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EXECUTIVE SUMMARY 

1. Introduction 
Over the past three years, there has been a significant expansion of the co-firing of biomass 
materials in large coal-fired utility boilers in Britain, in response to the significant financial 
incentives provided by the Renewables Obligation.   The cumulative electricity generated from 
biomass by co-firing in coal-fired plants now exceeds 1.5 million MWh and is increasing rapidly.   
In the main, the biomass materials have been co-fired by pre-blending the biomass with the coal.   
The blended fuel is then processed through the existing coal handling and firing equipment at 
relatively low co-firing ratios, less than 10% on a heat input basis.   This approach to co-firing 
involves relatively low levels of capital expenditure and can be implemented relatively quickly, but 
there are limitations on the range of biomass materials that can be co-fired in this way and on the co-
firing ratio.   The range of biomass fuels co-fired in this way has included: 

·  Imported dry residues from the olive oil and palm oil industries, 

·  Imported dry sawdust pellets, and  

·  Indigenous clean wood materials. 

In general terms, the biomass co-firing projects at the power plants have been successful both 
technically and commercially, and there have been relatively modest impacts on the technical and 
environmental performance of the boilers.   Most of the difficulties have been associated with the 
fuel supply, and with the storage and handling of the biomass materials. 
The majority of the power plant operators are now planning for the longer term and a number of 
issues are relevant to this discussion, viz: 

·  The financial incentives to co-fire biomass at higher co-firing ratios, 

·  The requirement to include an increasing proportion of energy crop materials in the diet of 
co-fired biomass materials, 

·  The introduction of the EC Large Combustion Plant Directive, which represents a step 
change in the environmental operating standards at the power plants and, in many cases, will 
involve the installation and operation of two-stage combustion systems for NOx emission 
control. 

The technical work described in this Report was performed under a collaborative project, part 
funded by the DTI, entitled ‘Low cost co-utilisation of biomass in large power plants’ .   The project 
partners are E.on UK, RWE npower, Mitsui Babcock, EPRL and the Department of Materials at 
Imperial College in London.   Phase 1 of the project was completed in 2003, and a number of 
Technical Reports were prepared and issued at that time, viz: 

·  The co-firing of biomass materials in pulverised coal-fired boilers – the current state of the 
art in Europe and North America.   Prepared by W R Livingston and Z I Comlekci (Mitsui 
Babcock). 

·  Biomass supply, handling and storage for projects involving co-firing of biomass in coal-
fired power plants.   Prepared by W R Livingston and Z I Comlekci (Mitsui Babcock) 

·  Pre-processing and co-utilisation strategies for biomass fuels.   Prepared by Gerry Riley 
(RWE npower), Phil Canning (E.on UK), and W R Livingston (Mitsui Babcock) 

·  An economic assessment of biomass co-firing in coal-fired power plants.   Prepared by W R 
Livingston, Z I Comlekci (Mitsui Babcock) and A Toft (EPRL). 



v 

A Mid-term Review Report was also prepared by W R Livingston (Mitsui Babcock) and published 
by DTI in 2003. It reviewed the factors determining the practicality and economics of co-
combusting biomass in a plant designed to burn coal. 
1.1 Aims of Phase 2 work programme 
The focus of the project work in Phase 2 of the project has been on a programme of small scale 
combustion rig testwork and laboratory work, intended to address the following technical issues: 

·  The impact of co-firing biomass at increased co-firing ratios up to 20% on a heat input basis, 

·  The co-firing of energy crop materials such as Short Rotation Crop (SRC) willow and 
miscanthus, which will form a significant proportion of the future biomass fuel diet for co-
firing but which are not, as yet, available in sufficient quantities to support commercial 
operations, 

·  The impact of biomass co-firing in deeply staged combustion systems, and  

·  The rig and laboratory investigation of ash deposition and corrosion processes associated 
with biomass co-firing, which is not readily undertaken at plant scale.  

The Project Final Report is concerned, in the main, with the results of this testwork however, for the 
sake of completeness, there are also sections on the following topics, based on recent experiences 
with biomass co-firing at British power plants: 

·  Biomass fuels and fuel supply issues, 

·  Biomass pre-preparation for co-firing, 

·  Biomass fuel handling and storage, and  

·  The environmental impacts of biomass co-firing. 

 

2. Programme of work 
The programme of testwork carried out in Phase 2 of the project, and the roles of the project 
partners, included: 

E.ON UK The performance of a programme of combustion and corrosion testwork on 
the combustion rig at Ratcliffe, firing wood, cereal straw and cereal co-
product pellets (CCP) 

RWE npower The performance of a programme of combustion testwork using the 
combustion test facility at Didcot, firing palm kernel expeller cake, SRC 
pellets and miscanthus. 

Imper ial College The performance of a programme of laboratory scale testwork and detailed 
ash and deposit characterisation work, on fuel ash and deposit samples and 
provided principally from the combustion rig testwork. 

Mitsui Babcock Overall technical co-ordination of the project, and technical input to the 
technical programme, interpretation of the tests data and reportage. 

For the co-firing testwork, a suite of coals and biomass materials were selected to represent the fuels 
of interest to the operators of coal-fired power plants.   The selection of biomass materials for this 
work was intended to include both biomass fuels currently being co-fired commercially and those, 
such as SRC willow and miscanthus, which may be of increasing relevance in the short-medium 
term future.    
At both the combustion test rigs at Didcot and Ratcliffe, the combustion behaviour of the biomass 
materials, in blends with coal up to 20% on a heat input basis and over a range of furnace exit 
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oxygen concentrations, was investigated.   In general, the testwork involves the measurement of a 
number of combustion-related parameters, viz: 

·  The flame stability, normally assessed visually, 

·  The carbon monoxide (CO) and NOx emission levels, commonly plotted as functions of the 
furnace exit oxygen concentration, and 

·  The unburned carbon contents of the fly ash samples collected during the tests, which 
provide an assessment of the combustion efficiency. 

The combustion test rigs are also fitted with probes for the collection of ash deposit materials, for 
assessment of the deposition rates, and to provide deposit samples for microscopic examination and 
chemical analysis.  

3. Results of Combustion Rig Testwork at Didcot and Ratcliffe 

3.1 Combustion 

In general terms, the results of the combustion trials on both of the test rigs indicated that the 
combustion behaviour of all the biomass materials was very good over the range of co-firing ratios 
tested, i.e. up to 20% on a heat input basis.   The biomass materials were relatively dry, < 15% 
moisture content as fired, and have much higher volatile matter contents than the coals.    As such, 
they are more reactive to combustion, and provided that the biomass materials were pre-milled to the 
appropriate particle size distribution, there were no significant negative impacts on flame stability, 
carbon monoxide (CO) emission levels or combustion efficiency.   In one or two cases, there was 
evidence of relatively slow burnout of a small fraction of the larger biomass particles, however this 
was not considered to be a major technical impediment to commercial co-firing operations.   The 
results of the testwork demonstrate that good combustion conditions can be established at higher co-
firing ratios and higher levels of furnace staging than have been applied, to date, in full scale plants. 

3.2 SOx and NOx Emission Levels 
All of the biomass materials tested in the combustion rigs had very low sulphur contents (< 0.25%, 
as fired) compared to those of the coals (0.3-1.6%, as fired).   The SOx emission levels decreased in 
line with the co-firing ratio, as expected. 
The nitrogen contents of the biomass materials were variable, in the range 0.25-2.8%, as received, 
compared to those of the coals, which were in the range 1-2%, as fired.   As stated above, the 
biomass materials had much higher volatile matter contents than did the coals.   In general terms, 
fuels with high volatile matter contents provide better NOx reductions in staged combustion 
systems.   Overall, therefore, the co-firing of the biomass materials resulted in reductions in the 
measured NOx emissions levels, in line with the co-firing ratio, although the levels of the NOx 
reductions varied with the different biomass materials.    

3.3 Ash Deposition 

In the case of the testwork on the combustion rig at Didcot, a number of ash deposit samples were 
collected on ceramic probes for assessment of the deposition rate and the deposit structure, and to 
provide ash deposit specimens for detailed analysis and characterisation at Imperial College.   The 
test specimens were collected at relatively high temperatures and were intended to provide an 
assessment of the slag formation behaviour of the ashes. 

Three biomass materials were tested, at co-firing ratios up to 25% on a mass basis, viz: 

·  Miscanthus, which has a relatively high ash content,  

·  Wood pellets, which have a very low ash content compared to coal, and  
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·  Palm kernel expeller cake, which has a relatively low ash content.  

In general terms, the deposit type, i.e. the degree of sintering, increased with increasing biomass 
content in the blend, over the range 0-25% on a weight basis, from a sintered dust to a partially 
fused slag.   The measured deposition rates and deposition efficiencies depended also on the ash 
contents of the biomass materials, i.e. there was a clear increase in the deposition rate with 
increasing miscanthus content, however for the other biomass materials, there were no clear trends.  
Overall, the deposition data from the combustion rig probing experiments indicated that the addition 
of biomass to the coal tended to produce a significant change the nature of the ash deposits, with an 
increasing degree of sintering and fusion apparent with increasing biomass content in the blend.   
The measured deposition rate data were also affected by the ash content of the biomass relative to 
that of the coal. 

3.4 Boiler  Tube Corrosion 
A programme of short-term corrosion testwork was performed on the combustion test rig at 
Ratcliffe, when co-firing coal and coal blends with wood and with cereal co-product (CCP) at co-
firing ratios up to 20%.   The tests involved the exposure of a number of small test coupons of the 
appropriate boiler tube materials to the furnace atmosphere at controlled temperatures, and under 
both oxidising and reducing conditions.   The metal thickness losses from the coupons after 50 hours 
exposure were measured very accurately, and the results were used to provide estimates of the 
corrosion rates.   The probe test materials and probing positions were designed to simulate 
conditions relevant to both furnace wall tube corrosion and superheater/reheater tube corrosion.    
The results of the tests intended to simulate furnace wall corrosion indicated that the co-firing of 
wood had little or no impact, but that the co-firing of increasing levels of the CCP material resulted 
in a modest increase in the measured corrosion rates. 
The measured corrosion rate data for the superheater/reheater materials also indicated that co-firing 
wood had little or no impact.   The experiments with the co-firing of CCP with a ferritic 
superheater/reheater material (T22) showed a modest increase in the measured corrosion rates.   
These results were consistent with the plant experience in Denmark, where cereal straws have been 
co-fired with coal for the past 2-3 years, with no significant increase in the superheater/reheater tube 
corrosion rates.   The results with both TP316 and HR3C, austenitic superheater/reheater tube 
materials, when exposed to coal/CCP co-firing, however, indicated severe localised pitting damage.   
This result is considered by E.ON to have significant implications for the co-firing of CCP and 
perhaps cereal straws, in more advanced and supercritical boiler plants. 
 

4. The results of the Laboratory Scale Tests and Ash Deposit Character isation Work at 
Imper ial College 
The laboratory work at Imperial College comprised two major activities, viz: 

·  The performance of a programme of laboratory-scale combustion and deposit collection 
experiments on the Entrained Flow Reactor (EFR) at IC, and  

·  The detailed microstructural characterisation of ash and deposit specimens from the 
combustion test rig experimental work, and from the EFR experiments. 

It was found that there was significant interaction between the biomass and coal ash materials in the 
deposits.   An increase in the biomass co-firing ratio resulted in increases in both the deposition 
efficiency and the degree of sintering of the ash deposits, although the impacts of co-firing on the 
chemical compositions of the deposits were smaller than were calculated, principally due to the 
losses of alkali metals from the system by volatilisation at high temperatures. 
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In general terms, the biomass materials with higher ash contents and higher alkali metal contents, 
such as the olive residues, straw and miscanthus produced higher deposition rates than the lower ash 
materials such as the round wood sawdust. 
Overall, it was concluded that the co-firing of biomass materials at the current co-firing ratios, i.e. 
less than 10% on a heat input basis will not significantly affect the ash deposition behaviour in 
boiler furnaces for three reasons: 

·  Many biomass materials have low ash contents compared to the coals normally fired in 
British power plants, 

·  Much of the alkali metals, volatilised in the flame, will not condense on the hot slag deposit 
surfaces, and 

·  Those biomass materials which produce the greatest increases in the measured deposition 
rates were less effective in increasing the degree of sintering of the deposits, and vice versa. 

 

5. Conclusions 
Overall, the technical material presented in this report represents a fairly comprehensive summary of 
the key issues associated with the co-firing of biomass materials in large coal-fired boilers at low co-
firing ratios, and a summary of the laboratory and combustion test rig work carried out under this 
project.    
 
The results of the combustion testwork carried out during the current project, and the recent plant 
experience in Britain, have indicated that the co-firing of a fairly wide range of granular and 
pelletised biomass materials in large pulverised coal-fired boilers, at low co-firing ratios, can be 
achieved successfully and without significant impacts on the combustion conditions or the 
environmental performance of the plant.    
The range of solid biomass fuels co-fired commercially in Britain, include: 

·  Imported dry residues from the olive oil and palm oil industries, 

·  Imported wood and cereal co-product pellets, and 

·  Indigenous wood materials in chip or sawdust form. 

In addition to these materials, a number of fuels, which are not commercially available in quantities 
relevant to co-firing in utility plants, have been included for testing at pilot and laboratory scale: 

·  Miscanthus, and  

·  Short rotation coppice willow. 

A number of the technical problems encountered both in the commercial co-firing activities and the 
testwork have been with the storage and handling characteristics of the biomass materials.   Most 
biomass materials have relatively low bulk densities and energy densities compared to coal, and a 
number of materials require extensive covered storage facilities.   There are also health and safety 
issues associated with the generation of dust and with biological activity during storage and handling 
associated with some of the biomass materials.   Biomass materials can also be difficult to handle 
and to feed, both at plant scale and at the relatively small scale of operation relevant to the rig trials 
described in this report. 
 
The composition of the biomass materials differ markedly from those of coal, in that they have 
much higher volatile matter contents, and generally lower ash contents.   In general, the flame 
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stability, the flue gas CO levels and the combustion efficiency were not negatively affected by co-
firing biomass. 
 
In most cases, the nitrogen, sulphur and chlorine contents of the biomass materials are lower than 
those of coal.   In general, therefore, it was found during the combustion rig trials that the measured 
NOx and SOx levels decreased in line with the co-firing ratio.   It was also found that the effects of 
in-furnace NOx reduction techniques were not negatively affected by co-firing. 
 
The nature of biomass ashes is very different from that of coal ashes and there is a greater propensity 
towards the formation of both slagging and fouling deposits.   In general, the co-firing of biomass 
tended to increase the degree of sintering and the strength of the ash deposit samples collected on 
ceramic probes during the combustion rig tests. 
 
Overall, the results of laboratory-scale testwork at Imperial College indicated that the co-firing of 
most biomass materials at the current, low,  co-firing ratios will not have major impact on ash 
deposition behaviour, but that the risks of increased slagging at higher co-firing ratios are 
significant, particularly with the higher ash biomass materials with significant alkali metal contents. 
 
A programme of short term (50 hour) corrosion tests were performed on the test rig at Ratcliffe.   
The tests involved the exposure of small coupons of the tests materials to the furnace gas 
atmosphere, under conditions intended to simulate both furnace wall and superheater/reheater tube 
conditions.   In general, the co-firing of wood had little or no effect on the measured corrosion rates.   
The co-firing of CCP resulted in modest increases in the measured corrosion rates of low alloy 
materials under furnace wall tube conditions and of ferritic superheater/reheater tubes.   The 
exposure of austenitic superheater/reheater materials (TP316 and HR3C) to the co-firing of CCP at 
co-firing ratios of 10 and 20% resulted in severe localised pitting damage. 
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1 INTRODUCTION 
 
As the UK utility industry continues to implement industrial co-firing of biomass as part of its 
strategy to meet the Government©s Renewables Obligation, it is important that the operators of plant 
are aware of some of the long-term implications of the new fuel on their plants© economic and 
environmental performance.  
 
