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 1.
Introduction

The British government 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.   The obligation started at 3% in 2002/3 rising to 10% by 2010, and has been extended recently to 15% by 2015.   The other key element of the scheme is that eligible generators of renewable energy receive a Renewable Obligation Certificate (ROC) for each MWh of renewable electricity generated.   Electricity suppliers can either present certificates to cover their obligation, or they can pay a ‘buy out’ price of £30 per MWh.   All proceeds from the ‘buy out’ payments are recycled to the generators in proportion to the number of ROCs presented.   ROCs can be traded freely, and the price is dependent on the ratio of ROCs generated to ‘buy out’ payments.   
The Obligation, therefore, provides incentives for major electricity supply companies and others to invest in renewable electricity through a market-based mechanism which is consistent with the liberalised electricity sector in Britain.   The price to the customer is capped by the ‘buy-out price’.   Since the ROC price is not dependent on the technology, the least cost, lowest risk technologies are deployed and, in principle, the government/regulator is not involved in the selection of technologies or of individual projects, beyond the establishment of the rules under which the Obligation is to operate.   
Since the introduction of the Renewables Obligation, there have been significant increases in electricity generation from landfill gas, on-shore wind and biomass co-firing in coal fired power plants.   Despite this, the total renewable electricity generated is still significantly lower than the Obligation level, with the result that ROCs are currently trading at a healthy premium.   
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 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. 

The co-firing of biomass in coal-fired power plants is eligible under the Renewables Obligation.   This decision was somewhat controversial in that it was recognised that the costs of co-firing projects were likely to be significantly lower than those of establishing new, dedicated biomass to energy plants.   There was a risk, therefore, that the operators of coal-fired power plants would purchase all of the available biomass materials for co-firing, to the exclusion of other biomass conversion technologies, and that they would make too much additional income, distorting the electricity market.
On balance, it was decided that co-firing should be eligible within the Renewables Obligation, to provide a much-needed boost to the biomass supply infrastructure in Britain, and particularly to provide secure markets in the short-medium term for energy crop materials.   Because of the concerns noted above, limits were placed both on the total quantity of eligible ROCs from co-firing, and on the timescales over which co-firing is eligible under the Obligation.   

One of the results of the introduction of the Renewables Obligation in April 2002 has been a dramatic increase in biomass co-firing involving all of the large coal-fired power plants in Britain.   To date the total cumulative power generation by biomass co-firing is in excess of 1.8 million MWh.   It is clear that, from a standing start, the electricity supply industry in Britain has responded relatively rapidly to the financial incentives represented by the introduction of the Renewables Obligation.   The purpose of this paper is to summarise the biomass co-firing experience in Britain to date, and to speculate as to the potential role of biomass co-firing within the electricity supply industry in the future.

2.
The technical options for co-firing biomass in large pulverised coal-fired boilers

Overall, it is apparent that there are a number of basic options available for the direct co-firing of biomass materials at coal-fired power stations, viz:

· The pre-blending of the biomass with the coal and the feeding of the blended fuel into the bunkers, with the further processing of the fuel through existing coal milling and firing equipment.

· The modification of one or more of the existing coal mills on each unit to mill the biomass material on its own, and the firing of the milled material through the existing pulverised coal pipework and burners, although it is clear that this option is only available for a limited number of biomass materials and in certain power plants.

· The installation of new, dedicated biomass milling equipment and the introduction of the milled fuel into the existing coal firing system or firing through new biomass burners.

The indirect options for co-firing, i.e. those that involve the installation of a separate biomass gasifier or boiler, are considered to be too expensive, and take too long to implement, to be relevant to the British market, as it currently stands.

To date, there has been a preference in Britain for the pre-blending options for co-firing, i.e. 

· Options which involve the mixing of the biomass material with the coal at low co-firing ratio in the coal yard or on the main coal conveyors, and the processing of the blended fuel through the existing coal milling and firing system, or

· Options which involve the delivery of a pre-blended biomass-coal mixture at the appropriate co-firing ratio to the power plant, for handling and firing through the existing system.   At the present time, however, this approach is not eligible for ROCs because of the perceived biomass accounting difficulties.
3.
The availability of suitable biomass materials in Britain

In Britain, the principal biomass materials, which are 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:

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.   A number of dry residue materials from other crops are also of interest, including oats, oilseed rape and linseed crops.

