx removal efficiency associated with oxy-fuel combustion is
about 20 - 45 %. Therefore, for this sector the technique is mainly considered a good alternative
for the melting process.

Example plants

Pilkington-LOF, Toledo, Ohio, US - float glass

Ardagh Glass, Moerdijk, the Netherlands - container glass

O-I Europe, Leerdam, the Netherlands - container glass

O-I Europe, Schiedam, the Netherlands - container glass

Vetrobalsamo, Sesto San Giovanni, Italy - container glass

PPG Industries, Hoogezand, theNetherlands - continuous filament glass fibre
PPG Fiber Glass, Wigan, UK - continuous filament glass fibre

OCYV Reinforcements - Vado Ligure, Italy - continuous filament glass fibre
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Gerresheimer Pisa, Pisa, Italy - borosilicate glass tubes

Schott Glas, Mainz, Germany - special glass

Philips Lighting, France, Poland, Netherlands - lighting glass

Owens Corning Building Products (UK) Ltd, Cwmbran, UK - glass wool
James Kent Ltd, Stoke-on-Trent, UK - frit

Saint Gobain Desjonqueres, Mers, France - container glass

Orrefors Kosta Boda, Sweden - <Stonnes/day crystal glass

Verrerie de La Rochere, France - 17 tonnes/day soda-lime

St George Crystal, US - 32 tonnes/day lead crystal

Nachtmann, Germany - 9 tonnes/day lead crystal.

Reference literature

[4, EPA 1994] [7, Ind.duVerre 1996] [tm29 Infomil] [30, Infomil 1998] [tm8 S23.03]
[9,S23.03 1996] [tm32 Beerkens] [private communication BOC] [33, Beerkens 1999]
[tm17 Ercole] [18, Ercole 1998] [tm45 Tlly] [46, Tlly et al. 1998] [19, CPIV 1998]
[75, Germany-HVG Glass Industry report 2007] [78, DUTCH oxi-firing furnaces 2007] [79,
TNO OxyFiring2005ATIVFinal 2005 ] [88, FEVE Proposal Ch.4-NOx 2007] [91, ITC -
C071304 2007] [92, ITC - C071603 2007] [94, Beerkens - APC Evaluation 2008] [79, TNO
Oxy-firing 2005, ATIV Final 2005] [98, ANFFECC Position of the Frit Sector 2005] [99, ITC-
C080186 2008] [e.g. tm3 EPA, tm6 NOx Ind.duVerre] [115, EURIMA-ENTEC Costs
evaluation 2008]

44251 Overall conclusions for NOy reduction using oxy-fuel
[94, Beerkens - APC Evaluation 2008]

Due to the complexity of the issues surrounding this technique, it is considered useful to have a
conclusion.

Oxy-fuel melting can be a very effective technique for NOyx abatement and, with some
exceptions, the technique can be considered to be technically proven. In principle, oxy-fuel
melting can be considered as applicable to the glass industry as a whole, but the problems of the
implementation should not be underestimated.

Oxy-fuel fired furnaces are applied successfully to container glass production, several kinds of
special glass (flat panel, soda-lime-silica lighting glass, borosilicate lighting glass), float glass,
glass fibre, continuous filament glass fibre and insulation wool [94, Beerkens - APC Evaluation
2008]. The efficiency for NOx emissions removal associated with the application of oxy-fuel
combustion to the glass frits industry is significantly lower than for other glass sectors.
Available data show a reduction of between 20 and 45 % from typical values with air-fuel
furnaces [99, ITC-C080186 2008].

There are still some important unanswered questions concerning the effect on the lifetime of
furnace refractory materials. Refractory suppliers have been developing new materials, such as
improved silica and MgO-Al,O; materials, as an alternative to AZS or alumina materials.
However, there is still a degree of financial risk associated with the technique.

[109, Schep, A decade of oxy-fuel 2003]

Initially (1990 - 1995), the lifetime of oxy-fuel fired glass furnaces was expected to be shorter
than that of traditional fuel-air fired furnaces. However, in the European container glass sector,
there are at least a few oxygen fired furnaces with the same lifetime. The design of the furnace,
the quality of materials (especially crown) and a very tight sealing of the superstructure are
important factors to determine the furnace lifetime.