This will be increasingly important as the industry moves towards firing higher percentages of 
biomass, as the nature of those fuels changes from the current suite of biomasses to ©energy crops© 
and as the implications of the Large Combustion Plant Directive require many coal-fired plants in 
the UK to implement more deeply staged combustion systems for NOx control.  
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This report describes the outcome of DTI co-funded Contract B/U1/00726/00/00, which funded 
work on pilot scale combustion test facilities in order to characterise the behaviour of biomasses at  
conditions which are not typical of current commercial operation but which are likely to be of 
relevance to future commercial operation. This report represents the outcome of the second phase of 
this project. The first phase of the project, which assessed the economics of biomass co-firing has 
already been reported. 
 
The second phase of work represented a collaboration between Mitsui Babcock Energy Ltd, RWE 
npower, E.ON UK and Imperial College ,London.  
 
Specifically, the work programme was designed to address: 
 

·  Performance at blends up to 20% thermal input of biomass 
·  Performance of energy crops such as miscanthus or willow, which are not yet available in 

sufficient quantities to support commercial operation.. 
·  Performance in deeply staged combustion systems, typical of those that will be operated by 

plants which install Boosted Overfire air. 
·  To undertake forensic testing of deposition and corrosion, not readily undertaken on full-

scale plant. 
 
 
E.ON UK have concentrated on testing the combustion performance of the ‘current’  suite of 
biomasses and tested the sensitivity of combustion to biomass fuel type, % blend with coal and 
combustion conditions - particularly oxygen concentration and degree of combustion staging.   
 
RWE npower have focussed their tests on the characterisation of the combustion characteristics of 
the potential ‘next generation’  of biomasses including materials such as miscanthus, willow and 
similar materials regarded as energy crops by the Renewables Obligation, but not currently in or 
near commercial operation.  
 
Imper ial College have carried out forensic characterisation of the ash streams (deposits and fly-
ashes) derived from different coal/biomass blends.  
 
Mitsui Babcock have been responsible for overall technical co-ordination of the project and have 
also provided technical input based on their knowledge of on-going co-firing projects.  
 
This report seeks to present an overview of the experience gained in the tests and to interpret their 
implications for long-term commercial operation of biomass co-fired plant drawing, where 
appropriate, on relevant industry knowledge. .  
 



3 

2 BIOMASS FUELS  

 

2.1 Introduction 
The British government has made provision in the Utilities Act 2000 for an obligation to be placed 
on licensed electricity suppliers to supply specified amounts of electricity from renewable sources.   
In this context, renewable energy sources have been defined as being those sources of energy other 
than fossil fuel or nuclear, and these have been listed as follows: 

·  Biofuels, e.g. all types of biomass, including the biodegradable fraction of energy from 
waste, landfill gas, sewage gas, agricultural and forestry residues and energy crops, 

·  Onshore and offshore wind, 

·  Water (hydropower, wave power and tidal energy), 

·  Solar energy, and  

·  Geothermal energy. 

Under the Renewables Obligation Order 2002, Statutory Instrument 2002 No. 914, the following 
definitions, relevant to the supply of biomass materials for co-firing in coal-fired power plants, 
apply: 

·  ‘biomass’  means fuel used in a generating station of which at least 98% of the energy content 
(measured over a period of one month) is derived from plant or animal matter or substances 
derived directly or indirectly therefrom (whether or not such matter or substances are waste) 
and includes agricultural, forestry or wood wastes or residues, sewage and energy crops 
(provided that such plant or animal matter is not or is not derived directly or indirectly from 
fossil fuel). 

·  ‘energy crop’  means a plant crop planted after December 1989 and grown primarily for the 
purpose of being used as a fuel.  

 
2.2 The biomass fuel types relevant to co-fir ing in Br itain 
In Britain, the principal biomass materials, which may be available as fuels for energy conversion 
plants in sufficient quantities to be relevant to co-firing in coal-fired power plants, can be listed as 
follows: 

Dry, indigenous agr icultural residues: 

Surplus cereal straws and other baleable, dry agricultural residues, are available in large quantities, 
principally in the east and south of England.  The most significant cereal crops in this context are 
wheat and barley, however a number of dry residue materials from other crops are also of interest in 
this context.   These include oats, oilseed rape and linseed crops.    
The straws are collected at the time of harvesting the main crop, and are handled, stored and 
transported in baled form.   Suitable equipment for the handling and transportation of straw in large 
quantities are commercially available.   The baled straws have relatively low moisture content, and 
can generally be stored for relatively long periods of time, although there are losses due to moisture 
absorption and microbial respiration, and there may be some deterioration in fuel quality. 
There is a dedicated straw-fired power station located in Ely in East Anglia, which is currently 
supplied with baled straw as a fuel in large quantities, and there is a large coal-fired power plant in 
Denmark that has been co-firing cereal straws on a commercial basis for around two years.   This 
material has not, as yet, been utilised as a fuel for co-firing in Britain, principally because of the 
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relatively high capital costs of the on-site storage and handling facilities required for the baled 
materials. 
Poultry litter , is a relatively dry waste product of the barn rearing of chickens and turkeys.   The 
fuel consists of a mixture of the poultry excrement and the bedding material (usually wood shavings, 
chopped straw or a similar material).   The poultry litter is available continuously all year round, so 
there is no requirement for long-term storage.   The litter can be purchased directly from the 
producers at relatively low cost.   The availability of the fuel, however, is limited to the more intense 
poultry rearing areas of the country, i.e. the Midlands, Eastern England, and the South West.   There 
are four, relatively small, dedicated power plants, which were designed to utilise poultry litter as the 
principal fuel, currently in operation in Britain.   This material has not, as yet, been utilised as a fuel 
for co-firing in coal-fired power plants in Britain. 
Forestry and sawmill residues  
The largest areas of managed woodland are in Scotland and Wales, in the North of England, and 
particularly the Kielder Forest, and in the South-east of England, and particularly in East Anglia.   
As produced, forestry residue materials have high moisture content and are very variable in quality.   
The long-term storage of green wood in chip form is problematic as rapid biological activity can 
lead to loss of dry matter and a significant deterioration in the physical quality of the fuel.   The 
infrastructure for the collection, storage and supply of these materials in large quantities is not 
currently in place in Britain, however there are a number of companies actively involved in the 
development of secure supply chains for wood biofuels, for firing in dedicated plants and for co-
firing with coal. 
Specific industr ial, agr icultural and other  waste mater ials of plant or animal origin, are available 
in specific locations, and may be worthy of consideration.   A number of these are dried or partially 
dried sludges from agricultural sources, paper and food processing, and from municipal sewage 
works.   One of the large coal-fired power plants in Scotland has been involved in the co-firing of 
dried municipal sewage sludges in significant quantities, and on a fully commercial basis, over the 
past year or two. 
Energy crops are plants grown specifically for use as fuels.   Short rotation coppice wood and other 
perennial crops are currently preferred, as they require relatively low energy inputs in the form of 
fertilisers and other chemicals.   Short rotation coppice (SRC) is harvested on a 2-4 years cycle as 
wet chipped material, or perhaps in larger pieces.   Significant quantities of SRC were planted a few 
years ago in the north of England for a renewable energy project.   This project did not proceed to 
full commercial operation, and this has led to some loss of confidence in the commercial viability of 
this material as an agricultural crop in Britain. 
Perennial crops, which are harvested annually, such as miscanthus, switchgrass and reed canary 
grass, are also perceived as being potential candidate plant species.   Miscanthus is being cultivated 
in Britain at present, but only in small plots for test purposes.  It is considered to be suitable for 
cultivation only in the Midlands and the south of England.   These crops are not likely to be readily 
available in Britain, in the quantities relevant to co-firing in large power plants, for a number of 
years. 
Tallow and meat/bone meal are produced in Britain from the rendering of wastes generated during 
the processing of animals slaughtered for consumption, and secondly from the products of the 
rendering of the carcasses of animals slaughtered in connection with the disease eradication 
programmes operated in Britain over the past few years.   Both of the products of the rendering 
process, i.e. the meat/bone meal (MBM) and the tallow, are currently utilised commercially as fuel 
in a number of industrial scale boiler plants in Britain, but they have not, as yet, been co-fired with 
coal in large utility boilers. 
Impor ted biofuels 
It is also possible to co-fire high quality imported biofuels such as the dried and pelletised wood 
fuels which are produced in large quantities in North America and Scandinavia, principally for the 
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domestic and small industrial boiler markets.   These materials can be imported into Britain in 
significant quantities, albeit at relatively high delivered fuel prices.   
Other imported agricultural waste materials include: 

·  Olive processing wastes are available in large quantities from Mediterranean countries with 
large oil production industries such as Spain, Italy, Greece, Turkey, Tunisia and Portugal.   
The quality and particularly the moisture content and calorific value of the solid residue 
material are dependent on the oil extraction process. 

·  Palm oil residues are available in large quantities, principally from the major palm oil 
producing countries in the Far East.   Again, the solid residues from the palm oil industry 
come in a number of forms and the characteristics of the waste materials are dependent on 
the details of the oil extraction process. 

Residues from other large volume agricultural operations such as the citrus fruit juice industries, and 
the cocoa and coffee industries may also be available for import to Britain as fuels for biomass co-
firing in large power plants. 

The most successful biomass co-firing projects in Britain to date, i.e. those that have generated the 
great majority of the ROCs from co-firing, have been based on the co-firing of imported biomass 
materials of the type listed above, and particularly the solid wastes from the olive oil and palm oil 
industries. 

 

2.3 The biomass fuels and coals employed within the current project. 

In the course of the experimental work carried out under the current project, a number of coal and 
biomass fuel samples have been collected and subjected to laboratory analysis, prior to test firing in 
the combustion test facilities at Didcot and Ratcliffe.   The fuels tested include: 

·  Both imported and British medium-high volatile bituminous steam coals, of direct interest to 
the power utilities, and 

·  A range of biomass materials: EON, high quality, imported pelletised straw, cereal co-
products (CCP) and sawdust. RWE, imported palm kernels, indigeneous short rotation 
coppice (SRC) and miscanthus. 

The analysis data for the coals employed for the preparation of the biomass-coal blends for the 
combustion rig testing are listed in Tables 2.1 and 2.2.   The coal samples employed by both RWE 
and E.ON are medium-high volatile bituminous coals of the type supplied in large volumes as steam 
coals in British power plants.   The ash analysis data presented in Table 2.2 indicate that, in all 
cases, the ashes are alumino-silicate systems with varying concentrations of iron oxide and of the 
oxides of the alkali and alkaline earth metals. 

The analysis data for the biomass materials employed in this work are listed in Tables 2.3 and 2.4.   
All of the biomass materials have very high volatile matter contents, however their moisture and to a 
lesser extent, their ash contents can vary quite widely.   The moisture contents of biomass materials 
delivered to power plants for co-firing can vary between values less than 10% for the pre-dried 
wood pellets to values up to 50-60% for green wood materials.   The ash contents of biomass 
materials can vary between values less than 1% for clean wood materials to values in excess of 10%, 
for instance for the miscanthus sample listed in Table 2.3. and individual fuels, notably miscanthus, 
can also have variable ash content depending on its source and harvesting method    

In general terms, the biomass materials have relatively low sulphur and chlorine contents than most 
coals.   The nitrogen contents can vary significantly, from values less than 1% up to around 2-2.5%. 
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The Gross Calorific Values of the biomass materials listed in Table 2.3 vary in the range 15-19 MJ 
kg-1, as received, depending on the ash and moisture contents.   This is not untypical of many of the 
lower moisture content biomass materials, although it should be noted that wet green wood materials 
have Gross Calorific Values much lower than this.    

The ash compositions of the biomass materials are presented in Table 2.4.   It is clear from 
comparison of the ash analysis data presented in Tables 2.2 and 2.4 that the biomass ash materials 
are very different in chemical composition from the coal ashes.   The biomass ashes are not alumino-
silicate materials, but consist of a mixture of relatively simple inorganic compounds, principally, 
silica, and the sulphates, chlorides and phosphates of the alkali and alkaline earth metals.   The 
major constituents are normally SiO2, CaO, MgO, K2O and P2O5, however the levels of these 
elements can vary widely, as indicated by the data on Table 2.4.    

 

2.4 Fuel supply issues 

The key elements of a fuel supply chain for biomass materials, as fuels for co-firing, would normally 
comprise: 

·  The original biomass resource, 

·  The harvesting and transport of the biomass to a central storage/pre-processing facility, 

·  The operation of the central storage/pre-processing facility, and 

·  The transportation of the biofuel to the power plant site according to the terms of the fuel 
supply contract. 

The details of the elements of the fuel supply infrastructure depend on the type and source of the 
biomass material, however the more important biofuels fall into a number of broad categories, e.g. 

·  The green and wet wood materials will require pre-drying or very carefully controlled 
storage facilities to prevent loss of dry matter and deterioration in fuel quality during storage, 

·  The baled straw materials can be stored for significant periods without excessive loss of dry 
matter, provided they are reasonably dry when baled.  Well proven, purpose-designed 
equipment is available for the handling and transportation of the baled materials, 

·  The imported biomass materials, i.e. the pelletised wood and the dry agricultural residues are 
available throughout the year and will require only short-term storage, 

The fuel supply infrastructure for most of the biomass materials mentioned above is not in place in 
Britain at the present time, and the security of supply of the fuel at a controlled delivered fuel price 
represents one of the higher risk aspects of any biomass co-firing project.   Because of the nature of 
these risks, it may be necessary for the power plant operator to participate in the fuel supply chain, 
in ways that are not necessary with the normal fuel supplies, to protect the investment in new 
equipment necessary for co-firing, and to meet any obligations there may be to generate non-fossil 
fuel power.   
One of the key prerequisites of a successful biomass co-firing project is a secure supply of suitable 
biomass materials.   In general terms, the power plant operator will not be keen to contract with a 
large group of independent fuel suppliers, although that may be the way that the fuel is produced.   
In most instances, a single entity such as a grower or fuel producer co-operative, or a fuel supply 
company, will be needed to serve as a link between the power plant operator and the individual fuel 
producers.  
In general terms, fuels are normally traded on the basis of their Gross Calorific Value, on an as 
received basis, and there is no reason for treating biofuels any differently.   This parameter should 
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control the value of the delivered fuel, however there can be incentives and penalties built in to the 
price to encourage the supplier to improve the quality of the delivered fuel, within the range of 
acceptable fuels.   It is often sensible with many biomass materials to encourage the supplier to 
reduce the moisture content or the ash content of the delivered fuel, if it is within his power to do so. 

Acceptable ranges of values for a number of fuel quality parameters, on an as received basis, should 
also be quoted, for instance: 

·  Moisture content normally an upper limit 

·  Ash content normally an upper limit 

·  Gross Calorific Value normally a lower limit 

·  Sulphur content normally an upper limit 

·  Chlorine content normally an upper limit 

·  Particle size distribution normally the topsize and the fines content 

·  Tramp material normally an upper limit 

One of the problems with biomass and waste materials is that there are no generally agreed standard 
procedures and protocols for the sampling and analysis of biomass materials, and currently it is 
necessary to develop appropriate procedures on a case-by-case basis.  These problems have been 
recognised by the EC, and a series of suitable standards documents are in preparation by CEN, on an 
accelerated programme. 
Long-term fuel supply contracts for biomass materials will inevitably be a feature of co-firing 
projects where the primary fuel is an energy crop, i.e. where establishment costs for the crop are 
high and where long term commitments from the growers are required.   They may be less important 
for co-firing projects where agricultural or forestry residue materials are utilised, and where an open 
market in these biofuels may develop.   In this case, it may be possible to develop secure fuel 
supplies based on short-term acreage or volume contracts.   Contracting for the imported biomass 
materials is commonly with a fuel supply contractor, who will most likely have multiple sources of 
biofuels in order to meet his contractual commitments. 
It is fair to say that the quantities of indigenous materials available as biofuels in Britain are limited, 
and as mentioned above the infrastructure for the supply of these materials to the coal-fired power 
plants is not in place.   This is one of the more important non-technical or semi-technical barriers to 
the development of large biomass co-firing projects in British coal-fired power plants.    
It is also clear that the British government perceive the development of co-firing projects, 
encouraged by the provisions of the Renewables Obligation, as one means of helping to build up this 
infrastructure, and developing future markets for the energy crops, listed above, which are currently 
only produced in very small quantities.   It remains to be seen whether an indigenous market in 
energy crops develops in Britain over the next few years. 
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3. BIOMASS PREPARATION FOR CO-FIRING 
 

3.1 Introduction 

All liquid and solid fuels require significant bulk storage and handling, and pre-processing prior to 
firing in utility boiler plants.   In the case of conventional solid fuels, the more important processes 
are: 

·  Bulk handling and long-term storage, 

·  Washing or cleaning to remove tramp material and, in some cases for the reduction of the ash 
content, 

·  Drying or partial drying, in some cases, and 

·  Comminution. 

