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1 Introduction

One means of reducing the environmental impacfsgsil fuel combustion is to increase the fraction
of renewable and sustainable energy in the natienatgy supply. Renewable energy technologies
have, however, struggled to compete in open etgigtisupply markets with fossil energy, due to thei
low efficiencies, high costs, and the high techin@ad financial risks. The result is that they ubsual
require the introduction of subsidies or other ficial instruments to support their implementation.

The co-firing of biomass with the coal in traditibneoal-fired boilers makes use of the large
investment and extensive infrastructure associaiéd the existing fossil-fuel-based power systems,
while requiring only a relatively modest capitav@stment, typically up to €50-€300 per kWf
biomass capacity. [1]. These costs compare veryrddlp with any other available renewable energy
optiort.

Worldwide, each percent of coal that is substitwigith biomass in all coal fired power plants result
in a biomass capacity of 8 GWand a reduction of approx. 60 Mton of £@t a typical cofiring ratio
of 5% on energy basis, this would correspond witjiadal potential of approx. 40 GW, leading to an
emission reduction of around 300 Mton £@ar.

Power plant operating costs are, in most casefehifpr biomass than for coal, due to the higher
delivered cost of the fuel, particularly if energyps are used. Even when the biomass is nominally
free at the point of production, for instance ie ttase of some of the dry agricultural residues, th
costs associated with collection, transportatioapgration, and on-site handling can increase ke ¢
per unit heat input to the boiler to a point whitravals, and often exceeds, the cost of coal. Whe
compared to alternative renewable energy sourcesyever, biomass co-firing is normally
significantly cheaper, and co-firing has the adagetthat it can be implemented relatively quickly.

For most European coal-fired power plants, the crsiwe efficiencies are commonly in the range 35-
43% (lower heating value basis). These efficieramels are much higher than those associated with
smaller, conventional, dedicated biomass power-ayigtems, and rival or exceed the estimated
efficiencies of most of the proposed, advanced hisybased power systémm3he addition of
biomass to a coal-fired boiler has only a modegiaioh on the overall generation efficiency of the
power plant, depending principally on the moisttwatent of the biomass. [2]

Biomass co-firing results in a direct reductiortted CQ emissions in proportion to the co-firing ratio.
When proper choices of biomass, coal, boiler desagrd boiler operation are made, traditional
pollutants (SQ NG, etc.) and net greenhouse gas {3CH,, etc.) emissions decrease.,3fenerally
decreases in proportion to the sulfur in the fudlich is low for many (but not all) biomass fuelfie
NO, chemistry of biomass shows the same, complex buteaptually well understood behavior as
NO, chemistry during coal combustion with the excapttbat biomass appears to produce much
higher NH; content and a lower HCN content as a nitrogeredgaroduct gas compared to coal. Some
of the commercially most mature biomass fuels, igtavood, contain relatively little fuel nitrogen
and cofiring with such fuels tends to decreasd td€,. Biomass fuels also commonly contain more
moisture than coal, decreasing peak temperatubieading to commensurate decreases iR. NO

2 |In case biomass is used in decentralized energy systerste heat that is produced as a result of the power
cycle can typically more easily be utilized, whieladis to higher overall efficiencies than large scalegp-only
systems. However, fossil fuel based decentralized ersygigms share this benefit as well.
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Most biomass materials have lower ash contents #team coals, and there is a corresponding
reduction in the quantities of solid residues fribr plant.

Ancillary benefits of co-firing may also includeraduced dependency on imported fossil fuels, and
there may be the potential to develop local biofsigpply chains, which can benefit local rural
economies.

Figure 1 Wood sawdust delivered for cofiring at Dnaawer station (Courtesty of Drax Power,
UK).

It is clear, therefore, that biomass co-firing teclogies offer one of the best short and long-term
means of reducing greenhouse gas emissions fronerpg@neration, but are only applicable where
coal firing plays a significant role in the elecity supply. The development of small, dedicated
biomass-to energy technologies will also be regijifer application where co-firing is hot an option

1.1 Objective

Although industrial experience with biomass corfiriis expanding rapidly, both in Australia, Europe
and in North America, there are still a numberisk areas, which require further development work.
The major technical and non-technical challengescast®d with biomass co-firing include:

- Extension of operational experience for other faeld increased cofiring percentages,

- The uncertainty associated with the long term ingpad¢ co-firing on the performance of SCR
systems

- The development of fly ash utilization options,

- The development of an improved understanding ofdegtosition and boiler tube corrosion issues,
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- The development of biomass fuel specifications staddardized fuel characterization procedures,
and pre-processing requirements for adequate csiover

- Formation of striated flows in boilers

- Public awareness/image issues

These issues are being discussed briefly below. WRigBted a number of actions to address a part
of these key issues.

1.2 Background
This section provides a detailed description of sofrthe key issues in biomass cofiring. For a more

detailed description, reference is made to the IE#eBergy Handbook of Biomass Combustion and
Cofiring [3].

1.2.1 Extension of operational experience for other fuels and increased
cofiring percentages

Although around 150 coal fired power plants of @ifint types do have experience with cofiring a
wide variety of biomass fuels, most of these pldnatge shown correct operation for a limited period
only in the order of a few weeks to a few monthgpx. 40 coal fired plants do cofire biomass on a
commercial basis today, however this is typicalbné with relatively low percentages of biomass
being cofired (average 3% on energy input) anddtatively clean types of (woody) biomass.

To broaden the market potential for biomass cofifvith coal, new techniques are currently being
developed that should enable increasing biomadging-ratios, introduce a greater degree of fuel

flexibility into co-firing systems, and reduce tlgests of co-firing systems. Increased insights are
being derived from recent R&D programs into theobelssues that affect plant reliability and how

these could be mitigated, need to be demonstrategractice through long term operational

experience for a wide variety of fuels, coals and/@r plant configurations.