The straws are collected and handled in baled form, and suitable equipment for the handling and transportation of straw in this form is commercially available.   The baled straw has relatively low moisture content, and can be stored for long periods without significant dry matter losses and deterioration in fuel quality.

Poultry litter is a waste product of the barn rearing of chickens and turkeys, which consists of a mixture of the poultry excrement and the bedding material (usually wood shavings or a similar material).   It is available all year round, so there is no requirement for long-term storage.   The litter can be purchased directly from the producers at 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.

Forestry and sawmill residues are available in certain parts of the country.   The largest areas of managed woodland are in Scotland and Wales, in the North of England, and particularly the Kielder Forest, and in the Thetford Forest in East Anglia.   As produced, the residue materials have high moisture content, and are variable in quality.   The long-term storage of 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 is not currently in place in Britain, however there are a number of companies involved in the development of secure supply chains for suitable wood biofuels.

Specific industrial, agricultural and other waste materials 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.

Energy crops are plants grown specifically for use as fuels.   Short rotation coppice and perennial crops are currently preferred, as they require relatively low energy inputs in the form of fertilisers and other chemicals.   Short rotation coppice wood (SRC) is harvested on a 2-4 years cycle as wet chipped material, or perhaps in larger pieces.   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 quantities for test and small-scale commercial purposes.   It is considered to be suitable for cultivation only in the Midlands and the south of England.   None of the energy crop materials are currently available in Britain in the quantities relevant to co-firing in large power plants.

It is also possible to co-fire imported biofuels such as dried and pelletised wood fuels, which are produced in large quantities in North America, Scandinavia, Russia and in some other Northern European countries, and can be imported, albeit at relatively high delivered fuel prices.   Cereal straws, in chopped and pelletised form, are also available, albeit in smaller quantities.

Olive processing wastes are available in large quantities, as dry granular or pelletised materials, from countries with large olive 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.

The solid residues of the palm oil production industry in far eastern countries, principally Malaysia and Thailand, are also available for import into Northern Europe in large quantities.

To date, the biofuels that have been utilised in commercial co-firing projects, or have been utilised in test burns, have included:

· The solid waste materials from the olive oil industry, imported from the Mediterranean countries,

· Dried sewage sludge,

· The solid waste materials from the palm oil industry, imported from the Far East,

· Dried sawdust pellets, imported from North America and/or Northern Europe,

· Dried cereal straw pellets, imported from Europe, and

· Forestry residues, sawmill residues and other wood materials in various forms, of British origin.

This is a fairly extensive list, but it does not, as yet, include any significant quantity of fuels that would qualify as energy crops.   Cereal straw and other biofuels in baled form, have not, as yet, been utilised for co-firing in Britain because of the relatively high investment cost associated with the fuel reception, handling and feeding equipment required for these materials.
4.
THE PROCESS FLOW CHART FOR THE IMPLEMENTATION OF BIOMASS CO-FIRING PROJECTS IN BRITAIN
A brief description of the route towards the implementation of commercial co-firing projects, which has been followed by the majority of the operators of coal-fired power plants in Britain, is presented below.   

STEP 1
The securing of the fuel supply

The key decision at the start of the process involves the selection and securing of the fuel supply, i.e. ensuring, in a British biofuel market that is only just beginning to develop, and which is likely to be resource-constrained, that there is a secure supply of the preferred biofuel materials at predictable prices, for the period of time relevant to the proposed co-firing project.   

STEP 2
Preparation of the application to the Environment Agency (EA) or the Scottish Environmental Protection Agency (SEPA) for a Variation to the Authorisation under Section 11 of the Environmental Protection Act.
The Application is in two parts, i.e. an application to perform a test burn and an application for commercial, long-term operation on co-firing.   With most clean biomass materials, it is possible to make the case that they have lower concentrations of most of the prescribed pollutant species than coal, and hence co-firing will bring significant environmental benefits.

