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Abstract

Biomass fuel characterisation is a relevant issae dll thermo-chemical conversion
technologies. Within the last years several natiand international projects were initiated,
which focus on advanced biomass fuel charactesisachniques in order to define the
behaviour of a fuel during the pyrolysis, gasificatand combustion stage as good as possible
and thus support the proper design of a convepdemmt. These advanced fuel characterisation
methods have their specific advantages and applicedange. Therefore, this study has been
performed in order to gain an overview about adednbiomass fuel characterisation
techniques presently applied, to discuss the stierapd weaknesses of the different methods,
their specific fields of application as well asassess the suitability of the different methods
for the investigation of new biomass fuels.

A comprehensive questionnaire regarding advancethdss fuel characterisation methods
has been worked out and distributed to differeigfanisations active in this field. In total
feedback from 22 organisations has been receivasedon this feedback and on information
and experiences gained from other European profetisFP7 and ERA-NET Bioenergy), a
summary and evaluation of different advanced fbracterisation methods has been made.
The advanced methods concerned are thermogravimatialyses (TGA), fuel indexes,
chemical fractionation, scanning electron microgcopnd energy dispersive Xx-ray
spectrometry (SEM/EDX), differential scanning catwetry (TGA/DSC), thermodynamic
equilibrium calculations (TEC) as well as test rumsbatch and continuously working
reactors.

The evaluation of the questionnaires has revediatl abviously no commonly accepted
strategy for the use of advanced biomass fuel ctersation exists. Most institutions apply a
number of different methods and decide from casease depending on the fuel and the
targeted application which tools they are goingapply. The methods investigated show
significant differences in terms of time demandedéor experienced and especially trained
personnel, market availability of the hardware @oftware needed to apply the method,
information depth gained and applicability of thesults with respect to real-scale process
design. Generally, with increasing complexity af thethod the information depth gained and
the applicability of the data to real-scale proessacreases. With this increase of information
depth unfortunately also the costs and the timeadhehior the tests increase, as well as the
need for experienced staff to perform the fuel ab@@risation and the evaluation work.

Based on the evaluations performed it can be rea@nrded to apply the evaluation of fuel
indexes as a first step in fuel characterisatioonrgter to gain a qualitative pre-evaluation of
conversion related problems to be expected whéging a specific fuel.

In a second step, test runs at batchwise or camisly operated lab-scale reactors are
recommended in order to gain quantitative data.sHbection of the reactor, the test run setup
and the measurement and analyses program has &uljbsted to the specific problems
expected from the utilisation of the fuel (deriviedm the interpretation of fuel indexes) as
well as the constraints of the process where itl i applied in future. TGA, chemical
fractionation, SEM/EDX analyses, TGA/DSC as wellT&C can be used as supporting tools
to gain deeper insights into specific aspects, tandain basic data (e.g. kinetic data) for
process modelling.
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If a new fuel has positively been evaluated byehmethods with regard to an application in
real-scale it is recommended to finally performilatgscale test run with this fuel. Thereby,
the plant settings can already be optimised basdteresults gained from the advanced fuel
characterisation.
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1 Introduction and background

Biomass fuel characterisation is a relevant issae dll thermo-chemical conversion
technologies. At present biomass fuel charactéisas mainly done by chemical or TGA
analysis. Within the last years several nationdliaternational projects were initiated, which
focus on advanced biomass fuel characterisatidmigges in order to define the behaviour of
a fuel during the pyrolysis, gasification and comstimn stage as good as possible and thus
support the proper design of a conversion plant.

Already performed and ongoing R&D work on advandedmass fuel characterisation
focuses on advanced analyses methods such as ahdmaictionation, the definition of
suitable fuel indices for biomass fuels and suéahbdels to describe the release behaviour
from biomass fuels for an improved simulation oé teubsequent gas phase conversion
processes. Moreover, suitable models based on dlggmamic equilibrium calculations
(TEC) to evaluate the ash melting behaviour areeuimd/estigation. In recent years also new
advanced biomass fuel characterisation technigasgdoon lab-scale reactors have been
developed respectively are under development wfochis on the characterisation of the
release behaviour of Nprecursors and ash forming elements (e.g. K, M&a,Pb, S. Cl)
during the different conversion stages. Moreoveeytare also used for the determination of
conversion kinetics. Different lab-reactor desigme applied whereas the types of reactors
(fixed bed, fluidised bed, single particle reactorstc), the operation conditions
(pyrolyses/gasification/combustion mode) and the@a intake and the kind of operation
(batchwise or continuous operation) are manifoldng&quently, also the data that can be
gained from tests at these different reactors samyificantly depending on the heating rates,
atmospheres and reactor type applied.

Advanced fuel characterisation is also of greauahce since “new” biomass fuels come up
which are not yet well characterised (e.g. shotatron coppice, energy grasses, biomass
residues from industry as well as residues fronolggis and liquid biofuel production like
char and hydrolytic lignin). These fuels usuallynt@n elevated amounts of ash forming
elements (especially of K), S, Cl and N. Consedyeahiring their thermal conversion often
problems with ash melting, deposit formation, csiwsa as well as gaseous S-, Cl- and N-
compounds occur. Sometimes they additionally sheaodhposition characteristics which
significantly differ from conventional biomass faelAs a consequence, advanced fuel
characterisation methods are needed to make quatkations regarding these risks possible
for a certain biomass fuel. By that way, the nemdtlie performance of cost intensive real-
scale trials can be minimised.

2 Objectives of advanced fuel characterisation within the
field of thermal biomass conversion with special respect
to “new” biomassfuels

The advanced fuel characterisation methods presastid or under development have their
advantages within a certain application range. dioee, the current Task 32 project has been
initiated in order to
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e gain an overview about advanced biomass fuel ctersation techniques presently
applied,

» discuss the strengths and weaknesses of the diffenethods as well as their specific
fields of application, and

» assess the different methods with special respetieir applicability for the investigation
of new biomass fuels.

For the latter aspect generally two approaches tabe considered, namelysaentific and
anindustrial approach. For scientific studies it is relevant to gainalletd basic information
about new fuels and their behaviour in thermal eosion processes with the aim to

» gain a deeper understanding of the influences @f gpecific compositions on detailed
mechanisms for e.g. pollution formation (e.g.NOSQ, HCI, particulate matter, etc.) or
ash related issues (slagging, deposit formatiompsmn),

* gain basic data for the setup, the validation oflel®regarding fuel decomposition and ash
and pollutant formation.

Fuel characterisation methods applied in this fiblave therefore to be accurate and
repeatable, have to provide reliable data undel-adedined framework conditions and are
sometimes also tailored to demands for specifiaitirgata for a later modelling of certain
processes.

In contrast, from an industrial perspective, simipli reproducibility, cost and time efficiency
as well as the direct applicability of the resukgarding expected problems in real-scale
conversion systems are aspects of major relevdncthis respect, two cases have to be
considered:

+« Advanced fuel characterisation can be useful todded a new fuel is suitable for
application in a certain existing conversion plant.

* Advanced fuel characterisation can be used dutgginitial design phase of a new
conversion plant which shall be designed with spdeeispect to a certain fuel spectrum to
be applied.

3 Methodology

At first, BIOS in co-operation with IPPT/TU Graz wked out a questionnaire regarding
advanced fuel characterisation methods (see ANNBXard distributed it via the Task
members and some additionally selected R+D ingtiiat The questionnaire contains detailed
guestions regarding different advanced fuel charaettion methods and aimed to provide the
basis for the evaluation of the current status eonng the development and application of
advanced biomass fuel characterisation methodsarBieg the different methods it has been
asked to describe them, to mention their advantagesdisadvantages and to assess their
applicability for advanced fuel characterisationsp@ecial focus was thereby also on questions
regarding the application of special lab-scale t@amoncepts (varying from small-scale batch
reactors to larger continuously working reactors).

In total, feedback from 22 institutions and laborets has been received and evaluated. Two
of the organisations are utilities, while the remrag 20 are research organisations or
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university institutes. In this report the results tbese assessments are always presented
according to the following scheme: 5 grades leadingh 1 (best assessment) to 5 (worst
assessment).

Moreover, additional information was gained fromreatly finalised and on-going

international research projects which deal amorigerotispects also with advanced fuel

characterisation methods:

* EU FP7 projecBRIXK (The European research infrastructure for thermootal biomass
conversion)

« ERA-NET Bioenergy projectutureBioTec (Future low emission biomass combustion
systems)

* ERA-NET BioenergySciToBiCom (Scientific tools for fuel characterization foreah and
efficient biomass combustion).

The data, information and experiences gained flo@sd sources were finally supplemented
by information gained from literature and summatisethe present report.

It has to be pointed out that since most of thdifearesearch institutions active in the field of

biomass fuel characterisation from the Task merobantries have been incorporated in this
evaluation, the most relevant methods for advafheeldcharacterisation should be covered by
this report. However, especially regarding purpogigd lab-scale reactors a great variety of

different devices can be found in both literaturel aesponses to the questionnaires and
therefore, this report does not claim to coverdmeplete range of existing devices but rather
provides a representative overview of methods.

4 Discussion of different advanced fud characterisation
methods

4.1 Chemical fuel analyses asa basic tool to apply advanced methods

Although chemical fuel analysis is strictly not advanced fuel characterisation method, it
shall briefly be discussed at the beginning sirtcg@rovides the state-of-the-art in fuel
characterisation and the basis for many other ndstdescussed hereatfter. It has to be pointed
out that representative fuel sampling is a releyaetequisite to gain reliable fuel analyses
data. Therefore, sampling should be done accotdiigN 14778.

According to the survey performed, 64% of the tasitbns use chemical fuel analyses at their
own laboratories. 77% of the institutions contrastl analyses as a whole or regarding
distinct parameters (which they cannot determirtbeit own labs) to specialised laboratories.
A brief summary of the standards most commonlyiadpé provided in Table 1.
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Tablel: Methods and standards commonly applied for biorhesdsanalyses

Explanations:

the table summarises the most conynused methods according to feedback from themetl

surveys
Parameter | Method Title Description
Solid biofuels - The sample of biofuel is dried at a temperature of
moisture EN 14774 Determination of 105 °C in air atmosphere and the percentage
content moisture content - moisture calculated from the loss in mass of the
Oven dry method sample
The ash content is determined by calculation from
- the mass of the residue remaining after the sample
ash content | EN 14775 [S)gltlgrr?q'gggfn'of ash has been heated in air under rigidly controlled
content conditions of time, sample weight and equipment
specifications to a controlled temperature of
(550+10) °C.
volatiles ggltlgrrt:i(g;teiclysﬁ of the Determination of the loss in mass, less that due to
content EN 15148 content of volatile moisture, when a solid biofuel is heated out of
matter contact with air under standardised conditions.
E;E?)n Usually calculated as 100% — moisture content - volatiles content — ash content
A known mass of the sample is burnt in oxygen, or
in an oxygen /carrier gas mixture, under conditions
C EN 15104 such that it is converted into ash and gaseous
products of combustion, which consist mainly of
COz2, H20, N2 and/or oxides of nitrogen, oxides and
- i oxyacids of sulfur and hydrogen halides. The
[S)gltlgrr?q'ggﬁfn of total products of combustion are treated to ensure that
H EN 15104 content of carbon any hydrogen associated with sulfur or halides
hvdroaen and nitr’o en - products of combustion is liberated as water vapour,
Inystrugqental methogds oxides of nitrogen are reduced to elemental
nitrogen, and those products of combustion which
would interfere with the subsequent gas-analysis
procedures are removed. The carbon dioxide, water
N EN 15104 vapour and nitrogen mass fractions of the gas
stream are then determined quantitatively by
appropriate instrumental gas analysis procedures
S EN 15289 Solid biofuels - Combustion in an oxygen bomb and absorption of
Determination of total the acidic gas components in an absorption solution.
content of sulfur and Determination of S and CI by ion chromatography,
Cl EN 15289 chlorine ICP or other suitable analytical methods
The sample is digested in a closed vessel by the
help of reagents, temperature and pressure. The
Solid biofuels - digestion is either carried out directly on the fuel
major ash Determination of major (part A) or on a 550 °C prepared ash (part B).
forming EN 15290 elements - Al Ca. Fe The detection of the elements may be done by
elements Ma. P K. Si Na a’nd 1,'i Inductively Coupled Plasma Optical Emission
g, F. %Sl Spectrometry (ICP/OES), Inductively Coupled
Plasma Mass Spectrometry (ICP/MS) or Flame
Atomic Absorption Spectrometry (FAAS)

- i The analysis sample is digested in a closed vessel
minor ash [S)gltlgrr?q'ggﬁfn of minor made from a fluoro polymer using nitric acid,
formin EN 15297 elements - As. Cd. Co hydrogen peroxide and in some cases hydrofluoric
elemer%ts Cr.Cu H Mh M’o Ni acid in a microwave oven or a resistance oven or

Pb’ Sb’ Vgénd in ' | heating block. The digest is then diluted and the

e elements are determined with suitable instruments.

Solid biofuels - Method
ash meltin for the determination of | A test piece made from the ash is heated and
behaviourg CEN/TS 15370-1 | ash melting behaviour - | continuously observed. The temperatures at which
Part 1: Characteristic characteristic changes of shape occur are recorded.
temperatures method
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Regarding the determination of the ash contentustnbe mentioned that, as stated in EN
14775, differences in the ash content determinadhégher temperature (815 °C, according to
ISO 1171-1997) compared to 550°C occur. They camexXpained by the loss of volatile
inorganic compounds, further oxidation (higher atidn state) of inorganic compounds and
the decomposition of carbonates forming 2C@ the ash content found in practise, for
instance in a combustion plant, some of the rettaserganic compounds are likely to be
recovered in the fly ash while G@nd other gaseous compounds will mainly be retbasih

the flue gas.

