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Executive Summary

It is widely considered that biomass firing and co -firing in large coal -fired power
boilers, both in existing and new build plant, is a very attractive option for the
utilization of biomass materials for power production, and for the delivery of
renewable energy, in terms of the capital investment requirement, the security of

supply, the power generation efficiency and th e generation cost. It is also apparent
that, coupled with carbon dioxide capture and storage (CCS ) technologies, biomass

firing and co -firing provides one of the very few means of removing substantial

quantities of carbon dioxide from the atmosphere.

There are three principal options for the utilization of biomass materials for power
production in combustion  -based conventional steam cycle plants:

1 The installation of new, dedicated biomass power plants which, at
industrial and utility scale, have normally been based on grate fired or
fluidised bed combustion systems,

1  The co -utilization or co -firing of biomass with a more conventional fuel,
normally coal, in large pulverised coal boilers, and

The conversion of existing pulverised coal boilers to 100% biomas s firing
Biomass types

The principal types of biomass materials employed as power plant boiler fuels
have included:

1 The solid waste materials from the olive oil, palm oil, sunflower oil,
rape seed oil and other industries, which involve the processing of
agricultural products in large volumes,

1  Dried sawdust and cereal straw pellets,
1  Dried sewage sludges,

1  Wood materials in various forms, but principally as dry sawdust pellets
or wood chips, and

1  Cereal straws and other baled agricultural residue materials.

In general terms, the agricultural waste s and the faster growing biomass
materials are relatively inexpensive, but tend to have higher ash contents, and

ashes with higher levels of alkali metals and lower ash fusion temperatures

than do the woody material s. These tend to give rise to significant ash
deposition problems and can only be co -fired at fairly modest co  -firing ratios in
boiler plants originally designed for coal.

The clean wood materials tend to have lower ash contents and more benign
ashes, and can be fired at higher co  -firing ratios. For 100% biomass firing,
only the higher grade wood materials are suitable. For handling, storage,



transportation and firing in very large quantities, dry materials in pelletised
and other densified forms have been preferred.

The preferred fuel for large scale biomass firing in large pulverised coal -fired
boilers is pelletised sawdust, which is traded in very large quantities
worldwide. The total moisture content of wood pellets is normally less than

10%, with the  average lying around 6 -7%. This would appear to be perfectly
acceptable for processing through modified vertical spindle coal mills and firing

at most coal power plants.

For processing in hammer mills, a wider range of fuel types may be possible,

i.e. bio mass materials in granular and coarse dust forms, and with higher
moisture contents, up to 15 -20%, on a wet basis, can be processed using
hammer mills to provide a suitable product .

There has been significant interest in recent years in the production and
utilisation of biomass materials that have been thermally treated, principally to

improve their storage and handling, and their milling properties , compared to
those of conventional white pellets. The more important of these processes

are:

1  Torrefaction, a low temperature pyrolysis process, and

I Steam expansion, most commonly by a technology related to the
Masonite process, which has historically been employed to make
hardboard.

Impacts on milling and combustion

In general terms, the impacts of biomass co -firing on the operation and
integrity of the boiler plant depend largely on the nature of the biomass
material and on the co  -firing ratio.

When a wide range of biomass materials have been co -fired with coal at co -
firing ratios less than 10% on a heat input basis, the impacts on the
performance and integrity of the installed coal milling and combustion system

have been very modest.

When the biomass has been pre -milled and is co -fired in direct injection
systems at up to 50% heat input to individual mill grou ps of burners, the
impacts on the performance and integrity of the combustion system have

mostly been modest. In this case, the biomass combustion is supported at all

times by a stable pulverised coal flame. A relatively wide range of biomass ash

and moist ure contents can be accommodated without causing problems with

the combustion system , provided that the biomass has been milled to an
appropriate top size.

If there is oversize material in the biomass feed, this will result in an increase
inthe numberof unburned particles or O0sparklerso
an increase in the unburned fuel levels in both the bottom ash and fly ash.

When milled biomass materials have been fired without coal support through
unmodified low NOx pulverised coal burne rs, there is a tendency for the flame

at
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produced to have the ignition plane located further out into the quarl than in a

well -anchored pulverised coal flame. The effect of this has been that the flame
monitor signals obtained with the unmodified burners have been poorer than
for a stable pulverised coal flame, particularly at reduced mill loads.

The response to this issue has been two -fold:

1 In some cases, modifications have been made to the flame detection
system to provide a focus on a position in the flame further out into
the furnace , and

1 In other cases, significant physical modifications have been made to
the installed burners, designed to bring the ignition plane back into
the burner quarl, and improve the flame monitor signals.

These modifications woul d in most cases tend to reduce the NO x control
capabilities of the burner. There has in recent years been significant
development and demonstration work carried out by the combustion
equipment suppliers to enable them to offer a purpose -designed burner for
milled biomass materials, which provides rapid ignition and good flame
monitor signals, good burnout of the biomass and minimum NO x emissions.

Ash -related impacts

The key fuel related impacts on boiler performance and integrity, are
associated with the in  organic components of the biomass. These include the
deposition of the fuel ash on boiler surfaces, boiler tube corrosion and particle
impact erosion.

The more important high temperature ash deposition occurrences within the
furnace are associated with th e following phenomena:

1 The deposition of fused or partly -fused ash materials on burner
components and divergent quarl surfaces, and the formation of
6eyebrowdé deposits ar ou-firdairlparts, camresult and over
in interference with light ~ -up and bur ner operation

1 The deposition of fused or partially -fused slag deposits on furnace
heat exchange surfaces reduces furnace heat absorption.

1  The accumulation and subsequent shedding of large ash deposits on
upper furnace surfaces can lead to damage to furnac e ash hoppers
and other components of the lower furnace.

These are slag formation processes which occur at relatively high
temperatures in excess of around 800 -1000°C, on furnace refractory or water
wall surfaces in direct receipt of radiation from the fla me. These processes
occur relatively rapidly, over a matter of minutes or hours, when conditions

are favourable, and usually involve the sintering and fusion, or partial fusion,

of fuel ash particles on the surfaces within the furnace.

The accumulation of  ash deposits in the convective sections of boilers also
occurs. These ash accumulations are normally termed fouling deposits, and



the more common occurrences include:

1 The formation of ash deposits on the surfaces of superheater,
reheater and evaporator ban ks occurs at flue gas temperatures less
than around 1000°C. This is generally a much slower process than
slag formation, with the tendency for significant ash deposits to grow
over a period of a number of days and weeks. The process involves
the formation  of deposits in which the ash particles are bonded by
specific low melting point constituents, principally the alkali metal
species and, in some cases, the more volatile trace elements, such as

lead and zinc,
1  Convective section fouling is one of the most t roublesome ash -related
problems associated with the combustion and co -combustion of

biomass materials, because of their relatively high alkali metal
contents, and hence high fouling potential in many cases.

1 Increased fouling also increases the gas -side pre ssure drop across the
banks, and can eventually lead to ash bridging between the tubes.

1  Ash deposits on economiser surfaces at low flue gas temperatures
tend to be relatively weakly bonded.

Low temperature fouling and corrosion of air heater surfaces are also
common occurrences. These are fairly complex processes involving
the condensation of acid species at temperatures below the dew
points, and the chemical interaction of the ash particles with the
condensed acid.

Uncontrolled ash deposition would very quickly result in operational problems

in most boiler plants firing solid fuels. Most solid fuel furnaces and boilers are

designed to minimise the extent of ash deposition in key locations. They are
also fitted with on  -line cleaning systems of various types to permit a level of
control over the deposition rates, and hence to maintain heat absorption levels

in the furnace and convective section.

The corrosion processes that occur on the gas -side surfaces of boiler tubes are
very complex. They occur at high temperatures underneath ash deposits and

in contact with combustion product gases, over extended periods of time
during which the fuel diet and the operating conditions can change
significan tly.

The corrosion concerns are principally associated with the final stage
superheaters and reheaters , with the leading elements and steam outlet legs
being subject to the most aggressive attack.

The majority of biomass materials of industrial interest have the following key
chemical characteristics, which have an influence on the high temperature
corrosion processes:

1 The biomass ashes tend to be relatively rich in alkali metals , which
tend to form deposits on the tube surfaces via a
volatilisation/cond  ensation mechanism,



1 Most biomass materials have relatively low total sulphur contents,
generally less than 0.5%, and the chlorine contents of biomass
materials vary significantly, but can be up to 1% or so in some cases.

The result is that the S/CI mass ratios for many biomass materials can
be relatively low, compared to those for most coals.

This is very different from coal ash deposits, and i n general, it is necessary to
design dedicated biomass boilers with final steam temperatures that are
significant ly lower than those that apply in large coal -fired boilers. The general

experience with the operation of boiler plants firing a wide range of clean
biomass materials has been that, at final steam temperatures in excess of
500°C, unacceptably high rates of metal wastage of superheater elements can
occur.

There are a number of potential remedial measures available to address the
observed corrosion problems:

1 The control of the final steam temperatures, at the boiler design
stage, to levels at which the corros ion rates are acceptable, for the
fuel being fired and the superheater materials employed, and t he
selection of more corrosion resistant alloys for construction of the final
superheaters, if necessary,

1  The protection of the surfaces of vulnerable high temp erature tubing
by the use of coatings, weld overlays and other measures, and

1  The application of fireside additives to modify the flue gas and ash
deposit chemistries and hence render them less aggressive.

The erosion and abrasion of boiler components and o ther equipment in solid
fuel -fired plants are associated predominantly with the presence in the fuels

and ashes of hard mineral particles. Clearly, high quartz biomass materials,

and those which have been contaminated with significant levels of tramp
mater ials, are expected to present significant problems with erosion and
abrasion of metallic components of the fuel handling and firing equipment.

In general terms, however, the experience has been that, with one or two
exceptions, the ash abrasion and erosio n problems associated with the
utilisation of the great majority of biomass materials are similar to or less
important than those experienced when firing more conventional solid fuels.

Environmental impacts

In modern coal -fired and biomass boilers, the pri  ncipal gaseous and gas -borne
emissions control equipment is currently concerned with the control of the
following prescribed pollutant species:

1  Total particulate emissions control, principally using dry electrostatic
precipitators or fabric filters,

1  NO«x emissions control, by both primary and secondary measures, with
low NOx burners, two -stage combustion systems, selective catalytic
reduction (SCR) and selective non -catalytic reduction (SNCR) systems



being the most commonly applied measures, and

1  The contr ol of SOx emissions, principally by limestone additions to
fluidised bed boilers, particulate capture in fabric filters, and by
limestone -gypsum, wet flue gas desulphurisation (FGD) techniques in
large pulverised coal boilers.

When considering the effects of the firing and co  -firing of biomass materials on

the performance of the electrostatic precipitators, the principal technical

concern is that the fly ash particles generated from biomass combustion tend

to have significantly smaller particle size distrib utions than the fly ashes from
coal firing, and there is a greater tendency towards the generation of sub -
micron fumes and vapours. There may, therefore, be a tendency for the

particle capture efficiency in electrostatic precipitators to decrease with

incr easing co -firing ratio. It should also be noted that the ash contents of most

biomass materials are much lower than those of most steam coals, which

means that compliance with a prescribed emission consent limits can be

achieved at lower particle collectio n efficiency levels

There is a growing body of evidence that, at relatively low biomass co -firing
ratios, that there have been very few incidents of significant increases in the

total particulate emission levels due to the biomass co -firing activities. Th  ere is
also a growing body of experience that indicates that there has not normally

been a requirement for major upgrades to the electrostatic precipitator
performance when pulverised coal boilers have been converted to 100%
biomass. It is clear, however, that compliance with the particulate emissions
consent limits is an issue which requires very careful consideration.

It is relevant to note that the nitrogen contents of most biomass materials are
significantly lower than those of most coals. The result is that the uncontrolled
NOx emission levels from biomass firing and co -firing at elevated levels tend to
be significantly lower than those for coal alone, everything else being equal.

A number of laboratory and plant tests of the impacts of biomass co -firing on
the fouling and deactivation of SCR catalysts have also been performed over

the past few years. Overall, it would appear that the increased deactivation

rates of SCR catalysts due to alkali metal and phosphorus fouling is a
significant technical issu e when firing or co  -firing biomass materials with high

levels of these species. The suppliers of de -NOx catalysts can provide
estimates of catalyst lifetimes for particular fuels and specific biomass
firing/co -firing operating regimes in particular plants. The addition of coal fly

ash has been applied to reduce the catalyst deactivation rates in coal boilers
that have been converted to fire 100% clean biomass pellets

The great majority of clean biomass materials of industrial importance have

sulphur content s that are significantly lower than those in most coals and, in

the great majority of cases, they also have similar or lower chlorine levels.

Clean materials also have significantly lower levels of the key trace element

species than most coals . The levels in the ash discards and the duties of the
waste water treatment plants are generally reduced when firing and co -firing
biomass .
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1 Introduction

Most current predictions indicate that the utilization of steam coal for power
production worldwide will increase substantially over the next two decades,

with the increase in demand occurring particularly in the developing countries

in Asia. The market de  mand will increasingly be for high efficiency coal -fired
power generation plants, operating to the highest environmental standards,

with biomass co -firing capabilities and, in time, with the capability to capture

and store carbon dioxide. In this context, it is widely considered that biomass
firing and co -firing in large coal -fired power boilers is a very attractive option

for the utilization of biomass materials for power production, and for the
delivery of renewable energy, in terms of the capital investm ent requirement,
the security of supply, the power generation efficiency and the generation

cost.