The drafting of the Application for the test burn is relatively straightforward, however a number of things have to be specified, i.e.

· The fuel and the quantity of fuel required for the test burn,

· The target co-firing ratio, and 

· The proposed method of co-firing.

There must be sufficient information provided to allow the EA/SEPA to understand what they are agreeing to, in terms of potential environmental and other impacts of the test burn, and of future co-firing operations, should the test burn be successful.


STEP 3
The definition of the test burn requirements and obtaining agreement to hold the test burn from the EA/SEPA

A simple protocol for the burning of biomass materials in power stations was issued by the Environment Agency in July 2003.   It is necessary to prepare a fairly detailed test programme for the test burn, and this will normally mean that the power generator will require specialist help, i.e. from experienced boiler test engineers and environmental monitoring laboratories.

It is a requirement that the fuel reception and storage/handling arrangements, and the co-firing equipment, installed for the test burn reflect the arrangements planned for long-term co-firing.

The test burn programme can be divided into a number of parts, viz:

· The proving of the fuel reception/delivery/blending system, i.e. does it work and can it deliver a consistent, controlled feed of biomass to the plant,

· The proving of the co-firing system at the preferred co-firing ratio, both in terms of the technical and the Health and Safety aspects, and

· The measurement of the environmental impacts of co-firing, against a baseline condition firing coal alone.
The details of the trial programme obviously depend on the fuel, the co-firing option adopted, and the specific requirements of the EA/SEPA inspector.

STEP 4
The performance and reportage of the test burn

The test burn itself will normally take at least 2-3 weeks to perform, and will require the services of a specialist test team and environmental monitoring laboratory.

The reportage of the test burn, and responding to comments and further requirements from EA/SEPA, may take a further two months or so, provided that the results of the test burn are favourable.   There are a number of risk areas, associated principally with the fuel handling and feeding system, and with the results of the environmental monitoring work.


STEP 5
The final agreement from EA/SEPA on the variation to the Authorisation, and proceeding to commercial operation on co-firing

In some instances, only temporary arrangements may have been made for the reception and the storage/handling of the biofuel, to permit performance of the test burn.   It may be necessary at this stage to install and commission the new equipment for the long term, commercial co-firing project.

Having established a successful co-firing system for one biofuel, there will be a desire to provide an element of fuel flexibility, and for the qualification of other fuels.  The feasibility of the achievement of fuel flexibility will depend on early (STEP 1) decisions made on the fuel supply and the preferred co-firing option.   
The majority of the power plants in Britain operate in a competitive and complex electricity trading system, and the station operators have to incorporate the biomass co-firing activities into their normal operating practices, in order to maximise their power sales and ROC incomes.   It can take a little time for the operators and traders to gain a clear understanding of the impacts of co-firing on plant operations, and of the biomass supply and ROC markets, in addition to the fuel and electricity markets that they normally operate in.

5.
The technical issues associated with biomass co-firing in Britain

As stated above, the majority of the coal-fired power plants in Britain are co-firing biomass materials by pre-blending the biomass at low co-firing ratio with the coal and processing the blended fuel through the existing coal handling and firing system.   There are a number of areas of technical interest, viz:

The reception, storage and handling of the biomass, and the preparation and handling of the blended fuel,

The behaviour of the blended fuel in the coal mills,

The impacts of co-firing on the performance and integrity of the boiler, and

The environmental impacts of biomass co-firing.

5.1
Biomass handling, storage and blend preparation

In general terms, the majority of the technical problems have been associated with the handling of the biomass materials and the preparation of the biomass coal blends.   The nature of the problems depends on the type of biomass, however it is possible to derive some general conclusions from the experience to date of large-scale biomass handling and storage on power plant sites in Britain.

Granular agricultural materials, such as the solid residues from the palm oil and olive oil industries, 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 and more expensive to handle on site than other biomass types.   Baled materials are generally not suitable for co-firing by pre-blending.   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, dry sawdust, olive residue) is generally free flowing, but some of these materials handle very poorly when wet.   Pellets absorb moisture from the surrounding air and can swell.   They should best 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 single most important issue when handling biomass materials has been the generation and accumulation of dust.   If the accumulated dust gets wet, it can swell and there can be mould growth.   The experience with water misting systems for dust suppression has been mixed.   These systems tend to increase the relative humidity in the store, and this can encourage mould growth.