It has to be pointed out that besides the analystlods and standards dedicated to biomass
analyses (see Table 1) some labs also apply stinedrich have been developed for coal
(ASTM D 3682 and ASTM D 3683 for instance for magmd minor elements) or standards
usually applied for soils or waste waters (e.g. [EN ISO 11885). Moreover, for major and
minor element analyses sometimes also X-ray speetry on ashed fuel samples is applied.

It is strongly recommended to apply the method®disn Table 1 since they have been
developed and validated for biomass fuels (sedH)gand therefore provide the highest level
of accuracy.

4.2 TGA analyses

4.2.1 Description of the method

Thermogravimetric analysis (TGA) allows a simultane determination of both mass loss
and thermal history of a sample exposed to a hgegtingram. This technique is generally
used to study mass changes in relation to changésmperature. This data can provide
information concerning the partial degradation peses of a biomass sample. The ability of
these systems to work with very small samples antillmoderate heating rates are the keys to
work under conditions assuring kinetic control.

The moisture content and the volatile and the cbatent of a biomass sample can directly be
derived from TGA experiments. Moreover, when apgyappropriate models, the reaction

rate and the kinetic parameters for biomass decsitigo can be evaluated. Furthermore, it is
possible to determine the contents of the pseudpooents hemicellulose, cellulose and

lignin as well as reaction rates for their deconipws including kinetic data.

4.2.2 Commonly applied hardware

A great variety of equipment for TGA from differaminufacturers is available on the market.
The principle of these devices is based on a ssaafiple holder made of inert material (e.g.
Al203, Pt) where the sample is placed. The sample haddasnnected with a high precision
microbalance and placed in an oven which enableordrolled heating of the sample
according to a defined heating ramp/programme (roostmonly constant heating rates are
applied in order to facilitate the investigation décomposition kinetics). During the
experiment the oven is purged with a constant pas + depending on the test programme
the utilisation of e.g. Bl He or Ar (inert atmosphere) or mixtures of &hd Q (oxidising
atmospheres) is generally possible. Over the exgeeri temperature and mass loss (balance
signal) are measured continuously.
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Some manufacturers additionally offer a coupling tbée TGA with analysers (mass
spectrometers, FT-IR) which enable on-line analysfethe gases released from the sample

during heating.

4.2.3 Typical operation parameters

In the following typical constraints of TG experinig are listed.

Sample preparation:

Sample pre-treatment:

Sample mass:

The sample should be changéttlasas possible by the sample
preparation process. The sample should not be momtited by the
sample preparation process. The morphology of tampte
influences the diffusion rate of reaction produatsl in turn the
course of the reaction. At the same time, it aféects heat transfer
within the sample. Therefore, it is important inafjty control
measurements to use a consistent and reproducdneple
preparation technique.

Sample pre-treatment hasnsidayable effect on the pyrolytic
behaviour of especially agricultural fuels or bypgbucts. The high
amount of inorganic salts in these species, edpegatassium,
has a very strong effect on pyrolysis. The typglape of the DTG
curve of biomass materials with a peak at high emapires and a
shoulder at lower ones can be totally altered leyitlorganic salts
present in agricultural products. Reducing the gaaics by
washing the samples with cold distilled water regsoa large
amount of them and consequently, the differencasdsn the
pyrolytic behaviour of the biomasses are reducemvéver, small
differences between grassy and woody biomasseisipers

Usually in the range up to 200 mgrakpg on the device used
and the sample holder volume. Most commonly a sanmybke
between 3 and 50 mg is applied.

Atmosphere (purge gas): For pyrolyses tests: {iNettHe, Ar)

Heating rate:

For combustion tests: various mixtures ofédd Q
The purge gas flow is device dependent.

5 to 100 °C/min; most commonly 5@°6/min
It has to be considered that usually with increq$iaating rate the
char yield decreases [2].

4.2.4 Parametersevaluated

As a result of a TGA experiment the TGA plot shditws decomposition (mass loss) of the
sample as a function of temperatures (see Figur®ldieover, the % derivative of the TGA
curve, the so-called DTG curve provides the decaitipo rate at a distinct temperature.

The thermal behaviour of the samples can be queshtiirough several parameters related to
the temperature ranges of the different zones, ldghsation rates and the char vyields.
Typical and widely applied parameters are introduog-igure 1.
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Figure1l: Definition of characteristics of thermogravimetcigrves

Explanations: abbreviations: see text below; exarapa test run under inert atmosphere

*  Tonset(hemicellulose) (Tonsethe) represents the start of the hemicellulose decsitipo
determined by the extrapolation of the DTG curve.

e (-dm/dtyn and TEnhouder (Tsh) represent the overall maximum of the hemicellelos
decomposition rate and the corresponding tempesataspectively. (-dm/di) and Tn
are typical characteristics of the hemicelluloseoteposition.

e (-dm/dtheak and Tpeak represent the overall maximum of the mass loss ad the
corresponding temperature, respectively. (-dripdsitand Teax are characteristics of the
cellulose decomposition.

* Toftset represents the end of the cellulose decomposiedermined by the extrapolation of
the DTG curves.

* Msooecis the char yield at 500°C.

4.25 Models applied for peak separation and the evaluation of thermal
decomposition kinetics

Given the key role played by the devolatilisatidage in biomass conversion processes,
numerous researchers have intensively investigdtedinetics of hemicellulose, cellulose
and lignin decomposition as well as biomass pymlySenerally it can be distinguished
between so-called model-free and model-fitting rodgh Within model-free methods the
activation energy along the conversion processlisutated without a definition of a reaction
model. These models do not distinguish between delmiose, cellulose and lignin
decomposition. Typical examples are methods aaogrth Friedman, Kissinger—Akahira—
Sun, Ozawa—Flynn—Wall and Vyazovkin.

Model-fitting methods on the other side pre-defmeertain reaction order model (e.§' 1
order model) and then calculate the kinetic pararsefactivation energy, pre-exponential
factor, etc.) with a fitting routine. This can beng by using a one step reaction approach
(single reaction step model) or by assuming sewaralpetitive parallel reactions (model of
pseudocomponents) [3, 4, 5].
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4.2.6 Assessment regarding the applicability for advanced biomass fuel
characterisation including a summary of strengths, weaknesses and
opportunities

15 of the 22 institutions (68%), who gave feedbaadthin the survey, indicated that they
frequently apply TGA analyses for biomass fuel abtarisation.

During recent years TGA has become a standarditothe investigation of the thermal
decomposition of biomass fuels. The method is widgiplicable. Another strength of the
method is that it is rather quick and shows a \gogd reproducibility provided that the
experimental constraints (sample preparation, giivere, mass applied, temperature ramp,
etc.) are kept constant.

Especially the latter aspect also includes one nesk of the method when comparing results
from different laboratories. Since different dew@@e applied and since there is no common
standard regarding parameters such as samplegateant, sample mass, heating ramp, etc.,
the results may vary. It has for instance been shibat

« the fuel pre-treatment may influence the results [6

 different heating rates may lead to different ghelds [2]

« the sample mass may also have an effect on thiksr§sju
Consequently, inter-laboratory comparisons havsetbandled with care.

Due to the low sample mass applied within TGA asedysample preparation and especially
sample homogenisation play an important role. Mldtdeterminations are therefore strongly
recommended.

Moreover, it has to be mentioned that kinetic pat@ms derived from TG experiments are
related to the heating rate at which the experintexgt been performed and that usually
pulverised fuel is utilised to ensure that a puretc regime prevails. Therefore, a direct
application of these kinetic parameters to procesdgewhich other constraints regarding
heating rate and particle size prevail should beedwith caution since there may be transport
limitations and the kinetics may also not be validery different heating rates.

4.3 Fud indexes

4.3.1 General concept

Fuel indices are calculated from biomass fuel a®alydata. Thereby, the physical behaviour,
chemical reaction pathways and the interactionsvdxt different elements respectively
groups of elements during combustion are takenantmunt. The application of fuel indexes
has a long lasting history starting with indexesdoal combustion more than hundred years
ago. After the beginning of burning high-sulphualsorich in pyrites (Fe$ on grates, it was
quickly recognised that pyrite was responsibletti@ formation of clinkers. For the first time
a combustion related problem was directly relatedatspecific mineral species. It was
understood that iron occurring in high sulphur soatted as fluxing agent, lowering the
melting temperature of quartz and clays found ial.cbhese early problems associated with
slagging were the trigger for the development opieital correlations for the prediction of



IEA Bioenergy Task 32 project report: Advanced characterisation methods for solid biomass fuels
Institute for Process and Particle Engineering, Graz University of Technology, Austria
BIOS BIOENERGIESYSTEME GmbH, Graz, Austria 11

slagging tendencies. The correlations describe rlationship between the melting
temperature of slag and the proportional distriruthetween basic and acid constituents [8].

After the increasing electricity demand since tBBQs as well as the ambition to increase the
electric efficiency resulted in continuously incseey steam temperatures. Also the use of
more problematic coals resulted in further firesmeblems like ash sintering or slagging,

fouling of convective heat recovery surfaces anghhiemperature corrosion. Therefore,

various empirical correlations especially to préediee ash sintering behaviour of coal have
been developed [8].

It was seen that indexes developed for coal cammaipplied for biomass [9]. Since coal is a
type of sedimentary rock, minerals can occur disgoas tiny inclusions within minerals,
layers, nodules, fissures and rock fragments. Tlig&rs and abundant nodules are removed
by standard preparation facilities. The thinneefayand nodules stay in the coal and typically
consist of aluminium silicates (clay, illite, kaale, feldspar) and silicon oxide (quartz). The
alkali metals (typically Na) are bound in this alaiam silicate structure and occur in minor
overall concentrations. In biomass fuels in comtkasxists in high concentrations and its
chemical binding in the organic fuel matrix is diént to coal. Si as a further example is
introduced in the plants by absorption of silicated from the soil. Si is deposited as a
hydrated oxide usually in an amorphous form, batsmonally in crystalline form. Depending
on the biomass species the major elements respersibthe ash chemistry can roughly be
categorised in low Si/ high Ca containing fuels. &god and woody biomass and high Si/
low Ca containing fuels e.g. herbaceous biomassaritgenerally be said that coals contain
higher amounts of S mostly in the form of kel biomass plants S exists as sulphates or
organic sulphur. The amount of Cl in coal depenushe coal type and exists predominantly
as inorganic alkali chlorides and a smaller amadininspecific organic chlorides. In biomass
Cl appears as a chloride ion, where its concentrais closely related to the nutrient
composition of the soil. The difference in occuoerand in chemical binding of certain
elements explains the non-applicability of empiraaal correlations for sintering or slagging,
fouling and high temperature corrosion on biomasést

Far less empirical correlations or fuel indexeslfmteng combustion related problems have so
far been found for biomass [e.g.: 10, 11, 12]. Anpeehensive summary of fuel indexes for
biomass combustion, their application and integiret is provided in [9].

4.3.2 Fud indexesapplied and their interpretation

In the following, different fuel indexes presenépplied for biomass fuels are summarised.
Generally, these fuel indexes can be divided wimrain categories which are related to
* Formation of emissions of gaseous pollutants

» Ash related problems (slagging, fouling, fine parate emissions, corrosion)

4.3.2.1 Fuel indexes related to the formation of gaseous pollutants

N content as an indicator for the NOx emission potential

In biomass combustion processes xNgnissions (emissions of NO and NE€alculated as
NO.) mainly result from fuel-N while their formatiorroim combustion air (prompt and
thermal NQ formation) plays only a minor role [13, 14, 18]hhs been shown that although
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with increasing N-content of the fuel the releakBlOx precursors to the gas phase decreases,
the net NQ emissions increase. Based on available data gdined real-scale fixed-bed
combustion systems according to their N-contentsmbss fuels can be categorised as
follows:

* low N fuels (< 0.4 wt.% d.b.) — e.g.: wood fuels
e medium N fuels (0.4 - 1 wt.% d.b.) — e .g.: shotation coppices (SRC), kernels and straw
* high N fuels (1 - 10 wt.% d.b.) — e.g.: cereals adte wood.

Experience shows that many new biomass fuels adiumeor high N fuels (e.g.: SRC,
cereals, energy grass), thus ,Ngdnissions >200 mg/Nm? (related to dry flue gas Ehdol%
0O2) have to be expected. Thus the application of @mymand secondary measures forxNO
emission reduction may play an important role whglising these fuels.

Molar (K+Na) / [x*(2S+Cl)] ratio as an indicator for HCl and SOx emissions

It has been shown that during combustion proceSsesl Cl show an almost constant release
ratio from the fuel to the gas phase of 80 to 96%pectively > 90% [8]. During combustion S
and ClI preferably form alkaline (K and Na) sulplsasad chlorides. Cl and S, which are not
bound by these elements to the solid phase, fosmags emissions, namely HCIl andySTb
describe the embedding of S and Cl in K and Na @amgs, the fuel index (K+Na) / (2S+Cl)
(molar ratio) has been developed [10]. In fluidideet systems it has been observed that
alkaline surplus leads to availability of alkalimeetals with the bed material and therefore,
high values of the index (K+Na) / (2S+Cl) leadrioreased risks for bed agglomeration [10].

In order to fine-tune this evaluation, in [8] thecfor “x” has been introduced which considers
experimentally determined release rates for S,KChnd Na for different biomass fuels.
Following, by this factor x only the S, Cl, K ancaMeleased to the gas phase is considered
which offers a much more adequate basis for aruatiah of HCI and S@emissions to be
expected. It has for instance been shown thatixXedfbed combustion systems HCI andxSO
emissions are usually in a negligible range if t@ar (K+Na) / [x*(2S+Cl)] ratio is above
0.5 respectively 0.4. However, it has to be considi¢hat S also forms Ca and Mg sulphates
and to a smaller extent Ca and Mg chlorides cafolmeed. Since these interactions are not
considered within the index, its evaluation canydm used as a rough indication whether
problems regarding increased gaseous emissiongdéecexpected or not [9].