This is recognised by IEA Bioenergy and in the EC Biomass Action Plan, and by

EC member state and other governments, who have introduced specific policy

inst ruments to encourage biomass firing and co -firing activities. It is also
apparent that, coupled with carbon d ioxide capture and storage (CCS
technologies, biomass firing and co -firing provides one of the very few means

of removing substantial quantities o f carbon dioxide from the atmosphere. The
more conventional biomass -CCS combinations are close to the full scale
demonstration stage, but these developments are currently hindered by the

absence of a suitable financial support mechanism. There are three pr incipal
options for the utilization of biomass materials for power production:

- The installation of new, dedicated biomass power plants which, at
industrial and utility scale, have normally been based on grate fired or
fluidised bed based combustion systems ,

- The co -utilization or co -firing of biomass with a more conventional
fuel, normally coal, in large pulverised coal boilers, either as a retrofit
to existing power plants or in new build applications, and

- The conversion of existing pulverised coal boilers to 100% biomass
firing. This has been increasingly popular in Britain, and in some
northern European and North American countries, in recent years.

There has been significant activity worldwide involving the first option, i.e. the
installation of purpose -designed biomass power plants at commercial and
industrial scale. The material in this document is concerned, however, with the
second and third of these options, i.e. biomass utilisation at utility scale.

To date, biomass co -firing activities worldwide ha ve almost exclusively been
associated with retrofit projects to existing coal power plants, i.e. making use

of the extensive existing infrastructure for the generation and distribution of
renewable energy. Initially, of course, there were significant conce rns about a
number of the potential project risk areas:

- The availability of suitable biomass materials in large quantities, at
acceptable and stable prices,

11
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- The long term security of the subsidy incomes required to support
biomass utilisation in most coun tries, and

- The impacts of the co -firing of the biomass materials on power plant
performance and integrity.

In general terms, the options which involve the replacement of all or a fraction

of the coal fired at existing power plants with biomass have tende d to be more
cost - effective and energy efficient than new build options. This type of retrofit

project can, in most cases, be implemented relatively quickly and
conveniently, and normally involves lower levels of technical and commercial

risk, principally because significant use is being made of the existing
infrastructure, operating permits and skilled staff.

This has particularly been the case in Britain and Northern Europe, where the

utilization of biomass in the electricity supply industries has increas ed
dramatically over the past 10 years. This trend is likely to continue in response

to the EC and member state government policies on renewable energies.

This trend is also becoming more apparent on a worldwide basis as national
governments are  progressively introducing policy instruments aimed at the
promotion of renewable energies to meet their international obligations to

reduce CO2 emission levels. In this document an attempt is made to
summarise the key technical and other issues associated with these
developments.

The key technical options for biomass firing and co -firing include:

1 Option 1 involves the milling of 100% sawdust pellets through the
existing coal mills, after modification, and the combustion of the
milled biomass through the exi sting pulverised coal firing system,
again with modification, if required.

1  Option 2 is the simplest approach, and involves the pre -mixing of the
biomass with coal, in the existing coal handling and conveying system,
at modest co -firing ratios, and the mil ling and firing of the mixed fuel
through the existing coal firing system. This has been by far the most
popular approach to co -firing, principally because it can be
implemented relatively quickly and with modest capital investment.

1 Options 3, 4and 5inv  olve the milling of the biomass to sizes suitable
for suspension firing, and the direct injection of pre -milled biomass
into the pulverised coal firing system, i.e. into the pulverised coal
pipework, into modified burners or into new dedicated biomass
burn ers. These options involve much higher levels of capital
investment than Option 2, but significantly higher co -firing ratios can
be achieved

Option 6 involves the gasification of the biomass in a dedicated unit,
normally air -blown and at atmospheric pressu re, and the co -combustion of
the product gas in the pulverised coal boiler.

12



2 Biomass fuels available for large scale
utilisation in power plants

2.1 GENERAL COMMENTS

The principal types of biomass materials employed as boiler fuels are listed in
Table 2-1, below. To date, the solid biofuels that have been utilised in large
volumes in Britain and Northern Europe for commercial co -firing projects at
coal -fired power plants ha  ve included:

- The solid waste materials from the olive oil, palm oil, sunflower oil,
rape seed oil and other industries, which involve the processing of
agricultural products in large volumes,

- Dried sawdust and cereal straw pellets,
- Dried sewage sludges,

- Forestry residues, sawmill residues, short rotation coppice wood and
other wood materials in various forms, and

- Cereal straws and other baled materials.

The power utility companies can normally procure their fossil fuel supplies

from a number of well  -esta blished sources, and on a variety of different types

of contract, to ensure security of supply and to minimise the delivered fuel

costs. The fuel procurement departments of the large power utility companies
generally purchase coal against a coal quality sp ecification, which is supported
by substantial operating experience at particular stations. Many of the

companies have internal procedures for the technical assessment of fuels that

may be out of specification. This allows the risks of adverse impacts on t he
performance and integrity of the power plant associated with the firing of an
unfamiliar fuel to be assessed prior to making a decision to purchase the fuel

in question. This is normally based on a program of laboratory analysis, and

perhaps combustion  rig or plant testing, of the fuel, and comparison of the

results of this exercise, as far as is possible, with the known plant behaviour of

a range of more familiar fuels.

A suite of fuel sampling, analysis and characterisation procedures for fossil

fuels , comprising both standardised and in -house methods, are available to
provide the technical basis for this type of exercise, and most power

companies employ suitably qualified and experienced fuel technologists for this
purpose. Despite these efforts, mist akes are made from time to time, and the
consequences can be costly in terms of lost generation and of the repair of
damaged plant.

The operators of pulverised coal -fired power station boilers would clearly

prefer to procure biomass materials for firing or co-firing on a similar basis to
that applied for fossil fuels. This may be possible, to some extent, for the large
volume supplies of high quality biomass, such as wood pellets and chips.

13



In most cases, however, the power plant operators may be obliged t

o take a

greater interest in, or even to invest directly, in the biomass fuel supply chains
to meet their contractual commitments, and to protect their investment in on
site biofuel handling and firing equipment and their future income from

biomass firing.

Table 2-1 The major types of biomass material that may be available as boiler
fuels.
Agricultural Forestry products Domestic and Energy crops
products municipal wastes
Harvesting Harvesting Domestic/industrial Wood
residues residues
1 MSW/RDF/SRF Willow
1 Straws 1 FOF_ZSUV 1 Scrap tyres Poplar
1  Corn stalks resiaues 9 Wood wastes
1 Sewage sludges
Processing residues Primary process Urban green wastes Grasses etc.
residues

1 Rice husks 1 Leaves Switch grass
1  Sugarcane 1 Bark 1  Grass and hedge Reed canary

bagasse 1  Sawdusts cuttings grass
1 Olive/palm 1 Offcuts Miscanthus

oil/sunflower T Wood pellets

husks and

residues
f  Fruit residues
1  Cereal straws and

residues

Animal wastes Secondary

1  Poultry litter

 Tallow

f  Meat and bone
meal

process wastes

1  Sawdusts
M Offcuts

In general terms, the waste materials and the faster growing biomass

materials such as the olive, palm and the other agricultural residues and

cereal straws are relatively inexpensive, but tend to have higher ash contents

and ashes, with higher levels of a Ikali metals and lower ash fusion
temperatures than do the woody materials. These tend to give rise to

significant ash deposition problems and can only be co -fired at fairly modest
co-firing ratios.

The clean wood materials tend to have lower ash contents and more benign
ashes, and can be fired at higher co -firing ratios. For 100% biomass firing,
only the higher grade wood materials are suitable. For handling, transportation

and firing in very large quantities, dry materials in pelletised and other

densiti es forms have been preferred.

As stated above, the supply of biomass materials as fuels in significant
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volumes to power plants, i.e. either for small dedicated plants or for co -firing
in large coal -fired power plants is a relatively novel activity, and it is fair to say
that the infrastructure required for securing biofuel supplies is not always in

place at the present time.

2.2 THE PROPERTIES OF WO OD PELLETS

As stated above, the preferred fuel for large scale biomass firing in large

pulverised coal -fired boilers is pelletised wood, which is traded in large

quantities worldwide. The total moisture content of wood pellets is normally

less than 10%, with the average lying around 6 -7%. This would appear to be
perfectly acceptable for processing through modifie d vertical spindle coal mills
and firing at most coal power plants. The processing of pelletised biomass

fuels with higher moisture contents may result in problems with the heat

balance across the modified coal mills.

For processing in hammer mills, a wide r range of fuel types may be possible,
i.e. biomass materials in granular and coarse dust forms, and with higher
moisture contents, perhaps up to 15 -20%, on a wet basis, can be processed

using hammer mills to provide a suitable product.

Previous experience  at a number of converted power plants has indicated that
provided the particle size distribution of the dry sawdust particles being
delivered to the burners is acceptable, and the fuel flow is steady, then the
combustion conditions and burnout will also b e acceptable. This has been
achieved with both converted vertical spindle coal mills and hammer mills. To
date, the processing of wood pellets through large ball and tube coal mills has
not been successfully demonstrated.

Because of the much higher volatil e matter content of biomass, the particle

size distribution required for efficient combustion in a suspension flame is

relatively coarse, i.e. with a top size of 1 -3 mm, compared to the 300 um top
size required for bituminous coal. This means that the biom ass particles can,
in some cases, take longer to dry, heat up and ignite than do pulverised coal
particles. The ignition plane can, therefore, be located further out into the

furnace, and may not be so readily detected by the flame monitoring

equipment, in  some cases. This is discussed in more detail below.

Based on the previous experience at a number of plants, it is clear that
provided that there are no major changes to the distribution and extent of ash
deposition, no significant changes to the furnace h eat absorption are
anticipated when co  -firing at high biomass ratios, and firing 100% biomass,
compared to that which applies with coal. There should be no requirement for
any significant boiler pressure part modifications when converting from coal to
wood pellet firing.

In general terms, the concentrations of the minor acidic elements, i.e.
nitrogen, sulphur and chlorine, in good quality wood pellets are significantly
lower than those in most coals, viz:

N <0.5%, as fired
S <0.1% as fired
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Cl <0.1% as fired

For 100% biomass firing, the levels of sulphur and chlorine would help to
minimise the uncontrolled acid gas emission levels, and to reduce the risks of
high temperature corrosion of boiler surfaces.

The acceptable levels of nitrogen in fuel will depend on the specific emissions
limits and the details of the installed combustion and emissions control
equipment.

One of the principal concerns when considering the conversion of a coal boiler

to 100% biomass firing is the risk of increased ash deposition on b oiler and
other surfaces. Many biomass materials have ashes with relatively low ash

fusion temperatures and high slagging potentials compared to most

bituminous coals. The principal concern is that the firing of the biomass would

result in excessive slag f  ormation on the final superheater elements, on the
platen superheaters, around the burners and on other refractory surfaces in

the furnace.

It is normal practice to carry out a thorough investigation of the slagging
potentials of the fuels under considera tion, i.e. to have the full ash analysis
and ash fusion temperatures and other slagging parameters of the candidate
fuels measured and to apply the appropriate slagging indices.

Experience elsewhere has indicated that the risks of excessive ash deposition

on the boiler surfaces are controlled largely by the ash content of the fuel and

the ash composition. In general terms, high grade wood pellet materials with

ash contents less than 0.5%, and modest levels of the alkali metals should
present relatively low risks in this regard. There is experience however that

the firing of 100% wood in large pulverised fuel boilers does give rise to

relatively thin white ash deposits on furnace wall surfaces, which can

represent a radiative barrier to furnace heat absorpti on. This factor has to be
taken into account in the assessment of the requirements for the on -line
cleaning of furnace surfaces, when retrofitting pulverised coal boilers to 100%
wood firing.

In general terms, however, the high quality wood fuels are si gnificantly more
forgiving in this regard than are the agricultural residue and other biomass
materials that are available in pellet form.

The other principal concern is that there may be an increase in the ash fouling

of the boiler convective pass when fi ring 100% biomass. This type of ash
deposition is largely driven by the volatilization and subsequent condensation

of alkali metals in the fuel ash. The most effective response is to restrict the

alkali metal content of the fuel on a kg /GJ basis, to a leve | at which the fouling
is controllable by the use of the on -line cleaning systems. It may also be wise

to consider the upgrading of these systems, depending on the existing

arrangements on the plant and the range of fuels to be fired.

In general terms, for 100% biomass firing in a pulverised fuel boiler, it is
suggested that the following ash quality criteria should be applied:
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- Ash content less than 0.5%,

- Ash Deformation Temperature (reducing) >1150°C,
- Total Na 20 + K 20<0.17 kg/ GJ, and

- P20s < 5% in ash.

It would be wise to restrict the biomass fuels that are fired to those that pose
an acceptable risk of excessive slagging and fouling, and to investigate the use
of fuel additives as a remedial measure, should problems with particular fuels
arise, or of amo re flexible fuel purchasing policy is being considered.

The basic physical and chemical characteristics of the wood pellets that are

traded in large quantities in the world market are described in a number of

standard documents under EN14961. These standar ds cover the ash content
of the pellets and some of the more important trace elements. The ash

chemical composition is not covered by the standard, and it is only required

that the supplier should state the ash fusion temperature of the fuel.