1.2.2 Impacts on SCR Systems

There is evidence from cofiring demonstrations catelll in European SCR-equipped boilers that
cofiring biomass with coal results in significargadtivation of SCR catalysts. The reasons for this
deactivation are not definitive, but laboratory Igaas confirm that alkali and alkaline earth metalks
significant poisons to vanadium-based catalystaqvivould include all commercial SCR systems)
when the metals are in intimate association withdhtalyst. Essentially all biomass fuels contagh
amounts of either alkali or alkaline earth metaldoth as a percentage of ash. Some biomass fuels,
however, have remarkably low ash contents, cleartweod such as sawdust being a classical
example. It is possible that the commercially obsdrSCR deactivation arises from such poisoning or
from catalyst fouling, which is also associatedwgitich poisoning.

Figure 2 illustrates results from surface compositinalyses from a catalyst exposed to the slgrsire
of a combustor firing alkali- and alkaline-earthkri fuels. These normalized compositions and
detection limits show that this catalyst, which esipnced significant deactivation, is enriched in
sulfur and alkali and alkaline earth metals aftquasure relative to the pre-exposure concentrations
By contrast, the surface vanadium content decre@sediilution). These results are consistent with
the general hypothesis that alkali and alkalin¢heaaetals can cause catalyst deactivation, but doey
not indicate by what mechanism such deactivatiauis
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Figure 2 Concentrations of key elements (reportedxades) in pre- and post-exposed catalyst from
a slip-stream reactor.

This issue will become increasingly important agéased numbers of boilers install SCR system to
comply with lower NQ emission limits. Particularly in the Netherlandsdathe USA, several
investigations are carried out to more fully explthis phenomenon, including advanced laboratory
and field tests.

1.2.3 Fly ash utilization options

The concrete market presents among the best flytditation opportunities for coal-derived fly ash.
Some technical standards however require that fiydgh that entirely comes from combustion of
coal may be used for concrete, e.g. ASTM standart8G6 USA. This is a barrier for cofiring of
biomass. Below, some preliminary results are presefrom USA research regarding the impact of
biomass-derived ash on concrete properties aremezs

This systematic investigation of the impact of bisstaand coal-derived fly ash on concrete involves
both Class C (sub-bituminous) and Class F (bituoshdly ash as well as similar fly ashes mingled
with herbaceous and woody biomass fly ash. In adles, 25% of the cement originally used in the
concrete is displaced by fly ash, with the fly asintaining 0-40% biomass-derived material. Tests of
concrete air entrainment, flexural strength, corsgire strength, set time, freeze thaw behavior, and
chlorine permeability determine the extent of tihentass impact. Only selected results are presented
here and, as the tests require up to a year touchnall results are preliminary. The focus is oa th
herbaceous biomasses, since many woody fuels oosddittle ash that practical cofiring is not like

to have a measurable impact on fly ash properties.

Figure 3 illustrates the impact of fly ash on tequired amount of aerating agent to establish ASTM-
compliant air entrainment levels in concrete. Aitrainment in concrete is essential to preventfail
during freeze-thaw cycles. As is apparent, the arhaid aerating agent increases with increasing
herbaceous biomass content. This dependence arestlie effect of water soluble components
(higher in herbaceous biomass than in coal fly &ghjy up the aerating agent (generally surfac)ants
preventing them from forming films that support blégrowth. The impact illustrated is of minor
economic concern but is of major process concerat iBhif fly ashes from cofired units were treated
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the same way as fly ashes from coal, the resutiimgrete would likely fail under freeze thaw cycles
Increasing the surfactant to an acceptable leva ligtle economic impact, but failure to recogaithe
need to adjust it is of major impact.
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Figure 3 Required amount of aerating agent requitedgenerate air entrainment within ASTM
specifications for a variety of fly ash composition
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Figure 4 Flexural strength and its dependence omasly compositon.

Figure 4 illustrates the impact of biomass-coal wongled fly ash on flexural strength. In these test
little significant difference is seen among theioas samples. Additional data on set time and
compressive strength indicate that all fly ashdaydset time by 2-4 hours compared to concrete made
from cement only but the biomass-containing fly dskes not delay set times significantly more than
the non-biomass containing fly ash. Early compressitrength (in the first month or so) is
compromised by all fly ashes, again with the bicsreentaining fly ash similar to coal fly ashes.
However, late strength (longer than 2 months olissehhanced by the presence of all fly ashes.
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In conclusion, there appear to be only manageatpadts of biomass-containing fly ash on concrete
properties based on these preliminary data, witbuarhof aerating agent being an example of one
issue that requires monitoring. Otherwise, bion@s#aining fly ash behaves qualitatively similar to
coal fly ash with no biomass in terms of structumadl performance properties when incorporated into
concrete.

In Europe, the EN450 norm for use of fly-ash in cehvess revised in 2005 to accommodate cofiring
up to 20% fuel or 10% of the fly-ash.

1.2.4 Ash deposition and boiler tube corrosion

Although the ash contents of both wood and straver#s are significantly lower than those of most
power station coals, the ash chemistry and mingyade very different. In general terms, biomass
ashes have relatively low ash fusion temperatusith, deformation temperatures commonly in the
range of 750 to 100C, compared to values in excess of 1@WEor most coal ashes. Even at modest
cofiring ratios, the co-firing of biomass materialn have a major impact on the ash fusion behavior
The rate and extent of coal ash slag formation efases in the boiler furnace tends to increase, due
principally to the decrease in the fusion tempeestwf the mixed biomass-coal ashes, since fused or
partially fused slag deposits tend to be more rigepo oncoming particles and grow more rapidly.
The impact of co-firing on slag deposition deperaatgély on the chemistry and the fusion behavior of
the coal ash and the co-firing ratio.