Dust extraction systems have been used successfully, however the fine materials collected in these systems can be very cohesive in nature, and there can be problems with the disposal of dusts collected using wet removal systems.   Special arrangements, including explosion vents and fire suppression systems may be required in biomass storage and handling areas.

5.2
The co-milling of biomass materials 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 particles to be retained within the mill to some extent, and this can act to limit the co-firing ratio that is achievable in this way.   In vertical spindle coal mills, there may be a tendency for the mill differential pressure and the mill power consumption to increase with increasing biomass co-firing ratio, and this may represent a limiting factor.   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 potential difficulties and limitations, the co-milling and co-firing of a number of chipped, granular and pelletised biomass materials through most of the more common designs of conventional coal mill has been carried out successfully on a fully commercial basis in a number of coal-fired power plants in Britain and elsewhere.

5.3
The impacts of co-firing on the performance and integrity of the boiler

The general experience has been that, provided the mill product is acceptable, i.e. that there are no very large biomass particles, say with a topsize in excess of 2-5 mm, passing to the burners, then the combustion behaviour of the blended fuel has been acceptable.   Biomass materials are more reactive in combustion systems than are most coals and in general the unburned carbon levels in bottom and fly ashes are similar to, or less than, those that apply when firing coal alone.   

The co-firing of biomass materials, and particularly of wet biomass, can have an impact on the maximum achievable boiler load, depending on the mill constraints, and on the boiler efficiency.   At low biomass co-firing ratios and with dry (<10% moisture content) biomass materials these constraints are modest.
Biomass materials generally have lower ash contents than most power station coals, and the nature of biomass ashes is very different from that of most coal ashes.   In general, there is a greater propensity towards the formation of both slagging and fouling deposits, and the co-firing of biomass will tend to increase the degree of sintering and the strength of the ash deposit samples.   At the low co-firing ratios that have been applied in Britain to date, however, no significant operational problems due to increased ash deposition have been reported.

The co-firing of biomass materials in coal-fired power plants in Britain is a relatively recent development and, to date, the biomass fuels co-fired have relatively low chlorine contents and are co-fired at relatively low co-firing ratios.   There have been no reports of accelerated metal loss from boiler tubes due to gas-side corrosion, however this is not unexpected under the circumstances.   Overall, it is considered that the risks of excessive corrosion associated with biomass co-firing are considered to be modest, except in circumstances where the co-firing activities have the effect of increasing the chlorine/chloride concentration of the flue gases significantly.

5.4
The impacts of biomass co-firing on the environmental performance of the boiler

In all cases, the commercial co-firing of biomass in British power plants is preceded by the performance of a trial during which the environmental impacts of co-firing are measured.   If there are significant additional environmental impacts, the Section 11 Variation required for commercial co-firing may be withheld.   The general experience from the environmental monitoring testwork carried out to date, can be summarised as follows:

· There have been no significant impacts of co-firing on the combustion conditions or the combustion efficiency, i.e. on flame stability, burner turndown capabilities, the unburned carbon levels in the ash discards or on the emission levels of CO and the other organic pollutants, i.e. VOCs, PAHs and dioxins/furans. 

· The measured NOx emission levels when co-firing biomass have been similar to, or up to 10% lower than, those measured when firing coal.

· The total dust and trace element emission levels were similar to those when firing coal,

· The SO2 and chloride/fluoride emission levels were similar to, or lower than, those when firing coal, in line with the co-firing ratio and the sulphur, chlorine and fluorine contents of the fuels.

· There have been no significant problems with ash sales or disposal.

Overall, it is clear that there have been little or no evidence of any significant environmental impacts associated with the boiler, when co-firing biomass at co-firing ratios less than 10% on a mass basis.   The only significant environmental concerns have been associated with fugitive dust emissions and, in some cases, the smell from the biomass reception and handling activities.