2.3 THE PROPERTIE S OF NON -WOODY BIOMASS
MATERIALS

As stated above, a number of other non -woody fuels are currently being
utilised as fuels for co  -firing in large coal power boilers. In general terms,
these can be considered under two groupings, viz:

- Processed biomass from  large volume agriculture, and related
industries, and

- Grasses, reeds and straws.

In the first category, processed biomass, the principal materials employed as
fuels have included:

- The residues from large scale vegetable oil production, including olive
oil, palm oil, sunflower oil, shea meal, etc.,

- The residues for nut and fruit production, including citrus fruit, grape
pits, almond shells, peanut husks, etc., and

- The residues from flour and grain production, including, wheat and oat
husks, rice husks, e tc.

These materials are available in large quantities in certain parts of the world

and are generally delivered in dry meal, granular or pelletised forms. They

have been utilised largely for co -firing at fairly modest co ~ -firing ratios, partly
because of th e quantities available, and because of their relatively high ash
contents and high alkali metal contents.

In general these materials have higher moisture and ash contents than wood
pellets, i.e. they have generally <15% moisture and <10% ash, as received.
The gross calorific value, as receive d, varies in the range 18  -23 MJ/ kg. The
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residues from vegetable oil production can contain a significant residual oil
content, which can increase the calorific value, but can also have an impact on
the handling propert ies of the material.

The nitrogen, sulphur and chlorine contents of these fuels are also very
variable, uptoaround 5  -6%, 0.3% and 0.4% for nitrogen, sulphur and
chlorine respectively. These values are significantly higher than those for wood
pellets.

As stated above, these materials tend to have very much higher ash contents
than woody biomass, and the ashes tend to be rich in silica, lime, potash and
phosphate. The ash fusion temperatures also vary widely, depending on the
chemical composition. In gene ral terms, these materials are in the medium to
high slagging category and in the severe fouling category.

They are generally not suitable for firing on their own in large boilers designed
for firing coal, and are best employed as fuels for co -firing with  coal at
relatively low co -firing ratios.

The second general category of non -woody biomass fuels that have been
employed for co -firing in large coal boilers are the grasses, reeds and straws.
These materials are available in large quantities, most often on a seasonal
basis, and are generally harvested and handled in baled form.

The straws and other residues are generally collected and handled in baled

form, usually for use as animal feed and bedding. Suitable equipment for the

bulk handling and transportat ion of grasses and straws in this form is

commercially available. The baled straws generally have relatively low

moisture contents, and can usually be stored for long periods without

significant dry matter losses and deterioration in fuel quality. These ma terials
are also available in dried and pelletised form, which will tend to be the

preferred form for bulk transport and utilisation at power plants.

A small number of coal power plants have installed the handling and feeding
systems to permit the co  -firin g of baled cereal straws, generally at low co -
firing ratios.

The other materials in this category, i.e. miscanthus and the grasses are
generally grown as energy crops, currently in fairly small quantities.

These materials have ash contents up to around 10 -12% and relatively high

ash contents, in the range 3 -8%, as received. They have gross ¢ alorific values
around 17 -18 MJ/ kg, as received. They can have high nitrogen contents, up to
around 5%, and sulphur and chlorine contents up to around 0.2%.

The ashes p roduced by the combustion of these materials are rich in silica, up
to 50% or so, with significant levels of lime, potash and phosphate. The ash
fusion temperatures of these materials can be quite low, in some cases less

than 1100°C. In general terms they tend to be in the high slagging category
and the severe fouling category. Again these materials are generally not

suitable for firing on their own in large boilers designed for firing coal, and are
best employed as fuels forco  -firing with coal at low co  -firing ratios.
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24 THERMALLY PROCESSED BIOMASS FUELS

There has been significant interest in recent years in the production and

utilisation of biomass materials that have been thermally treated, principally to
improve their storage and handling, and their millin g properties compared to
those of conventional white pellets. The more important of processes are:

- Torrefaction, a low temperature pyrolysis process, and

- Steam expansion, most commonly by a technology related to the
Masonite process, which has historicall y been employed to make
hardboard.

A short summary of the key features of these processes, as applied to biomass
materials as fuels, is presented in this section.

Torrefaction is a mild thermal pre -treatment process which involves the drying
and heating of the raw biomass in the absence of oxygen, at atmospheric
pressure. In the torrefaction unit the pre -dried fuel is exposed to temperatures
of 250 -350°C, and a modest amount of combustible volatile matter is

released. A char material, which is hydrophobic a nd brittle in nature, is
produced.

Both the drying and torrefaction processes are endothermic, i.e. an external

energy source is required. The volatile matter released in the torrefaction

process is combustible, and can be collected and burned to provide some of
this heat.

The energy content and mass yield of the torrefied product is dependent on
several important factors, principally the temperature, the reaction time and

the biomass type. The mass loss during torrefaction is greater than the energy
loss, which results in a net energy densification in the product. High density
pellets of bulk density up to 750 -850 kg/m 3 with a GCV higher than normal
wood pellets can be produced from torrefied biomass.

The torrefaction of biomass is currently being commerci alised in a number of
countries, and two major technical developments are under way:

- The reduction of the additional energy input that is required in order
to dry and pyrolise the fuel, and hence of the delivered fuel cost, and

- The optimisation of degree o f torrefaction and the production of a
pellet with the required durability level in bulk handling, transportation
and storage systems.

These, and other, issues are currently being investigated by the torrefaction
technology developers, and efforts are bein g made to make it a fully
commercial process in the biomass to energy production chain.

Steam explosion is a hydro  -thermal pre -treatment process used for biomass
materials. It involves the physical and chemical opening up of the wood fibres.

The principal aim is to improve the pelletizing properties and the calorific value

of the product. Steam explosion is normally associated with the pre -treatment
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of biomass material for chemical and biochemical conversion, and its potential
for use in the pre -treatment o f boiler fuels is currently being explored.

In the first stage of the process, the biomass material contacted with steam at
temperatures of between 180 -220°C and pressures of between 1 -3.5 MPa.
This is followed by explosive decompression which partially destroys the
fibrous nature of the cellulose.

The solid product has reduced moisture and volatile matter contents. The

steam explosion process also causes degradation of hemicellulose within the
wood cell walls which reduces the number of hydrogen bonding sites, and
increases the hydrophobic properties of the particle surfaces. Steam explosion
also makes the material more brittle in nature. This should render them easier

to mill in large coal mills, although this has not been demonstrated clearly to

date at industrial scale.

The torrefaction and steam explosion processes can be applied to any biomass
material providing a more homogeneous product of higher bulk density and
higher calorific value. There is little or no impact on the chemical composition
or th e mineral matter content of the biomass.

The most important technical challenges in the development of torrefaction
and steam expansion technologies are related to the following issues:

- The process gas recovery and combustion, and the associated
environmen tal control systems,

- The process scale -up,

- The improvement of the predictability and consistency of the product
quality,

- The densification of processed biomass,
- The heat integration of the thermal treatment process, and
- The process flexibility in usin g different feed materials.

The objective has been to produce a hydrophobic material in the form of

durable pellets or briquettes that can be more conveniently handled and

stored, and which have improved milling properties compared to conventional

sawdust pellets. The achievement of these objectives has not yet been fully
demonstrated at commercial scale, however these fuels may well play a

significant role in future as energy carriers, and fuels for firing and co -firing in
large pulverised coal boilers.

Most solid fuel furnaces and boilers are designed to minimise the extent of ash
deposition in key locations. They are also fitted with on -line cleaning systems
of various types to permit a level of control over the deposition rates, and

hence to maintain he at absorption levels in the furnace and convective

section. There are also natural ash deposit shedding mechanisms and other
processes which are responsible for the reduction in the extent of deposition.
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3 The principal biomass firing and co -firing
options

The principal technical options for the firing and co -firing of biomass materials
in large pulverised coal -fired boilers are listed in Figure 3.1.

[ @ .
Blomass Coal Mills ——————
Pellets
Coal Burners » Boiler
Coal Coal Mills f
@ ©) @
. . . . ®
Biomass » Biomass Mills Biomass Burnher
N ®
»  Gasifier
Figure 3.1 Biomass co -firing options at large pulverised coal -fired power plants
(Livingston and Morris, 2009)
The key technical options for biomass firing and co -firing include:
- Option 1 involves the milling of 10 0% sawdust pellets through the

existing coal mills, after modification, and the combustion of the
milled biomass through the existing pulverised coal firing system,
again with modification, if required. This approach has been achieved
successfully inasma Il number of pulverised coal power plants in
Northern Europe and North America.

- Option 2 is the simplest approach, and involves the pre -mixing of the
biomass with coal, in the existing coal handling and conveying system,
at modest co -firing ratios, and th e milling and firing of the mixed fuel
through the existing coal firing system. This has been by far the most
popular approach to co  -firing, principally because it can be
implemented relatively quickly and with modest capital investment. As
such, it has be en particularly popular with power station operators
embarking on co -firing activities for the first time, and where there
are uncertainties associated with the security of the supply of suitable
biomass materials, or with long term security of the governm ent
subsidies or other financial incentives that may be available for co -
firing. Although the level of substitution of the coal is modest,
generally less than 10  -12% on a heat input basis, quite significant
volumes of biomass have been co -fired in thisway  in Europe and
elsewhere, over the past few years.

- Options 3, 4 and 5 involve the milling of the biomass to sizes suitable

for suspension firing, and the direct injection of pre -milled biomass
into the pulverised coal firing system, i.e. into the pulverise d coal
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pipework, into modified burners or into new dedicated biomass

burners. These options involve much higher levels of capital

investment than Option 2, but significantly higher co -firing ratios can
be achieved. A number of coal -fired power plants in No  rthern Europe
have installed direct injection systems of this type, over the past few

years, and this is one of the more favoured options for the provision

of biomass co -firing capabilities in new build pulverised coal power

plant projects.

- Option 6 involv es the gasification of the biomass in a dedicated unit,
normally air -blown and at atmospheric pressure, and the co -
combustion of the product gas in the pulverised coal boiler. The
product gas may or may not be cleaned prior to firing into the coal
boiler. This approach to biomass co  -firing has been adopted in a small
number of plants in Northern Europe.

Overall, therefore, it is clear that a number of co -firing options are available

for biomass materials, for both retrofit and new build applications, depend ing
on the fuels available for co  -firing, and on the aspirations of the power plant
operator or project developer.

The key options for biomass milling include:

- The use of the installed coal mills for the processing of pelletised
biomass, as described abov e, and

- The installation of dedicated biomass milling facilities.

3.1 THE CONVERSION OF CO AL MILLS FOR PROCESS ING
SAWDUST PELLETS

This refers to Option 1 in Figure 3.1.

The use of the installed coal milling plant and the associated auxiliary

equipment, such as the coal feeders, the primary air fans and ductwork, and

the pulverised coal pipework and burners, for biomass firing and co  -firing, is a
cost - effective and technically attractive option. The existing systems have high
throughput and are familiar to the operating staff. They are robust, resistant

to even sizeable items of tramp material, capable of con tinuous operation for
prolonged periods of time, and require limited maintenance. The principal
alternatives for biomass milling are hammer mills or roller mills, and these

tend to be have modest throughputs, compared to large coal mills, are

relatively se nsitive to the presence of ash and tramp material in the fuel and

need regular hammer and screen changes, due to erosive and abrasive wear.

The general experience with this type of mill conversion projects in Europe has

been that the converted coal mills ¢ an deliver a suitable mill product at 70 -
100% of the maximum heat input from coal when processing wood pellets.

The reason for the reduced throughput in some cases is due to the lower

energy density of the sawdust pellets compared to bituminous coal.

The practical application of this approach, i.e. Option 1 in Figure 3.1, has been
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demonstrated in a small number of cases in Northern Europe. It has been
shown that larg e, vertical spindle coal mills can be employed, with fairly
modest modifications, to reduce dried and pelletised sawdust to provide a
product material that can be fired successfully through the existing pulverised
coal pipework systems and burners.

There have been a small number of recent attempts to modify large ball and
tube coal mills to process wood pellets in this way. This work has, to date been
unsuccessful in that it has proved difficult to get reasonable pellet throughput
levels and there have bee  n some significant safety issues.

In all cases, the vertical spindle coal mills have been modified in a number of
ways to mill the wood pellets, principally to maximise the mill throughput and
to optimise the mill product quality.

In general terms, the k ey milling plant modifications have included:

- In some cases, there may be a requirement for the modification or
replacement of the coal feeding system, depending on the design and
condition of the installed equipment,

- Most vertical spindle coal mills opera te under positive pressure and
the installation of a rotary valve in the fuel feed chute is commonly
required to provide a better seal between the mill and the bunker.

This helps to prevent blow back of fine particles of fuel into the bunker
hall when the  bunker level is insufficient to form an effective seal. The
biomass materials in pelletised form do not form this type of seal as
well as does coal,

- The installation of a fuel distributor at the bottom of the feed
chute/classifier return cone, to direct th e raw pellets towards the
inside of the grinding elements, can be of value in some cases,

- The reduction of the mill throat gap and the installation of fixed baffles
in the upper part of the mill body to maintain the primary air velocities
within the desire  d range for milled biomass are commonly applied. In
this context the reduction of the primary air inlet temperature is
commonly done when processing biomass, for both safety and process
reasons,

- The removal or opening out of the static classifier fixed van es to
reduce the level of classification within the mill, and hence to increase
the pellet throughput, is commonly applied, and

- The installation of a dynamic classifier has also been applied, in some
cases, to provide greater control over the product finen ess.