In the case of most of the biomass materials relevant for co-firing in coal-fired power plants, similar 
fuel pre-processing requirements apply. 
 

3.2 Chipped, pelletised and granular  mater ials 

As the market in wood fuels in Europe and elsewhere has expanded in the past few years a number 
of suppliers are offering wood materials in a variety of pre-processed forms, for firing in combustion 
plant and for co-firing with coal, viz: 

·  As wet or pre-dried chips, 

·  As dried sawdust in loose bulk form, 

·  As dried sawdust in a pelletised or other densified form, and  

·  As sawdust, premixed with coal. 

Wood pre-processing prior to firing in pulverised fuel-fired furnaces, usually involves comminution, 
generally to provide a milled product with a topsize of a few mm.   This has proved to be 
problematic, in that milling equipment for wood, of the type required for utility boiler purposes has 
not been commercially available, and is not particularly well proven in utility boiler applications. 
A number of other biomass materials, which can be delivered and handled in bulk form, are 
currently being employed as fuels for co-firing with coal in large coal-fired boilers, particularly in 
Northern Europe.   These are the solid residues of the large scale processing of agricultural products 
of various types, generally imported into Northern Europe from the Mediterranean countries and the 
Far East.   These materials have included: 

·  The solid residues from the olive oil industry, and  

·  The solid residues from the palm oil industry. 

In general terms, these materials are relatively dry, and are in granular or pelletised form.   They are 
generally suitable for long-term storage, as long as they are kept dry.   They can be handled using 
conventional bulk handling equipment, however they do tend to generate dust and some of them can 
have a very strong odour. 
The majority of the biomass co-firing projects in Britain to date have been based on the utilisation of 
granular or pelletised biofuels. 
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3.3 Cereal straws and other  baleable agr icultural residues 

Cereal straws, and a number of other baleable biomass materials, generally have moisture contents 
below 20%, wet basis, and are not subject to microbial respiration to the same extent as are wet 
wood fuels.   Cereal straws are normally stored and handled in the form of large Hesston bales, 1.2 x 
1.3 x 2.4 m in size, and weighing 450-500 kg.    It has been found that as long as the straw is dry 
when baled, and the bales are stored carefully, they can be stored outside for relatively long periods 
of time without serious deterioration in quality or excessive levels of dry matter loss due to 
microbial respiration. 
A modern straw handling and pre-processing system at a pulverised coal-fired boiler plant, would 
include: 

·  The straw reception and storage hall with an automatic overhead crane.  The crane is used to 
lift the bales from the lorries, and to deliver them to the store or to the entry conveyors on the 
straw handling plant.   The cranes can also weigh the individual bales, and can be fitted with 
microwave pads for the measurement and recording of the moisture content of individual 
bales.   Special arrangements are made for fire protection of the storage hall, and for vermin 
control. 

·  Special equipment is available for the cutting and removal of the bale strings, and for the 
breaking or scarification of the bales. There are a number of designs of slow rotation, 
scarifying equipment, which tear the bales apart, but do not cut the straw significantly. 

·  The size of the loose straw is normally reduced using a hammer mill, with an outlet screen at 
25 or 50 mm. 

·  The chopped straw is then conveyed pneumatically to the suitably modified burners to be co-
fired with the pulverised coal. 

This approach to the co-firing of straws has been adopted commercially in Northern Europe, but not, 
as yet, in Britain. 

 

3.4 Waste sludge mater ials  

Waste sludge materials are normally produced in thickening tanks at very low dry solids contents, 
commonly at less than 10% dry solids.   The wet sludge is usually mechanically dewatered in a 
press, filter or centrifuge prior to disposal or further processing.   The solids content after 
mechanical dewatering depends on the process and the characteristics of the sludge.   Paper sludges 
are commonly dewatered to around 50% dry solids, whereas sewage sludges and agricultural and 
food processing sludges tend to be more difficult to dewater.   For these materials, dry solids levels 
around 25-30% are more common for the products of mechanical dewatering processes.  
Further dewatering and drying of these materials requires thermal drying with an external source of 
heat.   A number of commercial processes for the thermal drying of sludges, which produce a dry, 
pelletised or granular product, with moisture contents less than 10%, are available. 
It is clear, therefore, that, in general terms, commercial equipment for the handling and pre-
processing of both chipped/granular and baled materials, and for waste sludge materials are now 
available at scales of operation relevant to the co-firing of these materials in pulverised coal-fired 
boiler plant.   It should be noted, however, that long-term experience with this equipment is limited.   
One of the more important projects in Britain at the present time involves the co-firing of pre-dried 
sewage sludges with coal, by injection of the pre-dried sludge upstream of the coal mill. 
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3.5 The co-milling of biomass mater ials with coal 

The pre-blending and co-milling of chipped, pelletised and granular biomass materials with coal in 
large coal mills is practised in a number of British coal-fired power stations on a commercial basis.   
The maximum achievable co-milling ratio and hence the level of co-firing, is limited and depends on 
the design of the coal mill and the nature of the biomass material.   In most cases, co-firing of the 
biomass at up to around 10% or so, on a mass basis, is possible. 
In general terms, conventional coal mills break up the coal by a brittle fracture mechanism, and most 
biomass materials tend to have relatively poor properties in this regard.   There is a tendency, 
therefore, for the larger biomass granules to be retained within the mill to some extent, and this will 
act to limit the co-firing ratio that is achievable in this way.   There may also be an increase in the 
particle size of the mill product when co-milling biomass, due to the relatively low particle density 
of most biomass materials. 
There may be a mill safety issue in most conventional coal mills, where hot air is applied to dry the 
coal in the mill.   The biomass 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 in the 
mill. 
Despite these 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 carried out successfully on a fully commercial basis in a number of 
coal-fired power plants in Britain and elsewhere. 
 

3.6 Overview 

Overall, there is now around 2-3 years experience at British coal-fired power plants of the reception, 
on-site storage and handling of a range of biomass materials.   The initial problems with dust and 
smell generation and release, and the initial materials handling/feeding difficulties, have largely 
been solved.   The total generation of power from biomass by co-firing now exceeds 1.5 million 
MWh, and is increasing rapidly at all of the coal-fired power plants.   The challenge over the next 
few years is to increase the co-firing ratio, and in some cases this will involve the installation of 
direct firing systems, and to extend the range of fuels co-fired to include a higher proportion of 
energy crop materials.    
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4 BIOMASS FUEL HANDLING AND STORAGE 
 
4.1 Handling and storage of biomass 
Although an assessment of on-site handling and storage of biomass materials was not a specific 
objective of Phase 2 of this project, the operators of the rig scale test facilities experienced 
significant operational issues when handling biomass and this has been an important issue at 
industrial scale.   This section of the report presents a brief overview of the handling and storage of 
biomass materials, based on practical experience to date, gained from within the current project and 
from power plants involved in co-firing. 
Granular  agr icultural mater ials, such as milled palm nut and olive residues, handle reasonably 
well at normal delivered moisture contents, and their flow behaviour can be characterised using 
existing test methods.   The handling behaviour of woody biomass, in the form of chips, chunks and 
sawdust, is generally more difficult to characterise, due mainly to the wide range of particle sizes 
and moisture contents, and because these material may exhibit some degree of elasticity. 
Herbaceous (grassy) biomass is generally handled, transported and stored in baled form, and is 
more difficult to handle on site than other biomass types.   These materials can be pelletised 
successfully, but when the pellets break up during handling, the liberated fine material can cause 
major handling problems. 
Pelletised biomass (e.g., cereal co product and dry sawdust) is generally free flowing, but some of 
these materials handle very poorly when wet.   Pellets absorb moisture from the surrounding air and 
can swell by up to 30% or more of their original volume.  They should always be stored in a dry 
condition, and in enclosed vessels etc.   Storage times should be minimised, if there is a risk they 
may absorb atmospheric moisture.   The generation of dust is probably the most important problem 
area when handling pellets in bulk.  
For storage capacity calculations, most granular agricultural residues and pelletised fuels have a 
nominal bulk density of the order of 600 kg/m3, although this varies with applied load to some 
extent.   The bulk densities of ground up pellets are lower at around 400 kg/m3, and grassy materials 
are lower again at around 50-150 kg/m3.  
The true particle (solid) density is fairly constant across a wide range of biomass types at around 
1250 kg/m3.   The apparent density is the more important parameter for pneumatic 
conveying/fluidised systems and this is much lower than for coal, as might be expected, e.g., around 
350 kg/m3 for softwood. 
A brief review of biomass bulk handling experience from a number of industrial co-firing 
installations has identified the following important factors: 

·  Mass flow bunkers are essential for some types of biomass, and are always preferred; 

·  The abrasion and erosion rates of plant components when handling biomass materials, are 
often much higher than anticipated,  

·  Tramp materials delivered with the biomass are often problematic, causing blocked screens, 
damage to screws, etc., and careful design is required for tramp material removal; 

·  Swept augers are often specified for unloading flat-bottomed bins, and these components can 
be subject to high stresses.   There must be an independent means of discharging the silo and 
of gaining access for maintenance and repair. 

·  Gravimetric feeding is usually preferred due to the inherent variability of biomass. 

·  On-line moisture measurement may be appropriate, where the delivered moisture content of 
the biomass is variable. 
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4.2 Health and safety issues 
The following points should be noted.   These are based on the review of recent bulk handling 
experiences with biomass materials across the power industry in Britain. 

·  The experience with fogging systems for dust control has been mixed.   These systems tend 
to produce a relatively humid atmosphere and this may encourage mould growth. 

·  The handling and storage system must e designed to minimise fugitive dust emissions.   This 
issue is usually of great importance to the Environment Agency (EA). 

·  Dust extraction/ventilation systems, commonly installed in neat biomass handling systems, 
are generally successful when the intake points are correctly located. 

·  Dust handling from the extraction system can be problematic since the fine material collected 
in these systems can be very cohesive in nature.   Care must be taken to design/prove these 
systems.   Wet dust removal systems have been subject to close scrutiny from the EA, 
particularly in relation to the arrangements for the disposal of the collected dusts. 

·  Malodorous materials need to be handled and conveyed pneumatically in a fully enclosed 
system. 

·  As a general rule, the on-site bulk storage of biomass materials should be minimised, and a 
‘ just in time’  approach adopted in order to avoid fuel degradation and biological activity.   
Spore generation is a significant issue.   When stocking cannot be avoided, storage areas 
should be inspected regularly in order to detect self-heating.  

In general terms, special consideration needs to be given to the following items when 
designing/specifying materials handling systems for biomass materials: 

·  The minimisation of the size of storage vessels, 

·  The provision of explosion vents in biomass storage systems, and  

·  Fire suppression systems, and the specification of ATEX approved components to minimise 
ignition risks. 
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5 COMBUSTION ISSUES  

5.1 Combustion Test Facilities (CTF) 

Both E.ON UK and RWE npower operate Combustion Test Facilities (CTFs). Although they are given the 
same title, their configurations are rather different, although their basis of design is very similar. Each is 
modelled on the flue gas path of a typical 500/660 MWe power station and is designed to emulate the time / 
temperature conditions of a middle row burner. This is achieved through constant residence time scaling,  
achieved by reducing the velocity in the furnace.   
 
Each facility is fitted with a single three-register low-NOx burner, burner (1MW for the E.ON CTF, 0.5MW 
for the RWE npower CTF) with the facility to add over-fire air if required. Each and has a refractory-lined, 
water-cooled combustion chamber, with ample sampling points along the gas path. Each facility fires 
horizontally,  into a vertical chamber in the E.ON CTF or a horizontal chamber in the RWE npower case.   
 
Both facilities have been in operation for commercial and collaborative work for around a decade and are 
considered well proven, particularly in the field of fuel quality assessment.   
 
Deposition samples are taken by placing uncooled ceramic probes (mounted on the end of cooled metal 
probes) into the hot gas stream at appropriate temperatures and exposing them for a limited period (typically 
10-20 minutes). Samples are then withdrawn, cooled and subjected to a range of tests from simple visual 
inspection and weighing to sophisticated microstructural analysis - see Section 6, below.  
 
Gas analysis is made from permanently installed gas analysis trains (sampling port near CTF exhaust, gas 
conditioning equipment and sample line) which measure O2 , NOx, CO, CO2  SO2 continuously and record 
them on a data acquisition system.   
 
Carbon in ash is determined by sampling solids from the flue gas near the rig exhaust using a water-cooled, 
water-quenched probe. The ash and gas  entering the probe are immediately contacted by a jet of cold water 
to prevent further combustion and is pulled back to a separation console where gas is separated from the 
ash/water slurry. This slurry is collected, filtered and dried and is then analysed off-line for carbon-in-ash in a 
traditional BS analysis.   
 
Some further information on, and schematics of, each of the facilities is included in Appendix 1  
 
5.2 Test Matr ix  
 
For the present tests, the division of  tests was as shown in the table overleaf.  
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 RWE npower  CTF E.ON UK CTF 

CONFIGURATION 

Biomass Fuels Palm kernel expeller cake, 
SRC pellets and 
miscanthus. 
 

Wood, straw, Cereal Co-
product 

Coals Typical UK and import 
bituminous coals 

Typical UK and import 
bituminous coals 

Biomass Fuel Percentage 0-16% (thermal basis) 0-20% (thermal basis) 

NOx Control 3 register low NOx burner 3 register low NOx burner 
plus overfire air @ 0-25% 

Oxygen Level From CO breakpoint to 4-
5% O2 

From CO breakpoint to 4-
5% O2 

TESTS CONDUCTED 

Gaseous Emissions  O2  , CO, CO2 , SO2 , NOx O2  , CO, CO2 , SO2 , NOx 

Combustion Efficiency  Loss on ignition via 
extractive water-quenched 
probe 

Loss on ignition via 
extractive water-quenched 
probe 

Corrosion N/A Probes in radiative and 
convective sections under 
reducing and oxidising 
conditions 

Flame Stability Video image of flame Video image of flame 

Deposition Uncooled ceramic coupon Uncooled ceramic coupon 
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5.3 Flame stability 

Flame stability is fundamental to good combustion.  At its worst, a loss of a flame and re-ignition 
can be very dangerous and in the past has been responsible for boiler explosions.  Today 
sophisticated burner management systems are in place to ensure that this cannot happen, however, 
these systems will shut down mills with poor flames, and this can lead to an operational problem.  
This is rare, but more common is a deterioration of flame quality which results in poor mixing or 
delayed combustion.  This will result in higher NOx production, higher CO levels on the boiler, 
poorer combustion efficiency and possible ash deposition problem associated with reducing 
conditions. 
 
Good flame stability depends of fuel particles being rapidly heated by hot gases recirculated from 
the flame to release volatile species which combust readily in the near burner region.  This feedback 
system is the key to good combustion.  Modern low NOx burner mix fuel and air in a very 
controlled manner and a far more sensitive to poor heat release in the near burner region.  Fuel 
properties link with good flame stability are volatile release and the quality of volatile matter.  For 
instance, if the volatile species are primarily made up of water this does not help the generation of 
heat in the flame rather the contrary. 
 
The physical size of the fuel is important as is the steadiness of the feed system. 
 
Both CTFs use cooled video cameras to take continuous video footage of the near burner zone of the 
flame and thence to assess the location and stability of the flame front. These images are recorded 
for subsequent analysis.  
 
In all the tests carried out flame stability was very good. Figure 5.1 illustrates some stills taken from 
the video footage of the RWE npower CTF. In each case, it can be seen that the flame is well 
attached to the quarl (the cone-shape constriction between the burner and furnace wall), with the 
luminous flamefront in a stable location, with no evidence of dark streaks of unlit fuel jets.   
 

