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This master 6s t he s iQyLtdtasiudyahe eptingzaterdopdonunitieh e |
of the power plant by utilizing the reame storage model developed by the company. The

aim of the study was to verify the performance of the storage nabdérvenpd@@s power
plantby studying differentdctors of the storage model. Another purpose was to make a tool
for implementing the elemental analysis of the $tielthe model.

The thesis consists of a literature review and an experimental section. Concepts such as
characteristics of the solid biafls and recycled fuels, multifuel operation in the power
plants and the issues related to the biomass combustion caused by the fuels were presented
in the theoryln the experimental sectiothe fuelstreamhat wasunloaded from the storage

silos was samnpd and compared to the storage madelording to the compositiand the
moistureof the fuel mixture The results indicates thtte storage modeloresponds well

to the fuel stream unloaded from the storage model according to the studied factors. The
elemental analysis of the fuel was implemented to the storage model by calculating fuel
indexesand the use of them was demonstrated.

The research conalled that the storage model can assist the plaptoviding reattime
information for plant operators and automation system about the quality of th@Heel.
model can be used to prevent problems due to fluctuations in the fuel quality and to facilitate
the control of the combustion proce$be storage model has potential to shand long

term fuel supply and cost optimization as well as plant daily operation, maintenance, and
consumable utilization optimization.
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Taman Inray Oy:n flaaman diplomityon tavoitteenaoli tutkia voimalaitoksen
optimointimahdollisuuksia  hyddyntamalla  yrityksen  kehittdmaa  reaaliaikaista
varastomallia Tutkimuksen tarkoituksena otbdentaavarastomallinpaikkansapitawys
tutkimalla eri tekijoitd Toinen tavoite olikehittadtyOkalu, jonka avulla polttoaineiden
alkuaineanalyysit voidaarskta varastomhiin .

Diplomity6 koostuu teoriasta ja kokeellisesta osasta. Teoriaosuuelsissléiin kiinteiden
biopolttoaineiden ja kierratyspolttoaineiden omguaiksia,monipolttoainevoimalaitosten
toimintaa jabiopolttoaineiden poltosta aiheutuvia ongelmia ja niiden skitkeellisessa

osassa arastosiiloista purettavasta polttoainevirrasta otettiin vertailunaytteitd, joita
analysoitiin ja verrattiin varastoniah reaaliaikaisuuden, polttoaineseoksen koostumuksen

ja kosteuden suhteen. Taméan tutkimuksen valossa voidaan todeta, etta varastomalli vastaa
hyvin varastosiiloista puretun polttoainevirran suhteen. Polttoainkemiallisten
ominaisuuksien lisaéaminen \etomalliin toteutettiin laskemallaiille polttoaineindeksit,

joiden toimivuts demonstroitiin.

Varastomalli voi auttaa voimalaitosta tarjoamalla reaaliaikaista ti¢ditaksen
tyontekijoille ja automaatiojarjestmaélle mlttoaineen laadustaMallin avulla voidaan
ennaltaehkéista polttoaineiden laatuvaihteluista johtuvia ongelmia ja helpottaa
polttoprosessin sdatddarastomalli parhaimmillaamahdollistaa lyhyen ja pitkan aikavalin
polttoaineen hankinnan ja kustannusteirooinnin seka laitoksen paivittaisen kayton,
yllapidon japolttoaineen kaytén optimoinnin.
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1 INTRODUCTION

1.1 Background

The threat ofenergy crisiscaused by climate chandms highlighted the importance of
developing renewable energy options with igneenhouse gas (GH@nissionand carbon
dioxide (CQ) neutrality Political dedarationsand actionsin response tahesedemands
provideconsiderabl@rivers for the ongoing developmentrehewable energy sourc8he
European Union"2030 Climate and Energy Framewdeiget scenario strivéswardto
mitigate GHG emissionsand increasethe share of renewable energy to 322tiropean
Commission). The actionsthat will assistFinlandto achieve the targetsetin both the
Government Programme atitbse ofeU for 2030to achieve a reduction of 880% of GHG
emissiors by 2050s described by The National Energy and Climate Strategy of Finland to
2030(Anttila et al. 2018Huttunen2017, B). Finland has committed itself tocreasinghe
share of renewable energy energyendenergy consumption tmore than51% by 20

(Ministry of Economic Affairs and Employment of Finla@@19,47)

The most importargource®f renewable energy used in Finland laydropowerbioenergy
wind power and ground he@fficial Statistics of Finland 20). Most significant source of
bioenergyis woodbased energy, which Esed on residues and-psoducts of forestry or
forest industry, includingawdust bark, other industrial wood residueas well adorest
chips made fromlogging residuesand early thinning wood (Alakangas et al2016, 65;
Koponen et al. 201729-30). Bioenergycan also be produced from biodegradabind
municipal waste andside streams of agriculture and industrial productiginistry of
Economic Affairs and Employment &inland. Wood-based energig a preferablesolution
since it isclassified a0, neutral.That is, the tree absorbs as much carbon dioxide as it
releases when combustedBerndes et al. 2016; Norton et al. 2019 The energetic
utilization of woody biomassis mostly focused on combustiafue tobeing the most
advanced and markgtoven applicatiorfObernberger & Biedermar2013, 343) Energy
plantsare either combined heat and po\@HP) plants or heating plants in Finland (Ranta
et al. 2017).
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The drive toward distributed generation is emerging, owing mostly to falling costs of wind
and solar photovoltaics, as well as advancements in bhi@ssd energy storage. However,
while wind andsolar are leading the way, they are not the only distributed energy resources
that are progressively playing a role in the developing energy environment. Fuel flexible
plants that can burn biomass alone or a combination of soliddndlsvast¢o create bth

heat and electricity for high fuel efficiency are also becoming more common, particularly
for community district heating or industrial installationehese multifuel plants use
renewable fuels and are completely dispatchable, addressing the intesynatel energy
storage concerns that wind and solar plants experiéS8oenitomo SHI FW 2018.The
variability that wind and solar power add to the energy maskaffset by the generation of
conventional CHP (Jegoroff, 2020).

There are many reasons a@daom environmental benefits for utilizing wood fuels for heat

and energy purposes. Domestic fuels produced and used regionally have significant regional
and national economic benefitsy providing local people with business and job
opportunities across¢ procurement chain, from harvesting to transporting, storing, and
processing woody biomass for enerdyaatainen 2018, 9)Due to domesticity and
sufficient availability, increasing the share of biomass as an energy source will in principle
improve sectity of supply if it replaces imported fossil fuels with closely available energy
sources (Poyry Management Consulting 2019, 27). Furthermore, energy wood extraction
from forests can be considered as a part of sustainable and effective forest management,
therefore enhancingvood production for industrial purposes (Koponen et al. 2015, 4
Vaatainen 2018,)9

The achievement of all the abereentioned targets will not be straightforwatdide from
industrialresiduesthe transition from fossil fuels t@newables needs more biomass tha
can be derived directly from the fore$te availability ofenergy woods mainly affected

by thewood market situatignmeaningthe number of regeneration and thinning operations
and forest management wofkuttunen 2Q7, 4Q) The supply of energy wood is sensitive
to the cycles of the forest indusiff/ahvanainer& Anttila 2011). The availability of wood

is largely dependent on forest industrial resid@agy parts of thevoodthat are not suitable

for forest industryare collected from the forests as energy wood. (Pdyry Management
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ConsultingOy 2019, 29.)Theincreasingise of wooebased fuelss restrictingthefeedstock
availability over timeand varying and increasing pricese among thassues already
detected(Khan et al. 2008)Competition for wood fuel idurther intensifying asenergy
companies are on the same trakleat production in large cities of Southern Finland, which

is so far strongly based on coal, is being reformed to bédsedamong other solutions

For example, largecale heating plant usirfgrest biomasss their main fuels have been
built in Vantaa, Lahti and Naantali (Vantaa Egie; Lahti Energa; Turun Seudun
Energiantuotanfoand are being built in Helsinki metropotitarea and Tampere (Helen,
Tampereen Sahkolaitos Oyhe potential of wood energy is good in Finland, but its supply
varies strongly regionally due to unevenly distributed resources across the ¢Baniiy et

al. 2012) As seen in the Figurk fuel denand is highest in southern, western, and central
Finland, whilethe most abundant forest resources @metered in eastern and northern
Finland(Ranta et al. 2012; Tahvanainen & Anttila 2QI0hat is why vood is imported to
Finland because it expands gupply area, especially in plants near the coast and the eastern
border and offers energy plants advantages in price competition and diversification of supply
chains(PoyryManagement ConsultinQy 2018, 25) In the endtheactualsupply potential
isdete mi ned by the forest ownerds willingnes

Figure 1. Competition of biomass is showed at the left map and the biomass availability after competition is

showed at theight. All types of foresbiomassare considered. (Ranta et al. 2012)
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According to the Ranta et al. (2017) the price development of eneqy & determined by
demand and supply factors that vary by location and season. Furthermore, national policy
regulations, EU policy and sustainability criteria for biomass fuels, have a temporal impact
on price developments. The factors affecting the dehaad supply of energy wood, as well

as the fuel price, is presented in Figrd@he competitiveness of wodzhsed solid fuels is
affected by various incentives, prices, and taxes of competing fuels such as peat and fossil
fuels, and the price of emissi@llowances (Ranta et al. 2017). The most significant recent
drivers set by the Finlandods parliament i
incentives package for district heating companies giving up coal by 2025 to motivate the
abandonmentf the use of coal (@1ning the use of codlct 29 March 2019/416: Ministry

of Economic Affairs and Employment 2019heluse of peat also decreases dubad=U's
tightening emissions trading systamd heF i n | gowedninent desionto almost double

the peat taxrom the beginning of 202{Ministry of Finance 2020). These are further

contributing the shift from coal and peat to biofuels and recycled fuels.