When the pellets are processed in vertical spindle mills, after suitable
modification, the particles are returned to the original sawdust size
distribution, and a limited degree of further size reduction of the primary
sawdust particles occurs. In pra ctice, it has been found that the product
particle size distribution can be suitable for combustion in pulverised fuel
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furnaces, and the mill throughput can be acceptable, i.e. at the level described
above.

Overall, this has proved to be an attractive opt ion for the firing or co  -firing of
pelletised biomass and there is successful, long -term experience with this
approach in Scandinavia and elsewhere in Northern Europe.

Despite these potential difficulties and limitations, the co -milling and co -firing
of a number of chipped, granular and pelletised biomass materials through

most of the more common designs of conventional coal mill has been achieved
successfully on a fully commercial basis in a number of coal -fired power plants
in the UK, and elsewhere in No rthern Europe.

It is possible to install vertical spindle mill coal mills which have been
specifically configured for the processing of biomass pellets that can also be
reconfigured within a relatively short period of time to return to the milling of
coal. This type of mill has recently been demonstrated successfully in a small
number of biomass conversion projects in Northern Europe.

3.2 THE CO -FIRING OF BIOMASS BY PRE - MIXING WITH
COAL AND CO -MILLING

This refers to Option 2 in Figure 3.1.

Initially, the great majority of the biomass co -firing activity in the UK, and in
much of Northern Europe, was by pre -mixing the biomass with coal, normally
in the existing coal handling a nd conveying system. The mixed fuel was then
processed through the installed coal bunkers and mills, and through the

installed pulverised coal firing equipment, with very little modification of the
installed equipment.

This approach has been applied succe ssfully in a large number of pulverised
coal power stations, and with a fairly wide range of biomass materials in
kernel, granular, pellet and dust forms. Relatively dry biomass materials, with

moisture contents less than 20%, have been most popular for co -firing by this
method, however, sawdust materials at moisture contents up to approximately
50-60% have been co -fired successfully in this way, albeit at low co -firing
ratios.

The maximum achievable co -milling ratio, and hence the level of co -firing,

with out significant mill throughput constraints, is limited, and depends on the

design of the coal mill, the nature of the biomass material and the plant

operating regime. In most cases, the co -firing of biomass at up to around 10%
heat input is possible, alth ough co -firing ratios up to around 5 -8% or so are
more commonly applied on a commercial basis.

As an illustration of the simplicity of this approach, a photograph of granular

olive residue material, which was imported from Spain, being dropped at a

contro lled mass flow rate from a chute on to the coal on the main coal

conveyor at a large coal power station in the north of England is shown in

Figure 3.2, below. The bio mass co -firing ratio, in this case around 6 -8% by
mass, was controlled by continuously matching the mass flow rate of the
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biomass on a belt feeder to the coal flow rate on the main coal conveyor belt,
measured in a weigh belt section just upstream of the b iomass introduction
point. In most cases, the biomass is laid on top of the coal on the conveyor,

and there is no attempt made to mix the two fuels.

Figure 3.2 Granular olive residue material being dropped on top of coal on the

main coal conveyor at a large coal power plant.

In general terms, conventional coal mills operate by compressing the raw coal
between two hard surfaces to break up the coal and ash particles by a brittle
fracture mechanism. Most biom ass materials tend to squash rather than
fracture under compression, and the milling process largely reduces the pellets
back to the size distribution of the parent sawdust. As a consequence the

milled biomass product tends to be relatively coarse. There is also a tendency
for the larger biomass particles to be returned by the classifier and retained
within the mill. This can act to limit the mill throughput and the co -firing ratio

that is achievable in this way.

For instance, in vertical spindle coal mi lIs, there may be a tendency for the
primary air differential pressure and the mill power consumption to increase

with increasing biomass co  -firing ratio, due to the increased inventory of

material circulating within the mill. This can often represent a li miting factor
since both of these parameters tend to have maximum limits. It is also the

case when co -milling very wet biomass materials, that there is a significant

impact on the mill heat balance, leading to low mill outlet temperatures, and
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this can als o be a limiting factor on the maximum biomass throughput.

There may also be an increase in the particle size of the mill product when co -
milling biomass. This is a result of the relatively low particle density of most

biomass materials, which means that la rger particles of biomass can pass

through the classifier, than is the case for coal.

There will clearly be mill safety issues when co -processing biomass in most
conventional coal mills, where hot primary air is applied to dry the coal in the

mill. The bio mass materials tend to release combustible volatile matter into

the mill body at temperatures significantly lower than those which apply when
milling bituminous coals. It may be necessary, therefore, to modify the mill
operating procedures to minimise the risks of overheating the coal -wood
mixture, and thereby causing temperature and pressure excursions within the

mill. The details of the modified mill operating practices depend on the type of

mill and the station operating practice.

In general terms, it is relatively rare for coal mills in normal operation to have

a problem, since there is a constant flow of wet coal into the mill, and the mill

inlet and outlet temperatures are under control. Most mill incidents are

associated with particular occurrences du ring the operation of a mill which can
present higher risk levels. These include:

- Planned start -up and shutdown of the mill,

- Incidents involving the loss of feed or intermittent feeding to the mill,
which can lead to increased mill outlet temperatures,

- Inc idents involving a fire within the mill, and
- Emergency mill shut downs (trips), and restarts after mill trips.

The operating procedures for dealing with this type of mill occurrences require
assessment, and may need modification in the light of the differ ences between
the properties of biomass and coal. These actions have been successful in the

main, and incidences of mill fires and pressure excursions have been relatively

rare.

It is fair to say that the modifications to the mill operating practices have been
demonstrated in a large number of power plants, and with all of the more
common types of coal mill and a wide range of biomass materials.

Overall, it has been the general experience that a wide range of biomass

materials can be successfully fired in this way, and that the impacts of co -
firing on boiler plant operations are fairly modest. The environmental

performance of the plant, when co -firing relatively clean biomass materials at
co-firing ratios less than 10%, on a heat input basis, was similar or slightly
better than when firing coal. The principal technical problems encountered by

the power plant operators have been with the storage and handling of the

biomass, and in particular with the tendency of some biomass materials to

generate significant  dust levels in the storage and handling facilities.

The basic arrangement of a very basic biomass co -firing system based on pre -
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mixing the biomass with the coal and processing the mixed fuel through the
existing fuel handling, bunkering, milling and firing system, is illustrated in
Figure 3.3 and Figure 3.4 below.

Figure 3.3 The biomass store at a large British coal power station.

The biomass store is shown in Figure 3.3. The store is located in an area of
hard standing with a turning circle for delivery trucks, and a front loader for

moving the biomass around the store. The store was designed to take up to

1,000 tonnes  of biomass, and the system was designed for the co -firing of
100,000 tonnes per annum of dry biomass materials, principally wood pellets.

Towards the rear, right hand side of the store there is a pile of biomass which

sits over a ground hopper. This is sho wn on the top left hand side photograph
in Figure 3.4. Under the ground hopper is an automatically controlled screw
feeder. The feeder speed is controlled by a signal from a weigh belt on the
main coal conveyor, and is set to provide a flow rate of biomass at a pre -
determined ratio to the coal flow rate on the conveyor.

The biomass is then fed to the biomass conveyor, which is shown on the top

right hand side photograp  hin Figure 3.4. The conveyor carries the biomass to
the main coal conveyor, the housing of which can be seen running across the
bottom of the bottom left hand side ph otograph in Figure 3.4.

There are two parallel coal conveyors, and there is a trouser leg with an
automatic flap valve which directs the biomass to either of the two conveyors,
depending on the signal from the coal weigh belt.
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Figure 3.4 The biomass feeding system

Inside the housing, the biomass is dropped on top of the coal on the main coal

conveyor, as illustrated i n the botto m left hand side photograph on Figure 3.4
and is carried with the coal to the boiler. In this case, the biomass chute has a

discharge hood to help control the fugitive dust emissions in that section of the

coal conveyor.

The biomass is then carried along the coal conveyor on top of the coal stream
towards the coal bunkers. No attempt is made to mix the two fuels positively,
although a certain amount of mixin g occurs at the transfer points on the
conveyor system and in the drop from the conveyor into the coal bunkers. The
biomass and coal particles are very well mixed within the coal mill, and the
mixed fuel is sent to the coal burners.

As part of the conversi  on of a power plantto co  -firing biomass, it is normally
necessary, for health and safety reasons, to perform a series of trials to
demonstrate the proposed procedures for the bunkering, feeding, milling and

firing of the mixed fuel in a controlled and saf e fashion. Itis also a
requirement that the technical and environmental performance of the plant

when co -firing biomass is demonstrated both to the station management and

to the environmental regulator.

The test programme, in most cases, involves the feeding of the coal -biomass
mixture, at a low co  -firing ratio, to a single bunker, normally overnight, with

the testing of the processing of the mixed fuel through a single mill and the

associated group of pu  Iverised fuel burners being carried out over the day

shift. The biomass co  -firing ratio can then be increased progressively over a

period of a few days.

The mill testing involves the performance of load range tests, with the
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collection of the key mill per formance data at a range of mill loads, and the
performance of mill shutdown and restart tests.

This approach helps to minimise the technical risk, and to ensure that the
modified mill operational practices can be demonstrated on a single mill,
before rol ling the biomass co  -firing out to the other mills on the boiler unit.

This is normally done at the preferred co -milling ratio, which is established
during the single mill test work. By the end of a test programme of a week or
two in duration, the boiler is operating with the preferred biomass co -firing

ratio being fed to all mills.

The environmental performance of the boiler and the associated gas cleaning
systems is normally also tested. It is normally necessary to demonstrate to
the environmental regulato r that there are no additional environmental

impacts to air, land or water, associated with the biomass co -firing activities.
The scope of the environmental tests has to be agreed in detail with the
environmental regulator. Only on the basis of a successfu | trial programme can

the co -firing of biomass be incorporated into the normal commercial
operational practices at the stations, under any site -specific conditions
imposed by the regulator.

Overall, this approach to biomass co -firing has been very popular, particularly
with operators who have limited experience with the procurement and firing of

biomass materials. The capital investment required is relatively modest and is
associated principally with the reception, storage and handling of the biomass,

and t he risks of significant damage to the installed coal firing equipment and

boiler are small.

As stated above, this approach generally allows operation at co -firing ratios up
to around 10% on a heat input basis. This is modest compared to the output

levels from large coal -fired power stations, but is very significant when

compared to the output from most dedicated biomass boilers and other forms

of renewable energy generation.

3.3 THE DIRECT INJECTION OF PRE -MILLED BIOMASS
MATERIALS

This refers to Options 3 -5in Figure 3.1.

The direct injection approach to co -firing is described under Options 3, 4 and 5
in Figure 3.1, and involves the milling of the biomass to sizes suitable for
suspension firing, and the direct injection of the pre -milled biomass into the
pulverised coal firing system. These options involve much higher levels of

capita | investment than are associated with Option 2, but significantly higher
co-firing ratios can be achieved.

In some locations, it is possible at times to purchase pre -milled biomass
materials in modest quantities, but in most cases the biomass will be deliv ered
in granular, pelletised or even baled forms and will be milled to a size

distribution suitable for firing or co -firing using on  -site milling facilities.
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3.3.1  Hammer mills

The most popular type of mill employed for the milling of biomass materials,

for use in pelletizing plants, for instance, and for co -firing, are hammer mills.
A simplified diagram of a hammer mill is replicated in Figure 3.5.
slide

feeder screw G

magnet

separator

air intake

guide plate

stonef/iron trap
grinding bridge

screens

hammers

stone trap

Figure 3.5 A schematic diagram of a horizontal hammer mill (after van Loo et
al. 2008).

In almost all cases, the mill is fed by gravity from the top, normally using a

screw feeder. In some cases, there is a stone trap and a magnetic separator at
the mill entry to protect the mill from tramp material. The grinding elements in

a hammer mill comprise a high speed rotor with plate -shaped hammers. The
hammers drive the raw feed material towards the grinding bridge and through
the screens which encase the grinding chamber. The product material falls into

the outlet chute. The product size distribution is determined largely by the

screen size.

Horizontal hammer mills have an aspirating air intake at the top of the mill
through which air is drawn, to help cool the mill components and draw the

milled material through the screens into the outlet hopper. The air and fine

product particles are drawn to the air exhaust via a bag filter. The coarser

product material dr  ops to the bottom of the outlet hopper. The coarse and fine
mill product materials are normally removed from the mill using screw

feeders.
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In vertical hammer mills there is no requirement for aspirating air, and the
milled product is drawn through the scre en and out of the bottom of the mill
into the outlet hopper by gravity.

3.3.2  Experience with introduction of hammer mills in direct
replacement of the coal mills

As stated above, large ball and tube coal mills have not, as yet, been
converted successfully toth e milling of 100% wood pellets, and it may be
necessary in some cases to replace them with dedicated biomass mills, if it is
desired to convert the boiler to 100% wood pellets.