The economic competitiveness of the technique depends mainly on the potential for energy
savings and on the relative costs of alternative techniques for achieving comparable NOx
emission levels.
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In many applications that require small to medium sized furnaces, significant energy savings
can be realised, which makes the technique more competitive. Indeed in some applications
(particularly furnaces producing <50 tonnes per day) the energy savings alone may be sufficient
motivation to install the technique. Larger conventional furnaces tend to be inherently more
energy efficient and the potential reductions in energy consumption are much less, which
increases the overall cost of the technique. In a number of applications the savings are unlikely
to outweigh the costs and the technique may not represent the most cost-effective way of
achieving NOx reductions. On the other hand, larger furnaces require high quantities of oxygen,
with are normally associated with a better price per m’.

The improvements in the performance of other NOx abatement techniques (particularly primary
techniques), combined with the advances in furnace energy efficiency are eroding the
competitiveness of oxy-fuel melting. However, in applications where these developments have
not been so great or where other factors limit their application (e.g. glass wool, continuous
filament glass fibre and special glass), oxy-fuel melting is potentially a very attractive
technique.

The relative merits of oxy-fuel melting vary greatly from case to case and the decision to
implement the technique can be strongly affected by other factors, for example, if an increase in
pull rate is required without an increase in the size of the furnace, an improvement of the quality
of glass is needed, or if the plant is located close to a cheap source of oxygen. The economics
can be affected to such a degree by site-specific factors that each case must be considered on its
individual circumstances.

Oxy-fuel melting should be considered as one effective NOy abatement measure that, depending
on the site-specific issues, might represent the most appropriate approach. It should, however,
be recognised as one of the main techniques in determining BAT Associated Emission Levels
(BAT-AELs) in the glass industry.

Nonetheless, the use of oxy-fuel combustion brings with it certain considerations concerning the
potential cross-media effects that need to be taken into account, such as the environmental
impact associated with the production of oxygen [99, ITC-C080186 2008].

For a comparison of estimated costs and cross-media effects of oxy-fuel firing with other
techniques Table 4.27, Table 4.29 and Table 4.42.

44.2.6 Chemical Reduction by Fuel (CRF)

Chemical Reduction by Fuel (CRF) describes those techniques where fuel is added to the waste
gas stream to chemically reduce NOx to N, through a series of reactions. The fuel does not burn
but pyrolyses to form radicals which react with the components of the flue-gas to form H,O and
N,. The two main techniques that have been developed for use in the glass industry are the 3R
process and the reburn process. Both of these techniques are currently restricted to regenerative
furnaces. The 3R process has been fully developed for application within the industry but at the
time of writing (2009), the reburn process has not yet demonstrated its industrial applicability in
the glass industry.

The principal reaction pathway for the techniques based on the reduction by fuel is summarised
below:

CH4 — CH

CH + NO — HCN

HCN + OH — NH,

NH2 +NO — N2

During the first stage of the process hydrocarbon radicals (CHy) are formed mainly by thermal
decomposition in the zone where the fuel (generally natural gas) is injected.
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The radicals react with NOy formed in the furnace to form other nitrogen species such as HCN
and NHj. Once formed, these species rapidly react with other primary NO molecules to form
molecular nitrogen (N;). After allowing the reburn fuel to mix and react with the combustion
gases, burnout air is injected to complete combustion of the reburn fuel. In the burnout zone,
any remaining reduced nitrogen species are completely converted to molecular nitrogen (N,) or
back to NO.

44.2.6.1 The 3R process

Description

The basis of the 3R process is the addition of a hydrocarbon fuel (e.g. natural gas or oil) in a
controlled manner to the waste gas stream at the regenerator entrance. This fuel does not burn
but dissociates and acts to chemically reduce the NOx formed in the furnace. The technology is
designed for use in regenerative furnaces, where the regenerator provides the necessary
conditions of temperature, turbulent mixing and residence time for the reactions to proceed. The
process name “3R” relates to reaction and reduction in regenerators.

There are two main stages involved in the 3R process, deNOx and burnout. In the deNOx stage
there are two principle mechanisms; the first involving the reaction between 3R fuel radicals
and NO. The radicals (CHy) are formed very quickly as the fuel enters the regenerator. The main
reactions occurring at this stage are:

CH, + OH/O/0O, — CH, + H,0O
CH4 — CHX

CH,+NO —- H,CN+O

CH, +NO — H,CNO + H

These reactions are very rapid and take place mainly in the upper regenerator chamber. They
account for around 25 % of the NOx reduction.