Energy
— Plant capacity ~|:
Biofuels

— Demand Heat demand

Competing fuels

— Competitiviness
Incentives/
taxation/emission

Availability/ | | allowances
costs

Cutting/forest

) management
Biomass
resources

Sustainability

Energy wood use/price

— Supply Willingness to sell

Supply logistics
— Competitiviness {
Incentives

Figure 2. Factors affecting the energy wood use and price (adapted from Ranta et al. 2017)
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The main factor affecting thilization of forest biomass is heat demafRanta et al. 2017)
Thereis clearseasonal variatioof district heating productiom both the émandand the
supply of the fuelsbut there is also annual variatioe to he climate and prevailing
weather(Gadd & Werne 2013; Ranta et al. 20)7A typical sasonal variation iheat load
pattern in Finland is reflected in Figugewith low heat loads during summer anidh heat
loads during winter(Finnish Energy, 220). Due to this, variations in fuel qualitgspecially
moisturecontentare increasinglhe cold winter months illustrate the need for a wide variety

of fuels to guarantethe security of supply of heati(@add & Werner 2013)

GWh
6000

5000 I I

4000
3000
2000

1000

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Mov Dec

Theoretical consumption 2019 if it had been a
m 2016 2017 m 2018 2018 "normal” month in temperatures

Figure 3. Monthly district heat demand in 262019 (Finnish Energy, 2020)

Since prices for woctlased biofuels have risen and prices are expected to rise further,
wastederived fuelsare becoming an important contributor to the energy resource and
efficiency agend&Kinnunen et al. 2019; Lesar et al. 20¥@{is et al. 2013. In additionto
benefits ofgreen energythey are widely availablandinexpensivgKinnunen et al. 2019)

Due to the Finnish law restricts the disposal of biodegradable and other organic waste in
landfills (Government Decree on Landfills, 2 May 2013/33igineration is an @pealing
optionfor matersthatareunsuitableor further tse The production of recycled fuels is now

an important part of Finnish waste management, and it provides a considerable amount of
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waste materials for efficient utilizatiom ienergy recoveryOfficial Statistics of Finland,
2020b).The combustion of recycled wood is also increasing, since it is considered carbon
dioxide neutral energy source, but is less expensive compared to foregt.&sals et al.

2018) Cofiringisal a preferable alternative since
investigatedrinnish CHPplants isprimary dependendn the use of muHiuel boilers that

are fuel flexible and by decentralized fuel supply, according to the Karhunen et alT8015.
saisfy the energy price, increasing energy demand, and biomass supply while transitioning

from fossil fuels, a broad spectrum of renewable fuels must be used for energy.

A solid fuel fired power pl an4 Thevanebleoatd ct i
fixed operation and maintenance css25% of the total cost armhpital cost account the

other 25%(Valmet). According to the study of IRENA (2012nd Valmet(2019)the fuel

cost has the largest share-8W%) of pbtal productiorcost. Therefore, thgpower plants are
constantly optimizing fuel procurement by striving to use the cheapest fuels for the benefit

of their customers. The goal is to prod@semuch hdaas possiblat an affordable price.
However, there is a clear link betwebefuel price and the difficulty of combustion: lower

cost fuels are more complicated to comkfifstimet, 2019)

50%

25%

u Variable O&M cost Fixed O&M cost Capital cost Fuel cost
Figure 4. The production cost split of a solid fuel firedwer plant Yalmet 2019
Apart from theavailability, logisticsand cost issues, woagln d wa s utdizatibnu el s 0

remains challenging for several reaso@enerally, the problems start to occur when the

quality of the fuel decreasebhe speal fedures of biofuels are low calorific value, high
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moisture content and high volatile matter contémaddition, biofuel ash is rich in alkalis.
There specially exist drawbackswith utilizing wastederived fuels becausehey contain
harmful substancessuch as heavy metafer the boilers These characteristics of biofuels
andwaste fuelgreate issues that must be addressed in the desigmaoass contradf the

power plant (Hamalainen et al. 2003The formation of deposits on thermsurfaces,
sintering and agglomeration of the fluidized bed, and-keghperature corrosion of thermal
surfaces are the most serious issues in the fluidized bed combustion of lidagrisan et

al. 2013) Alkali compoundsin particularhave a high corrasn rate increasinmaintenance
costs andreducing production efficiencjor the power plants lenderson et al. 2006).
Corrosiverelated maintenance is estimated to account for 10% of a plant's annual operating
and maintenance coqigaldez et al. 2012)According to Henderson et al. (200&)ull set

of superheaters for a 100 MW combined heat and power boiler costs well over a million
euros. As a result, the durability of superheaters is a significant element in determining long
term production costs. Yoheduled downtime caused by malfunctioning superheaters are

also extremely expensiv@-denderson et al. 2006).

Moreover Jegoroff (2020) states that althougHP-plantsoffer the opportunity to burn new

types of biebased fuels and thus directly redube use of fossil fuel, the facilities are
designed to run smoothly or at least as expected. Rapid load changes and fuel changes can
strain equipment materials, produce additional emissions, and degrade energy production
efficiency (Jegoroff, 202Q)Furthemore, as a result of the increasing share of intermittent
renewable energy generation, flexibility demands have increased for-lhasled energy
production, requiring faster ramp rates and lower permitted minimum load (Huttunen et al.
2017)

1.2 Goal andscope

This MasterThesis is done for Inray Oltd. Inray provide fuel quality measurement
systems utilizing advanced-bay technology to enhance the performance of energy
production, bierefineries, and pulp mill{Inray). The Smartflex projecaims to the

development oémart monitoringand control tool$or controling power plants in quickly
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evolving circumstancesndprolongng the lifespan bthe plants while still maintaining high
productivity and low emissions in a consistent manmbe pojectalsoaimsto provide
power plants with solution® ttheir requirements of flexibilityas the wind and solar energy
supply fluctuationgequire traditional CHP plants to be madaptable Monitoring and
controltoolsare developed to provide plasperators with reaime process knowledge and
instructions for optimunplant performance The t ool s, at best
performance, low emissions, and good condition under varied condilibasSmartFlex
projectis funded by Business Fimd, which includes VTT, Fortum Power and Heat Oy,
Sumitomo SHI FW Energia Oy (SFW) and Pinja @ygoroff, 2020.)

As apart of the SmartFleproject thesame companies are also working on parallel projects

to develop own applicationBeveloped by Inray Oy, BELCONTROL® Storage is a real

time storage model for solid fuel management in biopower plants. The storage model

has

been developed since 2015 and is currently being demonstrated at Vantaa Energy's

Jarvenpaa power plant

The goalof this master thesiss to verify theperformance of the storage modaid
investigatehow the storagenodel can be used tmprove the boiles s over al |
Thefollowing questions can be used to describe the scope.
- Doesthe composition of theoutput fuel of the storage sila®rrespond to thduel
composition ofuel samples?
- Is the storage model consistent and-teaé compared to the output fuel stream of
the storage silo?
- Does the moisture of the fuel samples correspond to the data provided birRehe X
2 and storagenodeP
- How elemental analysis of the fuel can be implemented to the storage model?
- Can thestorage moddbe used tamprove the performance of the plant?

This thesis is divided into theoretical and empirical sections. The ticadneart goes over
the physical and chemical properties of the most common biaxfdelecycled fuelased in
power plants, the multifuel operation in plants and the adverse effacid technical

challenges of théoiler caused by the biofuel3hedescription of the Jarvenpaa plais

per

[
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processes and the testing environmimaiuding the FUELCONTROL ® -system and
storage model are presented in the empirical section. Followinghtbagdt drive plans for
the verification of the storage model are introduesdyell as theesults are analysedhe

emg rical section will conclude with the re

Process data about the boiler and combustion preclesgond the scope in the experimental
section the thesisThe regulation of combustion process, the efficiency of the plant,
operating and maintenance costs causeddayrasion,or the emissiosandtheir reduction

are not used to prove the performance of the storage midaadptimization opportunities

of the storage model are only discussed in the concluBienverification of the lzemical

composition or the energy content of the fuel mixtureatse beyond the scope.
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2 PHYSICAL CHARACTERISTICS AND CHEMICAL
COMPOSITION OF FUELS

The physical characteristics and chemical composition of the solid biofuelhagedn
impact on the entire proces$ energetic use of solid biofuels (fuel supply, combustion
system, gaseous and solid emissig¢@¥ernberger et al. 20Qah this chapter, the chemical
fuel composition and important physical characteristics ofdueldiscussed.he majority

of the characteristics are qualitglevantfactors as they can affect th@missions formation
and thermochemicgrocesses or determine the use of the prodslzgresidues or ash
(Hartmann 2013, 1423As a result, the relence of each of the presented fuel parameters

is addressed individually below.

2.1 Physical properties of solid biofuels

2.1.1 Calorific value

The calorific value of the fuel is arguably the most significant characteristic since it affects
how much energy can bgenerated as well as the theoretiaghievablecombustion
temperaturel-or the calorific value, a distinction is made between the gross and net calorific
values. Both definitions are provided, and the differences between them are explained. Gross
calorific value(GCV) is describd asthe quantityof heatgeneratedvhen one unit of mass

of fuel is completely combustedn d t he out puts coo(Alakbngasa t e
et al. 2016, 27; Hartmann 2013, 14B&36) As theGVC is determinedit is assumed that

the water produced by the combustion of the hydrogen in the daelvell aghe water
retained in the fuel are liquid after combusti@dakangas et al. @L6, 27) The energy
neededto evaporate water during combustion is accounted for in the net calorific value
(NCV). (Hartmann 2013, 13B-1436.)

The calorific value of a fuel is influenced not only by its chemical composition, but also by

its content of additional heatnsuming components such as ash content and moiEhgre.
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moisture content of the biomass has the greatest impact on its net calorifi©waisielering
moisture content varies greatly, fuel comparisons are usually conduct@dymmatter
basis. (Stromberg 2006, 287) A correlation exists betweeactual calorific value and

moisture contentas it can be seen from the Figbre

M/kg \

. 15

% ) = (Gross calorific value
=

E Met calorific valug
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Figure 5. The difference in gross and net calorific valseaafunction of moistureontent (Hartmann 2013,

1434).

The ash content has an impact as wHfle typically small range of ash content in fuels
results in a very minor influence of calorific valdéne quantity of energy in a givéoad
may be determinedsing the moisture comteand calorific value of the fueThe calorific

value influencedts suitability for combustion in various boilers.