Figure 5 Ash deposition of different types of fuglder practical conditions. 1 is Red Oak Wood, 2
is Danish Wheat Straw, 3 is Pittsburgh No. 8 caad 4 is a blend of 15% Imperial Straw
and 85% Pittsburgh #8 Coal [4].
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A simple index has been developed [5], which cande to assess the fouling propensity of a fuel or
mixed fuel ash. The index is based on the masg iof lalkali metal oxides (O + N&O) introduced
into the system per GJ heat input to the furnadendex values above 0.17 kg per GJ, significant
fouling of the boiler convective section is prolmbht index values in excess of 0.34 kg per GJ,
severe fouling is to be anticipated. Most biomasgenials, and particularly those from fast-growing
plants, will have index values in excess of 1 kg®8&, whereas most coals have relatively low values
generally less than 0.1 kg per GJ.

Figure 6 Accelerated corrosion of a superheater tykedt) and a sootblower lance (right) in
biomass fired power plants (Courtesy of Vattenf8llyeden [6] and Mitsui Babcock
Energy Services[7])

Figure 7 indicates previously reported resultssillating how sulfur from coal helps mitigate chihari
based corrosion in boiler deposits from biomass. ptiecipal result is that alkali chlorides that
sometimes condense from chlorine-laden biomassfluelgases react with SOgenerated primarily
from coal, to form alkali sulfates, which are siiggantly less corrosive.
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Figure 7 Results from systematic variation of fudbdne to sulfur ratios and the resulting chlorine
content of deposits under standardized testing itiong [8, 9, 10].
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Figure 8 lllustration of predicted stoichiometricEndence of chlorine concentration in deposits.

Figure 8 illustrates theoretical (equilibrium) piettbns that illustrate that this only occurs under
oxidizing conditions. Under reducing conditions]arfdes, not sulfates, and the stable form of alkal
species under typical boiler heat transfer condgioTherefore, the ameliorating effects of coal-
derived sulfur on corrosion during cofiring do nmtcur in regions of boilers where deposits are
exposed to reducing conditions. Further experimedtda indicates that even under oxidizing
conditions, chlorine deposits may persist for mdmurs if deposit temperatures are very cool,
reducing the kinetic rates of conversion to suffate
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Figure 9 Reduction of KCI concentration in flue ghse to the injection of a sulphur-containing
additive (ChlorOut)[6].
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1.2.5 Fuel preparation, storage, delivery for adequate conversion

The preparation, storage, and handling propertidsarhass impact are different from coal. Biomass
has low bulk energy density, is generally moist atrdngly hydrophilic, and is non-friable. Biomass
heating values generally are slightly over halt thifacoal, particle densities are about half tHataal,

and bulk densities are about one fifth that of c@ais results in an overall fuel density roughlyeo
tenth that of coal. Consequently, cofiring biomass 10% heat input rate results in volumetric coal
and biomass flow rates of comparable magnitudeas&guently, biomass demands shipping, storage,
and on-site fuel handling technologies dispropostely high compared to its heat contribution.

Biomass produces a non-friable, fibrous materialnducommunition. It is generally unfeasible (and
unnecessary) to reduce biomass to the same sigbape as coal. In many demonstration plants,
biomass firing occurs with particles that pass digio a %" (6.4 mm) mesh, which measurements
indicate results in a size distribution dominantgs than about 3 mm. Depending on the type of
biomass and preparation technique, average asgtéas of these particles range from three to seven,
with many particles commonly having much higher em$pratios. Such particles have very low
packing densities and create challenges when pri@athaor otherwise transporting biomass fuels.

When biomass is milled together with coal, biomaasticles tend to leave the mill as relatively krg
and non-spherical particles, which poses challefigefuel conversion efficiency. Coal particles of
such size would not nearly burnout in a coal bpttert there are compensating properties of biomass.
Biomass yields a much higher fraction of its mdssugh devolatilization than does coal. Typically
biomass of the size and under the heating ratesalypf pc-cofiring yields 90-95% of its dry,
inorganic-free mass during devolatilization, congghawith 55-60% for most coals. Devolatilization
occurs rapidly and is temperature driven, therefoost biomass fuels will yield at least this fraati

of mass so long as they are entrained in the faseg Biomass particles too large or dense to be
entrained sometimes enter the bottom ash streamlittié or no conversion beyond drying. However,
these are generally the exception for well-tunesl preparation systems. Secondly, the low particle
densities help biomass particles oxidize at ratashnhigher than coal. However, excessive moisture
or excessive size particles still may pose fuelvession problems for biomass cofiring despite these
mitigating effects.

-12-
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Figure 10 Wood chips are metered directly on a coahveyor before the mills at Wallerawang
Power Station, Australia (Courtesy of Delta EledtsicAustralia).

1.2.6 Formation of Striated Flows

Many boilers do not mix flue gases effectively umrface sections, resulting in gas compositions near
the boiler exit that reflect burner-to-burner v#idas in stoichiometry and other properties. The
impact of such behavior during cofiring can be ssue if one is hoping, for example, that sulfunfro
coal will mix with biomass-derived flue gases todiorate corrosion. Biomass is commonly injected
in only a few burners. If the gases do not mix tlugrhly, many regions of the boiler will be exposed
to much higher biomass cofiring percentages thggested by the overall average.

Advanced computational fluid mechanics models titlte the impact of striations on ash deposition.
Figure 11 illustrates the deposition patterns mtedi on superheater tubes under conditions where
such striations exist. As illustrated, there argddocal variations in the rate of deposit accuatiah.
These arise from lack of complete mixing and swiatin gas composition, gas temperature, gas
velocity, particle loading, and other similar prajes (not illustrated). Such results are highlgteyn
dependent but are believed to be a common featuldomass-coal combustion as well as both
dedicated coal and dedicated biomass combustors.

-13-
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Figure 11 Impacted of temperature, velocity, and gamposition striations on two major classes of
deposit formation mechanisms: impaction mechanisfle$t) and boundary-layer
mechanisms (right).