One of the simplest and cheapest ways to achieve this, which makes
maximum use  of the existing fuel and air supply systems to the boiler,
involves:

- The removal of the existing coal mills,

- The installation of the new hammer mills in the same location, and
commonly two hammer mills would be required to replace one large
coal mill,

- The modification of the existing fuel storage, conveying and feeding
system to handle the wood pellets and to feed the pellets to the inlets
to the new hammer mills,

- The modification of the installed primary air ductwork systems,

- The modification of the inst  alled pulverised fuel pipework systems to
receive the milled biomass, and deliver to the installed pulverised
burners,

- The modification of the installed pulverised coal burners to fire the
milled wood, if necessary,

- The modification of the mill, burner and boiler control systems to take
account of the new systems and any modifications to plant operations,
and

- In most cases it will be necessary to install a primary air cooling and
heat recovery system, to cope with th e reduced air heater duty
associated with the firing of 100% wood pellets compared to coal.

This type of project has been successfully carried out in Northern Europe in a
coal power plant comprising two large pulverised coal boilers, each generating
in ex cess of 370 MW -

The general experience with hammer mills is that they can produce a milled
material with a top size of less than 2 -3 mm from wood pellets with a 4 or 6
mm outlet screen, at reasonable output levels, but that they are very sensitive

to the presence of ash and tramp material in the fuel. Even relatively modest
ash levels in the fuel can reduce the hammer and screen replacement cycle to

a few days. Although these operations can be carried out relatively quickly,

they do require the hammer mill to be taken out of service for a significant

31



period of time, and it is inevitable that the hammer mill systems are subject to
a large number of shutdowns and start -up sequences. This is much more
onerous than the maintenance requirements of a large coal m ill.

The presence of significant pieces of tramp material, i.e. metal items or

stones, can cause significant mechanical damage to hammer mills. This type of
tramp material can also generate significant numbers of sparks, which can
represent an ignition sou  rce. The risks of ignition of the biomass within the

mill body are relatively low, because the biomass material within the mill is

relatively coarse and difficult to ignite under normal operating conditions. Any
sparks that can escape the mill by passing t hrough the screens may ignite the
mill product material, which, in the case of horizontal mills with aspiration air,

may be in the form of a dispersion of fine biomass particles in air. The result

can be a significant pressure excursion. In this case, any hoppers or ducts at
the outlet to the mill should be fitted with appropriate explosion protection and
suppression systems.

Any hot or smouldering material in the biomass feed to the hammer mills can

also act as an ignition source within the mill or in the outlet hopper, and it is
clear that the biomass fuel storage and handling systems should be designed

very carefully to minimise the risks of both tramp material and hot or

smouldering materials being carried forward into the hammer mill systems.

3.3.3 Introducti  on of milled biomass into the pulverised coal
pipework

This refers to Option 3 in Figure 3.1.

The milled biomass, with a top size less than 3 mm or so, is normally
pneumatically conveyed from the fuel handling and milling facility to the
boiler, and injected directly into the coal firing system.

The following fuel injection points into this system are available:
- Into the pulverised coal pipework,

- Into the existing pul  verised coal burners after suitable modification,
and

- Into new, purpose -designed biomass burners, additional to the
existing pulverised coal burners.

The simplest and cheapest approach to direct injection firing and co -firing is to
introduce the milled bio  mass into the pulverised fuel pipework upstream of the

coal burners. In this case, the milled biomass or pulverised coal/biomass

mixture is carried forward along the pulverised coal pipework, and the mixed

fuel then enters the combustor via the primary air annulus of the burner as
normal. This type of approach is, in principle, applicable to all burner designs.

Two general potential locations for the introduction point of the biomass are
apparent, namely:

- The introduction of the biomass into the pulverised coal pipework just
upstream of the non  -return valves and local to the furnace. This
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location is downstream of the pulverised coal splitters, if any, and one
biomass delivery system will be required for each coal burner, and

- The introduction of the biomass into the mill outlet pipework, just
downstream of the mill product dampers, and upstream of the
pulverised coal splitters, if any. In this case, there will be one biomass
injection system for each mill outlet pipe, and it will be necessary for
the biomass /coal mixture to pass through the coal splitters or riffle
boxes, if there are any of these in the system.

The first of these options, i.e. injection of the biomass stream local to the
burner inlet, has a number of potential attractions:

- In general, the po int of introduction of the biomass and the associated
shut - off valve, instrumentation, etc. will be readily accessible from the
burner galleries, for inspection and maintenance,

- The potential process risks associated with the introduction of a
significant quantity of pre -milled biomass into the pulverised coal
pipework are minimised, by having the shortest possible length of
pipework carrying the mixed fuel stream, and avoiding the splitters in
the coal pipes, and

- The introduction point for the biomass is w ell away from the coal mill,
and hence the potential impacts of mill incidents and of mill vibration
on the integrity and performance of the biomass conveying and
injection system is reduced.

In many cases, however, the routing of the biomass pipework thro ugh the
normally congested region local to the boiler front, and the arrangements for
supporting the biomass pipes, can become overly complex and expensive. It
should be noted, in this context, that the pulverised coal pipework local to the

coal burners wi Il have to move with the burners as the furnace expands with
increasing temperature. Sufficient flexibility must be introduced into the

biomass conveying pipework to allow for this movement, which may be

several inches between off  -load and full load condit  ions.
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Figure 3.6 The biomass injection point to the mill outlet pipe in a direct

injection co -firing system at a power station in England

For most applications, the second approach may be preferred, i.e. t he
introduction of the biomass stream into the mill outlet pipework just
downstream of the mill product dampers and upstream of any pulverised coal
splitters. The mixed biomass/pulverised coal stream is then carried forward to
the burners, via any splitter s in the pulverised coal pipework.

This approach is much easier to engineer and will be relatively cheap to install.

In many cases, the number of biomass feeders and pneumatic conveying

systems will be substantially lower than for biomass injection downst ream of
the splitters. The degree of movement of the pulverised coal pipework close to

the mill is relatively small, which will make the biomass injection pipework

simpler to engineer.

A photograph of the injection point of a biomass conveying pipe (200 mm dia.)
into a mill outlet pipe (660 mm dia.) in a large pulverised coal boiler is
presented in  Figure 3.6.

In all cases, the introduction point of the biomass to the pulverised coal
pipework is fitted with a fast -acting, actuated biomass shut - off valve which

allows rapid isolation of the biomass system from the coal mill and firing
system, during mill trips and at other occasions.

If the direct injection co  -firing system is engineered appropriately, there are a
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number of key advantages of the direct injection systems involving biomass
injection in to the pulverised coal pipework, i.e.:

There are no requirements for significant modification of the boiler
milling and firing systems, beyond the installation of the biomass
injection point, or of the boiler draught plant, etc.

The boiler and mills can b e started up on coal as normal, and the
biomass co -firing system brought into service when all of the
combustion and boiler systems are functioning properly,

If there are problems with the biomass system on one mill group, the
biomass co -firing system can  be turned off automatically and the
boiler load can be picked up on coal firing on that mill automatically,
as normal.

If there are any significant problems with the coal mill, e.g. coal
feeder problems, a fire in the mill, a mill trip, etc. the biomass c

firing system can be switched off rapidly, until the problem is resolved
using normal procedures,

The biomass feeder control system only communicates with the mill
controls, i.e. itisanadd  -on to the normal boiler/mill/burner controls,
and the appropri  ate safety interlocks are relatively simple,

The biomass is co -fired with the coal through the unmodified coal
burners at up to 50% heat input, i.e. there is much lower risk of
problems associated with fuel feed instability and with combustion
efficiency/b urnout/flame shape/furnace heat transfer factors, etc.
than for firing of the biomass through dedicated burners,

The combustion of the biomass is always supported by a stable
pulverised coal flame. This will help to optimise the combustion
efficiency of th e biomass, and can increase the fuel flexibility of the
system to fuels with higher ash and moisture contents than could be
fired successfully in suspension flames on their own, and

Using this approach, the products of the combustion of the biomass
are alw ays well mixed with those from coal. This means that the risks
associated with the striated flows in furnaces and boilers, and the
tendency to produce localised deposition and corrosion effects, due to

the concentration of the products of biomass combustio n at particular

locations, are minimised.

For both new build and retrofit applications, where the desire is to achieve

elevated co -firing ratios, there will be a requirement to co -fire biomass

through a number of mill groups. The potential impacts on the m
boiler will depend largely on the nature of the biomass and the target co

ratio, and this will generally need careful consideration. In principle, the co

ills and the
-firing

firing of biomass uptoaco  -firing ratio of 50% or so, on a heat input basis,
may be possible using this approach, although the range of biomass materials

that can be co -fired at this ratio will be limited.
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In most cases, the co  -firing of biomass at up to 50% or so of the total heat

input to the mill group is possible, depending on th e turndown capabilities of
the mill and burners. It is also possible, however, to install a double direct

injection biomass firing system which will have the capability of firing 100%

biomass into the mill group at up to the maximum heat input achievable o n
coal. In this case, the balance of the primary air, in addition to the biomass
conveying air, is delivered through the empty coal mill. This can be achieved

on a single mill group. It can also be done on all mill groups in the boiler to

provide the unit  with 100% biomass firing capability, while retaining the

capability to return rapidly and automatically to coal firing as normal provided,

of course, that the combustion system is capable of both 100% biomass and

100% coal firing.

3.3.4 Introduction of milled biomass into modified coal
burners

This refers to Option 4 in Figure 3.1.

The direct injection co  -firing of the pre  -milled biomass into the existing
pulverised coal b urnersinawall -fired combustion system will normally involve
significant modification of the burners. This approach may be relatively

expensive to implement, and inevitably involves significant technical risk.

This approach may, however, be necessary fo r some biomass materials, where
there is concern about the potential for the blockage of the pulverised coal

pipework system, and particularly of splitters, riffle boxes, etc. and of the

internals annular gaps within the pulverised coal burners themselves. One
important example of a successful pulverised coal burner modification for this

type of application is at Studstrupvaerket in Denmark, where chopped straw

has been co -fired through the core air tubes of Doosan Babcock Mark Il Low

NOXx burners. The pulv  erised coal is fired through the primary air annulus, as
normal. The modifications to the burner are illustrated in Figure 3.7, below.

In this case, the biomass mater ial is cereal straw, which is delivered to the

station in baled form, and is processed on -site to produce a fairly coarse
chopped straw material. This is metered and blown along independent

pneumatic conveying lines, at a rate of up to 5 tonnes per hour pe r line, from
the straw handling plant and is co -fired with coal in four modified coal burners.
Overall, the system is designed to co -fire more than 100,000 tonnes p.a. of
biomass.

The biomass is injected directly through the back of the burners into the
central core air tubes. Significant modification of the coal burners was
required, including relocation of both the central oil lance and the flame
detector to clear the core air tube for the biomass injection. This approach has
the disadvantages that it i nevitably involves some interference with the
performance of the tertiary air swirlers, and their relocation means that both
the oil lance and the flame detector are in non -ideal positions.
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Figure 3.7 Doos an Babcock Mark Il Low NOx burners at Studstrup power
station in Denmark, modified for straw co -firing (after Overgaard et

al., 2004).

At Studstrup, the boiler engineers were forced down this particular route

because of the requirement to provide a clear passage through the pulverised
coal pipework and down the core air tube for the relatively large straw

particles, to avoid blockages, particularly with wet straw. It was considered

that trying to pass the chopped straw particles through the existing primar y
air annulus within the burner would lead to unacceptable risks of blockage,

and that it was imperative that there should be no significant penetrations into

the straw conveying pipework behind which the straw particles can

accumulate.

A more detailed des cription of the experience with the straw co -firing system
was given by Overgaard et al. (2004). In general terms, the experience at

Studstrup has been positive, with some negative impacts on the combustion
efficiency, due to drop out of the larger straw p articles into the bottom ash
hopper underneath the furnace. There was little negative impact on the NO X
emission levels, and on the boiler ash deposition.

There were significant initial difficulties with the handling and conveying of
even relatively small  quantities of very wet straw. This required significant
improvement in the management of the quality and consistency of the
delivered fuel, in co  -operation with the fuel suppliers, to provide the level of

control over the moisture content necessary for reliable operation of the
system.

This type of approach may have some attractions, particularly for pre -milled
biomass prepared from baled materials, which are difficult and expensive to

mill to small particle sizes, and for materials that may have a tende ncy to

blockage of the pneumatic conveying pipework and burner internals.

Although there are significant quantities of surplus cereal straws available in
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many countries in Europe, this approach has not been widely replicated in
other coal power plants in Northern Europe, principally because of the
complication and relatively high cost of the fuel reception, storage and

handling facilities that are required to permit the co -firing of biomass materials
in baled form.
3.3.5 Direct injection through new dedicated b iomass burners

This refers to Option 5 in Figure 3.1. In some applications, the installation of
new, dedicated burners, in addition to the installed pulverised coal burners, for

the co -firing of biomass materials, as a retrofit in existing boil er plants, may
have some attractions. In these instances there will be a number of technical

and commercial risk areas and significant practical problems to be resolved,

namely:

- New burner locations, which will generally be within the existing
burner belt, have to be identified, and significant new furnace
penetrations are required. This is expensive and involves significant
modification of the existing pressure parts,

- It can prove to be difficult to find suitable locations for new burners
and for the assoc iated fuel and air supply pipes and ducts, galleries
etc. A secondary air supply to the biomass burners is required, i.e.
there are significant modifications required to the existing boiler draft
plant,

- The impacts of biomass co  -firing on the performance o f the existing
pulverised coal combustion system and on the furnace and boiler
performance may be significant, depending on the locations of the
new burners. This is a significant potential risk area, and will need to
be assessed in some detail,

- The dedica ted biomass burners are based either on conventional
pulverised coal burners or on cyclone burners, and these have not
been extensively demonstrated commercially for this type of
application. A large, multi  -burner furnace, where the biomass burners
will be operated in tandem with the conventional coal firing systems,
represents a relatively challenging environment. There will be
particular risks to the integrity of the new biomass burners when they
are out of service and the pulverised coal burners are firi ng, again
depending on the details of the locations of the new burners,

- This approach to the direct firing of biomass is complex, both in terms
of the mechanical and control interfaces with the boiler, and

- The scope of the modifications to the furnace and the installed draft
plant is substantial and it is clear that this approach to co -firing
biomass will be relatively expensive.