2.1.2 Moisture content

Moisture contentauses a major impaah the combustion efficiencyf thermal and power
plants Jahkoneret al. 2012) The quantity of watethat can be removed from a fuel under
certain conditions is referred to mmisture contentt is generally proportional to thetal
mass, which includes watevloisture has a significant impact on the fuel mass aed t
combustion temperature thahay be achieved giventhermodynamic circumstances.
Moreovet t he f uel 6s s(Haotmaarb2D13,114394411) YUsing forwdaclt e d

the moisture content can be determined from the wet weight.
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In which

ar = Moisture content as received-$4j
my = weight of the empty tray [g]
my = combined weight of the tray and the sample before dying [g]

mz = combined weight of the tray and the sample after drying [g]

A high moisture content can cause tbembustion temperature to be reduced while
increasing the flue gas volume, which displaces heat transfer from the furnace to the
convection areadDue to the altered heat transfer, the higher gas volume may also result in a

reduction in boiler power outpuiStromberg 2006, 27)

2.1.3 Ash content and ash melting properties

The ahgenerated by thermal combustiorthe solid inorganic residue left oveand as a
concept, it is distingursed by a broad range of maeemd micronutrients thaemain after
combustion (Hartman 2013, 144@41; Singh et al2020, 17. It may come directly from
unpolluted fuel, or it could originate from mineral pollutants entrained throughout the supply
chain, such as during harvesting, comminution, transport, and st¢kHagmann 2013,
14401441)

The ash composition of a fuel impacts both the environment antd the n &echgricals
design.The ash percentage of a fuel is critical to how wdliritctions in a particular plant.
Higher ash content in fuel may result in more particle separation demmdser particle
emissions Special technical solutions for-@shing and cleaning heat exchanger surfaces
may also be requireqHartmann 2013,441.)Additionally, high ash content raises the costs

of the ash handling system as well as the disposal of the ash pr¢8tréadberg 2006, 27)
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The physical characteristics of the ash are alteredrasut of induced reactions during
thermochemicatonversionIn thefire bed, depending on the temperature, phenomena such
as sintering,or even total melting of asparticles might occur. This can lead to serious
technical drawbacks in the conversion plant, and it musbthsideredvhile designinghe
combustion proces$he melting behaviour of ash is determitgdhe ash components and

is thus directly connected to the fuel compositids. a result, ash melting behaviour is

mentioned as one of the fesgbecific characteristicgHartmann 2013, 411.)

2.1.4 Volatile matter

Volatile matter contains abf the productsformed during pyrolytic decomposition of dry
organic material under specific heating conditidriee amount of volatile matter influences
the burning profile, reactivity, and emissiongyang other thingsThe volatiles content has

a significant impact on how the fuel behaves during combusitlenvolatile matter content
enables conclusions to be drawn aboutgae buildup during gasification or thiength of

the flame during combustiofHartmann 2013, 1437As a result, it is an important feature

for furnace desigm fuel with a high volatile content, for example, will have a combustion
process that includes mostly of heating, gasification, and combustion in the gas phase
(Stréomberg2006, 27). Additionally, increasingthe rate of secondary air flovand the

f ur n eomleusdtisn spacmay be requiretb guarantee a suitably long residence time of
thelargergas volume produceHartmann 20131437; Stromberg 2006, 28 ombustion

of low volatile-content fuels, on the other hand, will occur mostly in the solid phase on the
surface of fuel particles or in the fuel bed. (Stromberg 2006, 27)

2.2 Chemical properties of solid biofuels

The chemicalcombustionrelevantpropertiesof solid biomass fuels are presented in Table

1. They are further discussed in the following chapter.
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Table 1. Theeffect of elementalcomposition in Fuel¢adapted from Hartmann 2013, 1424; Obernberger &
Biedermann 2013, 346)

Properties Effects

Carbon (C) Calorific value, oxygen demand, particle emissions
Hydrogen (H) Calorific value, oxygen demand

Oxygen (O) Calorific value, oxygen demand

HC1, PCDD/F emissions, corrosion,

Chlorine (CI) lowering of ash melting temperature, particle emission
Nitrogen (N) NOs-emissions
Sulfur (8) SOz-emissions, corrosion, particle emission
Fluor (F) HF emissions, corrosion

Corrosion (heat exchangers, superheaters),
lowering ash melting temperature, formation of aerosols, ash utilization
Potassium (K) (plant nutrients)

Corrosion (heat exchangers, superheaters),
Sodium (Na) lowering ash melting temperature, formation of aerosols

Increase of ash melting temperature,
Magnesium (Mg) ash utilization (plant nutrients)

Increase of ash melting temperature,
Calcium (Ca) ash utilization (plant nutrients)

Ash utilization (plant nutrient), ash melting,
Phosphor (P) aerosol formation

Heavy metals Emissions, ash utilization, formation of aerosols

The carbon and hydrogédrave an effect on its heating valone increasing it while oxygen
decreases itGrier 2014, 204;Khan et al. 2008Nanda et al. 2004 The nitrogen dioxide
(NOy) emissionsare mainlycaused by the oxidation of the chemically bound nitrogen in the
fuel (Obernberger & Biedermar2013, 346)According toSommersacher et al. (201the
increase oNOy emissionshappensas the N content of the fuel increasebereashe rate

of fuel N conversion to N©OdecreasesThe presencef chlorine inthe fuel influencesthe
formation ofthegaseous$ydrochloric acidICl), chlorine gasCl.) or alkali chlorides, such
aspotassium chloride(Cl) andsodium chloride aCl). Due to subsequent cooling of the
flue gas in the boiler, substantial share of the Cl condenses as salts on the heat exchanger
surfaces oithe fly ash particles in the flue gae Cl release is therefore relevant element
concerninggaseous HCIl emissiongerosol and deposit formation and corrosion risks. The
sulfur causes primarily gaseosslfur oxide §0Ox) emissions and alkale and alkali earth

sulfatesAs a result, understanding the release of S is essential for aerosol emgzsenss
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emissions,and deposit formation(Sommesacher et al. 2011Ash deposits, which are
caused by Cl and $ainly consists of alkali metal salts suchpasassium sulfateK(SQy)

and KCI. Furthermore,Cl and Si nt er f eres with the flue
condensation in heat exchanger and flue gas cleaf@gprnberger & Biedermann 2013,
346-347.)

According toStrémberg (2006, 32}he form of Clis able tochange frongaseous HClo
saltsand vice versaAs previously noted, it may also be a component of damaging organic
compoundsThe way Cl is bounded d&imines e shift to larger compounds in thepplied

fuel. Since the toxic substances are low in volatility, they can be discovered in ash,
particularly fly ash(Strémberg 2006, 32.)

Sulfur, on the other hand, has a weak proclivity to form toxic ocgemmpounds. In the
absence of oxygen, sulfur will form hydrogen sulfitleS), resulting in a sulstoichiometric
combustion. During the formation of sulfide?{SH.S may be bound to alkaline agksh
containing eithemetal ions or a stronglkaline ash and reducing environment are required
for this formation to happemetal ions with a high affinity for &85, such as Cd, Hg, Pb,
and Zn, are required. Under oxidizing conditions, primarilyy &@d smaller amounts of
sulfur trioxide (SGs) are poduced.Both compounds can react with alkali metals to form
salts. Since S@s a weaker acid, it bonds the alkali more loosely. A desulfurization step is
necessaryf the fuel involves a significant amount of sulfiihis normally extracts the HCI
as wel. If the sulfur is oxidized to S§€)it can be removed. Usually, sulfur is collected from
the flue gases after ttembustion in boilenStromberg 2006, 33)

Ash-forming elements can occur in various forfesluble ionsassociated to organmatter,
minerals)in biofuels which irfluences the behaviour of fuel agfhe interactions between
compounds containing chloringylfur, aluminium silicate and alkaline substancestrol
the rateof deposits forming in biomass combustion. NaCl or KCI are example ofrisikih
chlorine compounds. These alkaline chlorides, on the other bandeact with sulfur and

aluminium silicate compounds to produce H@lho et al. 2010

™~
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Where Mdenotes aalkali meta for example K or NgAho et al. 2010Shao et al. 2012)

The presence d?b, K, Na and Zincreases the risk of agbrming elements being emitted
during combustion, and thus the rfmation of depositsand aerosol However, during
combustiorthe concentration of these elements in the ash vapors formed is not equal to the
concentration of these elements in the fuel bec#élusegaseous atmosphehemical
interactions with other elemente.g., Si), and the combustion temperature all have a

significant effect on the release activif@bernberger & Biedermann 201347)

Sincepotassium (K)s found in considerably higher amounts in most biomass fuels than
other aerosetorming elements, the release of K is the most important factor iaeitosol
emissions formatiorK in a fuel during combustiois eitherretained in theondensed phase
of ash patrticle oreleased into the gas phadéason et al. 2016)Sorvajarvi et al(2014)
concludes that in the temperature range afo2e7 1000 K) majority of the potassiunm
thegas phasare in the fornof K, KCI or KOH, asthese speciestaystable in the gaous
phaseat suchtemperaturesloller et al. (2007) annudsenet al (2004)concludeghatin
the temperature range 8001500 , most of thepotasium released to the gas phase
consigs of potassium hydroxideK(OH) and KCI. In this émperature range, less K is
released as ¥y andpotassium carbonat& {CQOzs). Variety of factors influence the release
of K.

The occurrence of phosphor in the flue gas is causing the formation of aerosols and deposits,
mostly by the formation gbotassimn metaphosphat&POzs), phosphorus pentoxid@.0s

and ROqo). If the fluor is presence in the fuel, it may have effect on hydrofluoric acid (HF)
emissions and corrosion. The ash melting point temperature is increased by magnesium and
calcium.Regarding of the astorming elements, newolatile element$Si, Mg, Ca,Fe Al)
semtvolatile element¢P, Mn), and rather volatile elemeni, Na) can be distinguished.
Rather and semvolatile elements are partially released from the fuel to the flue gas and
interact with other elements the flue gassuch as S, Cl or CO(Hartmann 2013, 1430
1433;0bernberger & Biedermann 2013163 Minor ashforming elementssuch aZn, Pb,
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Cd, Cu, Cr, Co, Ni, Mo, As, Sb, Hg, ,Tare particularly of concern iarder to prevent
problems associataslith excessive gaseous apdrticlebound heavy metal emissions, as
well asregarding theutilization of ash Furthermore, théormationof heavy metal chlorides
in ash deposits ca significantly decrease the melting point of the ashessulting in

increased deposiins and corrosin. (Obernberger & Biedermann 2013, 346

2.3 Solid wood fuels and mixed fuels

Fuels described in this chapter are forest fuelwood, industrial wood residue, recovered wood
and mixed fuelssince they are the most used biomasss based fuels iRinland.
Cassi fication of fuels is done according
According to the statistiggresented by Ylitalo (2020he contributions from theolid wood
fuelsare equivalento a total of 20,5 milliorsolid cubic metres indating and power plants

in 2019.The consumption of different solid wood fuels is given in Figure ®iore detailed
overview of the various fuels is provided in order to comprehend and clarify the features and

issues connected with each fuel.