5.4 Combustion (CO &  LOI) 
CO emissions and high loss on ignition (LOI) are both indicators of incomplete combustion and are 
also. potentially, indicators of potential operational or economic problems. High CO indicates that 
there may be areas within the furnace where reducing conditions are occurring and these may 
exacerbate corrosion of furnace walls (see Section 8) or deposition, since ash tends to melt at lower 
temperature under reducing conditions. High LOI is indicative of increased carbon in ash which, in 
addition to the lost fuel it represents, also potentially impacts precipitator performance and, if the 
level is above that set down in the relevant standard (see Section 9) may preclude an ashes© sale into 
the cement industry.  
 
 
 Good combustion relies on the oxidation of organic material in coal and biomasses.  The processes 
involved are the initial heating of the particles and release of moisture, further heating and release of 
volatile species and their combustion and finally the combustion of the char.  For good combustion 
it is important to have a combination of high temperature, oxygen availability and reactive organic 
material of the correct size. .Whilst pulverised coal typically has a median size of around less than 
50 microns, biomass is typically fired at sizes of up to a few millimetres (maximum dimension).  
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In addition to the difference in size, the two materials have different reactivities, with biomass 
generally being more easily devolatilised and hence more reactive. Loss on ignition (LOI) is 
notoriously difficult to predict from first principles since it depends on a range of parameters 
(particle size changes, local temperature, local oxygen concentrations, radiative properties etc.) 
which cannot readily be measured within the flame. Accordingly, it is difficult to say from first 
principles whether large, reactive particles  of biomass will burn out better or worse than much 
smaller, but less reactive, coal particles. 
 
The E.ON UK test campaign found that it was possible for biomass co-firing to produce both higher 
and lower LOI than 100% coal-firing depending on the exact burner conditions. As always, changes 
to combustion which tend to promote burnout (higher O2 and more rapid mixing of fuel and air) tend 
to increase NOx. Examination of Figure 5.2, which plots the ©unburned fuel© against NOx for 100% 
coal and 10% and 20% (thermal) wood blends shows that, while all the fuels can give high levels of 
unburned fuel, these are generally lower for the blends, with 20% also giving lower levels than 10%. 
Also it is clear that the trade-off between NOx and LOI is better for the blends than it is for the pure 
coal.  
 
The implication of this finding is that, for a blend, it is possible to set up a system to have the same 
NOx emission as for coal - at a lower LOI - or to match the LOI and to target lower NOx.  
 
Although the biomass showed generally good burnout, there was evidence from the E.ON CTF that 
combustion of char particles was occurring in the convective section of the CTF, where coal 
combustion is generally regarded as being complete.  
 
Evidence of this finding is presented in Figure 5.3, which reports LOI levels measured on the CTF at 
Port 722 (start of the convective section) and port 740 (end of convective section). For coal the LOI 
at these two points is effectively identical, while there is a significant difference for the 10% blend 
and an even more marked difference for the 20% blend. Combustion in this zone may have impacts 
for operation if combusting particles impact on heat transfer surfaces. It is also possible that, as 
combustion is proceeding at lower temperatures than normal, some CO formed during combustion 
may not be oxidised to CO2  and may be emitted. This was not found to be an issue during these 
tests, where CO levels were at normal background levels, but has been an issue in other tests 
undertaken by E.ON where the fuel has consisted of 100% biomass (straw and wood).  
 
Combustion in the convective pass is not a major concern but it does have the potential to increase 
corrosion rates if burning particles are trapped in sticky deposits near tube surfaces, leading to 
elevated local temperatures. 
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6 DEPOSITION 
 
Deposition may effect the operation of power plant in a number of ways. Most importantly, deposits 
on water or steam tubes will prevent the heat transfer that those tubes are designed to allow and will 
impact overall heat pickup in the system potentially impacting efficiency or, in the extreme, 
reducing maximum load. Other important factors can include the cost of and damaged caused by, 
increased sootblowing frequency. The impact of deposits is determined by their rate of growth, ease 
of cleaning and heat transfer resistance. In order to assess the likely impact of deposits it is 
necessary both to understand their rate of buildup and their chemical (and hence material) 
properties.  
 
This section presents an overview of the findings derived from tests carried out in Imperial College©s 
Entrained Flow Reactor EFR and on the CTF tests conducted by RWE and E.ON. Those results are 
presented in detail in two project reports (Wigley and Williamson 2004 and 2005) and this section 
presents an overview of the results obtained. The same biomasses and coals were used for the tests 
at both scales. The EFR tests allowed a wider range of parametric blends to be examined including 
very high proportions of biomass, whilst the CTF tests provided a smaller suite of samples generated 
at realistic combustion conditions - the EFR has a peak operational temperature of 1400-1450 oC.  
Although deposition samples were gathered in the E.ON CTF tests with CCP and wood, these 
showed virtually no evidence of sintering - i.e. they were extremely benign - and they were not 
subjected to significant analysis by Imperial College.  
 
Incombustible material makes up about 10-15wt% of the coal matter, and consists mainly of SiO2 
and Al2O3 (Tables 2.1, 2.2). Almost all of the inorganic coal material is present as coal minerals, 
chiefly clays and quartz. On combustion, the coal minerals transform to ash particles; the level of 
mineral interaction is low, and most minerals transform independently. Most of the aluminosilicate 
coal ash remains in the combustion gas as fly ash, and is removed by electrostatic precipitators 
before the stack. Some of the coal ash deposits as slag in the radiant zone of a pulverised coal boiler, 
and some contributes to the fouling deposits in the convective zone. The other oxides in coal ash, 
mainly Fe2O3, CaO, modify the behaviour of the aluminosilicate component. 
 
The incombustible material in biomass has a greater range of both concentration and chemical 
composition than in typical power station coals (Tables 2.3, 2.4). Ash contents range from very low 
up to values equivalent to coal and represent the very wide range of mineral inclusions in different 
types of plant. Biomass ash chemical compositions are frequently rich in K2O, CaO and P2O5, with 
abundant SiO2 and little Al2O3. Crystalline phases such as alkali sulphates and calcium oxalate, and 
amorphous silica, are present in the biomass in addition to organically-bound species. On 
combustion, a high proportion of the inorganic content of the biomass will vaporise into the 
combustion gasses, condensing as a fume or onto the surface of ash particles and boiler deposits as 
the flue gas travels through the boiler and cools. 
 
Replacing coal by biomass will introduce alkali species to a predominately aluminosilicate ash, 
potentially changing the properties of slagging deposits for the worse and increasing the level of 
fouling deposits. CTF and EFR deposit samples have been analysed to assess the impact of biomass 
addition on the efficiency of ash deposition, and on the microstructure and chemistry of the deposits. 
 
The ash content of the biomass can have an important effect on ash deposition. The replacement of 
coal by biomass with low ash content (sawdust, miscanthus or switch grass) will reduce the ash flux 
through a boiler, restricting the rate at which deposits can grow and need to be removed. Reduced 
fuel ash content also has other, indirect impacts. Replacement of coal by a lower-ash biomass means 



18 

that the biomass ash makes a smaller contribution to the total ash than the biomass does to the total 
fuel. The level of alkali addition to the coal ash aluminosilicates is lower than anticipated. In 
addition, the increase in fouling from alkalis in the biomass is mitigated by the reduction in total 
inorganic content. Thinner deposits have lower fireside temperatures, and consolidate less rapidly. 
There are a number of reasons why the replacement of coal by a low ash biomass may have less 
depositional impact than expected but, for biomass like sawdust with very low ash content, the main 
effect is simply to reduce the amount of material available to deposit (e.g. sawdust deposits in 
Figures 6.1 and 6.2). 
 
Liquid viscosities were calculated using a theoretically-based viscosity model that has been 
optimised for use with coal ash by Kalmanovitch and Frank (1990). The calculations assumed that 
no crystalline material was present and are best regarded as indicators of ranking or changes in 
viscosity with composition. Ash chemical compositions were calculated by mixing high temperature 
ash analyses in the appropriate proportions, and the viscosities were calculated at a temperature of 
1250°C. The effects of adding the five biomasses used on the EFR to Harworth and Middelburg 
coals were estimated. Figure 6.3 shows that replacement of Harworth coal by biomass would change 
the bulk ash viscosity, with straw increasing the ash viscosity and the other biomasses decreasing the 
viscosity. The five biomasses decreased the calculated bulk ash viscosity in the order: sawdust, olive 
waste, switch grass, miscanthus and straw. The Middelburg coal has a significantly higher calculated 
ash viscosity at 1250°C, so addition of biomass would decrease the viscosity in the order given for 
Harworth. The results of these viscosity calculations should be treated with caution, because they 
assume that the high temperature products of the biomass and coal ashes are present in a 
homogeneous liquid – this is not a good description of fly ash or slagging and fouling deposits. 
 
6.1 Deposition Efficiency 
The ceramic substrates used to collect deposit samples in the RWE npower CTF and the Imperial 
EFR were weighed before and after combustion trials, and the mass of deposit collected was 
compared with the mass of ash calculated to impact on the substrates. The proportion of incident ash 
that remained on the substrate was termed the deposition efficiency. In all cases, the deposition 
efficiency increased as biomass replaced coal in the fuel (Figures 6.4, 6.5 and 6.6). The increase in 
deposition efficiency applied to all three coals studied in the combustors – Harworth, Middelburg 
and Taldinsky. Different biomasses produced different levels of increase in deposition efficiency. 
The five biomasses studied on the EFR produced increasing deposition efficiency in the order: olive 
waste, straw, miscanthus, switch, sawdust, and the ranking was the same for both Harworth and 
Middelburg coals (Figures 6.5 and 6.6). The ranking of biomasses by deposition efficiency is not the 
same as the ranking based on calculated bulk ash viscosity. The two biomasses studied on the RWE 
npower CTF produced similar increases in deposition efficiency. For almost all biomasses studied, 
the deposition efficiency increased with increasing level of biomass addition; sawdust on the EFR 
and palm kernel on the CTF did not follow this trend. All the deposition efficiency results showed 
the scatter associated with combustion systems, and this scatter was greater for results from the 
larger-scale CTF. 
 
An increase in deposition efficiency would be expected, as a consequence of the addition of biomass 
alkalis to mainly aluminosilicate coal ash. Small additions of oxides like K2O, Na2O, CaO and P2O5 
produce dramatic reductions in the ash fusion temperature and the viscosity of the aluminosilicate 
liquids, making the coal ash particles more ‘sticky’  and changing the properties of slagging deposits. 
Pellets of coal ash to which K2O had been added showed increased levels of sintering as the level of 
K2O addition increased. Experimental investigation of biomass ash fusion behaviour has shown that 
pure straw and miscanthus ashes started to melt at 800-900°C. However, addition of straw ash to 
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Harworth coal ash did not significantly reduce the temperature at which melting first occurred, 
although the temperature required for complete melting did reduce slightly. 
 
6.2 Deposit Microstructure 
Deposited coal ash particles interact with adjacent particles, developing bonds and forming small 
aggregates of particles. As sintering proceeds, the mass of particles becomes denser and an 
aluminosilicate melt appears. Further sintering can form a porous solid in which the porosity reduces 
and the matrix becomes more abundant. These microstructural changes, which proceed more rapidly 
at higher temperatures, have negative impacts on the efficiency of heat removal through the boiler 
walls and on the ease of deposit removal by sootblowing. For slagging deposits, the higher alkali 
concentrations introduced by biomass addition would be expected to enhance these negative 
impacts. 
The replacement of coal by biomass produced changes in the colour, thickness and strength of EFR 
and CTF deposits. Deposit strength was measured on the Jones index, where zero is an 
unconsolidated dust and 10 is a dense fused slag. The addition of biomass increased the deposit 
strength, and the strength increased as the level of biomass addition increased (Figure 6.7). 
 
Polished cross-sections through deposit samples from the combustion trials were examined by 
scanning electron microscopy, where the deposits were sufficiently thick to analyse. Although 
deposit porosities were measured for the thickest samples, visual examination provided the best 
means of determining the level of deposit sintering. The replacement of coal by biomass increased 
the degree of deposit sintering for all the CTF and EFR trials. Different biomasses produced 
different levels of increase in deposit sintering. The five biomasses studied on the EFR produced 
increasing deposit sintering in the order: sawdust, miscanthus, switch, straw and olive waste, and the 
ranking was the same for both Harworth and Middelburg coals (Figures 6.1 and 6.2). The ranking of 
biomasses by degree of deposit sintering is the reverse of the ranking based on deposition efficiency, 
and it is not the same as the ranking based on calculated bulk ash viscosity. The two biomasses 
studied on the RWE npower CTF produced similar increases in deposit sintering (Figure 6.8). For 
all the biomasses studied, the degree in sintering generally increased as the level of coal replacement 
by biomass increased. This increase in degree of sintering with level of biomass addition was clearer 
for the EFR deposits than for the CTF deposits, where the 15% palm kernel and miscanthus deposits 
did not fit with the trend. 
 
The cross-sections through the EFR deposits produced with the addition of olive waste showed the 
changes in deposit microstructure most clearly. Both the Harworth and the Middelburg deposits 
show a progression from individual particles, through small sintered clumps of particles and larger, 
more rounded particle clumps to a porous mass dominated by an aluminosilicate matrix. Deposits 
from most of the other biomasses show the same trend, but to a lesser extent. For the sawdust 
deposits, the decrease in total ash content makes any change in deposit microstructure difficult to 
see. The trends are less pronounced for Middelburg coal, which has a lower ash content and 
deposition efficiency than Harworth. 
 
The increase in abundance of deposit matrix with biomass addition indicates that the biomass ash 
has interacted with the coal ash in the deposits. X-ray diffraction of the deposits, to identify the 
crystalline phases present, also indicated that an interaction had occurred. EFR deposits with 10% or 
more biomass, especially sawdust, contained anorthite (CaAl2Si2O8), which was not present in the 
pure Harworth and Middelburg deposits. The biomass ash had clearly enriched the coal ash in the 
deposit with calcium oxide, changing the equilibrium crystalline phases. 
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6.3 Deposit Chemistry 
Computer-controlled scanning electron microscopy (CCSEM) was used to provide detailed and 
accurate chemical compositions for the thicker CTF deposits. The bulk chemical compositions of the 
thinner EFR deposits were measured by multiple SEM area analyses on each cross-section. 
Although less precise, these analyses also showed the general trends in deposit composition. For all 
the deposits analysed, the addition of biomass produced the expected changes in deposit chemistry – 
oxides that were abundant in the biomass ash increased in concentration in the deposit, and the 
remaining coal-based oxides showed a corresponding decrease (Figures 6.9 and 6.10). These 
changes were observed for both CTF and EFR deposits and for all the coals and biomasses. 
However, the magnitude of these changes in deposit chemical composition was always smaller than 
expected from bulk ash calculations. For example, EFR deposits showed an increase in K2O content 
from 4wt% to 6wt% as the level of Harworth replacement by olive waste rose from 0% to 40%; an 
increase in K2O content from 4wt% to 16wt% would be expected from calculations using high 
temperature ash compositions (Figure 6. 9). The reduced increase in concentration was greatest for 
K2O and Na2O, and smaller for the other biomass oxides. This difference in behaviour is thought to 
be due to the greater volatility of K2O and Na2O, compared to the rest of the biomass ash. Although 
some of the vaporised alkalis will condense on the hot boiler deposits or on coal-derived fly ash 
particles prior to deposition, most will remain in the gas stream and condense later in the convective 
pass. The observed transfer of biomass inorganics to the predominately coal ash deposits was, 
therefore, of smaller magnitude than bulk calculations would have predicted. 
Detailed CCSEM characterisation of the thicker CTF deposits has shown that the chemical 
contribution from the biomass ash has interacted with coal-derived ash. In the deposits from 
Taldinsky with palm kernel, oxides such as K2O, CaO, MgO and P2O5 increased in concentration as 
the level of palm kernel addition increased, because the concentrations of these oxides in the 
aluminosilicate deposit matrix increased. The biomass-derived ash has been fully involved in the 
chemical and microstructural development of the deposits; the degree of involvement did not change 
over the level of biomass replacement studied. 
 