4.3.2.2 Fuel indexes related to ash related problems

The sum of K, Na, Zn and Pb (mg/kg dry fuel) as an indicator regarding aerosol emissions
(fine particles smaller 1 um) and the deposit formation potential

This indicator can be used to evaluate if highlficeint dust precipitators (electrostatic
precipitators - ESP, baghouse filter) will be nekde keep the particulate matter (PM)
emission limits for a plant utilising a specificefult is also an indicator for the deposit build-
up on heat exchanger surfaces. This index is cel@mehe formation of aerosols (particles
with a diameter smaller 1 pm = RMduring the combustion process and does not ieclud
coarse fly ashes.

Besides S and Cl, a part of the semi-volatile asldtite ash forming elements such as K, Na,
Zn and Pb are released from the fuel to the gasepdaring combustion. In the gas phase
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these elements undergo homogenous gas phase mea&tid later, due to supersaturation in
the gas phase, these ash forming vapours stamidieaie or condense on the surfaces of
existing particles or heat exchanger tubes.

Since in most biomass fuels K usually shows sigaiftly higher concentrations than other
aerosol forming elements (e.g. Na, Zn and Pb)dlease of K is the most relevant parameter
for this index. According to this index regardingr@sol emissions, biomass fuels may be
categorised as follows [8].

* Low PM; emission range (up to about 20 mg/MJ): index 9Q g/kg d.b.
* Medium PM emission range (20 — 100 mg/MJ): index 1,000 6a0,mg/kg d.b.
* High PM; emission range (>100 mg/MJ): index > 10,000 mgiky

Themolar Si/K ratio and ClI/Si ratio as an indicator for the K release

A high molar Si/K ratio leads to a preferred formatof potassium silicates which are bound

in the bottom ash [16, 17]. Therefore, the K redeigsreduced. For very high Si/K ratios, (i.e.

>15 for sewage sludge) a good embedding of K irbtiteom ash and consequently a very low
K release prevails. However, for low Si/K ratios Z5) no clear conclusion can be made
concerning the dependency of the K release onitKer&io [6]. In [19] the molar CI/Si ratio

is proposed to assess K release. Cl supports lesesof K while Si reduces the release by
embedding K in the bottom ash. Therefore, witheasing value of the index the K release
increases. However, other parameters such asehbdd temperature, the association of K in
the fuel as well as reactions with Ca and P seehatwe a strong influence on the K release.
Consequently, both indexes mainly work well in Sd&minated systems (e.g. straw and
other Si-rich agricultural fuels).

Indicators for ash melting problems

Several fuel indexes can be applied to estimatashemelting properties. It is generally well
known that Ca and Mg increase, whereas Si in coatibim with K decreases the ash melting
temperature [12, 18, 20]. The molar Si / (Ca+Mdgipraan therefore provide first information
about ash melting tendencies in ash systems dosdifgt Si, Ca, Mg and K [12]. However,
for P-rich systems, this correlation is not valid.combination with Si a modified index
(Si+P+K) / (Ca+Mg) can be introduced. With this emdalso for P rich fuels a prediction
regarding the ash melting behaviour is possible.

Generally fuels with high ash melting temperatyrelsen considering the shrinkage starting
temperature as a measure) such as wood fuels siaoesvof both indexes in the range of <1
while herbaceous fuels such as straw, which tyiyisalow very low ash melting temperatures
(<1,000°C), show values of >2.5 for the index S#{®Ig) respectively >5 for the index
(Si+P+K) / (CatMg)).

The molar 2S/Cl ratio as an indicator for high-temperature corrosion risks

S and Cl show almost constant release ratios ffarent biomass fuels [6]. Both elements are
relevant for aerosol and deposit formation sincthergas phase they form alkaline sulphates
and alkaline chlorides which subsequently form ipi@s or condense on heat exchanger
surfaces. Therefore, a link between the 2S/Cl natithe fuel and in the aerosols respectively
deposits formed prevails. For fuels with high 2S#iios a protective sulphate layer is formed
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at the tube surfaces. According to [21] only migorrosion risks have to be expected for
2S/Cl ratios in the fuel of >4. It is additionayuggested that the molar 2S/Cl ratio in the fuel
should be at least 8 to achieve negligible chlotevels in boiler deposits, and thereby to
eliminate corrosion from this source.

4.3.3 Assessment regarding the applicability for advanced biomass fuel
characterisation including a summary of strengths, weaknesses and
opportunities

11 of the 22 institutions (50%), who gave feedbadthin the survey, indicated that they
frequently apply fuel indexes analyses for bionfas$ characterisation. The satisfaction with
and applicability of this method was assessed thighgrade 2 by 30%, the grade 3 by 30% as
well as the grade 4 and 5 by 20%.

Fuel indexes bear the advantage that they are lguackd easily calculated from results of
chemical analyses. This simplicity can be mentioasdhe major strength of this method
which makes it suitable for a quick pre-evaluatbma fuel.

There are, however, also some weaknesses which tbate carefully considered when
applying fuel indexes for fuel characterisation.

* The interpretation of fuel indexes is based on Itestrom real-scale combustion.
Therefore, it has to be taken care that the reéereiata are from combustion technologies
comparable with the one under consideration (Nx formation in fluidised bed
combustion differs from fixed-bed combustion duethe different temperatures and
stoichiometry conditions in the fuel bed).

* Fuel indexes have been evaluated for a certainerafdpiomass compositions. If a new
biomass fuel significantly deviates from these emjgan extrapolation may not be
permitted, especially regarding the evaluationstf eelated problems.

Generally, some fuel indexes such as the N-corgsrdn indicator for NOemissions, the
2S/Cl ratio regarding corrosion risks as well as shhm of K, Na, Zn and Pb regarding the
aerosol formation potential can be assessed ableelsince they have shown an acceptable
statistical performance for a broad range of biaasls investigated so far.

Also the ash melting indexes show an acceptableracg but they have to be handled with
care since their evaluation is usually based oa dained from the standard ash melting test
(CEN/TS 15370-1 — see Table 1). This test is bamedhe investigation of ashed fuel
samples. The composition of these samples deVilesthose of real-scale ashes since the
fractionation of certain elements in the differexgth fractions is not considered. During
combustion relevant shares of S, Cl, K, Na as agkasily volatile heavy metals are released
to the gas phase and therefore their concentratiotigee bottom ash will be depleted and in
the fly ash fraction higher than in the fuel asmpke used for the ash melting test. However,
the ash melting indexes can provide reproducileleds as well as a good first estimate on the
ash melting behaviour.

The indexes (K+Na) / [x*(2S+Cl)] as well as Si/K ynarovide valuable first indications
however, interactions with other ash forming eletees well as influences of other process
parameters such as fuel bed temperature and aterespfay lead to significant variations
regarding the absolute values and therefore, tAeyoaly indicate rough trends. Especially for
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new biomass fuels the application of the index (l&}N[x*(2S+Cl)] is only useful if
experimental data for the definition of the factare available.

With an increased utilisation of fuel indexes faffedent fuel assortments and an increased
understanding of the underlying mechanisms a fuithprovement of fuel indexes as a tool

for advanced fuel characterisation can be expegitun the coming years. Supported by this

trend, fuel indexes might be further developed feopurely qualitative to a semi-quantitative

method for biomass fuel characterisation in future.

4.4 Chemical fractionation

4.4.1 Theoretical background

Chemical fractionation is a method based on sekedtiaching by water, ammonium acetate
and hydrochloric acid. The method was originallyeleped by Benson and Holm [22] for the

characterization of coal. Baxter [23] used a medifversion for the characterization of 7

biomass fuels. At Abo Akademi University, Finlartide method has been further developed
for biomass and waste characterisation. This metaodbe helpful when determining how

ash-forming elements are bound in the fuel [24, 25]

4.4.2 Description of the method

Figure 2 presents a simplified scheme showing that stepwise leaching distinguishes
between different types of ash-forming matter irfual according to their solubility in
different solvents.

‘ a9 Totalash

| « all major ash elements

Water leachable
+ - - n *Alkali salts (sulfates, chlorides)
NH4Ac lon exchangeable

*Organically asscciated elements

= a *Some carbonates /chlorides
H?I Acid leachable
T n » carbonates/sulfates
‘ Non soluble rest
- ssilicates

Figure2: Simplified scheme of the fractionation procedurg] [2

Fuel samples are milled to a particle size belomrb to facilitate handling and acceptable
leaching times. Too small particles have shownleg dilters, whereas too large particles
demand a too long leaching time. Increasingly aggive solvents, i.e. water {8), 1M
ammonium acetate (N#Ac) and 1M hydrochloric acid (HCI) leach sample®ia series of
four fractions (including the unleached residue)dpalysis. The amounts of leaching agents
as suggested by [22] and [23] cannot be appliednwhkaching dry biomass fuels. It is
difficult to achieve proper mixing for most fuelastead, an excess of water (up to 500ml/50g
fuel for agricultural residues) should be usedhm first step, firstly to achieve proper wetting
of the samples, secondly to achieve proper leacldg 25]. These problems are not
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encountered in the other leaching steps, sincesdhé samples here are already thoroughly
wet from the previous steps and extensive washing.

The increasingly aggressive solvents leach samptesa series of four fractions (including
the unleached residue). The untreated sampledigthid fractions and the remaining solids
are analysed.

4.4.3 Interpretation of results

Typical main ash-forming components, which areheacout by water include alkali sulfates,
-carbonates, -phosphates and -chlorides. Elemeathéd out by NiAc are believed to be
organically associated, such as Mg, Ca as well andkKNa. HCI leaches the carbonates and -
sulfates of alkaline earth and other metals. S#&and other minerals remain mainly in the
insoluble residue. Heavy metals are usually leachgdat low pH, with an exception of Zn,
Pb and Mn that also may be present in water sokutdior ion exchangeable forms [26].

4.4.4 Assessment regarding the applicability for advanced biomass fuel
characterisation including a summary of strengths, weaknesses and
opportunities

6 of the 22 institutions (27%), who gave feedbadthiw the survey, indicated that they at
least sometimes apply fuel chemical fractionation biomass fuel characterisation. The
satisfaction with and applicability of this methags assessed with the grade 2 by 50% and
the grade 3 by 50%.

Chemical fractionation is an interesting tool tedstigate the way how ash forming elements
are bound in a biomass fuel. It can provide a nmohne detailed image of fuel associations
than e.g. a bulk chemical analysis and gives anpirery idea on the reactivity of inorganic
elements.

However, the data have to be evaluated and integpreith care since especially regarding
the water soluble part of K, S and Cl comparisoiik Vab-scale reactor tests often show an
overestimation of the reactivity leading to toohiglease predictions. Moreover, the direct
practical interpretation of the results is ratheiematic since high temperature interactions
as they occur during the real combustion processnat considered with this method. A

further criticism regarding this fuel charactenisat method was that it is rather time

consuming and expensive.

4.5 SEM/EDX analyses

4.5.1 Fieldsof application

SEM (Scanning electron microscopy) and EDX (enalippersive x-ray spectrometry) are
generally seen as common tools in fuel analysepedialy in coal combustion CCSEM
(computer-controlled SEM) is frequently applied tletermine the size, composition,
abundance, and association of mineral grains ipgoeel coal samples. Moreover, they are
also applied to investigate ash and deposit samples

Regarding biomass combustion this technique is méien used for ash, slag and deposit
analyses as well as corrosion studies but is rathesual for fuel characterisation. If it is
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applied for fuel characterisation, either ashed fmmples are analysed regarding their
contents of major ash forming elements or fuel dasare ashed at different temperatures in
order to investigate ash transformation. The latteestigations are usually performed in the
course of scientific studies.

4.5.2 Description of the method

Pulverised fuel analyses (CCSEM analyses)

Pulverised fuel is fixed in a mounting medium, castive to organic and mineral matter. The
sample is scanned by means of automated frameahefr SEM/EDX analyses. An
image/particle recognition software is applied dentify particles and records the diameter
and the elemental composition (typically some 1,p@fticles per sample are scanned). A
mineral classification algorithm translates thenmedatal compositions (the associations of
elements) into mineral compounds which are likelpé present. The results are expressed as
minerals (w/w %) as a function of particle size.®laletailed information can be taken from
[27].

SEM/EDX analyses of ashed fuel samples

The fuel is ashed at a defined temperature in sixigiatmosphere and then the ash is sealed
in resin. The resin block is cut and the cuttingaais dry polished. The polished surface is
then steamed with e.g. carbon to make it conductexeral analysis options are possible
with scanning electron microscopy (SEM) and enealigpersive X-ray spectrometry (EDX).
The most commonly applied are:

* Optical assessment of shape and structure of tiddial mineral phases using SEM.

* Element analyses of defined areas (area scang)ant$ (spot scans) of the surface using
EDX.

* Element mapping which provides a qualitative disttion of element concentrations over
a defined area.

In general, the same analyses methodology is alptied for ash, slag and deposit samples
originating from real-scale plants.

4.5.3 Interpretation of results

SEM/EDX analyses allow for a morphologic and cheh&valuation of single ash particles
and therefore can provide a deeper insight intochsimistry. For the interpretation of results
of course experienced personnel is needed.

454 Assessment regarding the applicability for advanced biomass fuel
characterisation including a summary of strengths, weaknesses and
opportunities

Compared with bulk analyses SEM/EDX analyses oéadhels provide the advantage that
single ash particles can be investigated. Thiderother side has the disadvantage that due to
the arbitrary selection of single particles it ist rsecured that the average overall ash
composition is adequately represented. Moreoverditection limits for trace elements are
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much higher and the accuracy of the method is nhier compared to chemical analyses.
Therefore, the application of SEM/EDX for fuel ayss can only be recommended for the
investigation of specific phenomena as well as taghsformation processes (analyses of
samples ashed at different temperatures).