6.
The development of direct firing systems for biomass materials

Having gained significant experience of biomass co-firing by the pre-blending route, a number of operators of large coal-fired power plants in Britain are involved in capital expenditure projects aimed at increasing their capability to co-fire biomass materials to levels in the range 10-20% on a heat input basis.   These projects involve the installation of direct firing systems for the biomass.   In all cases, the facilities for the reception storage and handling of the biomass have to be upgraded substantially.  All of the systems involve dedicated systems for the milling of the biomass, and all involve the pneumatic conveying of the milled biomass from the handling/milling facilities to the boilers.   There are three basic firing options for the milled biomass, viz:

· Direct injection into the furnace with no combustion air,
· Installation of new dedicated biomass burners, and 

· Injection of the biomass into the pulverised coal pipework or at the burner, and co-firing with coal through the existing burners.
A trial system for the direct injection of the milled biomass into the furnace without a combustion air supply has been installed in a downshot-fired furnace, designed for the firing of low volatile coals.   This option is cheap and simple to install, but its application in conventional wall or corner-fired furnaces is considered to be limited.

One of the new projects involves the installation of new, dedicated burners into an existing multi-burner furnace.   This option is relatively complex and expensive to install, and there are a number of problems to be resolved, viz:

· New burner locations, generally within the existing burner belt, have to be identified, and a secondary air supply is required, i.e. there are significant modifications to the existing draft plant.

· The impacts on the pulverised coal combustion and the furnace performance need to be assessed.

· The dedicated biomass burners, based either on conventional pulverised coal burners or on cyclone burners have not been extensively demonstrated commercially for this type of application.

The third option involves the injection of the milled biomass into the pulverised coal firing system downstream of the coal mills, i.e. into the pulverised coal pipework or directly into the burners.   In both cases, both air and fuel are being introduced to the mill group, and the mill primary air flow and coal flow have to be backed off accordingly, to maintain the burners within their normal operating envelope.

This option is relatively cheap and simple to implement, however there are significant interfaces with the mill control system and risks of interference with mill operation.   The options for the location of the biomass injection point are:

· Into the mill outlet pipes local to the mill outlet,

· Into the pulverised coal pipework just upstream, of the burner, and

· Directly into the burner.

The first two of these options are very simple and self-explanatory.   There are a number of current projects based on these options in Britain and Northern Europe.   The third option involves significant modification of the coal burners.   One example of burner modification for this type of application is at Studstrupvaerket in Denmark, where chopped straw is co-fired through the core air tubes of four Mitsui Babcock Mark III Low NOx burners.   The pulverised coal is fired through the primary air annulus as normal.   This system has been in successful operation for the past three years.

It is fair to say that, in Britain, the progression to direct systems for biomass co-firing at elevated levels has only just begun, and a general consensus about the preferred options has not yet emerged.   This may occur over the next year or two, as experience is gained from the current projects.
7.
Conclusions
Overall, it is clear from the material presented above that there has been rapid development of biomass co-firing in Britain in response to the introduction to the Renewables Obligation in April 2002.   All of the large coal-fired power plants are co-firing biomass, at least on a trial basis, and the cumulative additional income from ROCs to the generators is currently in excess of £85 million.   In the past few months, a number of operators have embarked on significant capital investment projects, aimed at increasing their biomass co-firing capabilities to levels above those that are achievable using the pre-blending and co-milling route.

It is anticipated that the biomass co-firing activities in Britain will continue to expand over the next few years.   It is clear, however, that the limits to the expansion of co-firing will depend on the attitude of the British government and the limitations applied to the eligibility of co-firing under the Renewables Obligation Order.   At present, co-firing is perceived by the government as a relatively short-term approach to the production of electricity from renewable sources, which will help to create a biomass fuel supply infrastructure, and in particular will help to develop the cultivation and supply of indigenous energy crop materials in Britain.   

In a broader context, and taking a longer term view, co-firing clearly provides the most efficient and lowest risk means of the generation of electricity from biomass, which in Northern Europe, at least, is a relatively scarce and expensive energy source.   In those countries where the utilisation of coal will continue to play a significant role in the fuel mix for power generation, co-firing has a key role to play in the meeting the challenges represented by global warming, and the imperative to develop means of progressively reducing fossil fuel utilisation.   




































































































































































