Other solid
Wood pellets wood fuels
and 0.2
briquettes
Industrial chips 0.2
Recycled wood

Forest chips
75

O

Total consumption L k
20.5 mill. m’ U e

NATURAL RESOURCES
NSTITUTE FINLANC

Figure 6. Solid wood fuel consumption in heating and power plants in 2019 (nijli(\italo, 2020).
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2.3.1 Forest fuelwood

Generally, forest fuelwoo produced frommraw wood that was previously unused for any
otherpurpose by using a mechanical prodgdakangas et al. 2020, 9Vood materials or

stems that do not yet maee quality requirementer dimensiongor industrial roundwood

are used to generataergy and heaPoor-qualityand small sizedelimbed stemand whole
woodsare typically tilized for energy purposes durimrecommercial thinningor early
thinning of young stands, regeneration, and final felling in wooded areagprd®iucts
rejected for industrial use, such as treetdplsage, living and dead branchesff-cuts of

stems, roots and stumpsare utilized for energy purposes, which afermed from
regeneration fellingnd fellinglinked to stemwood harvestinf/aatainen 2018, 9J-orest

chips can be made from delimbed stem and whole tree as well as from forest residue and

tree stump and roots.

Wood has the ability to bind water from its surroundings while also releasing water into the
air. According to the temperature and humidity circumstances, the humidity of the wood
evolves towards equilibrium moisture, where the amount oftil®land binding water is

equal. Moisture in wood is always changing as circumstances change in nature. The rate and
direction of change are determined not only by the circumstances, but also by the moisture

content of the woodJanhunen et al. 2012)

The moisture content dbrestfuels varies considerably dependingsouirce the season and

the time between supply and combusti@akangas et al. 2016, 58According to
Stromberg&Svard (2012, 58) the mixture of@0% moisture content is common, argita

75% moisture content has been reported. The moisture content ofoased fuels varies

and is normally in the range of &5%. Problems occur mainly at high or varying moisture
levels. (Stromberg&Svard, 2012, 5&8ue to high moisture content, thepve a lower
heating value compared to fossil fuésgher moisture content typically leads to operational
issuesin the boilers, with process instability and higlke® and VOC emissions (Svoboda

et al. 2009)More detrimental to the combustion processttiee high moisture content is

the variation of the moisture content of the fuel, which can substantially reduce the efficiency

of the boil er, as the boilerbds control v al
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the fuel 6s moi (Helynan & Flgkionan 2604)Bed teraperateres variation
due to moisture fluctuations in the fugla problemas in an increased risk of bed sintering.
Power plants have increased the frequency of bedl isgplenishment and mixed moist and

dry fuels to tackle thissues (Orjala et al. 2003).

High proportion of fine particles can also cause problem, since they fly up and burn higher
up in the furnace or in the fluid bed. It can cause accelerating icoridige to a combination

of coatings, elevated temperature and reducing environment due to low presence of oxygen
and a high carbon monoxide level. The risk increases in BFB boilers as the temperature in
the superheaters is high&his might cause signdant tube damage and steam leaks in the
long term. Wood fuels can cause alkali (particularly potassium) and chiandieced
operational problems. (Stromberg&Svard 2012, 58.) While the levels of potassium and
chlorine are comparatively low in wodzhsed fels, they causssues becauseood lacks

the compound$oundin peat and coal that protect the boiler (Alakangas et al. 2016, 190).
Calcium is the most commoelements that forms ash wood fuels(Obernberger &
Biedermann 2013, 346Jhe majority of biofiels have a high level of volatiles (Strémberg
2006,27)

Despite having a low ash content, solid biofuels typically include highly undesirable ash
constituents (chlorine and potassium) that promote corrdsisthermore, the resultant ash

frequently has low melting temperaturéVakkilainen 2017212)

2.3.2 Industrial wood residue

Industrial wood residueonsists oby- products frommechanicaforest industryandpulp

and paper industry, such laark,sawdustandwood residue chips, as well as othgres of
industrial wood residu¢Alakangas et al. 2020,; SFSEN 172251:2(21, 15). The bark
contains the bark generated in doenmercial timber by different debarking techniquédse
sawdust includes sawdust, cutter chips and other fines producee bgatd mills and the

pulp industry. Industrial wood chips include chips made from sawmill surface boards and

strips, other wood waste produced by further processing of sawn timber, as well as



28

compensating pieces from board millgneer,and similar wastevood. (Alakangas et al.
2020,8-10.)

2.3.3 Regycled wood

The definition and terms of rgcledwood are not always globally consistamdmay vary
by sourceln some contexighe termgecoveredvood (Statistics Finland, 2020) and used
wood (SFS EN ISO 172251:2021) have been used tiescribe this materiakurthermore,

the phrases waste wood or wood waste may be encountered, although these terms are rather

problematic because they indicate tthegt item should be categorized as walsteen when
the term wastappears in the title, this is not always the céskakangas et al. 2015The
term recycled wood is commonly useddinnishstatistics and trading. Therefothis thesis

will employ theterm recycled wood.

In the classification ofecycled wood fuelsnoresidual products from felling or yroducts
of wood processingre considered, ontjleanwood classifies as a solid biofuet,discarded
wood,or wood product, such as new constructn s 6 wood waste, wood
utilized for previous commercial applications with no prospect of reuse or recycling is
included(Alakangas et al. 20140-14; SFSEN 172251:2(21, 15, Statistics Finland 2030

The four categories ofetommissioned wooarecategorized AB, C, and D. Solidiofuels

are classifiedinto two categories: A anB andare covered by the standard SES I1ISO
172251 and are not subject to the waste incineration regulatiomod residug which
composition incldes more organic halegated chemicals and heavy metals than natural
wood butdoes not contain wood preservatives, falls into Categor$uch wood waste
belongs to recycled fuels (SHESN 15359) and is subject to the standard of the Waste
Incineration Reglation. Wood treated with wood preservatives, such as pressure
impregnated woods a hazardous waste and it is classified as Catego®nD). recycled
wood classified as A and B are discussed more inhdsjpice these fuels are allowed to be
combusted irCHP-plants.Recovered wood in categories A and B doescnasist ofmore
heavy metals dnalogenated compounds compared to natural w@dakangas et al. 2014,
12-14.)

f
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In principle,the combustion behaviour of recycled wood derived from clean used wood and
used destruction wood, as well as pallets, is comparable to that of cleanRenydled
wood is occasionally relativelgry, its NCV might appearo behigher tharthat oftypical

fresh wood fuelgAlakangas et al. 2015However, since recovered wood has previously
been used for various purposes, it is often contamin@tedessing recycled woasltightly
monitored by recyclingompanieshowever certain noavooden elementsr(gals, plastic,
stonesgcardboardpaper, cardboajdand various surface treatments chemicals, including as
paints, lacquers, and siccativean occur in anixture ofrecycled woodAlakangas et al.
2015;Edo et al. 2016; Stromberg & Svard, 2068).

The increased qudities of heavy metalsin interaction with potassium and chlorine
accelerate the production of deposits in the boiler as wedirassion(Alakangas et al. 2015;
Kinnunen et al2019) Additionally, thecombustion of recycled walgenerates ash that can
be more problematic compared to clean wObldkangas et al. 2015tromberg & Svard
2012, 7172). As mentionedbefore the impact of finer fractions when utilizing recycled
wood has beenm@cognized issueAlso, with finer fractiors occurs incomplete combustion,
which results in the emission of unburned material along with thg@stimberg& Svérd
2012, 7172) Further issues with recycled wood are caused égahobjects of zinc, brass
and aluminiumin the fuelincreasing the risk gblugging primary air openinggAlakangas
et al. 2015) The requirementf bed material change FB boilers increaset prevent
sinteringwhen a recycled wood has a high share in fuel mixtlihés happens as the
contamination in he recycled woodowers the meltingemperature of the ash and bed
material,resulting in sticky particlegStromberg & Svard, 2012, 772.)

2.3.4 Solid recovered fuels

Solid recovered fuelsonsistof fuels made from sorted deplid wastefrom communities,
businessesr industry Refusederivedfuel (RDF) was the most often used term in technical
literature before solid recovered fuel (SRF) was introducgRF is clearly differentiated

from RDF, even though the terms RDF and SRF are sometimes used interchangeably to
represent the same waste derived flidle main distinction is that SRF is produced in

accordance witlstandardswhilst RDF is not (Nasrullah 2013;4).
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All fuels which combustion has been formally sanctioned and proved technologically
possible and controlled, whiafsks can be minimized, and which a@st competitiveare
potential choice for energy producefsie economic drawbacks needtconsideredince

adding SRF to the fuel mix can caudee modifications to fuel reception and handling, as
well as technical risks ralling from variationsin the quality of these fueldn order to

provide a clean and efficient combustion process and noiskothep | ant 6s ef f
operation technologically, environmentally and/or ewmically, it is essential to

acknowledge the characteristics of SRHakangas et al. 2016, 153)

Solid recovered fuel (SRR3 generallyobtainedrom nonhazardous wastater it ha been
processed, homogenizeahd improved in quality so that it may be traded between producers
and user§Rada & Ragazzi2014) It is intended to be utilize@ds a sourcdor energy
recovery inexisting heat and power plants alongside other thermaépsegAlakangas et

al. 2016,151). A variety of waste streams are used to pro@&RE, for examplgyroduction
specific waste, municipal solid wasgISW), commercialand industrialvaste(C&IW),
constructionand demolition wastdC&DW), as well assome other sourceseparated
processed dry combustible fractiofigelis et al. 2013Ragazrz & Rada 2012;SFSEN
21640:2021, 8®). Mechanicaltreatment (MT) or mechanical biological treatment (MBT)
facilities is used to generate the SRF in EagoBiowaste, metals, stones and RVC

containing plastic have been mechanically separfiRatla & Ragazzi, 2014.)