6.4 Deposition Summary 
Replacement of coal by biomass was observed to: 

·  Increase deposition efficiency 
·  Increase deposit strength 
·  Increase the degree of deposit sintering and the abundance of deposit matrix 
·  Change the deposit chemistry with a contribution from the biomass ash, though with smaller 

magnitude than expected 

Greater levels of biomass replacement produced larger effects. These observations apply to CTF and 
EFR deposits from a range of coals and biomasses. 
 
The five biomasses studied on the EFR produced increasing deposition efficiency in the order: olive 
waste, straw, miscanthus, switch, sawdust. The ranking for increased deposit sintering was the 
reverse of this order, and the ranking based on calculated bulk ash viscosity was not the same. 
 
It should be noted that increased sintering is perhaps a more problematic issue than collection 
efficiency since, even at a low collection efficiency, if a sticky deposit builds up slowly, it will still 
tend to build up a thick, and difficult to remove, deposit  over time. 
 



21 

The most significant findings from the deposition testing are, therefore, probably that all the 
biomasses increased both strength and amount of deposit formed  and that some of the RWE npower 
rig tests built up significant quantities of very coherent and cohesive material.  
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7 CORROSION ASSESSMENT  

 
7.1 Mater ials  
The alloys selected for testing comprised those commonly used in current subcritical coal fired plant 
and the most likely candidates to be employed in future (ultra) supercritical plant. Sample exposure 
conditions, particularly metal temperatures, were chosen as being representative of the conditions 
likely to be encountered in plant during normal and upset conditions.   
 
7.2 Exposure Conditions  
Exposure of the test alloys to simulated corrosion environments was carried out in the 1MW 
Thermal pulverised coal fired Combustion Test Facility (CTF) at Power Technology.  
 
The CTF was purpose designed to recreate real plant conditions and provide a low cost combustion-
testing environment. The furnace shape gives aerodynamic patterns typical of power generation 
boilers, reproducing near burner flame conditions and giving realistic in-furnace residence times. It 
is equipped with a comprehensive array of ports on the walls of both the furnace chamber and 
convective duct. Overall, the CTF affords near-laboratory control over a range of environmental 
parameters representative of full-scale plant, many of which have been absent from previous 
laboratory based studies of fireside corrosion.  
 
Two CTF runs were carried out, each of nominally 50 hours duration. Tests included the exposure of 
up to 15 furnace wall specimens and, or, 16 superheater specimens, of the various alloys. Daw Mill 
Coal was employed in all tests to enable comparison with previous work where this fuel was fired 
without the addition of biomass. The straw based Cereal Co-Product (CCP) was co-milled with the 
coal and fed to the burner as a single fuel stream. he CTF was operated at a total load of 0.8 MW in 
all corrosion tests. The specimens were carried into the combustion environment on the front face of 
air-cooled, precision metrology, corrosion probes (Figures 7.1 and 7.2).  
 
These probes were designed and proven under a previous  E.ON/EPRI Tailored Collaboration 
Programme which was carried out to examine the influence of coal composition on corrosion rate, 
and a DTI cofunded, COST522 European Collaborative Programme [Davis et al (2001a),(2001b), 
Pinder & Davis, (2003)]. Each furnace wall corrosion probe carries a single corrosion coupon, 
exposed to a specific metal temperature and environment. The utilisation of two thermocouples 
embedded at different depths in the specimen facilitated a determination of the absorbed heat flux of 
each sample from the measured temperature gradient. Further, extrapolation, of this temperature 
gradient forward allowed accurate determination and control of the front face (corrosion) 
temperature. The nature of the local combustion environment was characterised at two-hourly 
intervals throughout the exposure duration by measuring the CO and O2 content of the furnace gas 
immediately adjacent to each probe. The superheater/reheater corrosion probes typically carry 8 
individual corrosion coupons of the various alloys, exposed to a range of metal temperatures and 
nominally the same environment. Cooling air is introduced through the centre tube to the end sample 
and passes along the internal surface of the samples before exhausting external to the convective 
pass. The cooling air is heated as it traverses the samples resulting in a temperature gradient along 
the length of the probe. Combustion is essentially complete when the gases and ash reach the 
probe(s). At this point the combustion gas contains approximately 1% O2 and 75ppm CO.  
 
7.3 Ash and Corrosion Scale Character isation  
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The corrosion scales and ash layers retained on the samples following exposure were characterised 
by optical and scanning electron microscopy (SEM), coupled with energy dispersive (EDS) and 
wavelength dispersive (WDS) X-ray spectroscopic analysis of the polished samples. 
 
7.4 Measurement of Metal Loss  
The short duration of the exposures requires that very accurate measurements of the metal loss be 
obtained. Standard methods of measuring the change in thickness of coupon samples after corrosion 
exposure, such as micrometer or weight loss measurements, do not posses the required accuracy. 
Further, utilisation of these method would have resulted in the destruction of the corrosion and ash 
scales, preventing their characterisation. Accordingly, metal losses were measured on polished 
metallographic sections using an image analysis technique, developed previously under a  
E.ON/EPRI Tailored Collaboration Programme. This technique retains   the corrosion scales and ash 
layers, measures metal recession relative to a predefined surface datum, or via measurement of 
corrosion scale thickness, and has been proven to measure corrosion losses to an accuracy of better 
than � 1� m [Davis et al. (2001b)].  
 
7.5 Evaluation of Alloy Per formance  
 
7.5.1 Furnace Wall Cor rosion  
The previous  E.ON/EPRI Tailored Collaboration Programme identified that furnace wall fireside 
corrosion rates of plain carbon steels are dependent upon surface metal temperature, absorbed heat 
flux, coal chlorine content and the oxidising/reducing potential of the local combustion environment. 
In total, 109 specimens were exposed during 11 individual CTF runs. An algorithm relating 
corrosion rate to the major variables (Equation 1) was derived and this was validated by the 
successful prediction of a number of historic plant corrosion rates, both in UK and US plant [Davis 
et al. (2001a),(2001b)]. 
  M = C x [(to x Kpo)

½ + (tr x Kpr)
½] + [tr x ACR / 103] (Equation 1) 

 
Where  M   =  Metal Loss (mm) 
  o & r =  subscripts relating to oxidising & reducing conditions 
  t   =  Time (hours) 

  Kp  =  Parabolic Rate Constant (cm2s-1) 
  ACR =  Additional Linear Corrosion Rate (nmh-1) 

 C =  Constant 
 
The Parabolic Rate Constants under oxidising and reducing conditions are given by 
Equations 2 and 3, respectively. 
 
Kpo = Ao exp-(Qo/RT)    (Equation 2) 
 
Kpr = Ar x (CO)s x exp-(Qr/RT)  (Equation 3) 
 
Where  
A = Constant 
Q = Activation Energy (J.mole-1) 
R = Universal Gas Constant (8.3143 JK-1mol-1) 
T = Absolute Temperature (K) 
CO = Percentage Carbon Monoxide in the flue gas 
 
The Additional Linear Corrosion Rate is given by Equation 4. 
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ACR = [(N x Cl) x HFn x exp-(QCl/RT)]-113  (Equation 4) 
 
Where Cl = Percentage Coal Chlorine Content 
 HF = Transmitted Heat Flux (KWm-2) 

 
 
The above work was extended to higher operating temperatures and alloy steels by the DTI /  E.ON 
funded work conducted as part of the European COST522 project [Pinder and Davis, (2003)]. With 
alloy composition as an additional variable, it would have been even more impractical to attempt a 
full statistical analysis of the experimental data. Accordingly, the performance of each alloy was 
evaluated with reference to the corrosion rate predicted by Equation 1. In particular, the data were to 
determine whether the previously determined chlorine dependence holds at the higher anticipated 
metal temperatures and to estimate to what extent the newer alloys might be more or less corrosion 
resistant than plain carbon steels. Within limits, Equation 1 was found to hold true, only breaking 
down at higher temperatures where aggressive chlorine containing phases became unstable. Where 
this occurred, corrosion rates were found to be similar to that predicted for a coal containing 
negligible chlorine. For the 50 hour tests in the CTF, the effect of the alloy additions were estimated 
according to the chromium content of the alloy and its exposure conditions. Despite the limited data 
available, the trends in metal loss (sm) attributable to oxidising and reducing conditions can be 
estimated according to Equations 5 and 6.  
 

Mo = (S x Ln%Cr + U) x [ C (to x Kpo)
½]              (Equation 5) 

 
Mr =(V x %Cr + W) x [(C(tr x Kpr)

½) + (tr x ACR / 103)]  (Equation 6) 
 
Where  S, U, V & W  =  Constants 
    %Cr  =  Alloy Chromium Content (%) 

 
The furnace wall samples exposed during the current programme have been compared with the 
predictions made above for corrosion rates when firing coal without the addition of biomass.  
 
7.5.2 Superheater /Reheater  Corrosion 
The previous  E.ON/EPRI Tailored Collaboration Programme included the exposure of numerous 
corrosion probes employing T22 specimens within the CTF. Although many different coals were 
burnt, the probes did not show any discernable effect of coal chemistry, rather the data was 
contained within a narrow scatter band, varying only with specimen metal temperature. Longer term 
exposures of up to 1500 hours in a 500MW coal fired boiler revealed that the wastage followed 
parabolic type kinetics, but that the data was still retained within the scatter band found following 
the CTF exposures. The T22 samples exposed within the current test programme have been directly 
compared with this previous data. However no short term data is available for comparison of the 
austenitic alloys corrosion rates or kinetics, and hence, extrapolation of the measured rates to long 
term plant operation is more difficult. The austenitic metal losses and wastage rates have been 
compared with those of the T22 alloy.   
 
7.6 Corrosion Results 
7.6.1 Furnace Specimens Ash &  Corrosion Scale Character isation 
 
All of the alloy samples exposed within the furnace section exhibited duplex corrosion scales, which 
could again be broadly divided into two groups dependent upon whether the specimens were 
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exposed to oxidising or reducing conditions.  Of the reducing samples, those exposed whilst firing 
20%CCP frequently exhibited indications of a dark phase or weeping at the metal / scale interface, 
again indicative of the presence of chloride containing phases.  The reducing samples exposed 
whilst firing 10%CCP also occasionally exhibited evidence of chloride containing phases.   
 
In addition to the particulate ash that was present on all specimens, several samples exposed when 
firing CCP retained a condensed, or prior molten ash in intimate contact with the outer corrosion 
scale.  Evidence for the ash having been molten took the form of precipitated iron oxide within the 
ash formed on solidification..  The back scattered electron image of the HCM2S specimen exposed 
at 525°C to initially oxidising and subsequently reducing conditions, shows the prior molten ash as a 
dark layer containing multiple small crystals of lighter coloured iron oxides.  The molten ash layer is 
in intimate contact with the outer corrosion scale.  The associated x-ray maps indicate the 
disposition of the various elements.  It can be seen that sodium, potassium and sulphur are closely 
associated, and, that iron from the outer corrosion scale has been incorporated within the molten ash.  
The aluminium and silicon associated with oxygen also indicate the presence of particulate ash 
derived from the coal mineral matter.   
 
 
7.6.2 Furnace Wall Corrosion 
The ash and corrosion scales formed on the low alloy specimens exposed in the CTF were typical of 
those found in actual operating plant firing coal. The scales were mixed oxides and sulphides, with 
ash particles incorporated into the outer scale. Whilst there is little experience of 9%Cr and 12%Cr 
steels operating in furnace walls, it is anticipated that the corrosion scales formed would also be 
representative of those likely to be found in actual plant. 
 
When firing coal alone the previous work in the CTF showed the corrosion rates to be determined 
by the surface metal temperature, heat flux, alloy composition, coal chlorine content and the 
oxidising/reducing potential of the local environment.  In particular, it was shown that under 
oxidising conditions low corrosion losses occurred, with rates increasing exponentially with metal 
temperature.  Under reducing conditions, corrosion rates also increase exponentially with 
temperature, but in addition a synergistic effect of heat flux and coal chlorine could dramatically 
increase wastage rates.  This additional effect operated over a limited temperature range, as at higher 
temperatures the formation of aggressive chloride containing phases becomes thermodynamically 
unfavourable.  For the short 50 hour CTF tests the addition of chromium to the alloys resulted in 
reduced corrosion.  Figures 7.3-7.6 show the comparison of each fuel for the individual alloys. 
These figures also include, for comparison, tests conducted under a different programme, in which 
wood was used as the co-firing fuel.  Whilst the figures give no indication of the variables other than 
temperature and fuel type, it is possible to see that there is little difference between the losses for the 
Daw Mill only and the Daw Mill co-fired with wood exposures. Although variable, the data for the 
tests co-firing CCP often lie towards the upper bound of the scatter. 
 
With the limited data available from the previous work, predictive equations were determined that 
enabled trends in metal losses to be predicted.  Figure 7.7 shows the predicted versus actual 
measured corrosion losses for the samples exposed in the previous programme whilst firing Daw 
Mill coal without the addition of biomass.  It can be seen that the general trends can be predicted 
with some confidence, but that the high metal losses are under predicted, whilst the low metal losses 
are over predicted. 
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When co-firing with CCP, again the highest metal losses tend to be under predicted to a similar 
degree, Figures 7.8-7.10.  However, to some extent with 10%CCP, but more so with 20%CCP co-
firing, the over prediction of lowest corrosion losses no longer occurs.   
 
The data suggests that the greatest corrosion losses, which typically occur in plant under fault 
conditions with reducing environments, high heat flux (i.e. flame impingement), and with higher 
chlorine content coals, is unaffected by the addition of either wood or CCP to the fuel.  Enhanced 
corrosion under these conditions continues to be due to the formation of aggressive iron or 
chromium chlorides at the scale metal interface. 
 
Under normal boiler plant operating conditions, where low metal losses are expected in the presence 
of oxidising gases, the data suggests that the addition of wood to the fuel has no significant impact 
on the expected corrosion losses.  However the addition of increasing percentages of CCP to the fuel 
can be expected to result in modest increases in corrosion losses.  The increased metal wastage 
occurs due to the formation of molten sulphatic phases in direct contact with the outer corrosion 
scale, which, in turn flux the normally protective corrosion scale, causing accelerated attack.   
 
The greater tendency to form molten sulphatic phases when co-firing CCP is most likely due to the 
high levels of alkali metal present in the biomass.  Unlike coals, where alkali metals such as sodium 
and potassium are tightly bound to mineral matter such as clays, and hence are effectively inert, in 
biomass these metals are found as simple salts or organic compounds, and as such, are reactive 
[Henderson et al. (2003)].  When fired, the alkali metals are released readily forming chlorides in the 
combustion gases.  Once deposited on to the boiler tubing under oxidising conditions, they readily 
form sulphates [Robinson et al. (1997)]. The addition of SO3 from the gases enables the formation of 
complex low melting point alkali trisulphates or pyrosulphates, into which the corrosion scales are 
fluxed. 
 
Analysis of the material in the prior molten ash layer revealed it to contain a range of sodium, 
potassium, sulphur and iron contents, suggestive of the presence of alkali pyrosulphates or alkali 
iron trisulphates into which the iron oxide/sulphide corrosion scale has been dissolved. Attack by 
molten pyrosulphates or trisulphates has been suggested as a probable mechanism of furnace wall 
fireside corrosion.  However, there is some question as to the stability of melts in contact with the 
furnace walls where SO3 does not occur at high enough concentrations to stabilise the formation of 
pyrosulphates [Reid (1971); Dooley &  McNaughton (1996)]. 
 
7.6.3 Superheater /Reheater  Corrosion 
 
Previous testing work with a variety of UK coals in the CTF demonstrated that T22 ferritic 
superheater corrosion data fell within a relatively narrow range, regardless of coal composition.  
Indeed, the only discernable variable identified was metal temperature.  The current testing of T22 
steel specimens has been compared with the previous data (Figure 7.11). 
 
The data obtained for the T22 specimens when co-firing CCP suggest a slight increase in wastage 
rates when compared with coal firing (Figure 7.9).  This finding is consistent with the identification 
of scale interaction with agglomerating ash deposits in which alkali metals and sulphur were found 
to be associated, a feature not previously found during the 50 hour CTF runs firing coal. 
 