The second mechanism occurs as the waste gases pass down through the regenerator checker-
work, where the residence time is relatively long. The CO and H, (formed from primary and 3R
fuels) have adequate time at a high enough temperature to reduce the majority of the remaining
NO to N,. This reaction takes place throughout the regenerator system, but predominantly in the
checkerwork and accounts for the majority of the NOx reduction achieved by 3R. The main
reactions are:

CO+NO — 2N, +CO,
Hz +NO — 1/2N2+ Hzo

The second stage of the process involves the burnout of reduced species, mainly unreacted CO
and H,. These species are oxidised by the controlled supply of air into the flue-gases below the
regenerator. The main reactions are given below.

CO+ % 0,— CO,
CO+0OH—CO,+H
CO +HO, —» CO, + OH

Achieved environmental benefits

Depending on the installation, the emission levels achieved with the application of 3R are in the
range of 1.0 — 1.5 kg/tonne of glass melted. An overall NOx reduction of between 70 — 85 %
and NO, emission concentration levels down to 500 mg/Nm® (dry, 8 % O,) can be achieved,
according to data reported by the 3R technology supplier.
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Cross—media effects

The main drawbacks with 3R are that the use of hydrocarbon fuels to achieve the necessary
NOx reduction involves an inherent cost and leads to an increase in CO, emissions. This means
it is attractive to combine 3R with more conventional primary NOx reduction measures in order
to reduce the 3R fuel requirement.

If a waste heat boiler is installed, most of the energy in the 3R fuel can be recovered and the
overall CO, increase will be minimal. The use of 3R does not necessarily imply that a waste
heat boiler would be cost effective overall, but where one is already installed (or intended to be
installed) 3R results in a beneficial increase in the furnace load range over which the boiler can
be utilised. Overall this may lead to substantial savings in the site energy requirements and the
use of other energy sources (e.g. fossil fuel boilers) can be reduced. An important limitation to
the amount of energy that can be recovered is often given by the lack of demand for steam
within the installation. Depending on the specific application, these energy savings mean that
the 3R process could give rise to significant cost savings (one 1997 example quoted around
EUR 600000/year).

With no waste heat recovery on the plant, the extra fuel required is generally around 7 % of the
melting energy. This would result in increased CO, emissions of 25 — 35 kg per tonne of glass
melted or 4 — 6 tonnes per tonne of NOx abated. The estimated increase of emissions does not
include the extra indirect emissions of CO, (100 - 150 tonnes/year) and NOy associated with the
use of additional electric energy needed for the increased capacity of the fans (additional waste
gas volume).

In practice, the precise fuel requirement to achieve the desired NOx reduction may vary
depending on the specific conditions of the furnace.

Although 3R is sometimes considered a primary technique because of its relative simplicity, it
should be regarded as a secondary techniques such as SCR and SNCR in that it does not prevent
formation and not only reduces thermal NOy, but also NOx from other sources, such as raw
materials.

Damage to regenerators may occur if the 3R process is not properly applied and operated.
Reducing flue-gases may lead to an increased corrosion resulting from condensation and
deposition phenomena, depending on the type of refractory material used for the regenerator.

Operational data

The degree of NOx reduction achieved with 3R depends mainly on the amount of extra fuel
added and can be tailored to meet various emission standards. For applications to air-fuel fired
float glass furnaces the achieved NOx concentrations could be of below 500 mg/Nm’ at 8 %
O, dry volume. However, the application should be carefully controlled, in particular when
some type of refractory material is used.

The main aspects of 3R technique are reported below:

o the temperature window for injection of fuel is typically >1300 - 1400 °C in hot exhaust
gases entering the regenerators

o regarding conversion efficiency, depending on the amount of available oxygen,
eventually all hydrocarbons are converted into CO, and H,O vapour

o typical NO, emission reductions are, in general, in the range of 70 - 85 % from the initial
values, but lower reduction rates are also reported in relation to lower amounts of injected
hydrocarbons

o regarding the use of hydrocarbons, the quantity of extra fuel needed for the 3R process is

about 7 - 10 % of the total amount used for combustion to provide energy to the melting
furnace, but 8 % is the typical value. For a 500 tonnes/day float glass furnace, the
additional fuel consumption is typically between 350 and 375 Nm® natural gas/hour. For a
300 tonnes/day container glass furnace, the extra fuel is 125 - 150 Nm® natural gas/hour
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° in terms of specific energy consumption, the increase due to the application of 3R is
estimated to be about 0.5 GJ/tonne float glass and 0.36 GJ/tonne container glass
° additional aspects related with application of 3R concern the refractory materials in the

regenerator which may not be resistant towards reducing gases (CO, hydrocarbons and
soot) or salt deposits with reducing characteristics or high alkali metals concentrations.
For the application of 3R technique some refractory materials must be avoided, in order
to prevent potential damages in the regenerator and reduced lifetimes.