Most SRFsarecomposed of a variety of waste coomgntswhich canlead to problems for
the boiler becausghlorine, metals, another harmfukubstancesnpact the combustion and
the ashedn case ohigh proportiorof plasticin SRFthelower moisture conteraind higher
calorific valueis achieveddue tohydrogen and arbon concentration©n the contrary,
wood in the fuels result higher moisture content and a lower cdlorvalue PVC in the
fuels result a higher chlorine concentrati@Quonsideration must bgiven to the possibility
of hightemperature corrosion csed by the chlorine component of tluel at high steam
superheating temperatures associated with power genefraiitinermore, the possibility of
boiler fouling must be considered, sinCBRF can containa higher Na, P and Al

concentratios compared to other fuelsleavy metaldave an effect to the emissioasd
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restrict the usage of ash. Furthermore, SRF can affechéfteng behaviar of ash offuel
mixes.(Alakangas et al. 201853-154)

The inclusion of household foitems and alummium in construction trash raises the
proportion of aluminium. The most serious issue in terms of combustion is metallic
aluminium. Despite having a low melting poiatuminiumis difficult to oxidize.In some
casesaluminiumin fuel has caused boilers get blocked. Furthermore, SRty consists

of lead compounds that are extremely fouling and corrosive. When compared to solid
biofuels, the concentrations of some heavy metals Gt Zn, andPb) in filter ash often

rise significantly (Alakangas et ak016, 153154)

The recycled fuel isommonly drier than biofuels, so the capacityloé gas condenser is
lowered,and less condensan wateris generatedWhen a moister biofuel is used with
recycled fuel, the capacity of the flue gamdenser and the volume of condelasatvater

remain constanverall, the properties of SRF vary broadly, as seen in Bable

Table 2. The properties of SRF vary depending ongbarceof the raw material and the composition of the
material (Alakangaset al. 2016,154)

Property Combined range
Moisture [35] 3-30

Ash [%, db] 1-14
Volatile matter [% db] 10-86
Gross calonfic value [MIlke] 20-40
Net calorific value on a dry basis [MI/ks] 17-37
Elemental analysis, w-%, db

Carbon, C 48-75
Hydrogen, H 50
Nitrogen, N 02-09
Sulfur, 5 0.05-0.20
Chlorine, C1 0.03-0.7
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3 MULTIFUEL OPERATION AT POWER PLANTS

3.1 Industrial Combustion Technologies

Boiler is defined as a steam generator that utilize combustion as its main heat $berce.
commonly used fluid is water, which is converted to stesrthe hot flue gasgsroduced
during theprocess of combustian heat enginesyhich convert heat to workVakkilainen

2017, 22). Thef u e | i S ¢ 0 mb u scongbdstionchamitejoften kmawn asear 6 s
furnace(Basu et al. 2000Biomass combustion technologies inclitiedized bed, fixed
bed,and pulverized fuel combustion systef@bernberger & Biedermann 281351) The

basic principles of these technologies are presented in Figuabbling fluidized bed
(BFB) and circulated fluidized beCFB) are introduced more in deptRigure8 presents

the schematic of @@mmonCFB boiler and the locations of the different components of the

boiler.
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Figure 8. An overviewof aCFB boiler (Storesund 2015, 265).

3.1.1 Bubbling fluidized bed combustion

In a boiler with BFB combustion, the combustion of fuel oceuits a bed materialjsually
made from sorbents, fuel ash or samat is fluidized(Basu 2015, 6Storesund 2015, 264
Vakkilainen 2017213). In FB boilers Ilofuel particle mass fractiononstituteonly 1-5 %

of the total mass dll bed solid4Basu2015 6; Vakkilainen2017,213). Combustion air is
supplied through a large number of nozzles in the bottom of furnace. The boiler is designed
so that the speed in tharhace is so high that fuel and bed material are fluidi&tdresund
2015, 264.As the ar is blownthrough a layer of bed materigthe bed becomes completely
suspended and begins to behave liKeid as air velocity increase¥/hen the temperature
of the furnace rises, so do the gas velocidgghe bottom of the boiler, the fueligjected
with bed material(Vakkilainen 2017, 213.Constant interaction with hot solid piates
results in the combustion of fudlhe BFB andCFB boiler can bedistinguishedasthe two
main types oFB combustionStoresund 2015, 26%akkilainen 2017, ).

A schematic otypical BFB boiler is showrsecond from the lefn Figure 7 The primary
airis introducecevenlythrough nozzlet the bottom of the boiteAs the fluidizing velocity
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exceeds the mininm fluidizing velocity,the gaghatis not necessary to fluidize bed flows
through it as bubblegVakkilainen 2017,213-214.) In BFB boilers, the air velocity is
adjusted so that the fuel and bedterial expand to a certain level. Only the finest particles
leave the bed and are separated in a dust separator after the(Stokesund 2015, 264.)
There is a tear surface level where thmibblingbed ends and thigee space above bed,
called freebard, start¢Basu 20159). In BFB boilers, part of the combustioacursin the

freeboard with an increased temperature as a &oltesund 2015, 26265).

3.1.2 Circulating fluidized bed boiler

A schematic ocommonCFB boiler is shown in Figuré secand from theright. In CFB

boilers, the air velocity is so high that fuel and bed material follow the air(St@resund

2015, 264)The fue| together with the bed materia,s i ntr oduced i nto t
section and is fluidized in the gas floBomeof solids exits with the flue gasedye to the

highv el oci t y c¢ o mb whytheyare colieeesl with@¢lond addsrecirculated

back to the boilerfBasu 205, 57.) The finest particles accompany the flue gases and are
separated in a dust separator after the boiler (Storesund 20157 & pyimary combustion

air is let inthrough an aidistributor or grate at the furnace surface. In ordeotaplete the
combustion, secondary air is entered at some halghte the gratéBasu 2015, &.) Since

the bed solids arere | | bl ended i n hedlablebéduempesatuendre h e i ¢
range of 80800 i s a ¢(Vhkkilainee 2017, 222)

The advantagesf FB combustion include the ability to uséxture of fuels simultaneously,
simple,and inexpensive sulfur removal bgnestone injection, high combustion efficiency
and low NQ emissions. BFB and CFB boilers are very fuel flexible and a wide variation of
solid biofuels with a large variation is moisture cont@nash contentan be utilizedThe

CFB does better in terms of environmental performafBeboilers are suitable fatealing
challenging fuels because they are not too sensitive to variation in fuel composition and
performs at a low steady temperaturbe bed heat capacity aids in dampening the effects
of changes in fuel qualitfVakkilainen2017, 212)
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As noncombusible materials in the fuel can get stuck at the bottom and interfere the
fluidization, boilers can only handle limited amounts of th&umel mustgo throughpre-
treamentin order to remove the metal and other qwombustible parts from the futdus
reducdng the risk of disturbance&uels that contain ash with a low melting point entail an
increased risk of sintering of bed materigdtoresund 2015, 264Table 3 lists further
essential fuel properties for FB combustion. The fuel flexibility of the CFB boiler is one of

its key features: various fuels can be combusted simultanedesy 2015, 8)

Table 3. Important fuel characteristics for different kinds of combustion teclgeddStromberg & Svard,
2012,22)

Property Fuel properties for FB
Heating Value BFB: 5-18 MI’kg. CFB: 5-30 MJ /kg
Moisture Content High contents are accepted. BFB: 20-65%. CFB: 5-65%.

Indifferent with ashes with high melting point.

Ash Content Ashes with low melting point should be avoided.

Particle Size 30-100 mm is most suitable.

Particle Shape Can influence how the fuel is spread on the bed.

Feeding properties Undesirable if break and give significant number of finer particles.
Affects the fuel management.

Density Has significance for whether the fuel burns on the surface or inside the
bed.

Alkali Content High content can lead to a risk of bed agglomeration or fouling.

Chlorine and sulfur General significance for high and low temperature corrosion and for the

formation of deposits. There is an opportunity for efficient sulfur capture
level : :
in the bed.

3.2 Supply chain of the fuels

The objective of supply chain of fuels isdenerate a biomass fuel from diverse biomass
resourceghat fulfils the criteria of the combustiorigmt in terms of fuel quality and fuel
prices(Van Loo & Koppejan 200854). According toRentizelas et al. (20099ommon
biomass supply chain is made up of a series of distinct operaliom$ollowing actions are

necessary teuply woody biomas$rom its point of origin to a poweglant:
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- Harvesting the wood fuels from conventional forestry includes felling, extraction,
processing, and comminution of the wood. Depending on the material and local
conditions, the type of production processes and order sequence might vary.

- Handling and transpang wood fuek to a location whereoad transport vehicles
may be employed also requiredAfter transporting the wood fuels the roadside,
it must beloaded ontaoad transportatiomehiclesfor delivery to the power plant
wherethe fuel inunloaded from the vehicles.

- Longterm storagef wood fuels is requiredince nanywood fuelshave seasonal
variability asthey are harvesteak a certain time of year yet are used at the power
plant all year Additionally, fuel must be kept in the pland Eensure fatsafe
operation.The storage location might be at the foregg power plant or an
intermediate location.

- All of the procedures required to manufacture an improved wood fuel from a
harvested biomass resource or various types of waste weatchuded in fuel pre
treatment such agatrticle size reductiorBy processing the woaoiel, the amount
that can be supplied and the efficiency with which it can be handléincrease.
Processing can occur at any point in the supply chain, althbisgimost commonly
done before road shipment and is often less expensive when combined with
harvesting. (Rentizelas et al. 2009)

Supply chains of wood chips vary according to the places of chipping and storage and the
modes of transporEorest chips supy chains can be divided into three main types of fuel
mainaccording to the place of chippinfhe most common method is roadside chipping, in
which the forest fuel storage on the roadside is chipped in connection with the storage and
delivered directly from the same location by a truck to the energy plant. The second most
common is terminal chippg, in which the fuel of several roadside storages is transferred to

a terminal, which is larger than the roadside depot. The wood is later chipped at the terminal
and delivered to the plant by the truck. The third solutionf&ld chipping. The unchiped

fuel is transported by the truck from the roadside directly to the plant where the chipping
takes placelnstead of chipping, the term crushing can sometimes be used, as especially in
in-field and terminal chipping, the fuel is modified to the sizé¢hefpieces required by the
plant by crushing(Korpinen et al. 2019 7; Karha, K. 2011)
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3.3 Fuel quality measurement

The aim for the power plants is to have fuel of consistent and predictable quality. Therefore,
measurements and predictions of qualélatel fuel properties throughout the production
chain are requiredAlakangas2020, 26)Better understanding of fuel characteristics is also

a solution to improve quality in combustiofhe importance of determining the quality of
forest chips increases withise. In order to optimize new, more accurate power plant
processes, it is important to determine the exact quality of the fuel to be burned and the actual
energy it containgFridh 2016, 1115)

The quality assurance is aimeg strengthentrust in matel quality by consistently
fulfilling the agreedupon customeneeds which are typically specified in the delivery
agreementor thes u p p | proeuct asclaration(Alakangas 2020, 26)The result of
measuring the fuel properties fdetermining trade prices is an effective sypphain
management allowing for the selection of the most suitable fuels loads or the creation of
mixtures of various types of fuels for the current load on the boiler to achieve a consistent
fuel quality (Berg & Bergstrém, 2020)Handling biofuels is challenging as fuel quality
varies, so there is nat urTadfuelgeabtydmeasarenrar a s u |
is usually carried out as the biomass load is delivered to the heatingAyldht2016, 15

In many older plants, the determination of fuel moisture is still based on sampling and
laboratory analyses. By far the largest error in the moisture determination arises from the
sampling, so the aim is always to make sampling as representative ddepOdisikangas

2020, 2836.)