1.2.7 Public awareness/image issues

It is easy for many people to misunderstand thev@boentioned benefits of biomass cofiring with
coal, because it is associated with coal whichnofi@rries a negative connotation. Public suppart fo
cofiring however remains crucial for further devaieent of the biomass to energy capacity. Several
experiences exists where a negative public peeptias threatened the financial feasibility of
biomass cofiring (e.g. through lower prices of rgable energy certificates originating from the
renewable energy component generated from the pphaet), or even led to cancellation of a permit
that was already issued.

IEA Bioenergy Task 32 organised a workshop in 2004his issue with participations from NGO's
and utilities [11]. The following position was thagreed upon:

- Cofiring should preferably be done in existing cpaWer plants. New coal plants should never
be justified solely on the basis that they canim4{biomass, however other arguments may
justify the construction of new coal fired poweamls (such as a mismatch between demand for
energy and availability of renewable energy inahgdbiomass, reliability of the electricity grid,
cost of energy supply, dependency on import ofsfuetc.). In cases where it is decided that a
new coal power plant is going to be constructedivayybecause of such reasons, then it makes
sense to seriously consider co-firing biomass righth the start as an environmental benefit.

- A number of environmental impact assessments (ElAiave illustrated the negative
environmental impacts associated with the growihgse of many annual energy crops that are
grown in traditional agricultural systems, e.g.tsWwgrass. An important cause is related to the
use of nutrients and surface water pollution, seeekample Figure 12.For this reason, biomass
residues that are already available are preferrast annual energy crops. It needs to be
mentioned specifically that this observation doesinclude that perennial energy crops grown
using extensive agricultural systems (such as wijllaas this is associated with much less
negative environmental impacts than annual energyysc

-14-
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Figure 12 Result of an LCA on utilization of differduels for biomass cofiring in USA. The graph
includes switchgrass, an annual energy crop growra irelatively intensive agricultural
system. [12].

1.3 Justification

There is a large potential to utilise biomass/wastkoilers that originally fire coal, the main reas
being the volume of coal currently being burned.

A country like Germany alone consumes some 240 Mfocoal per annum. If globally only 5% of
coal would be substituted with biomass globallys thould result in some 40 GW of capacity, leading
to a reduction of 300 Mton Ger year. Easiest to implement is direct cofirimgy, for larger cofiring
percentages and incompatible fuels additional nreasueed to be taken.

2 State of the Art

There has been remarkably rapid progress over the5&0 years in the development of the co-
utilisation of biomass materials in coal-fired levilplants. Several plants have been retrofitted for
demonstration purposes, or are involved in the cerial co-firing of biomass. New coal-fired boiler
plants are already being designed with an in-liidiinass co-firing capability.

-15-
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Figure 13 Geographic distribution of power plantatihave experience with cofiring biomass with
coal [13].

A recent inventory of the application of co-firingorldwide [13] has indicated that more than 150
coal-fired power plants have experience with cmfirbiomass or waste, at least on a trial basis. The
power plants involved are in the range 50-700M%though a number of very small plants have also
been involved. The majority are pulverised coal drsil including tangentially fired, wall fired, and
cyclone fired units. Bubbling and circulating flisdd bed boilers, and stoker boilers have also been
used. The co-firing activities have involved all e commercially significant solid fossil fuels,
including lignites, sub-bituminous coals, bitumisocoals, anthracites, and petroleum coke. These
fuels have been co-fired with a very wide rangbiofnass material, including herbaceous and woody
materials, wet and dry agricultural residues andrgy crops. As of 2004, there were approx. 40
pulverised coal fired power plants worldwide thafied biomass on a commercial basis with on
average 3% energy input, thereby substituting sBméviton of coal and reducing around 10 Mton of
CO..

yet unknown; 31

PF; 56

CFB; 29

BFB: 11 Grate; 8

Figure 14 Distribution of firing systems with coalefl power plants that have experience with
cofiring biomass [13].
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There are three basic co-firing options for biomasderials in coal-fired boilers, and all of these
options have been demonstrated at industrial seiale,

- Direct co-firing is the least expensive, most sgfindiorward, and most commonly applied
approach. The biomass and the coal are burneceindhal boiler furnace, using the same or
separate mills and burners, depending principallythee biomass fuel characteristics. This is
by far the most commonly applied cofiring configima as it enables cofiring percentages up
to approx 3% on energy basis, without significavestment costs.

- It is possible to install a biomass gasifier to e the solid biomass into a fuel gas, which
can be burned in the coal boiler furnace. This agghtocan offer a high degree of fuel
flexibility, and the fuel gas can be cleaned ptmicombustion to minimise the impact of the
products of combustion of the fuel gas on the perémce and integrity of the boiler. This
approach has been applied a few times sofar, &amee, in the Zeltweg plant in Austria, the
Lahti plant in Finland and the AMERGAS project in thetherlands.

- It is also possible to install a completely sepmarbhiomass boiler and utilise the steam
produced in the coal power plant steam system. @poach has been applied in the
Avedgre Unit 2 Project in Denmark.

Figure 15 CFB gasifier installed in Ruien, Belgium (@eay of Electrabel, Belgium)
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3 Topics considered in WP2B

A detailed list of issues which hinder R&D&D andnemercialization of biomass cofiring and
coprocessing is provided below.

WP2B has large overlaps with other WP’s, and thdgkt available is not sufficient to treat all issue
in a great depth. At the kickoff meeting it hasrdiere been decided that WP2B will take action on a
selection of the above mentioned topics, keepingind available resources, allocated experts and
actions already performed by other WP coordinafbings has resulted in the following main actions:

What When

Workshop on cofiring routes and thermal processing options April 2006
Workshop on ash related issues for cofiring Sept 2006
Plant visit Sept 2006

Workshop on R&D needs for

Presentations by experts on addressing barriers, and case studies
Contributions to ThermalNet newsletter, homepage

Technical report on cofiring

2007 (Bio€ conference)

several (ash utilization, standardisation)
Several

2007

4 Results

The coverage of topics in the different deliverald®8/P2B is illustrated below.