A summary of the main advantages and disadvantages associated with the use of the 3R
technique is shown in Table 4.21.

Advantages
can achieve substantial NOx reductions

applicable to most types of regenerative furnaces

no major changes to plant design or operation

low capital costs

can be applied without the need for a furnace shut down

no chemical reagents required

increased fuel usage can, in some cases, be compensated by waste heat recovery
can be considered as proven and available technology

reduces NOx from all sources

Disadvantages

] increased fuel usage (generally 7 %, but can, in some cases, be reduced with waste heat
recovery)
] increased CO, emissions (20 — 30 kg/t glass melted, but can, in some cases, be reduced with
waste heat recovery)
° concern over effect on regenerator refractory material in some applications
° not applicable to non-regenerative furnaces
Table 4.21: The main advantages and disadvantages of the 3R technique
Applicability

The technique, as for 2009, is considered applicable only to regenerative furnaces, but it can be
implemented to both new and existing plants and to furnaces firing on either oil or natural gas.

The 3R process is mainly applied in the float glass industry, with very few applications in other
sectors.

There is a concern that the reducing atmosphere created in the regenerators could damage some
types of refractory materials, particularly if higher temperatures are also experienced. Most
experience with the technique has been gained with float glass furnaces, which tend to use high
quality refractory materials in the regenerators. The likelihood of refractory damage is greater
with lower quality refractories (e.g. those containing Ca, Fe and Cr) which are found in some
container glass plants. This is very case specific but the replacement of existing refractories with
materials of higher thermal and chemical resistance could involve substantial costs.

The developers of the technique anticipate that regenerator modifications will not be necessary
in the vast majority of cases.

Economics

A summary of the costs and related achieved removal of NOx emissions for a number of 3R
applications is shown inSectioon 4.4.2.9, Table 4.28 and Table 4.29.

The typical investment costs range from EUR 200000 to 350000, depending on the number of
burner ports and the size of the furnace.
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The operational costs consist mainly of the extra costs for fuel (often natural gas) injected at the
top of the regenerator chambers; therefore, they strongly depend on the fuel price. An additional
cost consists of the licence fees to be paid for the use of the technology. The license fee formula
is quite complex, but over the lifetime of the licence, this typically equates to about EUR 0.5 per
tonne of glass melted.

Estimated cost data, based on presumedly achieved emission levels equivalent to <500 mg/Nm’
NOy, associated with the application of the 3R process to float glass include:

o the investment costs which vary with the size of the furnace, from about EUR 310000
(500 tonnes/day) to EUR 360000 (900 tonnes/day)

o operating costs range from EUR 1.06 million up to EUR 1.3 million per year, which are
for extra natural gas and the 3R licence

o based on natural gas prices in 2007, the application of the 3R process results in a specific
cost of EUR 6 to 6.25 per tonne melted glass for a float glass furnace of 500 tonnes/day,
and about EUR 5.5 per tonne melted glass for a 650 tonne/day furnace. The costs per kg
NOy emissions reduction is EUR 1.4 - 1.8 per kg NO, removed. For float glass furnaces,
the annual NO, emission reduction is typically 700 - 1000 tonnes NO,/year, depending on
the furnace size and initial NO, emissions. Cost data do not include heat recovery by
waste heat boilers.

Estimated costs for the application of the 3R process to container glass furnaces are the
following:

o the investment costs range from EUR 185000 (200 tonnes/day) to EUR 280000
(600 tonnes/day)

o typical operational costs are EUR 300000 per year for a 200 tonnes/day furnace capacity
up to EUR 780000 per year for a 600 tonnes/day furnace capacity. This results in
EUR 4 - 4.5/tonne molten glass for small and medium size container glass furnaces and
EUR 3.75/tonne molten glass for very large furnaces.

o the costs calculated per kg of NO, emissions reduction are about EUR 2.5 per kg NO,
removed. For smaller container glass furnaces (200 - 300 tonnes/day) the achievable
emissions reduction is about 125-150 tonnes/year of NO, emissions, and for a
600 tonnes/day furnace, more than 300 tonnes/year of NO, emissions can be reduced

o cost data do not include heat recovery by waste heat boilers.