3.3.1 Measurementneeds

Wood quality measurement procedures are regulated in the Finnish Timber Measurement
Act of 2013, whichapplies to unprocessed thinning woladys,and canopy pulp, as well as
wood chips made from them.Measuring energy wood is covered by thEmber
Measurement Act when the quantity to be measured is volmass,or number of pieces.

The purposef the law is to guarantee fairness in the energy wood trade and to safeguard
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the interests of employeegmployers and contractors involved in the supply chain.
However, the factory measurement specified in the Act does not require the determination
of the energy content of forest chips, but the determination of the moisture and calorific
value of the fuel is based on an agreement betweerenergy plant purchasing the chips
and the fuel supplier. In large power plants, the energy content of wood cugeslias the

basis for payment for trade, but in small plants it is common for fuel to be paid for the basis
of measured solid or bulk volume.dvkover, measurement data is essential for the parties
involved in the procurement of foradtips butis also \aluable for operational decisions and

supply chain development in the fuel supply organization.

3.3.2 Measurementsefore energy plant

In a supply chain ofvood chips, a terminal refers to the area where the chipping or transfer
loading phase of a fuel batch is preceded and follolseeither a roadrail, or water
transport phase. In most cases, the unchipped fuel is transported by car to thé fremmina
where it continues, also by car, to the power plant. In prathiederminals are very diverse

in terms both of material handling and measurements arrangements. For example, for
terminals at the upstream end of the supply chain, the most important featubee better
accessibility than the first roadside storage during the downtime. Correspondingly, terminals
in the vicinity of power plants may aim for better security of supply and higher plant
efficiency compared to direct roadsichipping chains. A prequisite for higher efficiency

is that the terminatanmonitor the quality of the fuel during storage and mix the fuel batches
from the different fractions to suit each demand situatidarpinen et al. 2019, 14)

The purpose of the terminkargely determines which measurement or evaluation methods
are used. In a terminal set up near roadside depots, estimmhthe amount of biomass and
energy content in the depot are often based on measurements taken at the logging site and
along theroasli d e . Some terminals near power pl a
scale from the measured mass with possible auxiliary measurements, for exqgughe
moisture measurements), the necessary information is derived about the main properties of

the fue stored in the termina(Korpinen et al. 2019, 14)
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3.3.3 Measurement at an energy plant

At an energy plant, the first and last measure of fuel load is usually the weighing of the
vehicle with a vehicle scale. If the incoming load is wood chips and is irtedunloaded

on a conveyor leading to a storage silo, measures are taken at the same time to determine the
moisture and further calorific value of the imported fiiglorpinen et al. 2019, 13Jhe

most common method for determining the moisture is @irging based on samples taken

from the load, in which sampling, pteeatment and determination of moisture are most
often performed in accordance with standakdischanical solutions for sampling have also

been developed to speed up the procedure antedtie influence of the sampler on the

measurement resy\lakangas 202@0).

The weakness of the ovelying method is its slowneg&orpinen et al. 2019, 14.)n
addition to oven drying, the smlled rapid measurement methads be useavhere the

fuel supplier receivefeedback on the moisture content of the delivered I@dkangas

2020 22) A weakness in samplingased methods, on the other hand, is the poor
representatives of the samples for individual deliveries, whentalyncrements per 50

m?® of loose orstacked fuel must beollectedduring unloading the fuel loa@Alakangas

202Q 34). Samplingbased methods can be replaced by continuous measurement methods,
where all the chips contained in the load are measured fromaheenr i al f |l ow of
fuel conveyor. Currently, the only continuous reale forest chip measurement application

in Finland that is in commercial use by power plants (moisture content is the basis for
payment) i SFUELGONBROL, Wherd the reasurement ibased on Xay
scanning, in which the radiation is directed into the material stream and the transmitted
radiation is measuredinray Ltd). Other methods that can be applied to continuous
measurement and for which there is a commercial aifit are optical methods and
microwave method&-ridh, 2016.
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4 ADVERSE EFFECTS AND TECHNICAL CHALLENGES OF
COMBUSTION

Corrosion,erosion,deposit formation, agglomeratias among themost common boiler

problemsThey are discussed further detail in this chapter.

4.1 Corrosion

Corrosion isanother challenge during boiler operatibare is itoutlinedto ascorrosion that
cantake placébetween the fuel feed atide stack on a flugjas sidgSandberg et al. 2011,
Stromberg&Svard 2012109). Corrosioncan occur in a combustion plant on nearly all the
metal structural parts in contact with thelfe®@mbustion airflue gasor combustion residual
products. The risk of corrosion is related to the chemical properties of the fuel
(StrombergSvard 2012, 409F hree different types of corrosion drerecovered corrosion

of the furnace, superheatarrosion and low temperature corrosion.

4.1.1 Superheater corrosion

Corrosion on superheateis often caused by combination of high material temperatures
combined with low melting phases of alkaline compound phases and reducing atmosphere,
which can happen if the fuel is not completely burned before it reaches the superheater. Four
main explanatins for the corrosion attacks have been identitieeliow efficiency of final
combustionthe starting melting point of the asmbalances on the steam and flue gas side
and the high surface temperature of the superheater .tdibes melting point of asls
determined by the ash composition, where the enrichment of potassium and chloride is
particularly important. In addition to the steam temperature, the temperature of the
superheater tubes is also determined by the flue gas temperature and the wmmefrin

boiler. (Stromberg&Svard 2012, 4@4.0)
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Oneform of superheat corrosion is called coal ash corrgsamch originates frontiring

of coal Howeverwhen boiles are fedvith other fuels the same form of corrosion will also
occur Steel exposedto high temperatures in an oxidizing atmosphere forms a
thermodynamically stable oxide layen. ¢ase of highalloy chrome steel, the oxide layer
will be dense and protectiv€hlorine-containing salts such as KCl and NaCl are produced
when fuels withhigh levels of alkali metals such as potassamd sodium, as well as high
levels of chlorine are combusted (Henderson et al. 200@)se salts can break down the

protective oxide layer and there is a risk of corrosjStrémberg&Svard 2012,09-410)

4.1.2 Low temperature corrosion

Low temperature corrosion is caused by sulfuric acid, whiphoiduced byhe sulfur in the

fuel or additives useduring combustion.During combustion SG; is formedand a small

partof this SQ may be further oxidized to SOAs thetemperature of flue gagoes below
certain temperaturggaseous 5Oy is starting toform due toreaction ofSO; and water

vapor When the temperature of tkeu | f ur i ¢ a cis ekéeededdthengaspons n t
sulfuric acids tend to form an acid mastis deposited on cold surfaces. (Vainio et al. 2016.)
Low temperature corrosiaa reported on components such asthh&t filtersair preheaters,

flue gas ducts, angconomizergStromberg & Svard 2012, 411; Vainio et al. 2016)

Stromberg(2006, 45) andstromberg & Svard (2012, 411) exprehst toiler that burn
mixed fuels with high moisture content and low combustion temperatures have had
problems, while plants that burn clean, dry biofuels have survived without problems.
Analysis of coings shows that all of them contain substances that are typical-ofiétmng
compounds such as sulfur, chlorine and ammoni8tronberg, 2006, 455trdomberg &
Svard 2012, 411). Vainio et al. (2016) indicates that the possibility of sulfuric acid dew poi
corrosion is relatively low during the combustion of low sulfur biomass. However, co
combustion of biomass and SRF can contribute to the formation strongly hygroscopic CacCl
(Vainio et al. 2016).
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4.1.3 Furnace corrosion

Locally reducing conditions can oacwhen @mbustionhappensn stages increasy the

risk of furnace corrosion, whicban occur through a variety possible mechanmmis
commonly referred to as CO corrosion. €@rrosion getsts namefrom the fact thait
occurs at high CO levels in tlgas, which is a direatutcomeof oxygen deficiencyA
reaction occurring between carbon and metal surface is probadlynost important
mechanism in CO corrosioithe carbon in the form of CO or other molecule that contains
carbon can be absorbed on thetal surface and there begin to react to form pure carbon.
Inclusion carbides are formed when this carbon diffuses into the metals. Carbides are
describes as compoundscarbon and metal e.g., & CrsCs, NizC. This is what happens

in CO corrosion whe the metal alloy is crushed apart by successive formation of inclusion
carbides that form their own grains in the metal structure and eventually burst the
surrounding metal matrix. (Strémberg&Svérd 2012,-412)

4.2 Erosion

Erosion is associated withaterial felling caused by a flowing gas or liquid that may but
does not have to contain solid particlEsosion damage occurs due to too high gas velocities
against a certain surface and / or too high dust contents in the gas that hits the surface
Stronmberg & Svérd 2012, 3578rosion damage caused by sand is usual in fluidized bed
boilers. Even superheaters in the fireplace are prone to erosion. The tube surfaces in the
furnace and the cyclones are exposed erosion, as well as the cyclone’s centahgipes

tubes, which are placed in bed material. (Storesund et al. 2015, 265.)

4.3 Formation of deposits

There are twanainsorts of deposits that can be recognizselhgging and fouling. Fouling
is referred tdayers of materials (astepositedon the bdi er 6 s convecti on

When vaporized inorganic elements condense on ash particles and heat surfaces at cooler
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temperatures, deposition occustagging occurs whepartially fused or completeiyolten
deposits orconvection surfaces dhe furnae walls araevealedo primarily radiant heat.