Regarding the characterisation of ashes, slagslepasits as well as for corrosion studies the
outstanding value of SEM/EDX analyses is indispletaince they provide the possibility to
investigate single particles as well as differehaiges in a rather quick and accurate way.
However, in the course of advanced fuel charaetiois these kinds of analyses can only be
applied as a supporting tool for e.g. lab-scaletmrdests and not as a stand-alone tool.

8 of the 22 (36%)) institutions, who gave feedbadkiw the survey, indicated that they apply
SEM/EDX whereas the clear main focus is on theghgation of ashes, slags and deposits
and not on the direct evaluation of biomass fu€le satisfaction with and applicability of
this method was assessed with the grade 1 by 2¥/4grade 2 by 50% and the grade 3 by
25%.

4.6 Thermodynamic high temperature equilibrium calculations

4.6.1 Theoretical background

Thermodynamic high temperature equilibrium calcatet (TEC) are a commonly used tool
for predicting the chemical behavior of complex tegss. It is often based on the
minimization of the Gibbs energy of the system, chtan be calculated using modern
software if thermodynamic data exist for the phasassidered. Thermodynamic data for
multi-component solution phases are based on thentidynamic data of the end-member
components and on the interaction parameters osthé&ion model describing the Gibbs
energy of the solution phase. The computationahat involved in calculating multi-phase
and multi-component thermodynamic chemical equdibrevolve around Gibbs energy
minimization.

For advanced fuel characterisation TEC are maiplyli@d to estimate the ash melting
behaviour, the release of inorganic species froenftlel to the gas phase as well as for
corrosion studies.

4.6.2 Commonly applied softwar e codes and databases

The most common software code applied for TEC i€FBAGE but also other codes such as
HSC or in-house developed codes are used. Evenmglerant than the software code are the
thermodynamic databases applied. Therefore, beftading a calculation, it has to be
checked if reliable thermodynamic data are avalétt the system to be investigated. It is for
instance well known that for P-phases as well aséotain mixtures of Al and Si a lack of
reliable data exists. This can especially be ofartgnce regarding agricultural fuels where P
often plays a relevant role in the ash chemistnarly case thermodynamic databases as well
as the selection of the components consideredmwili@ calculations have to be treated with
care.
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4.6.3 Interpretation of results

The elemental composition of the fuel or an astelsas of the gas phase (i.e. combustion or
gasification agent) forms the input dataset for TE€ a result TEC provide the composition
of gaseous, liquid and solid phases at defined ¢eatpres respectively over defined
temperature ranges. Therefore, it is possible to ifigtance evaluate the amount and
composition of molten phases, phase transformatamsvell as the release of inorganic
elements and compounds from the solid to the gasephThe quality of the results however
strongly depends on the quality of the thermodywcashaita used and the correct definition of
the system boundaries. It has additionally to hesid®red that TEC always provides results
for thermodynamic equilibrium which may not be feaat in real-scale applications.
Moreover, kinetic limitations (e.g. the reaction & to SQ during biomass combustion
processes) are not considered. These restrictrerana reason why for a correct performance
of the calculations as well as for the detailedatzon of the results experienced personnel
with advanced knowledge in ash formation and asbmistry is needed. Otherwise, a
considerable risk for misinterpretations exists.

4.6.4 Assessment regarding the applicability for advanced biomass fuel
characterisation including a summary of strengths, weaknesses and
opportunities

8 of the 22 institutions (36%), who gave feedbadkiw the survey, indicated that they apply
TEC for advanced fuel characterisations. The maidd of application can thereby be

assigned to ash melting studies (7 positive replretease studies (8 positive replies) as well
as corrosion studies (3 positive replies). The sssent for TEC regarding these

investigations scatters between grade 2 and grade 4

As advantages of TEC it can be mentioned that

» they are rather cheap, quick and the software caesm principle easy to use

» they can provide detailed insights into ash chesnetd ash transformation processes
» they allow for the simulation of the behaviour dfetent ash fractions

These advantages make TEC a suitable method tedeznds and qualitative and sometimes
semi-quantitative assessments. On the other hamd #re restrictions and limitations given
which do normally not allow for a quantitative pietn based on TEC which are:

« TEC do not consider kinetics and it is thus notused that equilibrium is reached for a
certain system investigated.

* The models applied must consider the stoichiomattize fuel bed accurately. The release
of Zn for instance strongly depends on the presehoeducing or oxidising atmosphere.

« Especially for P-phases the thermodynamic dateeptlsavailable are doubtful.

Concluding, if carefully applied, TEC can be a \aile and helpful tool in advanced biomass
fuel characterisation. They can provide a deepsigim and a better understanding of the
chemical reactions of relevance but they are nitdilsle for quantitative interpretations.
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4.7 TGA/DSC analyses

4.7.1 Principle

With DSC (differential scanning calorimetry) thdfeience in the amount of heat required to
increase the temperature of a sample and a reteremeeasured as a function of temperature.
The sample and reference are maintained at nehdysame temperature during the

experiment. Generally, the temperature progranaf®SC analysis is designed such that the
sample holder temperature increases linearly asnetibn of time. The reference sample

should have a well-defined heat capacity over dnge of temperatures to be scanned.

4.7.2 Fieldsof application

For biomass fuel samples the heat of reaction candbtermined. Regarding the
characterisation of biomass ash samples mainlyinhestigation of phase changes by the
identification of endothermic and exothermic peaksof interest (e.g.: carbonisation
processes, release processes, melting processes).

4.7.3 Commonly applied hardwar e including typical operation parameters

Usually simultaneous TGA / DSC analyses equipmemalled STA (simultaneous thermal
analyses) is applied. Various manufacturers offgpr@priate equipment on the market.
Typical operation parameters are:

Sample preparation:  The samples must be grinded

Sample mass: usually in the range up to 30 mg
Atmosphere: inert ()Y or air
Heating rate: 10 to 20 °C/min

Temperature range:  up to 1,500°C (depending okititeof equipment)
4.7.4 Interpretation of results

For analyses of ashes either ash samples fronscabd-plants on ashed fuel samples can be
used. In Figure 3 a typical result for a TGA/DS@ miith an ashed straw sample (ashed at
550°C) is presented [26]. Straw has a typical ashposition with silicon and potassium as
the dominating elements and contains smaller armsoahtchlorine and sulfur. The mass
changes (green line) up to 400°C are generallynasduto be evaporation processes of
physically and chemically bound28 (crystal water). The STA curve shows furtherhe t
temperature range of 400 to 850°C a mass loss 38 @1% w.b. characterized by an
endothermic peak at 669°C, which is caused by Gadg@@omposition and release of £
Figure 3 for comparison also results of TIC-analysé the initial sample are mentioned
which are in a good agreement with this findingheTmass decrease observed in the
temperature segment from 850 to 1,150°C may priynae attributed to KCI evaporation
which is in good agreement with existing literatutata as well as with results of wet
chemical K and Cl analyses of the initial samplevali as the residues after the test run (see
table in Figure 3). In this temperature segmentulaneously the initial melting of the ash
sample occurs. The endothermic peaks at 905°C &3T°LC, along with the peak at 1,149°C,
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can be assigned to different stages of ash melilihg. mass loss above 1,150°C may be
explained by KO release most probably caused by the decompositisiags consisting of K
and Si.

As the example above shows, the interpretatioresidilts from TGA/DSC tests demands for
experienced personnel since knowledge about askftwranation, ash melting and release
processes is needed.

TG /% DSC /(mW/mg)
Nr.: 00922 / Straw I exo
Peak: 1037.4 °C
1001
Mass Change: -3.82 % 0.0
(H20 release)
981
Mass Change: -3.33 %
(CaCO3 decomposition) 02
96 1
L-0.4
Peak: 904.8 °C 5
941 Peak: 1149.4 °C
CO2 release / TGA-DSC wt% d.b. 3.65 ;/ L 06
924 |CO2in carponates Wit% d.b. 366 /
(TIC analysis) /
— r-0.8
KCI / TG-DSC wt% d.b. 4.22 MassfChange: -4.09 %
901 .
KCI evaporation
KCI / ash analysis wt% d.b. 3.93 ( vap ion) o
-1,
884 [Melting Peaks / DSC °C ~ 900 - 1200
Initial Deformation Temp. . Peakf 668.8 °C
acc. to DIN 51730 c 850 A2
86 1
End product condition LEME 07 Mass Change: ~4.50 % 14
64 deposit (K20 evaporation) 0
200 400 600 800 1000 1200
Temperature /°C
Figure 3: Results of simultaneous thermal analysis (STAstoaw ash [26]

Explanations: TG (thermogravimetric analysis)..smss in %w.b.; DSC...differential scanning datetry;
sample mass: 20.51 mg; heating rate: 10 K/min; spinere: synthetic air

4.75 Assessment regarding the applicability for advanced biomass fuel
characterisation including a summary of strengths, weaknesses and
opportunities

7 of the 22 institutions (32%), who gave feedbadkiw the survey, indicated that they apply
DSC for advanced fuel characterisations. The agsdsof the applicability of DSC scatters
between grade 1 and grade 3.

DSC respectively STA measurements bear the adwarbad they can be performed with
small samples of ashes or ashed fuels, that threeyatiner quick, show a good repeatability
and can provide scientifically relevant data regaygohase changes as well as ash melting
behaviour.

Relevant weaknesses and restriction to be mentiaredelated to the sample pre-treatment.
If milled ash samples from real-scale plants arplieg it has to be considered that the
grinding process may have an influence on the tedifilashed fuel samples are applied it has
to be taken into account that these ashes havéewt formed during a real combustion
process with its different stages and that theyesgnt with the exception of Cl and S (which
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are partly released during ashing) the compositidnthe fuel ash. Therefore, their
compositions may deviate from ashes produced irstzde plants under considerably higher
temperatures (where also release of volatile andvedatile species such as alkaline metals
and heavy metals takes place).

DSC analyses are mainly performed in the courssientific work as a supporting tool for
e.g. thermodynamic equilibirum calculations regagdhe behaviour of ash forming elements.

4.8 Special purpose built batch reactors

4.8.1 Main fields of application

The fuel characterisation techniques introducedthi@ previous sections either provide
qualitative data (fuel indexes, chemical fractiooat TEC) or provide quantitative data

related to distinct conditions (TGA related to hmegtrates, STA regarding ash melting and
ash transformations) and can therefore not be epdlr the quantitative evaluation of

relevant fuel characteristics under real-scale ggeaonditions. In order to also gain these
data, different types of lab-scale batch reactaasehbeen developed. The aim of the
application of such reactors is to gain relevantormation regarding certain fuel

characteristics under well-controlled lab-scaledibons which may be adjusted in a way that
they also allow comparisons with real-scale proegss

Various parameters can be investigated in suchtaeacThe feedback from the survey
conducted comprised in total 10 different reactpplied by different institutions. In Table 2
a brief summary of the parameters investigatetiesd reactors is presented.

Table2: Parameters investigated in different batch reactors

Parameter % of positive replies
decomposition behaviour 100%
decomposition kinetics 100%
char formation 80%
mass loss during conversion 90%
fuel temperature (particle or fuel bed) during conversion 70%
composition of the flue gases 100%
release of NOx precursors 40%
release of inorganic elements 60%
ash melting behaviour 40%

4.8.2 Description of the setup including measurements and analyses coupled with
thereactors

All reactor types described in the following arehiouse developments of different research
groups and therefore no market available seriatymts. Different reactor concepts are
principally applied which are:

* Heated grid reactors
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* Single particle reactors
* Fixed-bed reactors

Regarding the field of application 9 of the 10 teaconcepts covered by the survey mainly
focus on the investigation of the thermal decontpwsbehaviour of biomass fuels as well as
the release of NfJprecursors and inorganic elements to the gas phatigese reactors a fuel
sample is heated to a specified temperature aferatit parameters such as the mass loss as
well as the release of certain compounds are me@®ither by on-line analyses of the gases
produced or by chemical analyses of the initiall fs@mple and the remaining residues
(charcoal or ashes). In contrast to these reathterso-called slag analyser is a purpose build
reactor solely developed for the investigationha slagging behaviour of biomass pellets. In
the following typical reactor setups are brieflyratduced.

Heated grid reactor

Heated grid reactors (also sometimes called wirshmeactors) are applied to carry out
experiments regarding biomass devolatilization emar gasification at high heating rates (up
to 1,000 K/s) under a chemically controlled regirSenall amounts of sample (~10 mg) are
placed between two wire-meshes (grids) or foils aedted by pulse intervals of electric
current. Usually, solid, liquid and gaseous progucbm the reactor are then subjected to
various analyses (e.g. online FT-IR analyses ofidf input and output material analyses).
The setup can also be used for tests with in-siigrebsis technologies such as Raman-
holography and high-speed imaging.

In Figure 4 a scheme as well as images of a hegigtdeactor with an in-situ FT-IR-coupling
applied at TU Delft is shown as an example [28,329,31].
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Figure4: Heated grid reactor at TU Delft
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Fixed bed and single particle reactors

Within the survey performed 8 reactors of this typeve been identified. Even though
different setups are applied the main charactesisif these reactors are well comparable. In
the following the most relevant construction passwell as operation parameters/conditions
are listed.

Retort: The core of these reactors is a cylindme#brt in which the fuel
sample is placed. Manifold materials such as s&€l,ceramics as
well as quartz glass are applied for this retonie Tiameters of the
retorts are typically between 30 and 150 mm andehgths vary
between 350 and 1,400 mm.

Heating strategy: All reactors are electricallyteea

Operation temperatures: Depending on the constructhaterial and the power of the
indirect heating system maximum operation tempeeatof 900 to
1,200 °C can be achieved.