Topic

Action

Increased fuel flexibility (quality, quantity)

WS on cofiring routes, Lille, April 2006

Fouling and corrosion of the boiler (alkali and other metals,
chlorine)

WS on ash issues, Glasgow, Sept 2006

Ash quality and reuse in building materials

WS on standardization, Glasgow, Sept
2006

High temperature steam boilers

WS on ash issues, Glasgow, Sept 2006

Gas treatment for pre-gasification

WS on cofiring routes, Lille, April 2006

On site fuel handling

Field trip to Longannet, Sept 2006
Article in newsletter

Deactivation of DeNOXx catalysts

Article in newsletter

Particle burn-out and gas mixing

Particle size control

WS on cofiring routes, Lille, April 2006

Cofiring RDF and contaminated biomass

WS on cofiring routes, Lille, April 2006

Effects on performance of gas cleaning systems

Presentation in Vicenza workshop, 2007

Thermochemical pretreatment (torrefaction, pyrolysis,
gasification)

WS on cofiring routes, Lille, April 2006

Physical pretreatment (pelletization, drying, size reduction)

WS on cofiring routes, Lille, April 2006

Economic aspects (lack of financial incentives, uncertain fuel
prices/availability, open market)

WS on cofiring options, Salzburg, May
2007

Legislative aspects (utilization of fly ash in cement, determining
green share, emission legislation)

WS on standardization, Glasgow, Sept
2006

Public perception of co-firing of biomass/waste

WS on cofiring options, Salzburg, May
2007

4.1 Thermal Pretreatment options for biomass cofiri

ng

In a CombNet workshop held march 2006 in Lille,rfé®, the options for the different pre-treatment
routes were compared. It was concluded that dicefiting is by far most commonly applied, but
there are some options for the other pre-treatmoeries as well [14]. This is shown in the below ¢abl
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Biomass characteristics

Power plant type

Grindability |Contaminatio |Pulverised coal Fluid bed boilers |Natural gas boilers |Natural gas turbines
ns boilers
Good Low Direct, Torrefaction  [Direct Pyrolysis, Pressurised
Gasification gasification
High Gasification Direct or Gasification Pressurised
gasification+gas gasification
cleaning
Poor Low Gasification, Direct Gasification Pressurised
Torrefaction gasification
High Gasification Direct or Gasification Pressurised
Gasification+gas gasification
cleaning

Some specific conclusions drawn were:

- Pyrolysis oil could be used in natural gas or ptigdlg also oil fired boilers and for start up of

coal power plants. Firing pyrolysis oil in gas tumds is not (yet) an option.

- The current regulatory situation in the UK makeiatively difficult to apply indirect cofiring
concepts through pre-gasification. This has to @h the large capital expenditure requirements

and the cap on cofiring ROCs.

- The presence of alkali chlorides in combustion gase®me particular biomass species affects
opportunities for direct cofiring in some casesnight then be more attractive to pre-gasify the

biomass and remove the chloride before firing the ig the coal furnace.

Figure 16 Bio-oil container and pumping system usmda cofiring trial for pyrolysis oil at the

Harculo gas fired power station (Courtesy of BTGtHedands)
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4.2 Ash related issues in biomass cofiring

A workshop on ash related issues in biomass conavusind cofiring was jointly organised in
Glasgow, sept 2006 by WP2B and WP2D. This sectiomsarises the results of this workshop [15].

Bill Livingston provided an overview of the majorhaselated issues in biomass combustion. In the
ash one can distinguish inorganic components awedain the biomass, as well as extraneous
inorganic material such as sand. Inside a boilgn, ia related to various issues such as the foomati
of fused or partly-fused agglomerates and slag siepoaccelerated metal wastage of furnace and
boiler components due to gas-side corrosion ungtedaposits, and due ash particle impact erosion or
ash abrasion of boiler components and other equipmesh may also result in the formation and
emission of sub-micron aerosols and fumes, and harieus impacts on the performance of flue gas
cleaning equipment. Finally, ash contained in bisgnaas consequences on the handling and the
utilisation/disposal of ash residues from biomassiloustion plants, and of the mixed ash residues
from the co-firing of biomass in coal-fired boilers

Rob Korbee (ECN, Netherlands) explained the majbr ratated issues in biomass cofiring. In the
Netherlands there is already significant experiemdth cofiring several types of biomass with

pulverised coal. Following the agreement between Butch government and the power sector,
cofiring biomass should lead to avoidance of sor2eMton CQ by 2012, which is equivalent to 475

MWe biomass capacity.

Power plants have plants to cofire up to 35% onsniasis; when applied in combination with ultra
super critical (USC) boilers this poses great aslated challenges on boiler operation. When
compared to coal ash, biomass ash typically costaiore chlorine and alkalines but less sulphur,
minerals and total ash.

An experimental study on ash formation and depwmsifiom various types of biomass and coal was
performed at ECN. Major inorganic elements are naihand organic calcium as well as potassium in
salt and mineral forms. Biomass ash componentsetiggtorate to over 80% are Na, K, Cl, S, Zn, Pb;
other inorganics such as Ca, Mg, Mn, P, Ti are selédor 20-50%. The release of minerals from coal
however is much less in absolute terms, and alsgella determined by the mineral composition

(predominantly S and ClI).

The deposition chemistry of devolitalised ash elemenay pose significant challenges for reliable
boiler operation. Fuel preparation, quality contaold blending may be needed to avoid problems.
Such measures can be applied in combination witlartsmleaning of membrane walls and

superheaters, using a water jet that is contrddied heat flux sensor.