The parially melted or fused pieces after fly ash depositions has started to melt on heat
exchanger surfacas describes as slaglagging and fouling in the radiative sections of
steam boilers can lead tiecreased heat transfer rate and thus boiler capacity. (Khan et al.
2008; Obernberger&Biedermann 2013, 37)

4.4 Agglomeration

Agglomeration happens within the bed itself which is where the particles of the bed tend to
be stick together into larger particle@Morris et al. 2018) T h e f nomanic alkali
compments primarily Na and K can often react with bed material ttorm low-melting

silicates resultingagglomeration (Bartels et al. 2009he creation of a melt on the surface

of the bed material increased its stickiness, causing an increasing number of particles to bind
together and forntarger agglomerateg¢Scala 2018)The formation of agglomeratesn
causepartial or everotal de-fluidization of the boile(Bartels et al. 200Brus et al. 2005

Morris et al. 2018

Due to sintering this agglomerate may be further reinforced, a process in which the melting
of particles and the fusion of agglomerates into large, hardened structures is contributed by
high, localized temperatures. This is commonly referred to as ceatinged
agglomerationAs enough silica and alkali metals are present in fuel ash to creattieut

melts, the term meihduced agglomeration is commonly appli@dorris et al. 2018)

4.5 Load changes

As the load on an FB boiler varies, so do the find aisupply.Therefore, he combustion
ratesareinfluenced by thehanges oflistribution ofoxygen and temperature in the furrace
as well as the quantities ghseous compounds and char that remain unbuFhecaxidizing

and reducing zones, as well he tnstantaneous temperature distributibase an important



44

impact inemissionsDuetothedb oi | er 6s hi gh heat capdawmi ty ¢
fluctuations are delayed during rapid changes in Idddttgnen et al. 2017)

4.6 Measures to mnimize fuel-related operational problems

Knowledge of deposit formation and ash behaviour is critical for optimmiigr operation
and ensuring high plant performance and availabilihe proper fuel blend control is a key

method for reducing or even avoiding the formation of harmful deposits

4.6.1 Fuelindexes

Fuelindexesfor biofuelscan beusedto assess the fuefmrmful tendenciesTheyindicate
preliminary information on key combustion features of biomass fuels such as the possibility
for gaseouemissionshigh temperature riskhe potential for fine particle emissions and
deposit formation and ash melting behavioufhus, during combustion, the physical
behaviarr, chemical reaction processes, and interactions between various components,
ideally groups of elements, are all colesed.(Sommersacher et al. 2Q)1Eurthermorefuel

indexes are usuallyempirical andhave been validated using correlations and experiences
obtained from piloscale and realcale combustiorstudies (Obernberger 2014)Fuel
indexes based arhemical popertiesof fuel and asheallow for theestimationof what can

or may have occuiQbernberger 20148trémberg 2006, 38).

S and Cl are preferrad form alkaline (K, Na) sulfates and chlorides during combustion.
HCl and SQ. If K and Na areabundant in the gas phase, practically all S and CI can be
bound, withonly minor gaseous HCI and $@missions to be predictedhis isthe reason
(2S+Cl)/(K+Na),known as Salt ratio is so relevantin the range above ihcrease of the
HCl and SQ emissions has to be expectdd the range below 1 an increase of éhialine
chlorides and sulfates are expec{&@bernberger 2014; Stromberg & Sva@il2,403-404)

The fuel index2S/Cl, known as sulfating number, is probably ey figure that has been
most widespread and whose value is often wsethcome to be able to draw-faaching
conclusions regarding ash chemistry and corrosite. 2S/Clgives the ratio between the

ability of sulfur and chlorine to bind metals, mainly alkali but also calclarorder for the
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sulfating number to give a reasonable interpretation, it is also reqgtna¢dsulfur and
chlorine have the same path through the combustion processldition, the sulfating
numbers assumes that sulfur and chlorine compete for theakatiemetal ionsso Salt
ratio 1 needs to be more than 1. If there isxaress of alkali oxide$ and Cl do not compete
with each othem the same way for alkalFor cleanbiofuels, Salt ratio 1 is rarely greater
than 1, which is why the value of imgulfation ra¢s when burning clean biofuels is often
overestimated Stromberg & Sard 2012, 403104)

In general, with 2S/Cl ratios greater than 8, no considerable corrossts €orrosion risks
increase as the index value decreases, andfioes less than 4isk of significant corrosion

must be foreseen (Retschitzegger et al. 2d8\vever, it is extremely difficult to use only
themolar ratio of sulfur to chlorine to make such as assessment. The assumption only applies
as long there isocalciumthat can absorb the sulfidere it is also important to erhasize

the role of calcium. If there is an excess of calcium, the sulfur can be adaarbezlations
between sulfur and chlorirEased solely on the fuel analybsve no relevanggstromberg

& Svard 2012, 407)The fuel indicesvith a brief description of what they predict are shown

in Table 4.
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Table 4. Fuel incexeswith abrief description of what they predict. (Strémberg 2E%40).

Fuel index

Predictions

Alkzalinity number 1a

2a+3Fe 4+ Na+2Mg+ K
25i+ Al + 3P+ 2T

<1: Shortfall of alkalinity
>1: Excess alkalinity

Hazardous area when FB firing with quartz sand: >1

Alkalinity number 1b

Na+ K
251+ Al + 3P 4+ 2T

=1: Shortfall of alkalinity
=>1: Excess alkalinity

Hazardous area when FB firing with quartz sand: >1

Alkalinity number 2

2la+K+2Mg+ Na
251 + Al + 3P + 2T

=1: Shortfall of reactive alkalinity
=>1: Excess of reactive alkalinity

Hazardous area roughly as alkalinity number la

Alkali proportion

Na+ K
a+K+2Mg+ Na

Proportion of strong alkaline substances in total alkalinity area
{always<l).

Wery hazardous area =0.5.

Hazardous area from 0.3.

Salt ratio 1

25+ Cl
K+ Na

=1: All free alkali metal can be bound as chloride or sulphate
=1: All chlorine and sulphur can be bound to alkali (if all alkalis are free)
Values <0.7: Hazardous for alkaline sintering

Walues >1: Hazardous for salt stickiness, formation of deposits and free
corrosive acidic gases

Walues in between: Moderately hazardous
Mon-hazardous zones: Unfortunately, none
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Fuel index Pradictions
Salt ratio 2 =1: All free alkali metal can be bound as water-zolukle
Cl+3P+25 salt
T K+ Na WValues <1: hazardous for alkaline sintering
Walues =1: hazardous for deposit formation or sintering
by salt melt
Sulfating number <1: All chloride cannot be transformed to sulfate
23 =1: All chloride can be transformed to sulfate
el Hazardouz and non-hazardows areas cammot be ezmly
zzsioned. Highly process-dependent
WVaporization ratio =1: All free alkeali can be vaporized as chloride (shows the
cl proportion of allezli that can easily be volatile chloride)
K+ Na ={1.3: High nisk of the formation of chlorine-rich deposits
=1: High rizk of the formation of other volatile chlorides
than with Na and K. Also, high risk of homogensous
chlonne-mduced corrosion or low-tempersture comrosion
with Cl admixture by excess HCL
Feldspar number 1 <f: All silicate can be present as or form aluminosilicate
25 or feldspar
al =f: Parts of the silicic acid may form alkali silicate with
low melting point
<f: Generally good
=f: Often poor, not always
Feldspar number 2 =1: All alkali iz bound or can be bound to the
zluminesilicates of feldspar type and with relatrvely hizh
Al : 3 2 ¥ g
melting point
K+ Na
=1: Often good
<1: Often poor

[itrification number (soda lime glass mumber)

0.3-1: High rizk of the formation of glass phases with low
melting points (melting point arcund 730 °C)

2(K + Na)

35§ 0.2-0.5 and =1: Minor nizk

=(.2: Small risk (low proportion of melt)

Eutectic number 1 Clozz to 1 or clese to 0: Good.

K (0.2-0.8: Poor.

Na+ K

Eutectic number 2 Cloze to 1 or close to 0: Good

Ca Cloze to 0.5: Poor.

Ca+ Mg
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The fuel index, Ca/S, indicates whether one can expesglf-absorption of sulfur in the
fireplace m a FB boiler. For fuels with low sulfur conteniisis often negative with high
Ca/S values because the risk then increases for the formaéilicalochloides. The calcium
reacts with sulfur, which means that the chlorides lose the competition for Ali@iindex
Ca/(S+15P) considers also that calcium reacts with phosphorus. Thadex
P/(K+Na+1.5Ca+1.5Mg¥shows whether there is enough phosphorus to leetalveplace
chlorine with phosphorus in alkali compounds and is important for corro$aie 5

summarzes the previously mentioned fuel indices.

Table 5. Fuel incexin regards ophosphor and sulfu

Fuel index Favoured values
Co <1
o =2 for CFB
=3 for BFB
Cn =]
5§+ 1.5P
F =1
K+Na+13Ca+ 15Mg

4.6.2 Additives

In order to avoidalkali-related operational problems, it is important to change the chemical
conditions during combustion and thus also the flue gas chenfisilitives can be utilized

to mitigate the potential damage&ken combusting a problematic fuel that have thentiate

to causefouling andcorrosion The additive can prevent the harmful compounds from
depositing on boiler surface in variety of waybke additive can be added to the flue gas or
the fuel.(Stromberg&Svard, 201343444.)