Examination of the TP316 specimens after exposure when firing 20%CCP revealed the presence of 
severe pitting, a feature not previously found when co-firing with wood. This is illustrated in Figure 
7.12 The measured parabolic wastage rates, expressed as the upper 95%ile measurement, were seen 
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to have increased by approximately 3 orders of magnitude when compared with the wood co-firing 
test.  Indeed, the determined rates were of a similar order to that for the T22 specimens exposed at 
similar temperatures (Figure 7.13).  This dramatic increase in rates occurred as a result of deposition 
of agglomerating or molten sulphate/pyrosulphate ash layers,.  A significant initiation period of up 
to several thousand hours for superheater fireside corrosion would normally be expected for 
austenitic stainless steels in coal fired plant.  Hence, the formation of corrosion pits in excess of 
50mm deep in a 50 hour CTF test was unexpected. 
 
As a result of the TP316 pitting during the 20% CCP test, it was decided that the normally highly 
corrosion resistant austenitic HR3C material should be included in the experimental program for the 
10%CCP test.  In addition, samples of both austenitic materials would be exposed at temperatures 
representative of existing subcritical plant as well as (ultra) supercritical plant. 
 
Both the TP316 and HR3C materials were found to suffer severe localised pitting damage when co-
firing 10%CCP.  At temperatures representative of subcritical plant the TP316 suffered wastage 
rates greater than that observed on the T22 specimens exposed at similar temperatures.  The hottest 
operating TP316 specimen (690°C) however did not suffer any localised pitting attack, instead 
undergoing only general attack, albeit at a higher rate than observed when co-firing wood.  This 
finding is suggestive of a peak in corrosion pitting at a temperature dependant upon the percentage 
of CCP fired, or the total alkali metal in the fuel, above which corrosive attack reverts to simple 
oxidation.  Such an effect may be due to instability of the molten ash phases at higher temperature 
due to dilution with a greater proportion of coal ash.  To further investigate and quantify this effect 
would require testing with a lower percentage CCP in the fuel.  Whilst the HR3C specimens also 
suffered severe localised pitting damage, the measured rates were slightly lower than the TP316 
specimens, but still remained high, being similar to the T22 exposed whilst firing only coal. 
 
 
 
 
7.7 Commercial Implications 
7.7.1 Implications For  Existing Sub-cr itical Plant 
 
The data from the current test programme shows that existing subcritical plant should be able to co-
fire wood based fuels with compositions similar to that tested, without encountering any significant 
change in existing fireside corrosion rates due to coal firing. 
 
However, it is probable that plant firing CCP type biomass fuels with high alkali metal contents will 
suffer enhanced fireside corrosion.  Within the furnace section, boiler plant operating at high loads 
or with faulty combustion equipment, leading to reducing conditions, will continue to suffer similar 
extreme corrosion rates due to the fuel chlorine as that found when firing only coal.   Boiler plant 
operating with good combustion control, maintaining oxidising conditions at the furnace walls, may 
however also experience modest increases in fireside corrosion due to the formation of aggressive, 
molten sulphatic ashes. 
 
Within the superheater/reheater stages, boilers operating with final steam temperatures of up to 
540°C, in which only ferritic type T22 steels are utilised, could be expected to operate with only 
minor increases in fireside corrosion rates.  This finding is consistent with reported operational data 
from utilities such as Elsam in Denmark, where commercial co-firing with straw has been 
undertaken on a limited basis for a number of years (8). 
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However, boilers currently operating with final steam temperatures of 560°C, in which extensive use 
of austenitic steels is made to combat existing fireside corrosion problems, are likely to be 
vulnerable to dramatically increased fireside corrosion.  From the current data it is impossible to 
determine the corrosion kinetics, which in the worse case may be linear.  Should such a situation 
prevail in actual plant, then metal losses in excess of 8mm per year are possible. 
 
In order to determine the corrosion kinetics it would be necessary to undertake probe exposures in 
actual operating plant.  A single probe would be exposed for a period of 50 hours to confirm the 
findings of the CTF test program.  In addition, a further probe would be exposed for 1000 – 5000 
hours in order to determine whether the corrosion rates follow, for example, parabolic kinetics and 
decrease with time, or continue at a high rate representative of linear kinetics. 
 
7.7.2 Implications For  Advanced Plant 
Operation of plant with advanced steam conditions demands the use of highly corrosion and creep 
resistant materials.  The current data shows that co-firing with high percentages of biomass fuels 
such as wood may be possible whilst maintaining tolerable fireside corrosion performance of the 
superheaters and reheaters. 
 
In contrast, co-firing with high percentages of fuels such as CCP is likely to result in unacceptably 
high superheater/reheater fireside corrosion rates.  However, the finding that pitting did not occur on 
the TP316 specimen operating at the highest temperature, when co-firing 10%CCP, suggests that 
corrosion may be restricted with lower percentage biomass fuel content.   
 
As with the subcritical plant, longer term testing is needed in order to confirm the corrosion kinetics, 
although careful selection of fuel type, based on composition, or restricting the total percentage of 
aggressive biomass fuels, may be sufficient to enable operation with (ultra) supercritical steam 
conditions. 
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8 EMISSIONS  

Refer to table in Section 5.2 for a summary of tests conducted 

8.1 SOX 
 
SOx emissions are directly linked to the sulphur content of the fuel and its heat content as illustrated 
in the following table and in Figure 8.1. Since all the biomass fuels have significantly lower S 
content than the coals used, there is a significant reduction (8.0-9.9%) in SO2  emissions for all the 
biomasses considered, with the ultra-low sulphur wood giving the greatest reductions .    
 
Fuel Bituminous  

coal 
SRC CCP PKE Miscanthus Wood Straw 

Sulphur  content, % 
ar  

1.5 0.06 0.19 0.22 0.10 0.01 0.12 

GCV, MJ,kg 26.2 17.2 17.4 18.9 15.2 18.0 16.8 
Percentage SOx 
reduction for  10% 
thermal replacement 

Baseline 9.4 8.1 8.0 8.9 9.9 8.8 

 

8.2 NOx 
The formation of nitrogen oxides (NOx) is very complex and a detailed review is beyond the scope 
of this work.  For the combustion of pulverised coal the main forms of nitrogen oxides are NO 
(nitric oxide) and NO2 (nitrogen dioxide).  Generally, the former is present in the higher percentage 
as NO2 is formed at slower rates and at lower temperatures.  Ultimately, all the NO will oxidise to 
NO2 in the environment and therefore all NOx emissions are reported on a NO2 basis.  The formation 
of NOx can be considered in terms of three mechanisms; thermal NOx, prompt NOx and fuel NOx.  
The two main mechanisms in pf combustion are fuel and thermal NOx.   
 
Thermal NOx relates to the fixation of atmospheric nitrogen present in the combustion air with 
oxygen radicals as described by the Zeldovitch mechanism.  The reaction needs high temperatures 
and the availability of oxygen atoms.  Thermal NOx generation increases dramatically at 
temperatures above 1500ºC.  Modern low NOx burners are design to keep the flame temperature as 
low as possible to minimise thermal NOx. 
 
Prompt NOx is formed in the presence of hydrocarbon species, which form cyanide CN radicals.  
These interact with OH radicals.  However, in coal combustion, the H/C ratio is very low and the 
mechanism does not generate significant NOx. 
 
The final mechanism is fuel NOx and this relates to the oxidation of the nitrogen in the fuel.  The 
amount of fuel NOx depends on the partitioning of the nitrogen between the volatile and non-volatile 
component in the fuel and the combustion conditions.  In low NOx combustion, any nitrogen 
released with the volatile species will combust in sub-stoichiometric conditions, which result in the 
formation of N2.  This requires controlled mixing of fuel and air in the burners.  Any nitrogen 
released under oxidising conditions will form NOx.  This will be the case with older burner types or 
if the nitrogen in the fuel remains with the char and burns at a later stage when oxygen is in plentiful 
supply.    Some nitrogen remains as unburnt in the final fly ash.   
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It is unclear what the impact of biomass should be.  Some biomasses can have high nitrogen content 
but most have high volatile content.  Many biofuels are also much wetter than the base coal.  Figure 
8.2 shows the data from the fuels tested in this project.  In all cases, the NOx reduces with increased 
biomass addition. 
 
The most likely explanation of this is that the rapid devolatilisation of the biomass fuels ensures that 
the vast majority of the ©fuel-N© is evolved in the fuel-rich near burner zone and is therefore 
amenable to rapid conversion to N2. Since the biomass materials are generally very volatile, it is 
expected that little ©char-N© will remain in the air-rich burnout zone of the flame.  
 
With time, the requirements of the Large Combustion Plant Directive are likely to force the majority 
of UK plant to more deeply staged combustion and this will tend to increase the likelihood that the 
initial devolatilisation will occur under fuel rich conditions and will therefore tend to ensure that 
biomass continues to make a positive contribution to NOx emissions. If market drivers lead to 
further increases in the percentage of biomass burned commercially, the higher percentage of 
biomass will, again, tend to favour lower NOx emissions.  

8.3 CO2 
Wood and other biomass fuels have higher carbon content when compared to coal per unit of 
energy.  This means that more of the carbon is in the form of lower-energy molecules. As a result 
wood produces about 15 % more CO2 than coal for the same heat release (LCV basis). 
 
The carbon released by wood combustion has been present as atmospheric CO2 a few years or 
decades previously, compared to millions of years ago for coal.  If the wood is harvested from an 
area where trees continue to grow then over a cycle of crop production there is no net release of CO2 
to the atmosphere.  When the CO2 released on combustion is balanced against the CO2 absorbed by 
growth.  However current CO2 reporting and proposed CO2 trading procedures do not differentiate 
between the cycle times of the CO2.  The greater amount of CO2 released in wood combustion 
compared to coal combustion for the same heat release makes the fuel look less attractive in current 
reporting practices.  However short-cycle CO2 is generally regarded as environmentally better than 
long time cycle CO2. 
 

8.4 Trace metals 
 
All coals and biomass fuels contain small amounts of heavy metals and trace elements. The 
concentration ranges from a few ppb for elements such as Hg and Se, to several hundred ppm for 
elements such as Ba and Mn. 
 
On combustion, the fate of the trace elements depends much on their origin in the fuel, their 
immediate associations and the volatility of the species formed under the combustion conditions. 
 
Most of the trace elements in a coal are associated with the mineral matter. In general, the higher the 
ash content of a coal, then the higher the concentration of the trace elements. 
 
In 1990 the US EPA identified the eleven elements of most concern from environmental and health 
aspects. These are, 
 
As, Be, Cd, Co, Cr, Hg, Mn, Ni, Pb, Sb and Se. 
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The most common minerals present in coals are the clays, carbonates and sulphides. These have all 
been identified as the hosts for the major proportion of the trace elements to be found in coals. 
Smaller amounts of trace elements may be found within the organic matrix of the coals (i.e. the 
macerals). These elements reflect the trace element content of the original plant matter from which 
the coal was formed and post-coalification changes to the coal structure in which the exchange of 
organically bound cations with the mineral matter can occur. 
 
On combustion, elements with the lowest volatility, e.g. Mn and Ba, tend to remain in the ash or 
slag, while elements of an intermediate volatility, such as As, Sb, Cr, Co, and Ni volatilise as oxides 
or chlorides at the combustion temperature and then as the gases cool they condense on the surface 
of the fly ash particles. The most volatile elements such as Hg and Se remain in the combustion 
gases (Clarke and Sloss, 1992). A proportion of these elements may be removed from the gases by 
scrubbing if the boiler is fitted with an FGD system. 
 
Biomass may contain a wide variety of trace elements, the nature and amounts reflecting the soil 
conditions in which the biomass had been grown. Since there is no mineral matter in a biomass the 
concentration of inorganic species is much less than in fossil fuels.  
 
Cooke (1992) identified a limited selection of inorganic compounds and salts, e.g.. silica, calcium 
carbonate (calcite), calcium sulphate (gypsum) and calcium oxalate as micron or sub-micron crystals 
within the cell walls of grasses, straws and woods. These compounds can all act as hosts for the 
trace elements, and in addition inorganic species can be associated with the cellulose 
(polysaccharide) content of the biomass. 
 
During combustion, the inorganic compounds will decompose producing gaseous species and/or 
microscopic solid particles. Elements associated with the organic matter will be vapourised and may 
subsequently condense. 
 
There have been few studies of the fate of the biomass trace elements in co-fired systems. All the 
indications suggest that the biomass trace elements combine with the aluminosilicate ash particles 
producing either a bottom ash or a fly ash, although this was not verified during the test programme 
described here.  The overall impact of co-firing biomass is, therefore, to reduce the emissions of 
trace species to atmosphere. 
 
Also, since the proportions of biomass co-fired with coal seldom exceeds 20%, and the 
concentration of the trace elements in the biomass is much less than that in the coal, the overall 
effects on ash properties and the changes in ash chemistry are small.  
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9. ASH PROPERTIES 
 
9.1 Background 
The mineral matter in a coal and the inorganic components of a biomass are transformed into ash 
during the combustion process. Two types of ash are identified, namely a furnace bottom ash (FBA) 
that consists of deposits that have formed on the heat transfer surfaces in the radiant parts of the 
boiler, and a pulverised fuel ash (PFA) that is removed from the combustion gases with the 
electrostatic precipitators. Each ash has different impacts on boiler performance, ash sales and 
disposal issues. 
 
Furnace bottom ash consists of large pieces of fused or sintered material that fall to the bottom of the 
boiler and into the main ash hopper from where it is periodically removed. FBA typically makes up 
between 5 to 15% of the ash input to the furnace. The frequency of removal is dependent on the ash 
content of the fuel and the rate of formation of FBA. FBA is typically removed once or twice a day. 
Normally the FBA is water jetted out of the ash hopper to ash crushers and then into storage 
chambers. In the UK, a ready market exists for FBA for a range of products, including block 
making, granular fill and use as an aggregate. Since all the FBA produced can be sold, it is not 
regarded as a waste product and there are no disposal issues. 
 
If co-firing of biomass were to lead to a significant increase in the proportion of FBA, then this 
could have a major impact on boiler operation, with the need to increase the frequency of “ashing 
out” .  In extreme circumstances, this might require a reduction in load from the boiler if the ash 
handling facilities could not cope with the increased amounts of FBA. Thus, the impact that co-
firing a biomass fuel may have on the slagging propensity of the co-fired ash and hence the 
formation of FBA have to be carefully considered. 
 
Pulverised fuel ash (PFA) typically represents 85% to 95% of the ash constituents entering the 
boiler. PFA consists of fine ash particles with a mean diameter of about 20mm. A 500MW boiler 
will produce around 20 tonnes of PFA per hour. For many years the disposal of this ash was a major 
issue for the power generators. However, in recent years a number of uses for this ash have been 
developed, with use as a cement replacement material being the most important one.  
 
Fresh PFA from the electrostatic precipitators has the highest value, with the ash having excellent 
pozzalanic (cementatious) properties when mixed with ordinary Portland cement (OPC). In order to 
ease the handling of the PFA and to reduce dusting, up to 10% of water may be added. PFA that 
cannot be sold or dry stored is normally slurried and then used for land reclamation or disposed of in 
purpose made lagoons.   
 
Although the ash content of most biomass materials is much lower than the ash contents of power 
station coals, the ash chemistry and mineralogy are very different and thus the behaviour of the 
mixed ashes has to be carefully considered. The main concerns include: 

·  increased boiler slagging and fouling; 

·  reduced particulate collection efficiency and thus higher particulate emissions; 

·  changes to burner NOx performance with the formation of quarl deposits, and  

·  the effect that changes in the ash chemistry may have on the utilisation and disposal of ash 
and deposits.  
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9.2 Changes in ash chemistry and ash proper ties with co-fir ing  
Clay minerals and quartz are the major minerals present in a coal, and thus the ash is an 
aluminosilicate material. Smaller amounts of other minerals contribute a few percent each of Fe, Ca, 
Mg, Na and K oxides to the ash. Coal ash is generally considered to be a fairly refractory material, 
with relatively high melting points and high viscosities for the molten ash. 
 