Fraser Wigley (Imperial College, UK) presented assessment of ash deposits, produced on
temperature controlled coupons by combustion ofcitishus, palm kernels and Russian coal and at
various process conditions in a combustion teslfitiaof RWE npower.

The tests showed that the deposits with Miscanthere wlightly thicker and stronger than the deposit
from Russian coal. The deposits with palm kernetewsmoother, and significantly denser and

stronger. At higher temperatures, deposits fronthate fuels became denser, stronger and CCSEM
analysis confirmed a significant increase in degresintering with increased temperature. This is

particularly true for palm kernel, which increasies rate of sintering significantly if cofired witloal.

It was interesting to see that bulk iron oxide aartcation in deposits from all three fuels increase
with increasing temperature, especially for thead#is with palm kernels. Both the concentration of
iron oxide in the aluminosilicate deposit mateeal the proportion of more iron-rich material ire th
deposit increased. This was probably caused byithedss component in the ash creating a ‘stickier’
deposit surface — retaining more impacting iromrigarticles, increasing the iron content of the
deposit and causing a further reduction in depasiosity.
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Bill Livingston explained the mechanisms of ash d#jmn and corrosion on heat transferring
surfaces, ash melting in the fuel bed and the apreseces for the design and operation of biomass
combustors and boilers.

In general, biomass materials and their ashes tente less erosive and abrasive than more
conventional solid fuels. However, slag formatioaynsignificantly increase in comparison to coal,
leading to less heat transfer and increased flsgayaperatures downstream of the superheater in the
convective section, which may then cause unexpezstddeposition there. Increased formation of
hard deposits and subsequent shedding may indathtb damage to grates and boiler ash hoppers.

Severe boiler fouling may occur on the surfacesugferheater, reheater and evaporator banks at flue
gas temperatures less than around 1000°C. If foahteinperatures around 600-700°C, these deposits
are relatively easy to remove, however for highemperatures these deposits may be difficult to
remove on-line or off-line. Fouling may also resintincreased flue gas temperatures and boiler
efficiency losses.

Corrosion of relatively hot heat exchanging tubé&mcofiring biomass is often a result of high &lka
metal and chloride contents of biomass. This carekample be mitigated by introducting sulphur.
Higher chrome alloys are also more corrosion resist

Although there are online monitoring and cleanisgofblowing) systems available commercially
today, the key to avoidance of serious depositimh @rrosion in biomass combustion plant is in the
design phase. It can be very difficult to compeadar poor design after the plant is built. The
designer of the combustion equipment and boilemtptaust have the appropriate fuel assessment and
design tools.

It is also possible to use additives to reducerakited problems. Hakan Kassman of Vattenfall Power
Consultant AB presented the effect of additivesash related problems in wood fired boilers. It is
well known that K and CI in biomass may cause KtCHeposits, leading to accelerated corrosion.
Additives in the fuel or gas phase may either

reduce the release of gaseous KCI, e.g. by addin@s;/r SiQ, K-alumino silicates are formed,
and/or

react with KCl in the gas phase and form less giveocomponents, e.g. by adding sulphur, potassium
sulphates may be formed and Chloride removed as HCI

In the strategy of Vattenfall, the concentratiofi¥k€l, NaCl and S@in the flue gas are monitored
online using an In-situ Alkali Chloride Monitor (I&M). This information is used to inject a sulphur
containing additive (ammonium sulphate, brand nabidorOut ®) to obtain the latter effect.
Ammonium may also lead to reduced Né€dnissions.

The effect of ChlorOut was successfully demonstratecarious biomass fired power plants, varying
from grate, BFB and CFB. These demonstration sHothat ChlorOut could effectively reduce
deposit growth and CI contents in deposits. Atghme time, NOx could also be reduced using the
ammonium in the additive.

An example of severe operational problems in bgrririfficult biomass fuel was presented by David
Bowie of Mitsui Babcock. This concerned the ope@fperformance of a 40.6 MMVchicken litter

fired BFB installation and particularly the ashatedd impacts. Several severe operational problems
were experienced in this installation, such as@ggration of fuel ash in the bed, fouling of furaac
walls, primary and secondary superheaters, theemtive section and economiser. It appeared that the
deposition of ash on superheaters led to higheerbgater exit temperatures, and increased entrance
temperatures to downstream convective and econosestions. Since the ash deposits become more
hard and difficult to remove using installed sootiérs at elevated temperatures, manual cleaning was
frequently required, resulting in plant availalyilaf 80%, vs. 90% as design availability.
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Design changes have been proposed for the ingtallahcluding elimination of refractory slopes,
extended support firing at start-up, on-load wateshing of the furnace, large platen superheating
surface and increased tube pitch.

Claes Tullin (SP, Sweden) explained the resultsamhbustion trials where wood waste was cofired
with sewage sludge. Sewage sludge contains relatingh concentrations of S, Al, Si, Fe, Ca and P,
which may help in preventing the formation of alkahlorides formed from relatively high
concentrations of alkali metals in the wood.

While deposit formation increased when adding Zn@dod fuel (as present in waste wood), adding
sludge substantially reduced deposit growth andiaed corrosive alkali chloride concentrations in
the deposit as potassium is sulphated. Adding sewhigige also lead to reduced emission of aerosols
(< 1 mm), this is explained by transportation of mainiglkand SO, in aerosols to larger particles.

In the discussion that followed, it was concludédttash related issues such as deposition and
chloride based corrosion are important for reliabperation of biomass fired boilers. Particularly
when biomass is used in a boiler that is originalgsigned for another fuel, availability may be
seriously hampered. The challenges increase witle ctoallenging fuels and steam conditions.

It is therefore essential that proper fundamentalenstanding exists of the ash chemistry in a hoile
and that particularities of a fuel are taken intocunt seriously when designing or modifying a new
boiler.