There is a small number of co -firing systems in Europe based on the
installation of dedicated biomass burners, although it is fai r to say that the
accumulated plant experience to date is not extensive, and all of the

experience to date has not been successful.
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3.3.6  General comments

Clearly, there are a number of viable technical options for the direct injection

co-firing of pre -milled bi omass materials as a retrofit to pulverised coal -fired
power stations. The preferred technical option for any particular application

will depend on a number of factors, namely:

- The types of biomassto be co  -fired,
- The desired co -firing ratio,

- The site -specific factors, i.e. the types of coal mill, the arrangement of
the installed coal firing systems, etc., and

- The proposed operating regime of the biomass co -firing system, and
the aspirations of the station engineers.

A number of the more important direct injection biomass co  -firing systems
have been in successful commercial operation in Britain and Northern Europe
for a number of years.

Overall, it is clear that direct injection co -firing is a technically reasonable and
cost - effective approach to the co  -firing of pre -milled biomass in a pulverised
coal -fired boiler, for both retrofit and new build project applications. As stated
above, this is based on successful commercial experience, albeit at a relatively
small number of applications at power plants in Europe.

For new build applications, as with retrofit projects, the direct injection of the
biomass to the pulverised coal pipework has significant additional attractions
in that the technical risks associated with the combustion system and boiler
design can be reduced significantly, i.e.

- The biomass co -firing system is additional to the coal milling and firing
equipment, which can be designed for coal firing, applying normal
design practices,

- This means that the coal firing capability of the boiler plant is not
compromised in any significant way by the provision of the biomass
co-firing capability,

- The co -firing of the biomass through one or more of the coal mills at
up to 50% heat input will only have a very modest impact on the
furnace heat absorption, i .e. the current combustion system and
furnace design rules can be applied with only minor modifications, and

- The products of combustion of the biomass are always pre -mixed with
at least the same amount of those of coal combustion, with reduced
risks of loc alised ash deposition and corrosion effects due to the
biomass firing. Because of the relatively low ash contents of most
biomass materials compared to most coals, the mixed ash produced
when co -firing is always dominated by the coal ash, even at 50% co -
firing.
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4 The impacts on plant operation

In general terms, the impacts of biomass co -firing on the operation and
integrity of the boiler plant depend largely on the nature of the biomass

material and on the co  -firing ratio, as would be expected. At low co -firing
ratios, say less than 10% on a heat input basis, i.e. the levels which are

associated with co  -firing by pre -mixing the biomass with coal and co -milling

through the installed milling plant, a very wide range of biomass materials,
with relatively higha  sh, moisture, sulphur and nitrogen contents, for instance,
can be co -fired without significant problems.

With increasing co -firing ratio, the quality of the biomass will, of course, tend

to be of more importance, and there will be significant limitations to the fuel
flexibility of the system. At high co -firing ratios and when converting

pulverised coal boilers to 100% biomass firing only the high grade sawdust

pellet materials can be fired and it may be necessary to upgrade the on -line

cleaning systems and  apply fireside additives to control the risks of excessive
ash deposition and high temperature corrosion.

41 COMBUSTION EQUIPMENT

When biomass materials have been co -fired with coal at low co  -firing ratios
less than 10% on a heat input basis, by pre -mixing the two fuels in the coal
handling system and processing the mixed fuel through the installed bunkers

mill and burners, the impac ts on the performance and integrity of the installed
coal combustion system have been very modest. Provided that the mill

operational practice is modified to take the properties of the biomass properly

into account and the co  -firing ratio is controlled wit hin the correct range, the
impact on the performance of the mills is modest and the risks of increased
incidence of mill fires and pressure excursions can be managed. The principal
impacts of co -firing the biomass have been on the mills, as described in

Section 3.2 above.

The properties and combustion behaviour of the mixed fuel are dominated by
those of the coal, and the impacts of co -firing have been largely negligible,
provided that the biomass material has been milled to an appropriate particle
size di stribution.

When the biomass has been pre  -milled and is co -fired in direct injection
systems at up to 50% heat input to individual mill groups of burners, the

impacts on the performance and integrity of the combustion system have

mostly been modest. In th is case, the biomass combustion is supported at all
times by a stable pulverised coal flame. A relatively wide range of biomass ash
and moisture contents can be accommodated without problem, provided that

the biomass has been milled to an appropriate top s ize.

If there is oversize material in the biomass feed, this will result in an increase

in the number of wunburned particles or O6sparklerséo
an increase in the unburned fuel levels in both the bottom ash and fly ash. It

will not normally be necessary to discontinue firing the biomass, but this may

have an impact on the gaseous and gas -borne emissions from the plant and it
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will represent a significant reduction in plant efficiency. There may also be
problems associated with the di sposal of high carbon ash discards from the
plant. The installation of a dry bottom ash system with combustion and heat
recovery from the unburned material can help to minimise these losses.

When milled biomass materials have been fired without coal suppor t through
unmodified low NOx pulverised coal burners, there is a tendency for the flame
produced to have the ignition plane located further out into the quarl than in a

well -anchored pulverised coal flame. This is considered to be a result of the

significa ntly longer heating times required for the larger, less dense biomass
particles compared to pulverised coal particles.

The effect of this has been that the flame monitor signals obtained with the
unmodified burners have been poorer than for a stable pulver ised coal flame,
particularly at reduced mill loads. There is no indication that the biomass

flames are unstable, only that the ignition of the biomass particles is delayed.

This effect can be monitored by the insertion of a thermocouple through the

core air tube of the burners out into the flame, and the measurement of the
temperature profile at the centre -line of the flame with distance from the

mouth of the burner. In the case of a well anchored coal flame, the

temperatures will increase sharply to valu es in excess of 800°C within 500 mm
of the end of the primary air annulus. In the case of the biomass flames in
unmodified burners, the temperature increase was significantly slower.

The response to this issue has been two -fold:

- In some cases, modification s have been made to the flame detection
system to provide a focus on a position in the flame further out into
the furnace. This can provide acceptable signals from the biomass
flames from unmodified pulverised coal burners, and

- Inother cases, significant physical modifications have been made to
the installed burners, designed to bring the ignition plane back into
the burner quarl, and improve the flame monitor signals. These
modifications normally involve a decrease in the primary air velocities
at the mou th of the burner and an increase in the degree of swirl in
the primary and secondary air streams.

These modifications would in most cases tend to reduce the NOx control
capabilities of the burner. There has in recent years been significant
developmentand demonstration work carried out by the combustion

equipment suppliers to enable them to offer a purpose -designed burner for
milled biomass materials, which provides rapid ignition and good flame
monitor signals, good burnout of the biomass and minimum NO x emissions.

4.2 ASH DEPOSITION ON BO ILER SURFACES

4.2.1 General comments

When converting pulverised coal boilers to biomass co -firing and 100%
biomass firing, it should be recognised that the boiler has not been designed
to reflect the properties and behaviour of biomass materials, and particularly

41



the biomass ash, and the rang e of biomass materials that can be fired
successfully at higher co  -firing ratios will be increasingly restricted, in most
cases to include only the high grade wood pellet materials

The key fuel parameters that may be of importance in this context are:

- The ash content and ash composition, which will determine the risks
of excessive ash deposition on boiler surfaces, and of high
temperature corrosion of boiler components,

- The moisture content, which may affect the ignition rate of the fuel
and the combustion  conditions,

- The sulphur, nitrogen and chlorine contents, which will affect the
uncontrolled gaseous emission levels, and may determine the risks of
excessive high temperature corrosion rates, and

- The trace element contents, which may have an impact on th e gas
borne emissions and the ash discards from the plant.

Operational problems associated with the deposition and retention of ash
materials can and do occur on all of the major gas -side components of
combustors and boilers firing or co -firing biomass ma terials. The more
important high temperature ash deposition occurrences within the combustion
system and the furnace are associated with the following phenomena:

- The deposition of fused or partly -fused ash materials on burner
components and divergent quarl surfaces, and the formation of
6eyebrowd deposits ar o dfinedirgonsycangesdt and over
in interference with light  -up and burner operation, and with

combustion performance and NOx emission control,

- The deposition of fused or partially -fused slag deposits on furnace
heat exchange surfaces reduces furnace heat absorption, and leads to
increased gas temperatures both within the furnace and at the furnace
exit. This can lead to increased ash deposition and high metal
temperatures in the convectiv e sections of boilers, and if this becomes
excessive, it may be necessary to reduce load or to come off load for
manual cleaning,

- The accumulation and subsequent shedding of large ash deposits on
upper furnace surfaces can lead to damage to furnace ash ho ppers
and other components of the lower furnace.

These are slag formation processes which occur at relatively high

temperatures in excess of around 800 -1000°C, on furnace refractory or water
wall surfaces in direct receipt of radiation from the flame. Thes e processes
occur relatively rapidly, over a matter of minutes or hours, when conditions

are favourable, and usually involve the sintering and fusion, or partial fusion,

of fuel ash particles on the surfaces within the furnace.

The accumulation of ash depo  sits in the convective sections of boilers also
occurs. These ash accumulations are normally termed fouling deposits, and
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the more common occurrences include:

- The formation of ash deposits on the surfaces of superheater,
reheater and evaporator banks occur s at flue gas temperatures less
than around 1000°C. This is generally a much slower process than
slag formation, with the tendency for significant ash deposits to grow
over a period of a number of days and weeks. The process involves
the formation of depos its in which the ash particles are bonded by
specific low melting point constituents, principally the alkali metal
species and, in some cases, the more volatile trace elements, such as
lead and zinc,

- The flue gas temperatures are generally too low for sig nificant
sintering or fusion of the bulk of the ash particles to occur. In general
terms, as the gas temperatures decrease through the boiler
convective section, the deposits tend to be less extensive, and to be
less well bonded and physically weaker. This is commonly reflected in
the design of the boiler convective section, i.e. it is often possible to
reduce the cross pitches of the tube banks progressively as the flue
gas temperatures decrease, because of the reduced risk of
uncontrollable ash deposition and of ash bridging across the tubes in

the banks,
- Convective section fouling is one of the most troublesome ash -related
problems associated with the combustion and co -combustion of

biomass materials, because of their relatively high alkali metal
contents, and hence high fouling potential in many cases,

- Increased fouling also increases the gas -side pressure drop across the
banks, and can eventually lead to ash bridging between the tubes.
This further increases the gas side pressure drop, and can re sultin

the channelling of the flue gas, through a smaller number of open gas
passes. This, in turn, can result in local overheating of the heat

exchange tubes, and localised damage to boiler tubes and other
components by particle impact erosion, due to th e increased flue gas
velocities,

- Ash deposits on economiser surfaces at low flue gas temperatures
tend to be relatively weakly bonded. They are commonly initiated by
the physical accumulation of ash, often by the gravitational settling of
ash material whic  h has been dislodged from primary deposition sites
upstream of the economiser b y the action of sootblowers.

- Low temperature fouling and corrosion of air heater surfaces are also
common occurrences. These are fairly complex processes involving
the condensat ion of acid species at temperatures below the dew
points, and the chemical interaction of the ash particles with the
condensed acid. These processes tend to be very specific to the design
and operation of the air heater and the details of the chemistry of the
flue gas and fly ash.
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4.2.2  Ash fusion behaviour

One of the key properties of fuel ash materials, which has an impact on ash
deposition, is their behaviour at elevated temperatures and, in particular, their
fusion behaviour. In very general terms, three typ es of biomass ash system
have been described by Bryers (1996), on the basis of their general ash

chemical composition and their fusion behaviour:

- High silica’high potassium/low calcium ashes, with low -medium fusion
temperatures, including many straws and a gricultural residues,

- Low silica/low potassium/high calcium ashes, with relatively high
fusion temperatures, including most woody materials, and

- High potassium/phosphorous ashes, with low fusion temperatures,
including most manures, poultry litters and ani mal wastes.

The fusion behaviour of the ashes is an important factor in determining the
propensities of the fuels to form fused or partly -fused slag deposits on furnace
surfaces and may have an influence on the nature of the fouling deposits that

can occur on the heat exchange and other surfaces.

The fusion behaviour of most fuel ashes is a fairly complex phenomenon,

which is best described in terms of a melting curve, where the mass

percentage of the ash, which is fused, is plotted against the temperature. An
example of such a curve is reproduced in Figure 4.1. In this example, the

melting curves of a model biomass ash system, comprising a mixture of simple

alkali metal salts, have been calculated using a procedure based on

experimental phase diagrams and t hermodynamic data, (see, for instance
Backman et al, 2005, and the references given therein).