Heating rates: Up to some 100 K/min are possiblethe heating rate applied
strongly depends on the design of the individust ten.

Atmosphere: A broad field of different reaction needuch as air, § steam or
different gas mixtures is applied depending on shap of the
respective test run. Therefore, inert, reducing anddising
conditions can be adjusted.

Sample mass: The sample intake varies from abootdltd some 100 g.

On-line measurements 6 of the 8 reactors are eedipfith balances for on-line mass-loss
determinations.
7 of the 8 reactors are coupled with flue gas aeaty Q and CO
measurements are common whereas some reactoisauwmapled
to NO, SQ as well as multi-component FT-IR analysers or micr
GC.
A rather unique direct coupling of a single pagictactor with an
ICP-MS is presently operated at BIOENERGY2020+ razJ AT).
This setup provides the unique possibility to gaimline data
regarding the release of K, Na, Zn, Pb, S and Gindufuel
decomposition.

In Figure 5 pictures of some typical reactor setaps presented. In the following, as
examples, these reactors are also briefly described
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Figure5: Pictures of different batch reactors for biomasd @naracterisation

Explanations: top from left to right: Fixed bed ¢t at the CHEC Research Centre, Technical Urityeo$
Denmark (DTU) (DK) [32, 33], Single-particle reactat the Department of Chemical
Engineering, Abo Akademi (FIN) [34, 35, 36], bottdram left to right: Fixed-bed lab-reactor at
Institute for Process and Particle Engineering,zGtaiversity of Technology (AT) [37]; Single
particle reactor at BIOENERGY?2020+, Graz (AT)

Fixed bed reactor at the CHEC Research Centre, Technical University of Denmark

The reactor consists of a two-zone electricallytéd@aven (max. Temperature: 1,200°C), in
which a cylindrical alumina tube (@60 mm; lengtigf00 mm) is mounted horizontally,
having water-cooled flanges at both ends. A sani@lg. biomass) can be inserted in the
middle of the reactor. The reactor can then beedeahd a gas (mixture) can be introduced
into the reactor, for example to pyrolyse or contlthe sample. The sample temperature and
the exit gas composition (e.g.,2,0CO, and C@ can be monitored online, so that the
conversion process can be followed during an erpari. After the desired residence time,
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the sample holder can be withdrawn from the reagteighed, and finally the residue can be
collected for chemical analysis.

The setup allows for conversion (pyrolysis and costion) of solid fuel samples under well-
controlled conditions (temperature, gas flow ratel @omposition, and residence time),
simulating the conditions on the grate of a realesdoiler. By performing accurate weight
measurements and chemical analysis of the samipteeband after the treatment in the
reactor, quantitative data can be obtained ondlaase to the gas phase of inorganic elements
from relatively small samples. Such data are ingadrfor the understanding and modeling of
ash and aerosol formation in grate-fired boilers.

Single-particle reactor at the Department of Chemical Engineering, Abo Akademi

The reactor allows to study the thermal decompmsiéind combustion behaviour of biomass
samples under various atmospheres as well as tataperanges. It consists of a quartz tube
inserted in an electrically heated ceramic furnabere the temperature can be varied from
ambient temperature to 1,150°C. Premixed gasesuggdied from the bottom and the middle
of the reactor. Additionally a purging gas is sugglat the place of sample insertion. The
flow of the gases is controlled by mass flow coligrs. Different mixtures of C&0O,/N2 can

be used as an oxidizing gas and nitrogen as anmuggis. The average residence time for the
gases is around 20 s, while, considering only theodyct gases from
devolatilization/combustion of the fuel, the reside time at high temperature is estimated at
about 4 s. The temperature in the reactor is medswith a thermocouple inserted in the
ceramic wall of the furnace, close to the surfaicthe quartz reactor in the proximity of the
sample placement point. An insertion probe allols $sample (about 10 to 15 mg) to be
placed on the sample holder in a room temperatwgament and then to be inserted, in a
fraction of seconds, into the hot reactor. The pobdjases can be analysed with analysers for
CO,, CO, @, NO and S@ Moreover, an optical observation of the sampke am optical
board and a camera is possible.

Sngle particle reactor at BIOENERGY2020+

The reactor consists of an electrically heatedaadrceramic main tube (height 755 mm, inner
diameter 50 mm) connected with 4 horizontal sideesu(length 177 mm, inner diameter 28
mm) which is placed in a furnace. The sample (aldowgf) is placed on a grid which is
mounted on a horizontal sample holder which isatlyeconnected to a scale. The sample
holder is inserted into the pre-heated furnace features from ambient temperatures up to
1,100°C can be achieved). At the sample two theowmgles are placed to measure the
temperatures in the centre and at the surfaceegbditicle. The carrier gas (various mixtures
of air and N) flows through the reactor from below and is héaitstil it reaches the position
of the sample holder. During an experiment the nssas well as the centre and the surface
temperature of the fuel particle are measured rma-Moreover, after dilution with Nor Ar

the gases released from the sample are on-linetonediby gas analysers as well as regarding
K, Na, S, Cl, Zn and Pb by using an ICP-MS. By eatihg these measurements time-
resolved information about the thermal decompasitimocess as well as regarding the release
of main gas species and inorganic elements caaibed)
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Fixed-bed lab-reactor at the Institute for Process and Particle Engineering, Graz University
of Technology

This lab-scale reactor has been designed to imatetithe thermal decomposition and
combustion behaviour of biomass fuels in packedbkdonsists of a cylindrical electrically
heated retort made of silicon carbide. The fueD(®400 g depending on the fuel density) is
put in a cylindrical sample holder which is placed a balance and inserted into the pre-
heated reactor. Pre-heating is usually set to 450°@e lower part (which surrounds the
sample holder) and 750°C in the upper part (abéne sample holder). Combustion air
respectively inert gas (different mixtures of &hd N) is then injected through the fuel bed.
During fuel decomposition the sample mass losselsas the temperatures in and above the
fuel bed are recorded on-line. Moreover, downstréaenreactor the composition of the flue
gases produced is measured by various analyserdR,(FHaramagnetism, NDIR, heat
conductivity, FID, CLD) regarding its contents op, @O, CQ, NO, NQ, H20, HCN, NH;,
HCI, SO, as well as a number of hydrocarbons.

The sample is placed in the sample holder, insertedthe pre-heated reactor and then a
combustion air flow of typically 30 I/min (at 20°@ initiated which is kept constant during
the whole test run. By continuously measuring tleessrdecrease of the fuel, the temperatures
at different positions in the fuel bed and the @mrations of the main flue gas species as
well as of N-species, comprehensive informationualbloe thermal decomposition process as
well as the release of NQrecursors can be gained. Moreover, by analysiaduel as well

as the residual ash, information regarding theassleof ash forming elements can be
achieved. Test runs with this reactor also proviidg indications regarding the slagging
behaviour of a fuel (by visual observation).

Slag-analyser of the Danish Technological I nstitute

The slag analyser (see Figure 6) has been develpt#te Danish Technological Institute
(DTI) in order to assess the slagging behaviounmaiass pellets.

Figure6: Slag analyser of the Danish Technological Institute

Explanations: left: image of the slag analyser;digdand right: residues (slag and ash particley aést
runs; more information can be taken from [38].

It is a small-scale downdraft batch combustion.uitthe beginning of each test the fuel
storage tank is filled with about 3 kg biomass gtsl{depending on the ash content). The fuel
rests on a pre-weighted grate made of a 1.5 mmiasai steel plate. For ash rich fuels some
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pellets of a very low ash containing fuel are adaoredrder to dilute the sample to prevent
clogging of the grate. After closing the storagektéhe fuel is ignited by hot air ventilation
and the downdraft combustion takes place. Durirggtdst the temperature just below the
grate is continuously recorded. After the fuel haen burnt and the system has cooled down
all ash and slag residues are carefully collectedhfthe walls and the grate for further
assessment. The assessment includes the masenfratslag particles larger than 1.6 mm,
the mass of slag sticking to the grate after teerten and the average size of the three largest
slag lumps. For each parameter different threshareslefined for final categorization of the
fuel into one of five categories where categorefresents the lowest and category 5 the
highest potential for slagging.

4.8.3 Description of thetest run protocol

Heated grid reactor

At heated grid reactors the fuel sample is placetthé cold reactor. Then, the purge gas flow

is initiated and finally a defined heating prograen(adjusted to the objectives of the test run)

is started. The test run duration is typically e trange of some seconds due to the low
sample mass (some mg) and the high heating ragggerding on the setup, the mass loss as
well as the composition of the gases released fiteensample can be analysed. Usually,

chemical analyses of the initial sample materiad #ime residues are also performed to

calculate element balances over the test run.

Fixed bed and single particle reactors

Regarding the fixed bed and single particle reamboicepts the test protocol is rather flexible
and is always adjusted to the objectives of theiipdest. This concerns the heating ramps
and final reactor temperatures, the gas atmosplegpbed, the gas flows, the test run
duration as well as the measurement and analysegapnme applied. Typical test runs
procedures and protocols are described in [33.- 37]

At the fixed-bed reactor at the CHEC Research @efichnical University of Denmark, the

fuel can be inserted into the cold reactor, themg@gas flow (with a composition adjusted to
the atmosphere that shall be achieved) is initiated finally a heating program (different

heating ramps according to the objectives of teeren) as well as the accompanying on-line
analyses of the gases at reactor outlet are started

At the other reactors, within a fist step the reaw usually pre-heated to a target temperature.
Then gas flow is initiated whereas the compositibthe reaction medium (different mixtures
of O/N2 or Q/N2/CO) varies depending on the kind of experiment to doaducted
(pyrolyses or combustion tests), the sample i®dhiced into the pre-heated reactor and the
measurements are started. It is worth to mentiah dh the single particle reactors at Abo
Akademi and at BIOENERGY?2020+ it is additionallysgible to interrupt the process at a
defined time by removing the sample and stoppiegréactions with purge gasANBYy this
measure also different phases of the decompogitimress can be investigated.

The duration of the single experiments dependshensample mass as well as the heating
programme applied and typically is in a range up tour.
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At all reactors described the initial sample ad aeglthe residues, which are removed from the
reactor after the end of the test runs, are ust@iyarded to chemical analyses as a basis for
the calculation of element balances over the test r

Slag analyser

For the slag-analyser the testing protocol is rdfilked, as it can be seen from the description
of this device.

4.8.4 Restrictions

The lab-scale reactors described bear the advattiagenly a small sample mass is needed
and that the conversion conditions can be well rolett and appropriately adjusted.
However, the small samples applied also bear sesteations regarding the shape and size
of the biomass particles to be investigated. Ineatdéd grid reactor for instance only very
small particles can be investigated. Moreover,tiohisample mass also results in rather small
amounts of gases released from the samples whisbnte cases causes problems regarding
gas analyses.

4.85 Interpretation of results

The interpretation of the results gained from batictors is always strongly related to the
reactor set-up as well as the operating conditidnsingle particle reactor for instance can

provide no direct results about the behaviour faifedh bed and on the other hand fuel and ash
interactions in a fixed-bed reactor influence theults in a way that they are not directly

applicable for the evaluation of the conversionaa$ingle fuel particle. Moreover, heating

rates and atmospheres can significantly influehee¢sults gained. Therefore, the evaluation
of the results is always strongly related to thet tein setup and consequently is also only
directly applicable for processes with comparablestraints.

4.8.6 Assessment regarding the applicability for advanced biomass fuel
characterisation including a summary of strengths, weaknesses and
opportunities

10 of the 22 institutions (45%), who gave feedbacdthin the survey, indicated that they
apply purpose built batch reactors for advanceti dharacterisations. The assessment of the
applicability of the reactors scatters between gradcand grade 2 which underlines the high
value of this kind of reactors for fuel charactatisn.

The strengths of special purpose built batch resctee:
* Rather small sample mass needed.
» Rather small time demand per experiment.

» Very good suitability for kinetic studies under Wwebntrolled and realistic constraints
(for heated grids and single particle reactors).

* Possibility to gain comprehensive data and inforomat regarding biomass
decomposition and release of relevant compounds, (N€cursors, fine particulate
forming elements).
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Weaknesses

* The systems are purpose built and usually not cowially available. Therefore,
comparisons of results gained from different reactoust be handled with care due to
the different constraints (e.g. sample mass, gagosition, heating rates, etc.).

« In all cases well educated and experienced pers@needed to operate the reactors.

Due to the possibility to adjust the settings andversion conditions in batch reactors in a
very controlled way, the data gained can typicddly translated to real-scale processes.
Moreover, they can provide valuable basic inforovafor model development and validation.
This can concern models to describe the biomaswecsion process itself (e.g. fuel
decomposition as well as char oxidation models)atsd models to simulate NQparticulate
matter and deposit formation.

4.9 Special purpose built continuously working reactors

4.9.1 Main fields of application

Within the survey performed 12 of 22 institutioB&%) declared to use continuously working
reactors for fuel characterisation. With the exigptof one reactor they are in-house
developments. According to the feedback in thes&ds the following types of test runs and
parameter investigations are performed.

Table3: Test runs performed and parameters investigatedlifi@erent continuously
working reactors

% of positive replies

Type of experiments

devolatilization tests 75%
pyrolysis tests 58%
gasification tests 58%
combustion tests 83%

Parameters investigated

decomposition behaviour 58%
kinetics 50%
char formation 58%
composition of the gases produced 83%
release of NOx precursors 50%
release of inorganic elements 58%
deposit formation 58%
gaseous emissions 83%

particulate emissions 75%
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4.9.2 Description of the setup including measurements and analyses coupled with
thereactor

Most common are entrained flow reactors (so-calieg tubes). Usually at these systems the
fuel is injected on the top of a vertical reactomever, at BIOENERGY2020+ in Graz (AT) a
design is applied where a fixed-bed combustor ¢gfiaéd combustion chamber) is coupled
with a drop tube. Moreover, according to the feettlfeom the survey fluidised bed reactors
(for the investigation of bed agglomeration) arftked bed gasifier (for dedicated gasification
trials) are applied. Since drop tubes and entraifloedrespectively tube reactors represent the
most common continuously operated reactors fordhatacterisation and additionally offer a
broad range of different operation modes and inyasbns to be performed, they are firstly
discussed in the following in more detail.