4.3 Biomass cofiring R&D needs

A workshop was organised as part of the conferemc8uccess and Visions for Bioenergy (Salzburg
22 - 23 March 2007) to discuss the need for rebe@mr@dvance biomass cofiring [16]. Introductions
were given by Bill Livingston (Doosan Babcock, UK) biomass cofiring in UK PC boilers and Pavel
Kolat (Technical Univerzity Ostrava, CZ) on cofiringf sewage sludge in Czech Republic. The
workshop was attended by 17 conference delegates.

In the discussion it was noted that although audjiis a relatively young technology for bioeneriy,
is also the technology with the highest track rddarterms of kWh's produced in the last few years.

There is insufficient indigenous biomass availalblariany EU countries to continue at the current
level of cofiring or even expand cofiring. This is@illustrated by the fact that many coal firedveo
plants are currently importing most of their biomagherefore there will be more attention to waste
types of biomass at power stations, as illustrédedhe FB based power stations in Czech Republic.
One UK power station is cofiring sewage sludge, thig will be phased out until a new dedicated
plant is online since the PC fired power plant esaimpliance with the Waste Incineration Directive.

In Czech Rep, clean biomass is mainly used to m®diguid transportation fuels, while waste
biomass goes for electricity. In general, produaieigewable energy from waste types of biomass can
be a difficult issue for the producer-customertietaship.

Parallel combustion is a promising option to alleaste derived biomass, since one can then choose
for a relatively small, dedicated boiler with propeel gas or flue gas cleaning and with only
moderate steam and metal temperatures. There magvko be several risks that cause a cofiring
initiative to stop, such as govt policies, lackpwbper biomass supply, etc, therefore direct awjiri
with modular adjustment of premilled biomass peatment is currently the preferred route. The
logistical chain and selection of location for biags depends on transportation costs and economics.

Cofiring up to 50% of energy input is an ambitimr hew to be built power stations, but then the
biomass quality is very important when direct dafit Some power plants will cofire good biomass in
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high percentages, others cofire difficult biomas$ow quantities. High fuel specs are then impdrtan
to control the risk.

Major issues are ash related, since there is aetmydto use cheaper biomass (with high
concentrations of e.g. K and CI) in combinationhwhiigher metal temperatures (Now typically 540-
560 °C, recently built plants 600-620 °C but fomn@ants to over 700 °C).

There are also a humber problems when cofiring bésnwéth moisture content exceeding 10%, the
major issues being boiler efficiency loss and tlathbalance over the mill. Also handling and
formation of fungi may pose difficulties.

5 Conclusions

Most of the hands-on experience with biomass cgfithy premixing and premilling biomass with
coal in pulverised coal boilers. This can typicaly done up to 5-10% on heat basis could be done
this way without any significant modifications. Theare however technical restrictions on how much
biomass can be comilled, this partially dependshentype of biomass. Popular types of biomass are
dry granular or pelletised residues from palm @itl @live industries, for these fuels it is easy to
contract several hundreds of ktons of materials.

If larger amounts of biomass need to be cofireis, didvisable to use a dedicated new or modifidd mi
group for grinding biomass, eventually in combioativith a dedicated transportation system. At
DRAX (4 GW,), pneumatic injection of 20 tph/150 ktpy premilleidmass in PC pipework was done
through one mill group (one boiler = 10 mills).this plant, plans are to further expand biomass
cofiring to 1.5 Mt/y biomass. Other UK power statscalready have experience in cofiring biomass
either by additional, separate burners on new imeatdownshot fired, no comb air), through
modified coal burners or through dedicated burpearsxisting locations.

New power stations are currently under design watfiring capability typically around 25% heat
input. An interesting new project is the Ferrybedgupercritical retrofit project where one of f&00
MW boilers is replaced by a supercritical unit.

In the Netherlands, a number of new coal fired poplants are currently being designed, with
intrinsic ability for high cofiring percentages. Maechnical considerations for retrofit and newarb
are that they
- are designed for cofiring ability of 10-50% on hiagdut (typically 25%) with increased fuel
flexibility and minimum impacts on boiler plant p@mance, availability and integrity
should also be compatible with new Ultra Superi€it(USC) and Carbon Capture and Storage
(CCS) systems with capture efficiencies around 8%9If combined with 10% cofiring, this
would imply that such a power plant is net g@utral
should be capable to fire both clean biomass arsed@omass (WID)

The major concerns are ash-related, typically whenguwaste biomass. Dedicated burners for direct
cofiring as applied today are relatively complexpensive and also needs some more experience. For
higher cofiring ratios, indirect cofiring systems parallel systems are required. In this caseaihiti
capital costs are much higher and therefore risiceived is much higher. For this reason there is
currently not much appetite for indirect or paralbefiring systems, and direct cofiring is more
popular for cost reasons. However this is techlyicgadt easy to implement.

At the same time, government incentives stimullageproduction of energy crops by farmers, but
power plant managers typically prefer the more pbeaesidues.

A remaining question is whether the biomass shbalgrocessed on-site or off-site. In this respect,
highly processed fuels such as (torrefied) peliely become more popular for relatively clean fuels

-23-



WP2B FINAL Work package report 25 March 2008

that are not too brittle, while other biomass fueith a more challenging composition may be cofired
using e.g. a gasification process in combinatiath wroper gas cleaning technologies.

6 Recommendations

A number of recommendations were made as a re$uheoactions taken by WP2B. These are
summarised below.

6.1 Ash deposition and corrosion mechanisms

Superheater corrosion caused by the chlorine cbmtiebiomass and ash deposition caused by the
relatively low condensation and ash melting temjpees of inorganic volatiles released may seriously
affect operational reliability of the installaticand plant performance if not properly managed. By
using recent insights into these mechanisms fontpdiesign and fuel selection, these risks can be
minimized.