Biomass ash is not an aluminosilicate. Biomasses contain variable amounts of quartz (SiO2) and 
compounds of K, Ca, Mg and Na present as phosphates, carbonates, sulphates, chlorides and/or 
organic salts. These ashes have much lower melting points (1000°C or less) and the viscosity of the 
molten ash is much lower than that of a coal ash.  
 
The oxides of K, Ca, Mg and Na each act as fluxing agents for aluminosilicates. They lower the 
melting points and viscosities of the molten ash. Thus the slagging propensity of a co-fired ash will 
increase with the amount of biomass co-fired with the coal. 
 
Of equal importance is the release of volatile constituents from the biomass at the flame 
temperatures, with the subsequent condensation of these species as the gases cool. Sulphur and 
chlorine present in the coal can react with the volatile alkaline species, leading to the formation of 
sulphates, sulphites and chlorides in the cooler parts of the boiler (convective passes).  
 
 
9.3 Specifications for  sale of pulver ised fuel ash  
The sale of PFA as a cement replacement material is the preferred option, since this route provides 
the power generators with a source of income as opposed to a disposal cost. The use of PFA in the 
cement industry is closely controlled by BS and European standards that specify the physical and 
chemical properties that the ash must meet. For many years BS 3892, Parts 1 and 2, have set the UK 
specification, while for the rest of Europe, somewhat different standards (EN 450) have been 
developed, largely to cover the wider range of imported coals that have been used in European 
power stations. 
 
Both standards place limitations on the amount of chloride, sulphur and CaO that the ash may 
contain, together with particle size range, moisture content and loss on ignition (carbon content). 
One of the main differences between the two standards is the basis on which the calcium oxide 
content of the PFA is measured. In BS 3892 the limit is based on a maximum 10% of total CaO in 
the ash, whereas in EN 450 it is based on 1.0 to 2.5% of free CaO in the ash. It is believed that the 
use of the free CaO parameter used in the European standard reflects the nature of the ash from 
European coal fired power stations that have traditionally used significant quantities of 
internationally traded coals, many of which originate from the Southern hemisphere and have CaO 
contents much higher than UK  coals.     
 
9.4 Implications of co-fir ing biomass 
Wood ash is a biomass that is particularly high in CaO (35-45%), the amount depending on the 
species and the soil conditions. Fortunately, the ash content of wood pellets and sawdust is low (1-2 
wt%), with the inorganic species being concentrated in the bark material. Thus, considerable 
amounts of wood have to be co-fired before there are significant changes in the composition of the 
mixed ash. Similar experience has been found with a wide range of other biomass materials, such as 
straws, olive waste and palm kernel residues, used in co-firing trials.  
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UK boiler trials with up to 10% replacement of the coal with biomass (and in some cases 15%) have 
indicated no significant increases in boiler slagging. Having gained operational confidence at these 
levels of coal replacement, trials at higher levels of co-firing are now planned by some generators. 
 
9.5 Landfill and lagoon disposal of PFA 
Pulverised fuel ash that does not find a market is sent to purpose built ash lagoons or landfill sites. 
Detailed examinations of ash particles from both coal and co-fired plant have shown that many 
particles show a surface enrichment of alkali species. It is generally agreed that this arises from the 
volatilisation at the combustion temperatures of the alkalis present in the fuel. As the cooling gases 
leave the boiler, condensation occurs on both heat transfer surfaces and on the surface of the gas 
borne particles. This phenomenon has been recognised as one of the mechanisms responsible for the 
initiation and growth of fouling deposits. The extent of the alkali surface enrichment is dependent on 
both the coal and the nature of the biomass that has been co-fired.  
 
Both lagoon and landfill disposal provide an environment in which surface leaching of mobile 
species can readily occur. Power generators burning coals from South Africa, coals which may give 
ashes with much higher CaO contents than indigenous coals, have seen the pH of lagoons rise. This 
raises various environmental and health issues concerning the level of alkalis that may leach from 
the sites.. 
 
9.6.  Ash Summary 
The physical and chemical properties of biomass ashes are very different from those of coal ashes 
and the co-firing of biomass with coal in large plant produces a mixed ash that can have significant 
impact on the operation of the boiler and the sale of ashes and slags. 
 
The areas of most concern include; 

·  The higher alkali oxide content of the co-fired ash will lower the ash fusion temperatures of 
the coal, increasing the slagging propensity of the ash. An in increase the proportion of 
furnace bottom ash to fly ash may pose problems with boilers that have insufficient slag 
handling capacity. 

·  Excessive slagging may effect the performance of low NOx burners which are particularly 
sensitive to the formation of deposits and ‘eyebrows’  on the burner quarls. 

·  The much higher alkali metal content of biomass ashes, in particular the K and Ca contents, 
will result in the increased levels of alkali metal volatilisation at flame temperatures. 
Increased fouling rates in the convective passes of the boiler have to be anticipated, the 
increased rates being dependent on the coal, the type of biomass and the amount of biomass 
being co-fired. 

·  Ash that is to be sold as a cement replacement material has to meet both BS and European 
standards that cover the physical and chemical properties of the ash. At present limitations 
are placed on both the total CaO and free CaO content of the mixed ash, and these would be 
most readily exceeded with the co-firing of wood, a biomass that gives rise to an ash with 
particularly high levels of CaO. 

·  Landfill and lagoon disposal of ash have the potential to give rise to enhanced levels of 
leached alkalis from particle surfaces with enriched levels of condensed alkali species.   

·  UK power generators have rightly been cautious in the levels of co-firing that have been 
tried to date. Replacement of 10% of the coal with biomass, and in some cases up to 15%, 
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has not given rise to any serious problems. Power plant tests at higher levels of replacement 
are now anticipated. 
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10 DISCUSSION 
The two combustion test facilities used to conduct the tests described in this report have an 
established track record of accurately emulating the performance of full-scale plant, with the 
additional benefit that they have to ability to conduct forensic tests with a much better degree of 
control and resolution at lower risk and cost. Accordingly, the tests conducted here can, with a good 
degree of confidence, be considered to be predictive of what would occur on full-scale commercial 
plant.  
 
The tests conducted were chosen to extend the current range of industrial experience by 
 

1. Extending the thermal percentage of biomass co-fired to 20% thermal input (compared to a 
current industry maximum of around 6%) be reflect what might be of interest in plant which 
installs bespoke biomass feed systems. 

2. Firing crops which will be regarded as ©energy crops© towards the end of the decade and 
which will therefore be of commercial significance but which are only currently available in 
tiny tonnages, precluding their testing at full scale. 

3. Conducting tests (such as forensic measurement of corrosion rates in multiple probes) which 
are much more difficult or expensive to conduct at full scale.   

4. Addressing combustion conditions including up to 25% overfire air , which are likely to be 
in widespread use in UK plant following the retrofit of advanced overfire air systems for 
Large Combustion Plant Directive compliance by  2008. 

 
The results of these tests have demonstrated that a wide range of biomass materials, including 
energy crops, can be co-burned successfully with coal up to 20% by thermal input, which may well 
be relevant to full-scale utility plant in the UK in the short/medium term future as operators decide 
whether to make capital investment to upgrade fuel preparation systems. This decision will be 
driven both by technical factors, covered by this document, and economic, strategic and political 
factors which lie outside the remit of this study.    
 
In the tests conducted, combustion performance has generally been very good and, although there 
has been evidence of slow burnout of a small fraction of the biomass, this is not considered to be a 
major barrier to the deployment of co-firing. The tests have successfully extended the range of fuels 
that have been tested beyond what has been deployed industrially (to include energy crops) and have 
demonstrated successful combustion at higher biomass percentages (up to 20% thermal) and at more 
deeply staged combustion conditions (up to 25% overfire air).than have been deployed in full-scale 
operation.  
 
Emissions from biomass co-combustion have been generally lower than from combustion of coal 
alone. The biomass proportion of the fuel is clearly CO2  neutral, whilst SO2  emissions fall 
proportionately as the percentage of (low-S) biomass is increased and the biomass materials 
generally also have lower concentrations of trace metals and chlorine than fossil fuels so that, again, 
there is a dilutative effect on emissions. These findings are consistent with the findings of full-scale 
tests of co-firing conducted for the Environment Agency by various operators when they first sought 
sanction to co-fire biomass.  
 
Biomass is generally a high volatile fuel and is therefore amenable to NOx reduction by staged 
combustion even if its nitrogen content is high (which it is for a number of the materials), since 
volatile nitrogenous components are reduced to N2 in an initial fuel-rich combustion zone. 
Emissions of NOx were generally lower for biomass blends than for pure coal at identical 
combustion conditions. As always, there is an interaction between NOx emissions and unburned 
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carbon, so that this improvement can be used to reduce NOx emissions or, alternatively, to maintain 
NOx emissions and to reduce unburned carbon levels.  
 
However there are a number of issues where challenges still remain to be solved.  
 
Some of these include the long-term availability of energy crops and the future shape of the UK 
generating fleet in the wake of the Large Combustion Plant Directive and the move to a carbon 
constrained economy . These issues are obviously very important but are essentially issues of 
strategy and policy which lie well outside the remit of this document to consider. 
 
There are also a number of technical issues which have been identified by this project and which 
will need to be better understood to underpin the long-term operation commercial operation of co-
fired plant.   
 
The physical nature of the biomass material is extremely different to that which power plant 
operators are familiar with. Biomasses can be fibrous, sticky, inconsistent and prone to self-heating 
and biological attack from microbes and/or infestation with pests. It is essential for long-term 
operation that operators develop strategies to ensure that they can control the delivery, storage and 
feeding of biomass in a safe, environmentally-friendly and cost-effective manner. Major issues that 
will need to be dealt with include dust-suppression,; safety of milling systems; design and reliability 
of silo and feed systems; control of biohazards. It will be instructive to monitor developments in the 
industry if the deployment of high-throughput biomass systems becomes widespread.  It should be 
pointed out that significant progress has been made in industry and that numerous operators are 
already successfully storing and handling large quantities of biomass. The DTI have recently funded 
a study (Colechin, Matts et al. (2005)) to review current best practice in the industry and this is due 
for publication shortly. It will be a valuable guide to the approaches that have been adopted to date 
and will give valuable insights into future options as the range of fuels considered and/or their 
throughput increases.  
 
In addition, the impact of biomass co-firing is likely to impact on boiler performance and integrity. 
The deposition tests carried out with wood and straw in this project showed only the formation of 
light, dusty deposits, unlikely to be a problem on any power station site. However, CTF tests with 
miscanthus showed the formation of a heavy and pernicious deposit, suggesting that not all 
biomasses will be as benign as some of the suite currently being deployed in the UK. The impact of 
the biomass on the ash occurred in spite of the relatively low ash content of the biomass, suggesting 
that the chemistry of the biomass ash is impacting that of the bulk ash material. In addition, PKE, 
when fired on the RWE CTF gave fouling deposits which were potentially problematic both in terms 
of quantity and adhesion, suggesting that some materials which are already in use at low percentages 
without significant operational issues may cause problems when burned at higher percentages.  
 
 Fouling and slagging have not been a widespread problem on UK boilers in recent years but the 
findings of these tests suggest that biomass co-firing may have the potential to cause significant 
deposition issues. The suite of coals and biomasses considered to date is quite narrow and it would 
be advantageous to extend the matrix of coals (and particularly coal ashes) examined with a view to 
gaining a detailed understanding of the processes determining deposition.  
 
The impact of biomass on corrosion rates has also emerged as an issue. Whilst wood co-firing at 10 
and 20% (thermal) showed no sign of detrimental effects on corrosion rates, co-firing of CCP 
produced evidence of a slight increase of corrosion rates in furnace wall and ferritic superheater 
materials and also very rapid corrosion of austenitic (i.e. conventionally very corrosion resistant) 
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superheater materials. In some cases these rates approached 80 times the normal corrosion rates.  
The body of evidence gathered is small, but it does suggest that there may be major long-term 
corrosion issues with co-firing  biomasses, especially those with high potassium contents. It would 
be worthwhile to extend the scope of the tests already carried out to include further biomass 
materials, different alloys and also to gather corroborative evidence on corrosion rates from power 
plants co-firing biomass in long-term operation.  
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11 CONCLUSIONS 
 

OVERALL FEASIBILITY 
·  The co-combustion of a wide range of biomass materials has been shown to be achievable, 

whilst maintaining good combustion stability.  
 

·  Biomass fuel handling requires significant modification to working practice, due to the low 
bulk densities, and hazards associated to dust evolution and biological activity.  Frequent 
feeding problems, such as line blockages and ‘hang-ups’  in the hopper, were encountered 
during these trials. An imminent review of industry best practice in co-firing will give 
guidance on approaches used to store and handle biomass at large scale. 

 
EMISSIONS 
·  The composition of biomasses differs significantly from coal; most notably, they have higher 

volatile matter and moisture content, and lower carbon and sulphur content. Increasing the 
proportion of biomass co-fired reduces SO2 emissions, as would be expected due to the 
lower sulphur content and also generally decreases the emission of trace species.. 

 
·  Biomass co-firing alters the interaction of NOx emission and burnout. However, optimised 

biomass co-firing has the potential to offer both lower Carbon-in-ash and lower NOx than 
100% coal-firing. Increasing the proportion of biomass can reduce NO emissions, through a 
combination of lower fuel nitrogen and higher volatile matter content, although the exact 
behaviour is dependent on the aerodynamics within the combustion chamber. Changes to 
existing combustion systems may be necessary to maintain performance, and realise 
potential improvements. 

 
·  The positive impact of NOx control techniques such as overfire air is not adversely affected 

by co-firing biomass. 
 

·  Tests showed that the larger biomass particles may continue to burn in the convective section 
of plant, where combustion has generally been considered to be complete.  

 
DEPOSITION 
·  Replacement of coal by biomass was observed to increase deposition efficiency and deposit 

strength. Deposits taken during CTF testing showed evidence of rapid build-up of tenacious 
deposits. The co-firing of high percentages of biomass (20% thermal) and/or energy crops 
such as miscanthus have the potential to cause significant problems associated with 
deposition.  

 
 

CORROSION 
·  A number of fuel/metal combinations have been studied in this project 
·  The highest furnace wall fireside corrosion rates when co-firing biomass continues to be 

caused by the synergistic effect of fuel chlorine and heat flux under reducing conditions, the 
same mechanism as is responsible when firing only coal. 

·  Cereal Co-product was found to have a dramatic impact on austenitic superheater/reheater 
tubing corrosion rates as used in some current plants and, potentially, in new-build 
supercritical plants. Current data does not enable reliable long term wastage rate predictions, 
but in the worse case, with linear kinetics, metal losses in excess of 8mm per year are 
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possible. 
 

·  CCP caused a moderate increase in corrosion rates for ferritic superheater materials and for 
boiler wall materials. Wood did not have a negative impact on corrosion.  

 
·  The biomass alkali metal content is implicated in the enhanced fireside corrosion process, 

but the current data is insufficient to permit a fully quantitative description of the aggressive 
components in the fuels. Fuel phosphorous or sulphur : chlorine ratios may be important 
factors in determining fuel corrosivity. 
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12 UNRESOLVED ISSUES 
 
Storage/Feeding 
Biomass has physical properties significantly different from the solid fuels traditionally used by the 
utility industry, with different flow, density, self-heating and biological activity. Whilst a number of 
solutions are already in place, the industry will require significant effort to determine the most cost-
effective methods of  storing, handling and feeding biomass successfully and safely, particularly if 
there is a move to different and higher quantities of biomass. Current industry best practice is the 
subject of a current DTI-funded study, due for publication shortly. 
 
Corrosion 
The tests conducted in this project have shown that CCP, in particular, has the potential to cause 
significant damage to superheater and reheater materials and, especially to austenitic materials 
which have traditionally been assumed to be highly corrosion-resistant. In order to determine the 
exact nature of the corrosive constituents in potential biomass fuels it would be necessary to conduct 
further 50 hour CTF trials on fuels with differing compositions.  In particular, fuels with a range of 
alkali metal, sulphur and chlorine contents should be examined. 

 
A further 50 hour CTF test conducted with lower percentage CCP content would determine whether 
a peak in superheater/reheater corrosion rate is found at lower temperatures and characterise any 
dilution effect attributable to excess coal ash.  