Drop tube and entrained flow reactors

Within the survey performed 6 reactors of this tha@e been identified. In the following the
most relevant construction parts as well as opergdgarameters/conditions are listed.

Drop tube: The core of these reactors is a cyloadiriube which is usually
made of ceramics (403 or SiC). The diameters of these tubes are
typically between 50 and 150 mm and the lengthy batween
1,300 and 4,000 mm.

Heating strategy: All reactors are electricallytedaand usually there is also a direct
heating by combustion of the test run fuel or bsugporting gas
burner flame.

Biomass combustion: The fuel is in many cases tegeand burned in a pre-mixed gas
flame. One reactor is coupled to a grate-fired laissnfurnace
where the biomass is burned on a moving gratermétarely, this
reactor can also be operated with a gas flame.

Operation temperatures: Depending on the constructhaterial and the power of the
indirect heating system maximum operation tempeeatof 800 to
2,250 °C can be reached. The most common rangstwsebn 800

and 1,600°C.
Operation pressure: All reactors are operatedhabsptheric pressure.
Biomass size: With the exception of the drop tubenected to a grate-fired

biomass furnace, which can utilise chipped andepséd fuels all
other reactors can only be operated with pulveriget$ (due to the
underlying entrained flow concepts).

Biomass fuel flow: Typical sample flows for entrathflow systems are 1 to 2 kg/h.
The drop tube connected with a fixed-bed furnaceagply up to
20 kg/h

Atmosphere: With the exception of the drop tubeneated to a grate-fired

biomass furnace which can only be operated withtaérother drop
tubes can be operated with different gas mixtusesedl as air.
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On-line measurements:  All reactors are coupled Vitle gas analysers. .0and CO
measurements are common. However, in principl&iadls of flue
gas and product gas analysers can be applied dagead the
objectives of the specific test run.

Additionally, at BIOENERGY?2020+ in Graz an on-ligerrosion
probe is applied for corrosion studies with thiscter.

Other measurements: 4 of the 6 reactors applyrdifteparticle measurement techniques
(e.g. low pressure impactors) as well as deposibgs in order to
investigate slagging, deposit formation and coowsirelated
problems. These devices are usually inserted at tdiwe outlet and
also at varying heights of the drop tube (corredgoio different
residence times of the flue gases in the reacfogppropriate
sampling ports are foreseen.

In Figure 7 pictures of some typical reactor setngspresented.
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Figure7: Pictures respectively schemes of different contisiyoworking drop tube reactors
for biomass characterisation

top from left to right: IFRF IPFR d¢tkermal Plug Flow Reactor) (IT) [39, 40], Wroclaw
University of Technology — plug-flow reactor (PL41], 42]; middle from left to right: ECN
LCS (Lab-scale Combustion Simulator) (NL) [43, 45, 46]; CHEC Research Centre,
Technical University of Denmark (DK) entrained floeactor ] [50, 51, 52, 53, 54, 55, 56, 57];
bottom: BIOENERGY 2020+ fixed bed furnace couplethwa drop tube (AT) [47, 48, 49]

Explanations:
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Fluidised bed reactor

In order to investigate bed agglomeration relateslies a laboratory-scale fluidised bed
reactor has been designed and constructed at thartbeent of Chemical Engineering, Abo
Akademi. The reactor (see Figure 8) consists akahpater (400 mm), a combustion section
(500 mm) and the instrumental and exhaust secE@@ (hnm). The reactor was designed so
that it can be modified easily for different kindsexperiments. It was constructed using a
4 mm thick AISI 316 steel pipe with an outer diaenetf 90 mm and an inner diameter of
82 mm. The reactor is electrically heated with lzetéurnace to achieve a stable temperature
and combustion conditions.

Temperature profiles and pressure drop over theabedheasured. A decrease in the pressure
drop and an increase of the temperature differberteeen the upper and lower bed are used
as indicators of agglomeration and defluidizatibhe reactor is equipped with a screw feeder

that can feed fuel into the reactor at a constatet r

Laboratory fluidized bed reactor
Feadmg port

| »Material: 4 mm thick AISI316 steel
Instrumental and exhaust Ip'q_;e

section
= Outer diameter: 90 mm

+Five thermocouples: 2 m the bed, 1
above the oven, 1 at the exhaust pipe and

1 the preheater (adjustzble)
~Combustion section

+ Temperature profiles are logged on a

laptop

150 mesh net

I~ Tube fumace | * Apmeasuring pomts: In the preheater
| andat the top of the reactor
~Preheater

B | * Apmeasured with 2 micro manometer

| Primary zir fnlet

Figure8: Scheme of the lab-scale fluidised bed reactor at Akademi (FI) [58]

Fixed bed gasifier

At ENEA (IT) a fully equipped gasification plantRRAGA” — see Figure 9) based on a
200 kWih updraft gasifier is operated to test the gasiicabehaviour of different biomass
fuels. The nominal input of the gasifier is 30-4§/fKk The plant is operated slightly above
atmospheric conditions and it uses a mixture of aamd steam as gasification medium
introduced under a moving grate at the bottom efgsifier.

The produced gas moves upward from the bottomefytsifier while the biomass particles
move downwards progressively trough zones of dryaygolysis, reduction and combustion.
The gas cleaning section is composed by a biodssebber and two coalescer filters in
series. By organic scrubbing, most of the organid @morganic compounds (tars, HCI, etc.)
are removed from the gas, while in the coalesdrdithe oil drag particles are removed.
This unit also allows a temperature reduction @& #yngas coming out from the gasifier
(about 300-400 °C). After the cleaning the gas estided to a flare or to the hydrogen
enrichment section HENRI.

The facility is equipped with several sampling mshines for solid, liquid (tar) and gas
sampling. Moreover, it is extensively automated esmotely controlled with in-field flow-
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meters, pressure and temperature measurements tawmggsifier and the clean-up line for
on-line monitoring.

Figure9: Picture of the PRAGA plant [59]

4.9.3 Description of thetest run protocol

As it can be seen from the description of the psepouilt continuously working reactors a

variety of different systems exists. Due to therabgeristics of the reactors also a wide range
of different experiments can be performed. Consetlyiehe test run methodology as well as

the test run protocols change with respect to thjectives of the specific test runs. This

concerns the framework conditions regarding gasospimeres, reactor temperatures, flow
conditions, residence times as well as the measmesetup. Typical test run procedures and
protocols are described in [39-59].

49.4 Restrictions

Some of the reactor concepts discussed (mainlydtbp tubes) provide the possibility to
conduct test runs under a broad range of conditiegarding gas atmosphere (gasification as
well as combustion trials) as well as temperaturé @ investigate a number of different
parameters (see also Table 3). Other reactorseonttier hand are purpose built for specific
test runs such as the fluidised bed system at Akad@mi for the investigation of bed
agglomeration and the PRAGA plant of ENEA for datkd counter-current gasification
tests.

One relevant restriction regarding all entraineawflreactors is the fact that due to the
suspension firing only pulverised fuels can be iggpand therefore a direct application of the
data gained is only possible for suspension fieslesns and not for fluidised bed or grate
fired plants. If complete char burnout shall beiaebd the maximum particle size is also
limited due to the limited residence time availabléhe drop tubes.

The fixed bed reactor coupled with a drop tube IREENERGY2020+ in Graz (AT) is the
only drop tube which utilises pellets and wood ship a fixed-bed combustor. Therefore,
data gained from test runs at this reactor areesgmtative for grate combustion systems.
However, gasification or pyrolysis trials can na performed in this device since it is
especially designed for biomass combustion, cayroand deposit formation studies.
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495 Assessment regarding the applicability for advanced biomass fuel
characterisation including a summary of strengths, weaknesses and
opportunities

Continuously operated reactors generally show aehpgtential for advanced fuel
characterisation. The main advantages are:

» Conditions in industrial processes can be reliablyroduced and therefore, the data are
directly applicable to real-scale processes.

» Due to the continuous operation also long-term erpnts including full mass balances
as well as investigations regarding deposit foramatand corrosion as well as bed
agglomeration (for which typically extended test durations are needed) are possible.

e Various analysers can be coupled to the reactatsterefore, a considerable number of
different parameters can be measured and evaluated.

* Most of the drop tube reactor setups show a higkilfility regarding their application for
pyrolysis, gasification and combustion tests.

* In some of the drop tube reactors sampling at iifferesidence times of the fuel in the
drop tube is possible and consequently the timer#gnt conversion process of a certain
fuel can be studied in detalil.

One relevant weakness of these reactors compathdtva other methods mentioned in this
report of course is that the equipment neededngptex and more cost intensive. Moreover,
the operation costs of the reactors are also ceraite since not only electricity and in many
cases natural gas but also experienced persormeéaded to run the systems.

5 Comparison of the different methods

The survey conducted has revealed that 73% ofrist#utions who gave feedback apply a
certain strategy regarding biomass fuel charaetigois. However, most of these institutions
decide case by case and with respect to the fppication (conversion process) as well as to
the respective main topic of the investigation (aeposition behaviour, gasification/
combustion behaviour, inorganic element release) ehich evaluation scheme they follow.
Therefore, no clear trend regarding preferred ack@rbiomass characterisation tools could
be derived from the survey.

Key parameters for the applicability of advanceel tharacterisation tools are
* time demand

* need for experienced and especially trained pesdonn

» market availability of the hardware and softwaredes to apply the method
« information depth gained

» applicability of the results with respect to reehle process design respectively
interpretation of results from an R&D and an indasperspective
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Based on the feedback gained from the survey a aosgm of the different fuel
characterisation methods discussed according t&eigoparameters mentioned is performed
within Table 4 to Table 9.

Table4: Application of the different methods by the papating institutions

Explanations: % of the participating institutionsavapply the respective method

method [%0]
TGA analyses 38
Fuel indexes 50
Chemical fractionation 28
SEM/EDX analyses 36
TEC 36
TGA/DSC analyses 32
Batch reactors 45
Continuously working reactors 55

Table5: Comparison of the different fuel characterisatioetmods discussed — time

demand

method time demand comments

TGA analyses low rather low efforts for sample preparation; standardised, well
automated procedures can be applied

Fuel indexes low can bg calculated quickly based on chemical fuel analyses
(if available)

Chemical fractionation high compreh_enswe not automated leaching procedure followed
by chemical analyses

SEM/EDX analyses low rather low efforts for samp_le preparation; automated
analyses procedures applicable
the calculations run comparably quick and can be

. automated; a certain time effort is needed to check the
TEC medium

databases as well as the models to be applied prior to
calculations

rather low efforts for sample preparation;
TGA/DSC analyses medium well automated procedures applicable;
the critical evaluation of the results may be time consuming

preparation of the reactor setup and connection of all
measurement devises and analysers may take time
(depending on the complexity of the specific test setup);

the experiments themselves are usually performed rather
quickly (some minutes to about 1 hour per test run);

analyses of the samples and the residues is also necessary

Batch reactors medium

preparation of the reactor setup and connection of all
measurement devises and analysers as well as start-up
usually is time demanding;

due to the continuous operation and the sometimes “long-
high term” character of the experiments usually performed the
testing campaigns may last for some hours up to some days;

Continuously working
reactors

Usually comprehensive time consuming chemical analyses
of feedstocks, residues as well as samples taken during the
test run are needed
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Table6: Comparison of the different fuel characterisatioatmeds discussed — need for
experienced and especially trained personnel

need for
experienced and
method especially comments
trained
personnel
The operation of the equipment usually follows a clear
procedure and can therefore be performed by laboratory
. personnel after a short training phase.
TGA analyses low / medium

The evaluation of the results (as long as standard
evaluations are done) can be performed by personnel with a
comparably low degree of experience in scientific work.

The calculation of the values can easily be done and also a
Fuel indexes low / high first pre-evaluation can be done by medium experienced
technicians based on guiding values available.

The performance of the analyses follows a clear
methodology and can be performed by laboratory personnel.

For the evaluation of results experienced scientific personnel
is needed.

Chemical fractionation low / high

The performance of the analyses follows a clear
methodology and can be performed by technical/lab staff.

For the evaluation of results experienced scientific personnel
is needed.

SEM/EDX analyses low / high

For the setup of the calculation model, the correct selection
of elements and compounds to be considered, the selection
of reliable databases and for the evaluation of the results
highly experienced personnel is needed.

TEC high

The operation of the equipment usually follows a clear
procedure and can therefore be performed by laboratory
personnel after a short training phase.

The evaluation of the results (as long as standard
evaluations are done) can be performed by personnel with a
comparably low degree of experience in scientific work.

TGA/DSC analyses low / medium

The realisation of a certain setup for the test runs can
usually only be performed by experienced technical

Batch reactors medium personal.

For the performance as well as the evaluation usually
medium experienced scientific staff it needed.

The realisation of a certain setup for the test runs can

Continuously working . . usually be performed by experienced technical personal.
medium / high )
reactors For the performance as well as the evaluation usually

experienced scientific staff is needed.
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Table7: Comparison of the different fuel characterisatioptimds discussed — market
availability of the hardware and software needealpply the method

market
availability of the
hardware and
method comments
software needed
to apply the

method

A considerable number of different manufacturers and
products exists (6 different suppliers within the 15 feedbacks

TGA analyses very good received).

Models for the evaluation of kinetic parameters are
published in literature.

Fuel indexes good Calculation methods are available from literature

In principle chemical fractionation can be performed with the
Chemical fractionation very good standard equipment available in analytical labs. Detailed
methodological descriptions are available from literature.