6.2 Ash quality and reuse in building materials

Across Europe the great majority of fly ash produbgdPC fired power plants is utilized for cement
and concrete production. Continuation of the usBlyakh is an important condition for cofiring. The
European EN450 and derived national standards dreomolucive towards the use of other fuels than
coal, which implies a barrier for cofiring. Recgnttesearch has been done on the technical
performance of concrete produced from cofiring tdart.g., in Denmark this work has led to a
revision of the national standard, so that flyaslation is not problematic any longer.

It is important to share recent insights into hafireng different types of biomass may influence th
characteristics of the cement produced from thasfy

6.3 High temperature steam boilers

For efficiency reasons there is a trend towardbldrigteam conditions, with the latest coal fired/go
plants having ultrasupercritical steam temperatereeding 600°C. This poses increased challenges
on ash related problems (see alswor! Reference source not found). If cofiring is also to be
performed in future power plants, more needs tokbewn on optimal material selection for
superheaters and acceptable concentrations otfunsttituents that may pose a threat for operational
performance of these boilers.

6.4 Gas treatment for pre-gasification

Pre-gasification followed by gas treatment may é&néb the utilization of contaminated biomass and
waste in pulverized coal fired power plants. Ia¢hables the separation of ashes or valorization o
certain fuel constituents such as alumina, whileth@® same time avoiding problems related to
corrosion, deposition and utilization of the asfiem the main boiler.

6.5 On site fuel handling

Handling, processing and storing large volumesiafiuiels at locations that are originally designed t
deal with coal, natural gas or oil may pose sigaifit challenges, both in technical aspects and non-
technical aspects such as for obtaining permits. ilnportant that experiences are exchanged how to
deal with this issue for existing locations.

6.6 Deactivation of DeNOXx catalysts

Simultaneous with the trend to cofire biomass/wasteeral coal fired power plants are considening t
invest in SCR deNOx systems as a result of monegeint emission legislation and/or NOx emission
trading schemes. Limited anecdotal information adé suggests that SCR systems may deteriorate
under some conditions, particularly when cofiringribaceous biomass. This may obstruct the
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combination of increased cofiring of certain biom#&ges and utilization of SCR systems. A number
of studies on this issue have been initiated, iinjgortant to share the result of them.

6.7 Fuel flexibility (characterization) and operati onal

performance

The flexibility of acceptable fuels largely depermatsthe type of cofiring system installed and (isea
of direct and indirect cofiring) on the characties of the main boiler as a result of ash related
problems. Knowledge on the limits of what fuel ¢enaccepted under which conditions are important
for plant operators.

6.8 Particle burn-out and gas mixing

Achieving complete particle burn out is importamt $everal reasons, a major one being the utitimati
of the fly-ash from the power plant. Incomplete ot may be caused by inappropriate gas mixing
(striated flows), too short residence times inlibéer or too large particles at entrance intolibger.

6.9 Particle size control

Because of the relatively high amount of volatilattar, biomass particle size may typically exceed

that of coal significantly before combustion probgoccur. At the same time, typical coal mills are

less good in grinding biomass as coal. It is imgurtto share experiences on what particle size is
acceptable under what conditions.

6.10 Cofiring RDF and contaminated biomass

While clean woody biomass fuels such as wood [gelet most easy to cofire in an existing plant,
alternative fuels such as RDF and contaminated dssnare typically significant cheaper fuels but
pose challenges on maintaining within emissiontinaind acceptable plant operation through greater
challenges on corrosion and ash deposition. injgortant to share experiences with processing such
alternative fuels for different plant configurat®n

6.11 Effects on performance of gas cleaning systems

In addition to challenges on performance of SCResys (sedcrror! Reference source not found),
there is also a risk that electrostatic precipiato not perform as well as expected when cofiring
biomass. This has to do with the different compasitof the fly-ash. It is important to share
experiences in this field.

6.12 Thermochemical pretreatment (torrefaction,
pyrolysis, gasification)

Since many types of biomass are not very easy itad grsing conventional/ existing coal mills,
thermochemical pre-treatment is sometimes congidasan alternative method to get the energy
content of the biomass into the main boiler. Ithsrefore sometimes referred to as thermal milling.
Both torrefaction, pyrolysis and gasifiation arehteologies currently under development.

6.13 Physical pretreatment (pelletization, drying, size
reduction)

In its raw form, many biomass materials are re@dyiwet, bulky and with too large particle size for
direct cofiring. Cost effective drying and size wetion methods are required for such types of
biomass. Also, pelletisation is a popular optionriasons of cutting fuel handling/transportatiosts
and increased ease of getting fuel through existiilig into the main boiler.
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6.14 Economic aspects (lack of financial incentives

uncertain fuel prices/availability, open market)

An important non-technical issue that requiresrgitba is related to the uncertain economic aspefcts
cofiring. This is related to unstable financial emtives, and uncertain fuel prices in a developing
biofuel market. Absence of a stable macro-econastiicate makes plant owners reluctant to invest
significantly in a plant modification.

6.15 Legislative aspects (utilization of fly ash in cement,

determining green share, emission legislation)

There are a number of legislative aspects that tedd addressed for cofiring biomass. As for the
corresponding ASTM standard, the existing EN450 nisrmmot very conducive toward the utilization
of flyash in cement if the flyash originates fronplant where biomass was cofired. Some countries
(e.g. Denmark) have modified national standardsuse of flyash in cement, based on research
programmes. It is important to share such knowledge

Other legislative issues related to cofiring adatesl to difficulties in determining the green shaf
energy produced in a plant that cofires a mix dfedent fuels, as well as interpretation of the
European Waste Incineration Directive and the Diveabtn Large Combustion Plants on a plant level.

6.16 Public perception of co-firing of biomass/wast e

The public perception of cofiring biomass and waisténighly relevant. Negative perceptions of
cofiring initiatives have already caused price draih green certificates for cofiring and significan

time delays in permit procedures, thereby increpsosts for the plant. To minimize the risk of pabli

resistance it is therefore important to providel fuhnsparency with regard to the origin of the
biomass, emissions caused, etc.
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