The rising cost of fuel, and penalties associated with the increased CO, emission are likely to
affect the use of 3R in the future.

Driving force for implementation
To accomplish the legal limits and benefit from the low investment costs are the main driving

forces for using this technique.

Example plants
In 2007, there were at least 14 furnaces with 3R equipment installed.

Installations are mainly in the float glass sector and very few in other sectors.
Container glass sector:

o not known. Tests have been done successfully at United Glass in St. Helens (this plant is
not producing anymore)
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Float glass sector:

Pilkington, G, Weiherhammer, Germany

Pilkington, G, Gladbeck, Germany

Pilkington, St. Helens, UK float glass - three furnaces
Pilkington, Finland

Pilkington, Sweden

Pilkington, Marghera-Venice, Italy

Pilkington, US, two float glass furnaces

Interpane, France,

Guardian, Luxembourg.

Special glass sector:
° Samsung Corning, Korea (TV glass)
Reference literature

[tm39 3R-update] [40, Shulver et al. 1997] [65, GEPVP-Proposals for GLS revision 2007] [85,
Spanish BAT Glass Guide 2007] [94, Beerkens - APC Evaluation 2008]

44.2.6.2 Reburning

Description

Reburning is a combustion modification technology used to remove NOyx from combustion
products by using fuel as a reducing agent. It can be used to control emissions from virtually
any continuous emissions source, and is not fuel specific although natural gas is generally used.

The technique was originally applied to large boiler plants in the early 1980s. Reburning
technology has been successfully demonstrated on utility boilers, typically achieving NOx
removal efficiencies of between 50 - 65 % at a moderate cost per tonne of NOy abated.

These achievements led to consideration of reburning for use in the glass industry. Glass
furnaces appeared to be good candidates for a successful installation of reburning because of
their large post-melter cavities (furnace flues and regenerator crown), and characteristics such as
hot combustion gases and high initial NOyx concentrations.

A schematic of the process is shown in the Figure 4.7. The reburning process can be
conceptually divided into three zones, the primary zone, the reburning zone and the burnout
zone. In the primary zone the fuel and air are fired through the existing burners on the furnace at
normal or reduced primary fuel stoichiometry. The level of the NOx exiting the zone is the input
to the reburning process. In the reburning zone, the reburning fuel is injected downstream of the
primary zone to create a fuel-rich NOx reduction zone. Depending upon the primary
stoichiometry, the amount of fuel required is 5 - 20 % of the primary fuel. In the burnout zone,
air is added to produce overall fuel-lean conditions and to oxidise all unburned species.

Natural gas

Burnout zone
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For the application of reburn to glass furnaces, it is expected that the reburn fuel will be injected
at the back end of the melter or just downstream of the melter to minimise impacts on the heat
distribution above the melt. For glass furnaces with a sufficient gas residence time between the
reburn fuel injection point and the heat recovery device (i.e. regenerator or recuperator), the
burnout air would be injected just upstream of the heat recovery device.

This technique was tested in 1996 on a 350 tonnes/day container glass furnace located in
Antioch (US, California). At the time of writing (2008) there are no examples of its long-term
use at full scale.

A demonstration was made on a float glass furnace in 1999. Tests were conducted to assess the
technique. However, due to higher energy consumption and a tangible risk of damage to
refractories the process has been stopped. At the time of writing (2009), there is no industrial
application of the reburning technique in the glass sector.

More recent data are not available, at the time of writing, since the technique is not currently
applied to glass furnaces; therefore, it will not be discussed further.