Standard devices from different manufacturer are market

SEM/EDX analyses limited . .
available but expensive.

Software codes (most commonly applied is FACTSAGE) are
market available.

TEC good / medium | The quality of the thermodynamic databases is sometimes
insufficient and has to be checked. In some cases in-house
data are applied which are not market available.

See TGA; methods regarding the evaluation and

TGA/DSC analyses very good interpretation of the test runs can be taken from literature.

Most of the lab-scale batch reactors applied are in-house
developments. The single main parts (oven, balances, etc.)
Batch reactors low are in most cases standard equipment. However, especially
the core of the reactor (retort) and the general setup are
usually purpose built.

These reactors have in most cases been developed within
low scientific projects and are therefore typically purpose built in-
house developments.

Continuously working
reactors
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Table8:

Comparison of the different fuel characterisaticgtmods discussed — information
depth gained

method

information
depth gained

comments

TGA analyses

high

Can provide a full set of information regarding moisture,
volatile and char content, contents of the
pseudocomponents (hemicellulose, cellulose and lignin) as
well as regarding decomposition kinetics in the respective
gas atmosphere and heating regime.

Fuel indexes

low

Provide qualitative data for a quick pre-evaluation of
combustion relevant parameters.

Chemical fractionation

medium

Can provide detailed information how inorganic elements are
bound in a fuel but does not consider the influence of high-
temperature interactions during thermal conversion.

SEM/EDX analyses

high

Information single ash particle basis can be gained.

TEC

medium

Information regarding the possible distribution of elements in
different solid, molten and gaseous phases and compounds
can be gained. The assumption of equilibrium and
sometimes the limitation of databases available restrict the
applicability of results.

TGA/DSC analyses

medium

Some restrictions regarding the correct interpretation of
results, especially when complex ashes are investigated
exist.

Batch reactors

high

Due to the high flexibility of most reactor setups regarding
options for coupling with different analysers and
measurement equipment as well as due to the possible
adjustment of the operation conditions close to real-scale,
very detailed information can be gained. It has however to
be considered that in some cases limitations due to the low
sample mass applied exist.

Continuously working
reactors

very high

Due to the continuous operation and the usually good
adjustment of the process to real-scale conditions.
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Table9: Comparison of the different fuel characterisatioetimds discussed — direct
applicability to real-scale processes

Explanations: assessment based in 5 grades lefadindl (best assessment) to 5 (wasisessment)

direct
method applicability to comments
real-scale
processes
2 regarding information on volatile and char contents
TGA analyses 2.3 3 regarding the evaluation of reaction kinetics due to fuel
pre-treatment (grinding) and heating rates applied which
often deviate from real-scale applications
Fuel indexes 3 Qualitative data for a quick pre-evaluation
Chemical fractionation 3.4 Better applicable for scientific studies and in combination

with other methods

1 if ashes from real-scale plants are investigated and 2 for
SEM/EDX analyses 1-2 investigations of ashed fuel samples due to differences
between a real-scale combustion and lab-ashing of fuels

Depending on the problem investigated and the quality of the
TEC 3 thermodynamic databases available as well as the validity of
the equilibrium assumption

Better applicable for scientific studies and in combination

TGA/DSC analyses 3-4 with other methods

Batch reactors 1-2 Depending on the setup and the objective of the experiment

Continuously working

1 Process constraints cam be adjusted to real-scale processes
reactors

6 Combination of different methods in order to gain
comprehensive information regarding a new biomass
fuel

As it can be seen from Table 4 to Table 9, a camalile number of different methods with

significantly differing applicability are availabl®r biomass fuel characterisation. All these
methods show their advantages and disadvantagebenedore, in many cases a combination
of different methods is recommended. In the follogvsome examples for such combinations
are briefly discussed.

The evaluation of fuel indexes is a quick and natbleeap method for advanced fuel
characterisation. Fuel indexes can provide a fpet-evaluation of relevant thermal
conversion related properties of a biomass fuelaaadherefore predestined as a first step in a
comprehensive fuel evaluation procedure. Basedhanmethod it is possible to identify
potential problems with ash melting, corrosion adlas increased gaseous and particulate
emissions. Therefore, fuel indexes are proposeoketapplied always as a first step within
advanced fuel characterisation in order to providg indications which problems shall be
further investigated with more detailed methodsclhmay provide a higher information
depth or a better direct applicability regardingwersion plant design and performance.

As a second step, test runs at lab-scale reag®re@ommended in order to gain quantitative
data regarding the parameters of interest undeledo real-scale conditions. Batch reactor
test runs can thereby be applied in order to inyats the fuel decomposition behaviour, the
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release of aerosol forming elements, S, Cl and. N@cursors as well as the ash melting
behaviour. Continuously working reactors can adddlly provide information about deposit
formation and corrosion related issues, the thegoalersion behaviour of a specific fuel as
well as bed agglomeration in fluidised beds. Tlaetar type as well as the experimental setup
(gas atmospheres and temperatures applied, measusmampling and analyses performed)
have thereby to be selected according to the paeasnehich shall be investigated and the
characteristics of a later real-scale conversiantpl

Chemical fractionation, STA, thermodynamic equilibn calculations (TEC) as well as
SEM/EDX analyses can additionally be applied agsttmg tools in order to gain deeper
insights in and a better understanding of ash fmamstion and ash melting processes as well
as the release of inorganic species from the fwehé gas phase regarding a specific fuel.
Moreover, TGA tests can provide additional inforimaton the hemicellulose, cellulose and
lignin contents of a fuel as well as its decomposikinetics. These data are especially of
relevance for the modelling of biomass conversi@mtgsses.

The procedure presented provides comprehensivematmn regarding properties related to

the thermal conversion of a specific new biomass$ &s well as regarding conversion related
problems to be expected. If a new fuel has posjtibeen evaluated by these methods with
regard to an application in real-scale, it is recmnded to finally perform a pilot-scale test

run with this fuel. Thereby, the plant settings edready be optimised based on the results
gained from the advanced fuel characterisation.

7 Summary and conclusions

A comprehensive questionnaire regarding advancethdss fuel characterisation methods
has been worked out and distributed to differeglanisations active in this field. In total
feedback from 22 organisations has been receivaded on this feedback as well as on
information and experiences gained from other Eemopprojects (EU FP7 and ERA-NET
Bioenergy), a summary and evaluation of differeiaaced fuel characterisation methods has
been made. The advanced methods concerned are T@pses, fuel indexes, chemical
fractionation, SEM/EDX analyses, TGA/DSC analysebermodynamic equilibrium
calculations as well as test runs at batch andragoisly working reactors.

The evaluation of the questionnaires has revediatl abviously no commonly accepted
strategy for advanced biomass fuel characterisatixiats. Most labs apply a number of
different methods and decide from case to casendépg on the fuel and the targeted
application which tools they are going to apply.

Summing up, the evaluation of the methods invesdahows significant differences in
terms of time demand, need for experienced andceslyetrained personnel, market
availability of the hardware and software neededapply the method, information depth
gained as well as applicability of the results wehlpect to real-scale process design.

It has been shown that generally, as expected, imitleasing complexity of the method the
information depth gained as well as the applicgbitif the data to real-scale processes
increases. With this increase of information deyifortunately also the costs and the time
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demand for the tests as well as the need for expeed staff to perform the fuel
characterisation as well as the evaluation workeiases.

TGA has become a standard tool in the investigatidheothermal decomposition of biomass
fuels. The method is widely applicable. A strengtlihe method is that it is rather quick and
shows a very good reproducibility provided that tleperimental constraints (sample

preparation, atmosphere, mass applied, tempenaome, etc.) are kept constant. However, no
common standard regarding parameters such as s@mgpteeatment, sample mass, heating
ramp, etc. exist and therefore the results may Wfargsults from test runs under different

conditions are compared. Moreover, kinetic pararseterived from TGA-experiments are

related to the heating rate at which the experinmeast been performed. Usually pulverised
fuel is utilised to ensure that a pure kinetic megiprevails. Therefore, a direct application of
these kinetic parameters to processes at whiclr othrestraints regarding heating rate and
particle size prevail should be done with cautimte there may be transport limitations and
the kinetics may also not be valid at very différfe@ating rates.

The evaluation of fuel indexes for the qualitative evaluation of combustion rethiaspects
bears the advantage that it can be quickly andyedene based on results of chemical
analyses. This simplicity can be mentioned as thpmnstrength of this method which makes
it suitable for a quick pre-evaluation of a fuelutBit has to be considered that the
interpretation of fuel indexes is based on reduttis specific combustion tests. Therefore, it
has to be taken care that the reference dataamedombustion technologies comparable with
the one under consideration. Moreover, fuel indéres been evaluated for a certain range of
biomass compositions. If a new biomass fuel sigaifily deviates from these ranges, an
extrapolation may not be permitted, especially rdigg the evaluation of ash related
problems. Generally, some fuel indexes such asN#m®ntent as an indicator for NO
emissions, the molar 2S/Cl ratio regarding cornosisks as well as the sum of K, Na, Zn and
Pb regarding the aerosol formation potential candsessed as reliable since they have shown
an acceptable statistical performance for a breade of biomass fuels investigated so far.
Other indexes such as the indexes related to akimgnike the molar Si/(Ca+Mg) ratio and
the molar (Si+K+P)/(Ca+Mg) ratio, the molar indék{(a) / [x*(2S+Cl)] as an indicator for
HCI and SQ emission potentials as well as the molar index#s &d CI/Si as indicators for
the K release may provide valuable first indicagidor fixed-bed systems but have to be
handled with care because their applicability tor@ad range of biomass fuels needs further
investigations.

Chemical fractionation turned out to be an interesting tool to investgdie way how ash
forming elements are bound in a biomass fuel. iit mevide a more detailed image of fuel
associations than e.g. a bulk ash chemical anabysis gives a preliminary idea on the
reactivity of inorganic elements. However, resioict regarding the direct practical
interpretation of the results as well as the fhat this method is rather time consuming and
expensive makes it more interesting for sciensfiedies than for industrial applications.

The same is true fOBEM/EDX analyses of ashed fuels which provide, compared to bulk
analyses the advantage that single ash particlebeanvestigated. Their application can be
recommended for the investigation of specific pmeeoa as well as ash transformation
processes (analyses of samples ashed at differemtpetatures). Regarding the

characterisation of ashes, slags and deposits lhgsvior corrosion studies, the outstanding
value of SEM/EDX analyses is indisputable sincey thvide the possibility to investigate

single patrticles as well as different phases iatlher quick and accurate way. However, in the
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course of advanced fuel characterisation theseskofdanalyses can only be applied as a
supporting tool for e.g. lab-scale reactor testsraot as a stand-alone procedure.

Also thermodynamic equilibrium calculations (TEC) have been evaluated as a valuable
supporting tool in advanced fuel characterisatiavantages of TEC are that they are rather
cheap and quick, the software codes are in prieajalsy to use, they can provide detailed
insights into ash chemistry and ash transformapiozcesses and that they allow for the
simulation of the behaviour of different ash frao8. However, TEC has to be used with care
since the correct selection of the models as vgetha thermodynamic databases applied may
have a considerable influence on the results. Tlesantages make TEC, if carefully
applied, a suitable method to derive trends anditgtiee and sometimes semi-quantitative
assessments. On the other hand there are cersatiiictrens and limitations given which do
normally not allow for a quantitative predictionseal on TEC. These restrictions and
limitations are mainly related to the quality oétthermodynamic databases applied as well as
to kinetic limitations which are not consideredTC.

Also regarding the investigation of ash transforaratand ash meltingDSC respectively
STA measurements turned out to provide interestinditgtiae results. The advantages of
DSC analyses are that they can be performed widll smmples of ashes or ashed fuels, that
they are rather quick, show a good repeatability @mn provide scientifically relevant data
regarding chemical reactions, phase changes asasedsh melting behaviour. Relevant
weaknesses and restriction to be mentioned ar¢edel® the sample pre-treatment (e.g.
ashing of fuels and sample homogenisation) whicly hmave an influence on the results.
Therefore, DSC analyses are mainly performed ircthese of scientific work as a supporting
tool for e.g. thermodynamic equilibirum calculasoregarding the behaviour of ash forming
elements.

While the methods mentioned above can provide w@igke assessments of thermal
conversion related problems of biomass fuels opeemsights into specific aspects (e.g. ash
chemistry), test runs at batchwise or continuouglgrated lab-scale reactors can result in
quantitative data regarding thermal conversionjupaht formation, aerosol and deposit
formation, corrosion as well as ash related probleim this respect the strengthsspécial
purpose built batch reactors are that a rather small sample mass is needethanthe time
demand for the experimental work is comparably |®ue to the possibility to adjust the
settings and conversion conditions in batch readtoa very controlled way, the data gained
can typically be translated to real-scale proceddeseover, they can provide valuable basic
information for model development and validatiomisTcan concern models to describe the
biomass conversion process itself (e.g. fuel decmitipn as well as char oxidation models)
but also models to simulate NOparticulate matter and deposit formation. Howevke
reactors usually applied are purpose built ancefbez not commercially available. Moreover,
well educated and experienced personnel is needguktrate the reactors.