On the ash melting curves, two key temperatures are commonly identified,
and these can be used to help describe the behaviour of the ashes:

- The T15temperature i s the temperature at which 15% of the ash
material by mass is molten. This is considered to be the temperature
at which the surfaces of the ash particles or slag deposits begin to
become sticky and receptive to the adhesion of solid ash particles
arriving at the surface within the furnace, and

- The T70 temperature is the temperature at which 70% of the ash
material by mass is molten. This is considered to be the temperature
at which the outer surface of an ash deposit on a vertical surface will
begin to flo w, depending, of course, on the slag viscosity.

The standard Ash Fusion Test, which has been applied for the characterisation

of the fusion behaviour of coal ashes for many decades, is based on the
determination of three or four key temperatures on the me Iting curve. This
procedure has been developed and applied specifically for alumina -silicate,
coal ash systems, which have very variable and complex melting behaviour.

Coal ash systems commonly melt over a fairly wide range of temperatures

from around 1000 -1500°C and, in most cases, tend to produce relatively

viscous melts.
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The results of the application of this test procedure to biomass ashes, most of
which are not alumino  -silicate systems, and many of which melt at
temperatures less than 1,000°C, are of real technical interest, and can be
used to compare the behaviours of different ashes. The results, however,
should be treated with a good deal of caution.
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Figure 4.1 Calculated melting curves for salt mix tures with K/Na molar ratio

90/10, SO 4/CO 3 molar ratio 80/20 and Cl varying between 0 and
20% of the total alkali. (after Backman et al, 2005).

4.2.3  Slagging and fouling indices

A number of Slagging and Fouling Indices are available for the assessment of

the pr opensity of fuel ashes to form boiler deposits. A detailed description of

the technical basis and use of a number of the more traditional indices is

presented in Raask (1985). These indices are based either on the fuel ash

content and the ash chemical comp osition, or on the results of the Ash Fusion
Test. In the main, these indices have been developed for the assessment of

coal ashes. They have been applied, with appropriate modifications, to the

ashes from other solid fuels, including wastes and biomass ma terials, and to
the mixed ashes produced by the co -firing of biomass materials with coal.

The majority of the Slagging Indices are concerned with the assessment of the

fusion behaviour of the ash and/or the viscosity of the melt. The traditional

indices ar e based either on the results of Ash Fusion Test or on the chemical
composition of the ash, and commonly on the mass ratio of the acidic metal

oxides, (SIO 2 and Al 203) to the basic oxides (Fe 203, CaO, MgO, Na 20 and K 20).
These indices provide a general ass essment of the fusion behaviour of the

ashes, which is then employed to rank the ash in terms of its propensity to

form fused or partially  -fused agglomerates and slag deposits. Despite the

technical limitations of both of these approaches, they are still u sed widely in
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the industry for fuel specification, furnace and heat exchanger design and for
plant operational purposes to provide an assessment of the risks of excessive
slag deposition for coal and for biomass firing.

A number of more sophisticated appr oaches to the assessment of the slagging
propensity, for instance based on the use of phase diagrams of the appropriate
alumina -silicate systems, or on the use of mineralogical analysis data derived

from the characterisation of the fuel using scanning elec tron microscopes and
other advanced techniques, have been developed, however these have

enjoyed only relatively limited use within the industry.

Since the majority of the coal ash slagging indices are based on the
assessment of the fusion behaviour of alum ina - silicate coal ashes, their
application to biomass ash systems, which are chemically very different, can

be problematic. Great care should be applied when interpreting the
conventional Slagging Index values for biomass ashes and to the ashes
produced fr om the co -processing of biomass materials with coals. In general
terms, the use of biomass ash melting curve data, if available and the results

of the Ash Fusion Test, are preferable.

When considering the potential slagging behaviour of the mixed ashes fro m
the co -processing of biomass with coal, it is clear that, apart from SiO2, all of

the significant chemical constituents of most biomass ashes, and principally

the alkali and alkaline earth metals, are powerful fluxes for alumina -silicate
systems. Itis e xpected, therefore, that the co -firing of biomass with coal will
result in a reduction in the fusion temperatures, and hence an increase in the

slagging potential. This will, of course, depend on the level of fluxing agents

already present in the coal ash and on the co -firing ratio. It has been found

that the effect is much more dramatic when biomass is co -fired with coals with
high fusion temperature ashes. The effect of adding biomass ash to a coal ash

with low levels of the fluxing elements tends to be m uch greater than that for
a coal with lower ash fusion temperatures and higher levels of fluxing

elements.

For the co -processing of biomass with coal at relatively low levels, the mixed

ash is still predominantly an alumina -silicate system, and the normal coal
slagging assessment methods based on the ash composition can generally be
applied to the mixed ash with some confidence. At higher co -firing ratios, the
mixed ash composition can be very different from that of most normal coal

ashes, and this type of ~ assessment can become more problematic. It may be
preferable to base the assessment on ash fusion data, as discussed above.

The Fouling Indices for coal ashes are, in the main, based on the sodium
content of the fuel. The deposition of the sodium compounds by a
volatilisation/condensation mechanism is considered to be the principal driving
force for the consolidation of heat ex changer fouling in coal plants. The
potassium in coal ash is present predominantly as a constituent of the clay
minerals, and is not considered to be available for release by volatilisation in
the flame.

For most biomass materials, potassium tends to be t he dominant alkali metal,
and this is generally in a form that is available for release by volatilisation. The
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fouling indices which have been developed specifically for the assessment of
biomass materials tend, therefore, to be based on the total alkali m etal
content of the fuel on a mass or heat content basis (see for instance, Miles et

al. 1995).

Overall, therefore, a practically useful suite of ash characterisation techniques
and ranking methods are available for biomass materials and for the mixed

ashe s produced when co -firing. The majority of these techniques were
originally developed and applied for the characterisation of coals and other
conventional solid fuels, and for the study of their behaviour in combustion
systems. Because they are already fam iliar within the energy industry, many
of these methods have been adapted for use with biomass materials. As

always, great caution should be exercised when applying these fuel

assessment procedures and methodologies to materials and processes for

which the y were not originally developed.

4.2.4  Deposit formation and removal processes

In all practical situations, the long term accumulation pattern of deposits in

furnaces and boilers involves competition between processes which tend to

add to the mass of the deposit s and those which remove material from

deposits. These have been described by a number of authors in the technical

literature for coal and biomass ashes (see, for instance, Raask, 1985, Baxter,

1993 and the references cited therein). The key deposit growt h processes are
as follows:

- Ash particle inertial impaction on the boiler surfaces is the dominant
mass transfer process in high temperature slag formation, and for
larger ash particles. The rate of deposition by impaction is a function
of the fly ash part icle flux to the surface, and of the deposition
efficiency which, in turn, is dependent on the degree of fusion or
stickiness of both the existing deposit surface and of the fly ash
particles themselves,

- The condensation of volatile inorganic species, in v apour or fume form
in the flue gases, on cooled surfaces, is one of the principal driving
mechanisms for the initial slag formation process on clean furnace
surfaces and is the key ash particle consolidation process in
convective pass fouling. This is of p articular importance for biomass
materials because of the relatively high levels of volatile alkali metal
and other species in these fuels,

- Chemical reactions occurring within the deposits, and particularly
oxidation, sulphation and chlorination processes, can alter the nature
of the deposit material and will tend to increase the deposit mass, and

- Thermophoresis, which involves the transport of small, gas -borne, ash
particles to cooled surfaces by the effects of the local gas temperature
gradients, isonly  important for very small, sub -micron particles. It
may be relevant during deposit initiation when the local temperature
gradients are at a maximum and when the rate of deposition by
inertial impaction and other mechanisms is very low.
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Uncontrolled ash depo sition, with no deposit shedding or removal would very
quickly result in operational problems in most boiler plants firing solid fuels.

Most solid fuel furnaces and boilers are designed to minimise the extent of ash
deposition in key locations. They are al so fitted with on  -line cleaning systems
of various types to permit a level of control over the deposition rates, and

hence to maintain heat absorption levels in the furnace and convective

section. There are also natural ash deposit shedding mechanisms and other
processes which are responsible for the reduction in the extent of deposition.

The key deposit removal processes are as follows:

- The principal means of on  -line control of deposition in most furnaces
and boilers is the use of the installed soot blowe rs or lances. These
devices direct a high velocity jet of steam, water or compressed air at
the ash deposits, and employ a combination of mechanical impact and
thermal shock to break up and remove the deposited ash material.

- Sonic soot blowers can also be deployed, particularly for the
dislodging of the relatively weak deposits in the cooler parts of the
boiler convective section.

- In extreme circumstances, where very tenacious and troublesome ash
deposits have formed, small explosive charges have been empl oyed to
break up the deposit material.

- The deposit material removed in this way may be carried forward
through the boiler with the flue gases, but can also accumulate
elsewhere on secondary sites within the furnace, in the convective
pass of the boiler, at  the hot end of the air heater, etc.

- The natural shedding or detachment of deposits also occurs. This can
happen when deposits grow too large for the adhesive forces to
support them, or due to the effect of thermal expansion differences
between the ash dep  osit and the boiler tube, during shutdowns and
boiler load changes. Rapid boiler/combustor load changes can be
deliberately used for ash deposition control, particularly within the
furnace.

- The detachment of large accumulations of slag in this way can,
how ever, result in damage to boiler components or in the formation of
troublesome accumulations of ash lower in the furnace, leading to the
formation of deposits around the burners, or to the bridging of the ash
hopper throat, for instance,

- Heavily fused ash  deposits of low viscosity can run down the furnace
walls or can drip on to surfaces lower down in the furnace or boiler,
and

- In the boiler convective section, fly ash particle impact erosion wear
can result in the reduction of the thickness of fouling depo sits,
particularly on the sides of tubes.
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It is clear, therefore, that ash deposition control in biomass combustors and
boilers is a fairly complex issue, involving fuel quality, boiler design and
operational factors.

The key technical issues are:

The car eful design of the furnace and boiler convective section, which
recognises properly the characteristics and behaviour of the fuel ash,

is of prime importance. The equipment supplier obviously has the key

role in this regard. The minimisation of refractory coverage within the
furnace is essential. The incorporation of specific furnace and boiler

design features, where appropriate, to minimise ash deposition, to aid

the removal of ash, and to avoid ash accumulation within the system,

is also of key importance

The correct design, operation and maintenance of the combustion
equipment and of the on  -line cleaning systems are important, and

It is also often preferable to maintain the plants at a relatively low
level of deposition, rather than to deploy the on -line cleaning systems
only when there is evidence of significant deposition,

Intensive cleaning of the furnace and boiler surfaces during outages

can be very effective in reducing overall ash deposition rates and, in

more severe cases, in increasing the opera ting times between forced
boiler outages for manual cleaning.

There are specialised on  -line ash deposition monitoring and soot

blowing control systems that are commercially available, and that can

assist significantly with the optimisation of the soot blow er operations
and the control of ash deposition. These systems are designed

principally for the control of deposition in the larger industrial and

utility fossil fuel  -fired boilers. Systems are available for the control of

ash deposition in both the furnac e and the convective sections, for
optimisation of the boiler performance.

4.3 HIGH TEMPERATURE COR ROSION OF BOILER
SURFACES

The corrosion processes that occur on the gas -side surfaces of boiler tubes are

very complex. They occur at high temperatures underneath ash deposits and
in contact with combustion product gases, over extended periods of time
during which the fuel diet and the operating conditions can change
significantly.

As a consequence, these processes are very difficult to study and the metal
loss rates are difficult to quantify. Nevertheless, because of their great
importance to the designers and operators of large boiler plants, these
processes have been the subject of a great deal of technical work, at
laboratory, test rig and plant scale, over many decades.

There is a substantial technical literature on this subject, particularly for fossil
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fuel -fired boilers, (R aask, 1988), and increasingly for biomass boilers and for
boilers co -firing biomass with fossil fuels, as the industrial importance of

biomass utilisation for power generation and combined heat and power

applications has increased. Gas  -side corrosion proce sses have generally been
of less importance for domestic and small commercial/industrial biomass

boilers, which tend to operate at much lower steam and metal temperatures.

In general terms, it has been found that the gas -side metal wastage rates of
boiler tubes are controlled by a number of factors, viz:

- The tube material,
- The flue gas and metal temperatures,

- The chemical composition of the ash deposit material at the metal -
deposit interface,

- The chemical composition of the flue gases, and
- The operating re gime of the plant.

The concerns are principally associated with the final stage superheaters, with
the leading elements and steam outlet legs being subject to the most
aggressive attack, principally because of the relatively high metal
temperatures.

The ma jority of biomass materials of industrial interest have the following key
chemical characteristics, which have an influence on the high temperature
Corrosion processes:

- The biomass ashes tend to be relatively rich in alkali metals, and
particularly potassi  um compounds, which tend to form deposits on the
surfaces of the superheater tubes, via a volatilisation/condensation
mechanism,

- Most biomass materials have relatively low total sulphur contents,
generally less than 0.5%,

- The chlorine contents of biomass m aterials vary significantly, but can
be up to 1% or so in some cases, and

- Theresultis that the S/Cl mass ratios for many biomass materials can
be relatively low, compared to those for most coals.

The ash deposits that form on the boiler surfaces, therefo re, tend to be
relatively rich in potassium salts, principally sulphates and chlorides,

depending on the fuel composition and the gas and metal temperatures. The
chemistry of the biomass ash deposits tend, therefore, to be very different

from that of most  coal ash deposits, which tend to be dominated by sulphates.
This can have a significant impact on the corrosion behaviour, particularly at

high metal temperatures on superheater surfaces. In general, therefore, it is
necessary to design dedicated biomass b oilers with final steam temperatures
that are significantly lower than those that apply in large coal -fired boilers.