References to literature

[tm53 Gas Reburning] [54, Koppang et al. 1999] [tm54 Gas Reburning2] [55, Koppang et al.
1999] [tm55 Field Test] [56, Gaz de France 1996] [tm56 GazdeFrance] [57, CPIV 1998] [65,
GEPVP-Proposals for GLS revision 2007] [85, Spanish BAT Glass Guide 2007]

4.4.2.7 Selective catalytic reduction (SCR)

Description

SCR involves reacting NOx with ammonia in a catalytic bed at the appropriate temperature.
Several catalysts are available, each operating over a slightly different temperature window. The
most common catalysts are vanadium and titanium oxides (usually TiO, and V,0s) impregnated
onto a metallic or a ceramic substrate. Zeolite molecular sieves can also be used, with the
reaction taking place in the microscopic porous structure. The performance of zeolites can be
optimised by adding metals such as platinum or palladium to the structure. Whichever catalyst
is used, it is important to maintain the correct operating temperature, usually 200 - 500 °C with
the optimum 300 - 450 °C.

The catalyst units used in the glass industry are modular honeycomb structures, although
granular or plate forms are used in other industries. The size of the unit depends on the volume
of waste gas being treated and the desired NOx reduction. The modular structure allows easy
section replacement, or the addition of further catalyst. Catalyst lifetimes depend on many
factors but particularly waste gas composition and plant design. Most suppliers will guarantee a
lifetime of three years or more, and in most industrial applications 5 to 6 years could be
expected without significant deterioration of activity.

Systems are normally designed to achieve NOx emissions <500 mg/Nm’ with removal
efficiency of >80 %, although typical long-term removal efficiencies are maintained between
70 and 80 %. In theory, the NOx reduction efficiency increases with the NH;:NOx molar ratio,
but this is usually kept as close as possible to 1:1 to minimise ammonia slippage. The NOx
reacts with the NH; according to the overall reactions given below. These reactions normally
take place at around 950 °C (SNCR), but the presence of the catalyst lowers the temperature by
absorbing the NH; which reacts with the NO from the gas phase. The ammonia is injected
upstream of the catalyst either as liquid NH; or as an aqueous solution. Urea has been used in
some applications but is not favoured by the glass industry.

4NO + 4NH; + O, — 4N, + 6H,0
6NO, + 8NH; — 7N, + 12 H,O
2N02 + 4NH3 + 02 —> 3N2 +6 Hzo
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Several undesirable reactions can also take place:

2NH3 + 202 - Nzo + 3H20
2802 + 02 — 2SO3
SO3 + NH3 + HzO — NH4HSO4

With SCR the production of N,O is very low and is not usually a problem. The formation of
SO; and the subsequent reaction to ammonium bisulphate (NH4HSO,) can be a problem,
particularly with high sulphur fuels. The ammonium bisulphate can poison the catalyst and
cause fouling and corrosion of the equipment. Some dusts containing alkali metals
(e.g. MgO, Ca0, Na,0, K,0) or heavy metals might also act as catalyst poisons.

Although high dust systems exist, with glass processes, it is necessary to install a dust removal
unit before the SCR unit. This unit must reduce the dust concentration to 10 — 15 mg/Nm’, and
is almost always an electrostatic precipitator (2 or 3 stage). The low operating temperatures of
bag filters would require the waste gas to be reheated to the reaction temperature for the
catalyst, which would add greatly to the operating costs and would generally be considered
prohibitively expensive. It is also necessary to blow air through the catalyst bed (about every
2 hours) to prevent blinding and blockages by the remaining fine dust. The use of the ESP
means that in many cases an acid gas scrubbing system must also be installed upstream of the
ESP.

Achieved environmental benefits

The NOx emission levels achieved will depend mainly on the inlet concentration and on the
amount of catalyst and ammonia used. The level of ammonia is usually kept below the
ratio 1.1:1 to limit the potential for ammonia breakthrough. In general, NOx reductions down to
<500 mg/Nm® are quoted for most applications. Some applications within the glass industry,
e.g. special glass, have high unabated NOy emissions (>4000 mg/Nm®) and theoretically a
90 % reduction would give a concentration of below 500 mg/Nm’. In theory, given a sufficient
amount of catalyst, very low emission levels are possible but in practice there are many limiting
factors which restrict performance.

Without a high degree of primary NOx abatement measures, more typical glass furnace
emissions would be in the range of 1200 - 2000 mg/Nm’, and an 80 — 90 % reduction would
give values ranging from below 200 - 500 mg/m’ and 0.5 — 1.0 kg/tonne melted glass, for the
container glass sector and 1 — 1.5 kg/tonne for flat glass. If combined with the primary measures
described in Section 4.4.2.1, very low figures could be anticipated but in this case, the overall
costs and cross-media effects would need to be taken into account, in particular per tonne of
NOx abated.