Continuously operated reactors also show a huge potential for advanced fuel
characterisation. In these reactors conditionsddistrial processes can be reliably reproduced
and therefore, the data are directly applicablestd-scale processes. Due to the continuous
operation also long-term experiments including fulhss balances as well as investigations
regarding deposit formation and corrosion as welbad agglomeration (for which typically

extended test run durations are needed) are pes$iatious analysers can be coupled to the
reactors and therefore, a considerable numberffdreint parameters can be measured and
evaluated. Compared with the other methods mertjoc@ntinuously operated reactors are
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complex and test runs are more cost intensive. M@ the operation costs of the reactors
are also considerable since not only electricitgd @am many cases natural gas but also
experienced personnel are needed to run the systems

Summing up, many different methods with signifitamiffering applicability are available
for advanced biomass fuel characterisation. Als¢hmethods show their specific advantages
and disadvantages and therefore, in many casesmbiration of different methods is
envisaged. It can generally be recommended to d@pplgvaluation of fuel indexes as a first
step in fuel characterisation in order to gain alitgtive pre-evaluation of conversion related
problems to be expected. In a second step, testimuratchwise or continuously operated lab-
scale reactors are recommended in order to gaintitatave data. The selection of the reactor,
the test run setup as well as the measurementraatgsas program has to be adjusted to the
specific problems expected from the utilisatiortted fuel (derived from the interpretation of
fuel indexes) as well as the constraints of thegss where it shall in future be applied. TGA,
chemical fractionation, SEM/EDX analyses, STA-teats well as TEC can be used as
supporting tools to gain deeper insights into dpeaspects as well as to gain basic data (e.g.
kinetic data) for process modelling. If a new fings been positively evaluated by these
methods with regard to an application in real-se¢is recommended to finally perform a
pilot-scale test run with this fuel. Thereby, tHanp settings can already be optimised based
on the results gained from the advanced fuel chexniaation.
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ANNEX A: Questionnaire regarding the provision of data
and information sent out to the participating laboraties
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Introduction and overall goal

Biomass fuel characterisation is a relevant issue for all thermo-chemical conversion
technologies. At present biomass fuel characterisation is mainly done by wet chemical or
TGA analysis. Within the last years several national and international projects were initiated,
which focus on advanced biomass fuel characterisation techniques in order to define the
behaviour of a fuel during the pyrolysis, gasification and combustion stage as good as
possible and thus support the proper design of a conversion plant. These efforts are of
additional relevance since “new” biomass fuels come up which are not yet well characterised
(e.g. short rotation coppice, energy grasses, biomass residues from industry as well as
residues from pyrolysis and liquid biofuel production like char and hydrolytic lignin). These
fuels usually contain elevated amounts of ash forming elements (especially of K), S, Cl as
well as N. Consequently during their thermal conversion often problems with ash melting,
deposit formation, corrosion as well as gaseous S-, Cl- and N-compounds occur. Sometimes
they additionally show decomposition characteristics which significantly differ from
conventional biomass fuels. As a consequence, advanced fuel characterisation methods are
needed to make quick evaluations regarding these risks possible for a certain biomass fuel.
By that way, the need for the performance of cost intensive real-scale trials can be
minimised.

In recent years new advanced biomass fuel characterisation techniques based on the
definition of fuel indeces, thermodynamic equilibrium calculations regarding the behaviour of
ash forming elements as well as lab-scale reactors have been developed respectively are
under development. The latter focus on the characterisation of the release behaviour of NOy
precursors and ash forming elements (e.g. K, Na, Zn, Pb, S. Cl) during the different
conversion stages. Moreover, they are also used for the determination of conversion
kinetics. Different lab-reactor designs are applied whereas the types of reactors (fixed bed,
fluidised bed, single particle reactors, etc), the operation conditions
(pyrolyses/gasification/combustion mode) as well as the sample intake and the kind of
operation (batchwise or continuous operation) are manifold. Consequently, also the data that
can be gained from tests at these different reactors vary significantly depending on the
heating rates, atmospheres and reactor type applied.

However, all these advanced methods presently used or under development have their
advantages as well as a certain application range. Therefore, an overview report about
advanced biomass fuel characterisation techniques including a discussion of the strengths
and weaknesses of the different methods, their specific fields of application as well as of
already available results for selected biomass fuels gained with these methods shall be
compiled.

Objectives of this questionnaire

This questionnaire shall provide the basis for the evaluation of the current status concerning
the development and application of advanced biomass fuel characterisation methods. To put
the advanced fuel characterisation methods into an overall perspective also questions
regarding conventional characterisation methods are contained in the first section of the
guestionnaire.
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Definitions

Conventional biomass fuels:

New biomass fuels:

Advanced fuel characterisation tools:

Fuel properties of interest

typical wood fuels (wood chips, bark, sawdust, wood
pellets, etc.) which are commonly applied in thermal
biomass conversion plants as well as straw

all other biomass feedstocks such as for instance
short rotation coppice, energy grasses, biomass
residues from industry as well as residues from
pyrolysis and liquid biofuel production like char and
hydrolytic lignin

techniques applied for biomass fuel characterisation
which provide indications respectively detailed
information regarding specific conversion related
properties of a specific biomass fuel

List can be extended:

o thermal decomposition at specified high heating
rates

« volatiles and char content
o pyrolysis and gasification behaviour (kinetics)
e release of NOy pre-cursors

 release of easily volatile and semi-volatile
inorganic elements

o potential for aerosol formation

o potential for ash deposit formation

o potential for high-temperature corrosion
o potential for HCI and SOx emissions

e ash melting behaviour



IEA Bioenergy, Task ,,Biomass Combustion and Co-firing™ - Task project “Report on new fuel characterisation
methods summarizing the result of recent EU, ERANET and national projects”,
BIOS BIOENERGIESY STEME GmbH, Graz 3

1. General questions
Does your institution have a standard strategy for biomass fuel characterisation? [lyes [no

If yes briefly describe the strategy:

Is it generally applicable for biomass fuels or only for selected one?

2. Conventional biomass fuel characterisation
2.1. Proximate and ultimate analyses

Do you perform chemical fuel analyses by yourself? [lyes [no
Do you contract chemical fuel analyses ? Clyes [dno

Which methods are usually applied for the following parameters
(please enter either a standard or, if an in-house method is applied, a short description of the method)

volatiles content

char content

moisture content

ash content

C

H

N

S

Cl

major ash forming elements
minor ash forming elements

ash melting behaviour
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2.2. Thermo-gravimetric analyses (TGA)
Do you apply TGA for biomass fuel characterisation? [lyes [no
If yes please continue

Equipment
TGA equipment (supplier, model)

Test procedure
atmosphere (N2, He, others)
heating rate (K/min)
temperature range from °C to °C
heating ramp

sample intake (mQ)

Evaluation of results
Parameters evaluated

Models applied for the evaluation of the kinetics
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3. Advanced fuel characterisation

3.1. Fuel indexes

Do you apply fuel indexes to evaluate conversion related fuel properties? [Jyes [no

If yes please briefly describe the index as well as its application
(example: index: molar ratio of 2S/Cl; description: indicates potential for high-temperature chlorine
corrosion; <2: high corrosion risk; >8: low corrosion risk)

index:

application:

index:

application:

index:

application:

Method assessment

© ®
How do you asses the applicability of fuel indexes for advanced O O O O d
biomass fuel characterisation?
Strengths:
Weaknesses:
Restrictions:

Other comments:

Please add related publications if available to ANNEX |
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methods summarizing the result of recent EU, ERANET and national projects”,

B1OS BIOENERGIESY STEME GmbH, Graz

3.2.  Advanced wet chemical analyses methods

Do you apply advanced analyses methods such as for instance chemical fractionation? []yes []no

If yes please briefly describe the method
Method:

Description:

Method assessment

How do you asses the applicability of advanced wet chemical
analyses methods for advanced biomass fuel characterisation?

O 0O o o

Strengths:
Weaknesses:
Restrictions:

Other comments:

Please add related publications if available to ANNEX |
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3.3.  Advanced methods based on SEM/EDX

Do you apply advanced analyses methods based on SEM/EDX ? [lyes [no

If yes please briefly describe the method
Method:

Description:

Method assessment
© ®

How do you assess the applicability of advanced methods based on O O O O d
SEM/EDX for advanced biomass fuel characterisation?

Strengths:
Weaknesses:
Restrictions:

Other comments:

Please add related publications if available to ANNEX |
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3.4. Thermodynamic high temperature equilibrium calculations (TEC)

Do you apply (TEC) for the prediction of ash related properties? [Jyes [no
If yes

for the investigation of the ash melting behaviour [Jyes [Ino

for the investigation of inorganic element release [lyes [no

for other purposes (list which)
software applied:

databases applied

Method assessment

How do you asses the applicability of TEC regarding

investigation of the ash melting behaviour

investigation of inorganic element release

OdQ e
OO O
OO O
OO O
OdQ e

other applications

Strengths:
Weaknesses:
Restrictions:

Other comments:

Please add related publications if available to ANNEX |
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3.5. Differential scanning calorimetry (DSC)
Do you apply DSC for the investigation of ash related properties (e.g.: ash melting behaviour)?
lyes [dno
If yes please continue
Equipment
DSC equipment (supplier, model)
Test procedure
atmosphere (inert, oxidising, etc.)
heating rate (K/min)
temperature range from °C to °C
heating ramp
sample intake (mg)
Evaluation of results

parameters investigated

Method assessment

How do you assess the applicability of DSC for advanced biomass O O O O d
fuel characterisation?

Strengths:
Weaknesses:
Restrictions:

Other comments:

Please add related publications if available to ANNEX |



IEA Bioenergy, Task ,,Biomass Combustion and Co-firing™ - Task project “Report on new fuel characterisation

methods summarizing the result of recent EU, ERANET and national projects”,

BIOS BIOENERGIESY STEME GmbH, Graz 10
3.6. Special purpose built lab-scale batch reactors

3.6.1. Reactor name:

Examples: single particle reactors, heated grid reactors, macro-TGA

Do you apply such a special reactor for fuel characterisation? [lyes [no
If yes, is it an in-house development Llyes [no

If no, the supplier is

Description of the device

reactor type (single particle, heated grid etc.)
brief description of the set-up

shape (cylindrical, cubic, etc.)

diameter (hydraulic)

lengths

material (inner lining of the reaction zone)
sample intake (g)

heating strategy (e.qg.: directly, indirectly, heating medium)

heating rate
operation temperature range (°C)
reaction medium (e.g.: Nz, air, etc.)

Analysers and measurement equipment coupled to the reactor

balance

gas analysers

if yes, indicate the compounds determined:
fuel analyses

ash analyses

Please briefly describe the testing protocol:

Parameters investigated:
decomposition behaviour
kinetics
char formation
mass loss during conversion
fuel temperature
flue gas composition
NOx precursor release
inorganic element release
other parameters
special features

[ yes
[ yes

[]yes parameters
[]yes parameters

[yes
[yes
[yes
[Jyes
[Jyes
[Jyes
[Jyes
[Jyes

Ino
Ino

[1no
[1no
[1no
[1no
[1no
[1no
[1no
[1no
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Method assessment

© ®
How do you assess the applicability of the reactor described for O O O O d
advanced biomass fuel characterisation?
Strengths:
Weaknesses:
Restrictions:

Other comments:

Please add related publications if available to ANNEX |

For the description of additional reactors please contact Dr. Thomas Brunner (brunner@bios-
bioenergy.at) and tell him the number of reactors you would like to add. He will then send you
an appropriate questionnaire.
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3.7. Special purpose built continuously working reactors
3.7.1. Reactor name:
Examples: drop tubes, entrained flow reactors, fluidised bed reactors
Do you apply such a special reactor for fuel characterisation? [lyes [no
If yes, is it an in-house development Llyes [no
If no, the supplier is
Description of the device

reactor type (e.g. entrained flow, fixed bed fluidised bed)

brief description of the set-up

shape (cylindrical, cubic, etc.)

diameter (hydraulic)

lengths

material (inner lining of the reaction zone)

heating strategy (e.qg.: directly, indirectly heated, specify heating medium)

input material particle size [ pulverfised [] pellets [] chipped

thermal capacity (fuel power related to NCV) from kW to kw

sample flow (kg/h)

process temperature from °Cto °C

wall temperfature from °Cto °C

operation pressure [latmospheric [] pressurised up to bar

reaction medium (e.g.: N2, air, etc.)

Analysers and measurement equipment coupled to the reactor
balance [lyes [no
gas analysers [lyes [no
if yes, indicate the compounds determined:
other measurements (e.g. deposit probes)
fuel analyses []yes parameters
ash analyses []yes parameters

Possible investigations with the reactor

devolatilization tests [Jyes [Ino
pyrolyses tests [lyes [no
gasification tests [Jyes [Ino
combustion tests [Jyes [Ino

Information gained from test runs

decomposition behaviour [Jyes [Ino
kinetics [Jyes [Ino
char formation [Jyes [Ino
flue gas composition [Jyes [Ino
NOx precursor release [Jyes [Ino

inorganic element release [Jyes [Ino
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deposit formation [Jyes [Ino
gaseous emissions [Jyes [Ino
particulate emissions [Jyes [Ino

other parameters
special features

Method assessment

© ®
How due you assess the applicability of the reactor described for O O 0O o o
advanced biomass fuel characterisation?
Strengths:
Weaknesses:
Restrictions:

Other comments:
Please add related publications if available to ANNEX |

For the description of additional reactors please contact Dr. Thomas Brunner (brunner@bios-
bioenergy.at) and tell him the number of reactors you would like to add. He will then send you
an appropriate questionnaire.
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3.8. Other methods / equipment

3.8.1. Method / equipment name:

Please describe any other methods or equipment you apply following the structure below

Name of method/equipment

Description of the method/device

Please briefly describe the testing protocol:

Parameters investigated:

Method assessment

How do you assess the applicability of the method/equipment
described for advanced biomass fuel characterisation?

O 0O o o

Strengths:
Weaknesses:
Restrictions:

Other comments:

Please add related publications if available to ANNEX |

For the description of additional methods/equipment please contact Dr. Thomas Brunner
(brunner@bios-bioenergy.at) and tell him the number of reactors you would like to add. He will

then send you an appropriate questionnaire.
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ANNEX 1 —related publications
Please add references if available

Please attach pdf-files with the respective publication(s) (if available)

Please consider the deadline for the submission of the filled in
questionnaire: end of February 2014