 
In order to better ascertain the long-term effects of co-firing fuels such as CCP on the 
superheater/reheater corrosion of austenitic materials in actual plant, it would be necessary to 
conduct short and medium term probe exposures in operating plant.  Through selection of ferritic 
and austenitic alloy specimens, data would be relevant to sub critical plant operating with final 
steam temperatures of 540°C or 560°C, as well as (ultra) supercritical plant operating with advanced 
steam conditions. 

 
Deposition 
The deposition tests undertaken to date have shown that although biomass ash content is generally 
low, it can have a significant impact on both the rate of formation and the nature of deposits in the 
combustion process. Energy crops, when fired on the RWE npower CTF produced some particularly 
tenacious deposits. This raises the possibility that power plant operators may encounter significant 
problems with deposit formation as they move either towards new biomass fuels, higher proportions 
of co-firing or deeply staged combustion conditions. Further forensic testing of the deposition 
mechanisms involved would be useful in diagnosing, and hopefully avoiding these potential issues. 
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Sample Coal 
(RWE 

NPOWER) 

Taldinsky coal 
(RWE 

NPOWER) 

Maltby 
(E.ON) 

Daw Mill 
(E.ON) 

Proximate 
analysis  
(%, as received) 

    

Moisture 5.8 4.7 1.6 9.1 
Volatile matter  31.8 28.4 33.8 29.4 
Fixed carbon 52.2 55.2 61.9 43.2 
Ash 10.2 11.7 2.7 18.3 
     
Ultimate analysis  
(%, as received) 

    

Moisture 5.80 4.7 1.6 9.10 
C 66.2 68.4 79.17 57.8 
H 4.4 4.4 5.03 3.57 
N 2.1 2.1 1.66 1.00 
O 13.1 7.9 8.59 8.40 
S 0.3 0.8 1.07 1.59 
Cl 0.05 0.05 0.18 0.24 
Ash 10.2 11.7 2.7 18.30 
     
Gross Calor ific 
Value  
(MJ kg-1, as 
received) 

26.9 27.78 34.32 25.50 

 

Table 2.1 Basic analysis data for  the coals employed in the project for  the preparation of biomass-
coal blends 
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Sample Coal 
(RWE 

NPOWER) 

Taldinsky 
coal 

(RWE 
NPOWER) 

Maltby 
(E.ON) 

Daw Mill 
(E.ON) 

Ash analysis 
(%, w/w) 

    

SiO2 58.8 52.8 51.7 49.6 

Al2O3 23.5 25.9 25.2 25.5 
Fe2O3 5.9 8.0 15.1 7.9 
TiO2 1.2 1.1 1.5 0.9 

CaO 4.0 4.4 1.4 4.3 

MgO 1.1 1.4 0.9 1.7 
Na2O 0.4 0.8 1.3 1.0 
K 2O 2.9 2.1 1.8 2.3 
SO3 1.8 3.1 0.6 3.3 
P2O5 <0.05 <0.05 0.3 0.4 
 
Table 2.2 Ash analysis data for  the coals employed in the project for  the preparation of the 

biomass-coal blends 
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Sample Palm kernel 
expeller  

cake 
(RWE 

NPOWER) 

Wood 
pellets 
(10670) 
(RWE 

NPOWER) 

Miscanthus 
(RWE 

NPOWER) 

Wood 
(E.ON) 

Straw 
(E.ON) 

 

CCP 
(E.ON) 

Proximate 
analysis  
(%, as 
received) 

      

Moisture 9.2 9.2 8.3 12.1 11.4 14.5 
Volatile 
matter  

70.7 72.0 62.6 75 66.4 66.9 

Fixed 
carbon 

16.2 16.4 13.7 12.6 15.1 13.8 

Ash 3.9 2.4 15.4 0.3 7.1 4.8 
Ultimate 
analysis  
(%, as 
received) 

      

Moisture 9.2 9.23 8.3 12.10 11.4 14.5 
C 45.1 44.82 38.2 44.73 33.64 39.62 
H 6.5 5.75 5.58 6.75 4.28 5.45 
N 2.4 0.48 0.62 0.24 0.68 2.84 
O 32.6 37.23 31.71 35.85 42.75 32.50 
S 0.23 0.06 0.1 0.01 0.02 0.20 
Cl 0.13 0.01 0.09 0.03 0.13 0.09 
Ash 3.9 2.42 15.4 0.30 7.1 4.8 
Gross 
Calor ific 
Value  
(MJ kg-1, as 
received) 

18.9 17.23 15.3 17.96 16.27 16.32 

 

Table 2.3 Basic analysis data for  the biomass mater ials used in the project for  the preparation of 
the biomass-coal blends. 
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Sample Palm kernel 
expeller  

cake 
(RWE 

NPOWER) 

Wood 
pellets 
(10670) 
(RWE 

NPOWER) 

Miscanthus 
(RWE 

NPOWER) 

Wood  
(E.ON) 

Straw  
(E.ON) 

CCP 
(E.ON) 

Ash 
analysis 
(%, w/w) 

      

SiO2 15.7 16.1 69.2 35.5 65.1 6.1 

Al2O3 3.3 4.1 4.7 9.6 2.6 0.5 
Fe2O3 8.6 6.5 4.9 5.2 1.3 0.6 
TiO2 0.1 0.3 0.4 0.6 0.1 0.1 

CaO 9.5 30.9 7.2 23.1 7.6 5.5 

MgO 10.8 8.0 2.7 5.7 1.8 10.7 
Na2O 0.6 0.9 0.5 0.9 0.2 1.2 
K 2O 8.1 12.8 4.1 5.2 12.8 32.9 
SO3 3.0 4.0 2.5 1.8 1.9 - 
P2O5 39.0 15.8 3.4 3.1 1.5 42.3 
 
Table 2.4 Ash analysis data for  the biomass mater ials used in the project for  the preparation of 

the biomass-coal blends. 
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FCL 11095 Palm 
Kernels

Swedish Wood 
FCL 10670

Wood 
chips

FCL 11317 Palm 
Kernels

FCL11665 
PKE

FCL11940 
Miscanthus

Element Result Result Result Result Result Result 
mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

Antimony* <1.0 <1.0 0.2 <1.0 <1.0 <1
Arsenic* 0.1 0.1 0.2 0.7 1.2 3.3
Barium* 1.5 6.5 4.9 4.1 15.9
Beryllium* <0.1 0.1 <0.1 0.1 0.2
Boron* 5 6 5 3 7.0 24.0
Cadmium* <0.01 0.17 0.13 <0.01 <0.02 0.03
Chromium* 2.1 2 3.5 2.9 7.3 7.1
Cobalt* <0.1 0.1 <0.01 <0.1 0.2 0.7
Copper* 31.8 5 2.1 28.5 27.7 4.4
Lead* 0.1 1.7 2.3 0.4 1.8 4.7
Mercury* <0.1 0.1 <0.01 <0.01 <0.01 <0.01
Molybdenum* 0.1 0.1 <0.01 0.3 3.6 <0.1
Nickel* 1.5 1.5 1.2 1.3 2.7 3.1
Selenium* 0.5 0.1 0.2 0.3 0.1 <0.1
Silver* <0.1 <0.1 <0.01 1 0.6 <0.1
Tellurium* <0.1 <0.1 <0.01 <0.1 0.3 0.5
Thallium* <0.1 <0.1 <0.01 <0.1 <0.1 <0.1
Tin* 0.1 0.1 <0.01 0.3 0.2 <0.1
Vanadium* 1.5 0.9 1.9 1.7 1.9 3.3
Zinc* 43 70.3 40.6 45.3 62.1 21.4
Fluorine 8 6.4 17 <10 - -  
Table 8.2: Biomass data for  RWE npower  fuels 
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FIGURES
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Figure 5.1: Flame images from RWE npower biomass co-combustion tr ials 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 Summary of E.ON Wood Co-fir ing tests: Unburned Fuel v. NOx 
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Figure 5.3 Impact of Blend Percentage on Burnout in Convective Pass of E.ON CTF 
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Figure 6.1: Cross-sections through EFR deposits with addition (ash wt%) of various biomasses to Harworth 
coal. The level of addition is measured as the mass contribution of biomass ash to total ash, and the image 
side is ~800� m for all images. 
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Figure 6.2: Cross-sections through EFR deposits with addition (ash wt%) of various biomasses to Middelburg 
coal. The level of addition is measured as the mass contribution of biomass ash to total ash, and the image 
side is ~800� m for all images. 
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Figure 6.3: Changes in calculated bulk ash viscosity at 1250°C with addition of various biomasses to 
Harworth coal. 
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Figure 6.4: Changes in EFR deposition efficiency with addition of various biomasses to Harworth coal. 
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Figure 6.5: Changes in EFR deposition efficiency with addition of various biomasses to Middelburg coal. 
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Figure 6.6: Changes in CTF deposition efficiency with addition of palm kernel and miscanthus to Taldinsky 
coal. 
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Figure 6.7: Changes in CTF deposit type with addition of palm kernel and miscanthus to Taldinsky coal. 
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Figure 6.8: Cross-sections through CTF deposits with addition (fuel wt%) of miscanthus and palm kernel to 
Taldinsky coal. The level of addition is measured as the mass contribution of biomass ash to total ash, and the 
image side is ~800� m for all images. 
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Figure 6.9: Changes in EFR deposit chemistry with addition of olive waste to Harworth coal. The points, 
connected by solid lines, are measured chemical compositions and the dashed lines represent calculated 
chemical compositions based on HTA analyses. 
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Figure 6.10: Changes in EFR deposit chemistry with addition of straw to Middelburg coal. The points, 
connected by solid lines, are measured chemical compositions and the dashed lines represent calculated 
chemical compositions based on HTA analyses. 
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FIGURE 7.1 SCHEMATIC DIAGRAM SHOWING FURNACE WALL CORROSION PROBE AS 
EXPOSED IN THE CTF 
 
 
 
 

 

 
 

FIGURE 7.2 SCHEMATIC DIAGRAM SHOWING SUPERHEATER / REHEATER CORROSION 
PROBE AS EXPOSED IN THE CTF 
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FIGURE 7.3 MEASURED MEAN FURNACE WALL METAL LOSS RATES FOR 
PLAIN CARBON STEEL AND 15Mo3 SPECIMENS 
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FIGURE 7.4 MEASURED MEAN FURNACE WALL METAL LOSS RATES FOR 
HCM2S SPECIMENS 
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FIGURE 7.5 MEASURED MEAN FURNACE WALL METAL LOSS RATES FOR 
E911 SPECIMENS 
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FIGURE 7.6 MEASURED MEAN FURNACE WALL METAL LOSS RATES FOR 
HCM12 SPECIMENS 
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FIGURE 7.7 PREDICTED VS MEASURED MEAN FURNACE WALL RATES 
FIRING ONLY DAW MILL COAL 
 

 

0

10

20

30

40

50

60

70

80

90

0 10 20 30 40 50 60 70 80 90

Measured Metal Loss (µm)

P
re

di
ct

ed
 M

et
al

 L
os

s 
(µ

m
)

 
 

FIGURE 7.8 PREDICTED VS MEASURED MEAN FURNACE WALL RATES 
FIRING DAW MILL COAL WITH 20% WOOD 
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FIGURE 7.9 PREDICTED VS MEASURED MEAN FURNACE WALL RATES 
FIRING DAW MILL COAL WITH 20%CCP 

 

0

10

20

30

40

50

60

70

80

90

0 10 20 30 40 50 60 70 80 90

Measured Metal Loss (µm)

P
re

di
ct

ed
 M

et
al

 L
os

s 
(µ

m
)

 
 

 
FIGURE 7.10 PREDICTED VS MEASURED MEAN FURNACE WALL RATES 
FIRING DAW MILL COAL WITH 10%CCP 
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FIGURE 7.11 MEASURED T22 95%ILE PARABOLIC WASTAGE RATES 
COMPARED WITH PREVIOUS T22 DATA OBTAINED FIRING ONLY COAL 



23 

 

   
                        Back Scattered Electron Image          Calcium X-ray Map                             Oxygen X-ray Map 
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FIGURE 7.12 TP316 SPECIMEN EXPOSED AT 658°C, 20%CCP, EXHIBITING SEVERE LOCALISED PITTING ATTACK 
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FIGURE 7.13 MEASURED AUSTENITIC 95%ILE PARABOLIC WASTAGE RATES 
COMPARED WITH PREVIOUS T22 DATA OBTAINED FIRING ONLY COAL 
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Figure  8.1: SO2 reduction for  biomass co-fir ing 
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Figure 8.2: Summary of impact of biomass co-fir ing on NOx emissions 
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APPENDIX 1 
 
DESCRIPTION OF COMBUSTION TEST 
FACILITIES 

RWE npower  Combustion Test Facility (CTF) 
The RWE npower CTF is modelled on the flue gas path of a typical 500/660 MWe power 
station.  The criterion used in the design of the facility was that of constant residence time and 
this was achieved by reducing the velocity in the furnace.  The time-temperature history of a 
particle would be similar to that of a particle fired through a middle row burner (residence 
time of approximately 2 seconds) and the peak flame temperatures are similar to a burner 
surrounded by other firing burners.   
 
The CTF is fired by a single horizontal burner utilising liquid or solid fuels.  The main 
combustion air can be heated up to 350oC by an in-line electrical heater and is provided by the 
secondary air (SA) fan.  The primary air (PA) transporting the pulverised fuel (PF) can be 
heated to approximately 70oC by trace heating combined with the high outlet temperatures 
from the blower. 
 
The burner fires into a refractory lined water cooled furnace with an intensity similar to that 
on a power station, i.e. the heat release per unit area.  When the gas exits the furnace the flow 
area is reduced to increase its velocity to that typical of a power station (10-15m/s).  The flue 
gases then pass through the slagging section, which represents the superheater platens region 
on a power station, and downstream of this section they enter the convective zone of the 
facility where fouling measurements can be taken. 
 
For all test work, the flue gases enter an ageing loop which conditions the gases prior to their 
introduction into an electrostatic precipitator test section.  The gases then pass through the 
clean up systems, i.e. bag filter and gas scrubber, to the main ID fan and the stack. 
 
Technical Details 
 
Burner  MBEL (Babcock) Mk III Low NOx (scaled version). 
Design Flows PA/SA/TA 1:1:4 approximately. 
Furnace  0.8 x 0.8 x 4m internal dimensions. 
Furnace outlet temp. Up to 1400oC. 
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E.ON UK 1 MW COMBUSTION TEST FACILITY (CTF) 
 
FEATURES 

·  Uses proven residence time scaling (based on experience with a multi-burner 6 
MW facility ) 

·  Variable degrees of air-heating 
·  water-cooled, refractory-lined combustion chamber 
·  Single burner - three register, low NOx - in-house design 
·  Uses wide variety of fuels, e.g. coal, oil, Orimulsion, gas, biomass 
·  On-line blending 
·  Up to 100% biomass 
·  Equipped with full combustion staging, e.g. overfire air, flue-gas recycle and 

reburn (any fuel) 
·  Calibrated against full scale plant  
·  Highly instrumented and controllable 

 
ESTABLISHED CAPABILITIES 
 

·  Central to E.ON UK  NOX reduction R&D programme 
-  detailed process investigation of combustion and post-combustion 

methods 
-  fuel effects 

·  Pre-procurement coal quality screening 
·  Biomass Evaluation  
·  Development/Validation of computer models, e.g. 

-  NOX/LOI predictor, CFD/combustion codes, Coal Quality Impact 
Model (Vista) 

-  coal blending and milling requirements,  
·  slagging and fouling 
·  mercury and other trace metals,  
·  corrosion and erosion,  
·  atomiser development, additives/combustion enhancers, 
·  emulsion fuels (e.g. Orimulsion),  
·  biomass co-combustion, palm oil, tallow, meat and bone meal, North Sea 

drilling mud, reclaimed fuel oil etc. 
·  flame imaging 
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E.ON CTF General Layout 
 
 

 
 
 
 
Par ticle Paths and Contours of NOx Concentration 



30 

 
APPENDIX 2 
 
RESULTS OF IMPERIAL COLLEGE EFR AND 
CTF ASH DEPOSITION TESTS 
 