The actual values reported for container and flat glass applications are in the range of
400 — 950 mg/Nm’, with removal efficiencies in the range of 70 - 80 %, depending on the initial
concentration of NO,. These figures are associated with an ammonia slippage of 8 - 20 mg/Nm’.

Cross-media effects

The main cross-media effects associated with the application of the SCR technique are the
potential emissions of ammonia, the use of electric energy and production of solid waste at the
end of life of the catalyst.

The use of ammonia is associated not only with the slippage of unreacted solution but also with
environmental and legal safety requirements for ammonia production, transport, storage and
use. The operation of transferring ammonia from the container used for delivery to the storage
represents a source of fugitive emissions.

Ammonia slippage from the SCR system into the waste gases is normally below 30 mg/Nm’. A
concentration of 30 mg/Nm® has been reported in the case of an SCR application on a float glass
plant with a NO, starting level of 2400 mg/Nm® and a removal efficiency of 71 %.
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Ammonia emissions of 20 mg/Nm’ have been reported for a special glass furnace with a starting
concentration of 5278 mg/Nm’ and a reduction efficiency of 80 %.

Normally an additional catalyst layer can reduce the ammonia slippage and increase the
possibility to lower NO emissions (total NO, removal >80 %).

The consumption of ammonia plus electricity (for extra fan capacity and pressurised air to clean
the catalyst modules and to atomise the ammonia solution in the flue-gas) are associated with
indirect emissions. The estimation made for the SCR technique applied to float glass furnaces
results in 1.8 - 2.5 tonnes per year of indirect NO, emissions and 800 to 1500 tonnes CO, per
year, depending on the size of the float glass furnace. Indirect NO, emissions represent only
0.3to 0.5% of the amount of NO, reduced by SCR (600 -1300 tonnes/year for
500 - 600 tonnes/day float glass melting furnaces) and the indirect CO, emissions are almost
1 % of the CO, emissions of the glass furnace.

Waste material is produced when the catalyst must be renewed after its lifetime. Typical catalyst
lifetimes are 4 - 5 years (>5 years have been reported for container glass) and the volume of
waste produced can be 20 m’ for a float glass furnace of 700 tonnes per day.

Operational data

In most applications within the glass industry, SCR is used to maintain compliance with the
applicable local legislation, which is usually not lower than 500 mg/Nm’. Therefore, subject to
the limitations discussed in this section for glass processes, NOx emissions levels of
<500 mg/Nm’ (<800 mg/Nm’ for high inlet concentration) can be achieved using SCR. Current
operational data are affected by existing legislation concerning both NO, and residual ammonia
emissions. In some industries, figures of <200 mg/Nm’ have been achieved, and it is not
unreasonable to expect that figures around these levels could be achieved in some cases in the
glass industry. However, it should be emphasised that at the time of writing (2009) these lower
figures have not been achieved in practice in the glass industry and both the technical and
economic implications should be considered. Most existing applications of the technique within
the glass industry have achieved reductions in the range of 70 — 80 % but 80 — 95 % could
potentially be achieved, particularly with a new installation, by means of larger catalyst volumes
(e.g. second layer of catalyst modules).

Container glass and flat glass furnaces at the moment of the reported information
(2005 - 2006) were obtaining their best values of between 460 -500 mg/Nm’ with this
technique.

Data concerning example installations producing container, flat and special glass, where the
SCR technique is used in combination with an ESP and a dry scrubbing stage, are shown in
Table 4.22.

BMS/EIPPCB/GLS_Draft_2 June 2009 215



Chapter 4

Container glass” Flat glass® Special glass ©
Fuel Natural gas Natural gas Natural gas/light fuel oil
Type of furnace End-fired Float Cross-fired
(four furnaces) regenerative
Total pull rate 640 t/day 600 t/day 179 t/day
. . two-layer 10 m” volume
SCR installation honeycombycatalys ¢ Honeycomb catalyst honeycomb catalyst
Reducing agent An'lmonia Ammonia An'lmonia
solution 25 % solution 25 % solution 25 %
Consgmptlon of 145 1/h Not available Not available
reducing agent
NOx reduction 75 % 71 % 82 %
Associated emission Half-hour average Half-hour average Half-hour average
levels (AEL:s) values values values
NOX .
(Nmg/Nm’,
dry gas at 8 % O, 456 700 950
kg/t glass 0.97 ¥ 1.12 6.05
NOx removal efficiency 75 % 71 % 82 %
Ammonia slip
(mg/Nm’, dry gas at 19.5 <30 20
8 % Oy)
1. The installation consists of four furnaces.
2. The installation is equipped with continuous monitoring of NOx, NH; and other parameters.
3. The installation is equipped with a heat recovery system. Batch formulation contains nitrates.
4. The value has been calculated, based on the information provided (mass flow, flue-gas volume, melted glass,
emissions concentration).