50



The general experience with the operation of boiler plants firing a wide range

of clean biomass materials has been that, at final steam tem peratures in
excess of 500°C, unacceptably high rates of metal wastage of superheater
elements can occur. In boilers firing contaminated biomass materials and a

wide variety of waste materials, with high alkali metal contents, significant

trace element and  chlorine contents, and low sulphur contents, significant
corrosion of the superheater tubes can occur at even lower final steam
temperatures.

There are a number of potential remedial measures available to address the
observed corrosion problems:

- The cont rol of the final steam temperatures, at the boiler design
stage, to levels at which the corrosion rates are acceptable, for the
fuel being fired and the superheater materials employed,

- The selection of more corrosion resistant alloys for construction of t he
final superheaters, if necessary,

- The protection of the surfaces of vulnerable high temperature tubing
by the use of coatings, weld overlays and other measures, and

- The application of fireside additives to modify the flue gas and ash
deposit chemistries  and hence render them less aggressive.

The conventional approach to the control of superheater corrosion is by

selection of the appropriate combination of tube materials and final steam
temperatures for the fuel being fired. For instance, in modern mass b urn
incineration plants for municipal solid wastes, where the flue gases and ash
deposits are extremely aggressive, it is common practice to limit the final

steam temperatures to around 400°C, and to protect the furnace tubes and

the leading tubes inthe f  inal superheater against corrosion and erosion
processes with spray coatings and, in some cases, with SiC sleeving.

Modern biomass -fired boiler plants commonly have final steam temperatures

in the range 450 -540°C, depending principally on the characterist ics of the
fuel and the materials selected for the construction of the final superheater
elements. These are design decisions taken by the boiler supplier, based on
previous experience with the fuel and the best technical information available

on the predi cted corrosion rates of the proposed boiler tube materials.

A comprehensive description of the extensive laboratory and plant scale

corrosion test  work in this subject area is beyond the scope of this document.

As an illustration, however, of some of the key work it is relevant to consider
the early work of Montgomery et al. (2002). This provides a report of the

results of a very significant programme of plant -based corrosion test work in
small straw -fired power plants, i.e. Masnedo, Rudkobing and Ensted, in
Denmark, is relevant in this context.

In this case, the selected power stations were firing cereal straws, and both
ferritic and austenitic superheater tube alloys were exposed to the flue gas
atmosphere at metal temperatures in the range 450 -620°C. It was found that
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Corrosion rate (mm/1000 h)

the measured corrosion rates for the test materials increased with increasing
metal temperature, from values less than 0.05 mm over 1,000 hours at 470°C
to values in excess of 1 mm over 1,000 hours at temperatures in excess of
600°C. These a re clearly very aggressive conditions compared to those that
apply when firing coal.

They also found that all of the alloys tested all gave fairly similar corrosion
rates at any given temperature, although there appeared to be a shallow
optimum in corrosion resistance for alloys with chromium contents in the
range 15 -18%. These results are not untypical for boilers firing biomass
materials, where the corrosion process is driven by the presence of alkali
metal chlorides at the metal/corrosion product/deposit interface.

The key results of the corrosion test in the flue gas stream of a straw
combustion plant are summarised in Figure 4.2 (Henriksen et al. 2002).

This shows the measured corrosion rates in mm per 1,000 hours as a function
of the metal temper  ature. The major trend is clear, with the corrosion rates
increasing sharply with increasing metal temperature, as expected. All of the
superheater materials tested, which had chromium contents in the range 11.7
18.4%, showed very similar trends with incre asing metal temperature,
particularly at temperatures in excess of 500°C. In very general terms, the
authors were of the view that the corrosion resistance of the materials tested,
with chromium contents in the range quoted above, were fairly similar.
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Figure 4.2 The corrosion rates of boiler tube material specimens exposed to

the flue gases from straw combustion, plotted against the metal
temperature. (After Henriksen et al. 20 02)

Looking at the absolute corrosion rate values measured during these tests, it
is clear that at metal temperatures around 460°C the measured corrosion
rates for all of the materials were less than 0.05 mm/1000h, the equivalent of
around 0.4 mm p.a.
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At metal temperatures above about 500°C, the measured corrosion rates for

all of the test materials were in the range 0.1 -0.3 mm/1000h, or of the order
of 0.8 -2.4 mm p.a. These are very high corrosion rates, which would result in
rapid failure if they were to apply to the boiler tubes.

At metal temperatures above 550°C, the corrosion rates were in the range
0.3-1.2 mm over 1,000 hours. This is a catastrophic corrosion rate for boiler
tubes.

It should be noted that the solid and gaseous products of straw comb ustion
tend to be particularly aggressive in this regard and that wood materials and

other biomasses with lower sulphur and chlorine contents tend to be

significantly less aggressive. The majority of boilers designed for the

combustion of biomass materials have maximum metal temperatures less than
550°C, depending on the nature of the fuel.

A more comprehensive discussion of ash behaviour and boiler tube corrosion
in biomass -fired boiler systems is presented by Frandsen (2011).

The use of fireside additives to modify the chemistry of the ash deposits may

be of some benefit. This is common practice, for instance, in oil -fired boilers,
where magnesia -based additives are employed to dry up the oil ash deposits

on boiler surfaces, and to reduce the rates of meta | wastage associated with
the relatively aggressive vanadium oxides and sulphates in the oil ash

deposits.

Vattenfall has been involved in the development of fireside additives, which

have been of some value in reducing the active chloride concentration i n
biomass -fired boilers or possibly waste incineration plants, and which may

have wider application (Henderson et al. 2006). They reported the use of a
proprietary liquid fireside additive, ChlorOut, which was effective in removing

KCI from the flue gases, but had only a modest effect on the SO2

concentration and on the pH of the flue gas condensate. The results of 1,000

hour corrosion tests in a 100 MW th bubbling fluidised bed boiler firing
demolition wood, forestry residues and coal in Sweden indicated th at there
was a significant reduction in the measured corrosion rates when the additive

was applied. Vattenfall have been actively applying the ChlorOut system,
comprising the liquid additive and delivery system, with an in -furnace alkali
chloride measureme nt system, specifically for use in biomass boilers and

waste incineration plants.

There has also been some recent plant experience with the use of alumina -
silicate additives, intended to react with the alkali metal species in biomass

boilers and pulverised  coal boilers converted to 100% biomass. This

experience has involved the use of kaolinite or of coal fly ash as the source of

the alumina -silicate, and has been applied principally in large pulverised coal
boilers with relatively high final steam temperat ures, which have been
converted to biomass co  -firing at high co  -firing ratios or have been converted
to 100% biomass firing.

Overall, therefore, it is clear from both laboratory and plants test work, and
from plant experience, that the high temperature co rrosion of superheater
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tubes is a significant concern in biomass boilers, and particularly in boilers
firing fuels with significant chlorine contents. There are also particular
concerns in recent years about the risks of excessive rates of superheater and
reheater corrosion in pulverised coal boilers which have been converted to
100% biomass firing, principally with wood pellets as the main fuel.

The key to the avoidance of excessive rates of metal wastage is the selection,
at the design stage, of the corre ct combination of the final steam temperature
and the tube material for the particular application.

It is also clear that the use of fuel additives can be of value in some cases,
where problems arise on operating plants. This may be of particular interest

pulverised coal boilers with relatively high steam temperatures which are co -

firing biomass at high co  -firing ratios or have been converted to 100%
biomass firing.

4.4 PARTICLE IMPACT EROS ION OF BOILER TUBES

The erosion and abrasion of boiler components an d other equipment in solid
fuel -fired plants are associated predominantly with the presence in the fuels

and ashes of hard mineral particles, and particularly those that are harder

than the steels and refractory materials employed for the construction of t he
interior surfaces in the boiler. The only mineral species that is commonly found

in clean biomass materials in significant levels in this category, is quartz.

Clearly, high quartz biomass materials, and those which have been

contaminated with significa  nt levels of tramp materials, are expected to
present significant problems with erosion and abrasion of metallic components

of the fuel handling and firing equipment. It is clear, however, from practical
experience that, even for relatively low ash biomass materials, the risks of
erosion damage in pneumatic conveying systems, are not negligible.

In general terms, the majority of the biomass materials under consideration
have relatively low ash contents and, for this reason, erosion and abrasion
processes te nd, on the whole, to be similar to or less important than they are
in coal -fired plants. There are, however, one or two specific areas where
erosion and abrasion can be significant issues:

- The utilisation of some biomass materials, such as rice husks and
sugar cane bagasse which have particularly high quartz contents can
give rise to abrasion problems in the fuel and ash handling systems
and to the erosive wear of pneumatic conveying systems and boiler
components in the convective pass,

- Inbiomass boiler sy stems which suffer severe convective section
fouling problems, excessive rates of particle impact erosive wear of
boiler tubes and erosive wear associated with the overuse of
convective pass soot blowers, in an attempt to control the impact of
the fouling, are common occurrences, and with the high flue gas
velocities that can be associated with ash bridging in the convective
banks.

54



- The erosion rate of pneumatic conveying systems for biomass
particles can be appreciable, again depending largely on the quartz
content, the level of tramp material in the fuel and the conveying air
velocity applied.

In general terms, however, the experience has been that the ash abrasion and
erosion problems associated with the utilisation of the great majority of
biomass materia Is are similar to or less important than those experienced
when firing more conventional solid fuels.

4.5 FLUE GAS CLEANING SY STEMS

The cleaning of the flue gases to a prescribed standard, prior to emission to

the atmosphere, is a feature of all solid fuel boi ler systems at industrial and

utility scale in most countries. The larger combustors and boilers generally

have fairly tight controls on emission levels, and the specific standards that

are applied by regulators may depend on whether the biomass fuel being fired
or co -fired is regarded as being a relatively clean fuel or as a waste material.

A range of appropriate flue gas cleaning systems, designed to comply with the
relevant operating standards for most industrial biomass materials and
combustion systems, are available commercially from experienced vendors,
and are relatively well proven.

In modern coal -fired power plant boilers, the principal gaseous and gas -borne
emissions control equipment is currently concerned with the control of the
following prescribed pollutant species:

- Total particulate emissions control, principally using dry elect rostatic
precipitators or fabric filters,

- NOx emissions control, by both primary and secondary measures,
with low NOx burners, two  -stage combustion systems, selective
catalytic reduction (SCR) and selective non - catalytic reduction (SNCR)
systems being the  most commonly applied measures, and

- The control of SOx emissions, principally by limestone additions to
fluidised bed boilers, particulate capture in fabric filters, and by
limestone -gypsum, wet flue gas desulphurisation (FGD) technigues in
large pulverise d coal boilers.

All of the flue gas clean  -up technologies listed above are very well proven
industrially for coal firing, over a wide range of coals. There are a number of
experienced specialist vendors for all of the most commonly applied
equipment. Gener ally speaking, the implementation of these emission control
measures in large solid fuel  -fired boilers has been very successful, and the
emission levels of the key pollutant species have been reduced substantially
over recent years.

451 Particulate emissions control

When considering the effects of the firing and co -firing of biomass materials on
the performance of the electrostatic precipitators and on particulate emission
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levels, the principal technical concern is that the fly ash particles generated
from bio mass combustion tend to be very different from those from coal firing,
i.e.;

- The biomass fly ashes are very different chemically and
mineralogically from pulverised coal fly ashes,

- They have significantly smaller particle size distributions than the fly
ashes from coal firing, and

- With biomass, there is a greater tendency towards the generation of
sub -micron fumes and vapours.

There may, therefore, be a tendency for the particle capture efficiency in
electrostatic precipitators to decrease with increasing co-firing ratio. It should
also be noted that the ash contents of most biomass materials are much lower

than those of most steam coals, which means that compliance with a

prescribed emission consent limits can be achieved at lower particle collection

effi ciency levels. Clearly, in the case of the particulate emissions there are two
competing effects.

In most countries, it is necessary to demonstrate to the environmental

regulators that the firing and co -firing of the biomass materials in large
pulverised coal-fired boilers has no significant negative environmental impacts.
There is a growing body of evidence that, at relatively low biomass co -firing
ratios, i.e. less than 10% on a heat input basis, that there have been very few
incidents of significantinc  reases in the total particulate emission levels due to

the biomass co -firing activities.

There is also a growing body of experience, albeit involving a much smaller
number of cases , that indicates that there has not normally been a
requirement for major u  pgrades to the electrostatic precipitator performance
when pulverised coal boilers have been converted to 100% biomass. It is

clear, however, that compliance with the particulate emissions consent limits

is an issue which requires very careful consideratio n.

45.2 NOx emissions control

Turning to NOx emission control, it is relevant to note that the nitrogen
contents of most biomass materials are significantly lower than those of most
coals. The result is that the uncontrolled NOx emission levels from biomass
firing and co -firing at elevated levels tend to be significantly lower than those
for coal alone, everything else being equal.

The performance of SCR catalysts, and particularly the effective catalyst
lifetime, can be influenced by a number of factors, many of which are related
to the ash chemistry of the fuel (Bill et al, 2005):

- Thermal degradation of the catalyst by pore sintering,

- Ammonia salt condensation inside the catalyst pores, commonly due
to low temperature operation,
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