Table 4.22: NOx emission levels associated with the use of the SCR technique in example
installations

[75, Germany-HVG Glass Industry report 2007] [84, Italy-Report 2007]

The NH; reagent is injected under pressure into the flue-gas upstream of the catalyst bed and
either liquid ammonia or an aqueous solution (usually 25 %) can be used. Liquid NH; is a
hazardous substance and there are important cost and safety issues associated with its storage
and use, including neighbourhood awareness. Most glass processes do not use these types of
chemicals and operators prefer to use an aqueous solution, which also requires careful storage
and handling. Site-specific issues, in particular the proximity of housing and sensitive
environments must be taken into account.

The SCR operating temperature should be above 330 °C to avoid formation of ammonium
bisulphate (NH4,HSO,). This condensation/deposition product can foul the catalyst surfaces and
the SCR installation and will lead to poor performance.

When these phenomena do not occur, the lifetime of the catalyst should be at least 4 - 5 years
for most glass furnaces and flue-gas characteristics, but much longer periods have been claimed.

The typical volume of catalyst needed for a float glass furnace of 700 tonnes/day molten glass
(90000 Nm*/h flue-gas volume) is 20 m® (one layer). Normally, it is estimated that 0.008 m® of
catalyst is used per tonne of NO, emissions reduction, and a volume of 20 m’ used for a period
of 4 - 5 years will reduce the total NO, emissions by about 2500 - 3000 tonnes over the period.

The use of a double layer catalyst will improve the removal efficiency of NO, and lower
ammonia slippage. With one layer, the NO, reduction is about 75 - 80 %, for a certain ammonia
dosing level. A higher ammonia dosing rate used with a single layer catalyst (1 - 1.3 metres in
height) will increase ammonia slippage to values that may become unacceptable.

A summary of the main advantages and disadvantages associated with the application of the
SCR technique is shown in Table 4.23.
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Chapter 4

Advantages:
[ very high NO, reduction efficiency

reduces NOy from all sources in the furnace, not only thermal NO,
may form part of an integrated air pollution control system

several examples within the glass industry for different glass sectors
performance guarantees often available from suppliers

Disadvantages:

. technical issues still to be resolved in some applications (e.g. some glasses which contain
boron)
[ ammonia is consumed and emitted and the cross-media effects from ammonia production and

storage must be considered

energy is consumed by the system

must be installed with dust abatement and acid gas scrubbing, low dust and SO, levels are
required

relatively high capital cost particularly for small plants

high space requirement

relative cost benefit under erosion by developments of other cheaper techniques

concerns persist over catalyst lifetimes
the operating temperature limits the possibilities for heat recovery
gas cooling may be required for recuperative furnaces.

Table 4.23: Main advantages and disadvantages of the SCR technique

Applicability
In principle, SCR can be applied to most new and existing processes in the glass industry.
However, there are a number of issues that severely limit the applicability of the technique in
certain cases.

High levels of SO, in the flue-gas can result in ammonium bisulphate formation causing a
poisoning of the catalyst and corrosion. This is potentially also true for gas-fired furnaces with
high sulphate levels. In order to avoid this problem, the flue-gas temperature must be
maintained above 330 °C. One of the key aspects of the costs of SCR is the catalyst lifetime,
which could be significantly reduced if poisoning occurs.

SCR has been used in the power industry to treat gases with high SO, concentrations, and the
problem has been solved by the use of efficient flue-gas desulphurisation techniques upstream
of the equipment. The SO, removal efficiency of gas scrubbing systems currently used within
the glass industry is unlikely to be adequate for SCR. More efficient SO, removal would add
substantially to the costs and would make it difficult to recycle the collected material to the
furnace, thus creating a further waste stream. Further information is given in Section 4.4.3.

However, successful experience has been reported with the use of SC