Binding oradsorbing an alkali can occuy bo-combustion with a fuel that contains an ash
that can bind alkak.g.,peat, coal, digestate, etc. An additive such as the clay mineral kaolin
can also be added. The bed material in a bubbling fluid bed can bind mairef élle bed
temperature is lowered to 750 ° &lso, sulfur can be addesb that alkali chlorides do not

form or are converted to alkali sulphat8slfur can be supplied by emmbustion with fuels
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that contain sulfyr such aspeat, digestate, rubberiregs, coalor adding pure sufur.
Phosphorus has a similar effect as sulfur and can be addgby co-incineration with
municipal digestateWhen phosphorus is addedlkali chlorides do not form or are
converted to alkali phosphatde enrichment aélkali in the bed of a fluid bed boilean

be reducedby regenerating the beg.,addition of a sufficient amount of new safthally,

the formation of sticky layers of alkali silicatean be minimizedychanging bed material
from ordinary quartzich sand to an alternative bed material with a less reactive
composition However, there is a risk of increasing the amount of alkali in the flue gas and
thus the risk of coatings and corrosi@Btromberg&Svard, 2012, 34814)

It is important to beclear aboutvhich problemis wantedto fix and have a good picture of

the effectof the measures in the entire ple&dme measures can have positive effecthe
furnace, while others magecreasehe riskof bed agglomeration but increase the risk of
corrosion.For example, you can increase the risk of corrosion and coatings if you bind less
alkali in the bed. The various measures taken to change the chemistry thus cowsists of
incineration and smaifuel mix, addition of various additiveschange ofbed material
regeneration of bed materighnd dange the temperature profile in the boiler
(Stromberg&Svard, 2012, 34814)
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5 CASE JARVENPAA TESTING DESCRIPTION

51 Description of J2rvenp2a@a@ad6s power

Jarvenp?a?20§s higheefigency multituel CHPplantovaned by Vantaan Endgeg
(Vantaan Energiafigure9 illustratesthe primary components of the plant, which include
its fuel reception stations anvo storage silagsBFB boiler, turbine, generator, heat
exchanger, andufe gas condensing unit. Electricity is provided to the national grid by the
turbine and generator. The heat exchang#izes theheatand recovered heathich is
produced from the turbinendtheflue gas condenser resultingise in the temperature of
the water in the local district heat netwofkV1 2020; IRENE 201824)

Bubbling
o o Fluidised

Fuel trucks Bed boiler

Electricity grid

Burning fuel [Ee- Hot water

Fuel reception - Generates Heat exchanger
stations heat for Return water
steam cycle
- Releases Recovered heat
flue gases Exhaust air
including
vaporised
water

Municipality’s
district heating grid

Fuel storage silos and

boiler silos

Flue ga‘s Flue gas scrubber Flue gas condenser

Ashes + Condense water

Figure 9. The schematiof the Jarvenpaa multifuel CHP plgwtvl 2020; IRENE 2018, 25).

Table6 depicts thanaximum capacity of the boileFhe BFB boiler may run with hiomass
share ranging from 0 to 19®and a recovered energy waste share ranging from 0 to 30%.
The share of different fuelsariesaccording to the operating conditions and the availability
of fuels The share of woebtlased biofuels, which are n&bjectto the waste incineration

regulation, varies momentarily betweeri@%. The annual share is 55%. The proportion
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of wastederived fuelsmomentarily varies between@D%. The annual share is 45%he
use of wastalerived fuels is not necessarily continuous and only biomass can be used as
fuel. (AVI 2020.)

Table 6. The maximum capacities for the boilgVl 2020

Thermal capacity 76 MWhel

Electricity capacity 23 MW,

District heat capacity
+ extra DH by flue gas condenser 45+15 MWheat

5.2 General testing environment description

The testingsystem consists of twonline FUELCONTROL measuring systems, a fuel
reception unit, two storage silos, silo feeding antbadingandtwo boiler silos as shown

in Figure10. Solid wood fuels an@RFare received and processed separately at their own
receiving stations. The system consists of teteiving stations, a scraper conveyor for a
screening building, a screen, a crusher, a magnet, a scraper conveyor for storage silos,
unloading screws andcrapeconveyors to boiler silos. A waste fuel reception system
consists of a reception hall, an uadier, a shedder before going to the silo scraper conveyor,

a screener/magnet, a crusher, a storage silo, and its silo unloader. The solid wood fuels and
waste fuels are mixed on the bucket conveyor right after the storage silos. The screening
separates stes, metals, and owvsized particles from the fuel flow. Following the
screening, the fuel is kept in an automated storage silo, which serves as a buffer between the
boiler silos and the boiler feeding. Screw reclaimers are used to extract the fuelhieom t
silos.X-Ray 1 is installed between the fuel reception unit and the storage siHBsy2® is

installed between a storage silos and boiler sllbe.SRF is mixed with the wood fuels after
second XRay 2.
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Figure 10. The schematic ofomponents of the testing environment

5.2.1 FUELCONTROL ®

The RUELCONTROL ®system idased on Xay scanningwith radiation isproduced by

an electronic radiation sourcRadiation is directed through the fuel flow throughout the
measurement, and the permeating radiation is measiitte@ highresolution sensor. The
sensor s measur ement -Rayimages,vghichuateithen anatyzbdih o ¢
real time to evimate moisture and foreign substanaswell as identify foreign items with

a higher density than the fuel (metals, rocks etc.). Laser scanning is used to assess fuel

volume flow. (Inray)

5.2.2 Storage model

Overview of the storage model is shown in Figure The system consists of a
FUELCONTROL® Scannethat measures the moisture, the foreign objects, and the volume
of fuel received from the conveyor. A machine vision system can also be added to the fuel
reception, which automatically detects different fuel types. The storage model receives
online measurement data from eRay 1, as shown in Figurél, regarding a fuel coming

from the fuel reception unit and the control unit is able to continuously cedduten the
measurement data at least one of the fuel quality criterRay)1 monitor a batch of fuel
carried on the conveyor by continuous measuring and supply the storage model with fuel

related measurement data received from the measurement.
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The stwage model establishes a riate content model for storage and boiler silos, e.g.,
two- or threedimensional model, about its fuel distribution on the basis of at least one of the
following fuel parametersa batch of fuelatype of fuel, moisture conte, foreign matter
content, ash content, at least one element concentration, energy content, densitg,

and mass The model maintains the established content model and updates it real time
according to the fuel being supplied and dischargadhermore, following data is possible

to utilize in the storage model: operating data for the conveyor, identification dditelfor

loads, information about supplier, a type and a location, information about a truck scale used
for determining the amount of fuel load and other possible information obtained from
auxiliary measurements, e.g., operating data for a belt scale oegthpmentThe system

stores measurement and process data in a database from which it can be monitored using a
browserbased interface., as it can be seen fromthe Fiduieh e pl ant 6s di str
system (DSC) provides information about the acef levels of the storage silos, which
informs the silo feeding and a storage model to which part of the silo the measured fuel is

delivered and which part of the silo the measured fuel is discharged from.

SUPPLY CHAIN MANAGEMENT X-RAY 1 DSC X-RAY2
SYSTEM Moisture, foreign objects, Surface heights of the silos, Real time moisture content
Fuel type, mass, analysis volume Conveyor operating data of the fuel mixture

! ' .

Latest infc ion for fuel p Real time moisture content distribution of the silos Fuel quality data for the operator
T 3 7 =

(5 3 s Ty =] [ [ =T i [ o) " 2

Figure 11. Overview of the storage model
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Figure 12. The storage model in graphical user interface

The storage model is able to transfo#l demand information based on the content model

of the storage silos. The demand information makes it possible to report which fuel fractions
are needed in the boiler for maintaining an optimal fuel distribufibe.fuel cubes in the
graphical user interface contains all data about the scanned fuel: time stamp, fuel type,
energy content, load ID and the moisture, volume and foreign mattenreedy xRay 1.

The example of this is given in Figut8.
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Show[ 10+ |entries
Time Bateh Load Id "'1”;‘]“'9 V‘[}Il:g]‘e . et s Comomt ol W[;ir;ht
i [kal [MVVh] [kal
R0zl 23604 71311046288 465 46 0 253 2110212 54957
oeiel 2302 71311046285 337 365 0 249 311010 3716.1
BS20%h 23801 71311046284 36.8 26.3 0 1.8 311010 1951
e 23803 71311046288 30.2 13.1 0 6.4 212010 22324
SpMeDZL 23509 71311046282 311 35 0 17 311010 2645

Showing 110 5 of 5 entries

Figure 13. Information that one fuel cube contains

5.3 Baseline situation

Normally, after the XRay 1 is measured the fuel load at the reception station, the fuel is fed
to the storage silobased on the surface height of the silbse surface heights of both
storage silos are kept close to each other. Both storage silosuatly dsscharged at the
same time unless the heat demand is Mavarrangement regarding of the moisture or fuel
composition are done to the storage silos. The feeding rate of SRF is kept donstation

to wood fuels.As no arrangement is done tdosi the fuel mixture consists of a

heterogeneous mixture of different fuel types.
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6 METHODOLOGY

Three test drives are organized at Jarvenpaa power plant to be able to analyse functioning of
the storage model and its differdattorsduring May and June of 202The methodology
used to perform thieesearchas well as the experimental setup, are outlined and presented

in this chapter. The standard sampling and analytical proceduralsacevered

6.1 Testscheme

Generally, the main methodology of verifying a storage silo is that the fuel stream discharged
from the storage silos is sampled and analysed and compared to the storageAmodel.
characterization of the output stream of the storage silo in terms of gise@lhgharacteristics

and moisture content is done and compared to the storage mioedbllowingfactorsare
verified of the upcoming fuel streamoisture content, volume flow, fuel composition is the
same compared to the fuel distribution of the sferanodel. Moreover, the correctness of

the real time according to the fuel being suppliedaidadeds discussednd analysed.

Theoutput of the storage silo is analysed for fuel composition and moisture content and the
results are compared with thatd produced by the storage model. The composition of the
fuel mixture is also compared to the storage model with respect to time, whether the storage
model is in real time with respect to the fuel flow, or whether it is ahead or behind. The fuel
mixture n the samples is compared to the storage model in terms of whether the sample

contains the same fuel fractions as the storage silo shows.

As discussed in the chapter 5.3, blaseline situation is that terage silos are not arranged
according to the moisture or to achieve a certain fuel mixture. This makes it difficult to verify
the performance of the storage model, as changes in the quality of the fuel mixture in terms
of composition and moisture aremmal and difficult to detect based on visual inspection.
The test drives are further explainéglow. The arrangement was based on the average
moisture data provided by theRay 1 for the different fuel fractions from the past month

in April 2021 Moisturewas not angised for a longer period of time, because during the

winter season thaveragamoisturesverehigher than usuals it can be seen from the Figure
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14 the driest fuetypes werestem woodrecycled wad, and wood chips. Therefore, it wa
decided that the stem wadborecycled woodand wood chips arfed to the dryer silos and
other fuel types are arranged to the wetter sltmwever, the final arrangement depends on
the fuel loads orderebly the plant before the planned test drives, widohld not be
influenced.The fuel names and thasorresponding fuel classification number of Statistics
Finlandis given in Tabler.

Table 7. Fuel codes and the corresponding fuel type

Fuel code Fuel name
2110212| Stem wood
215010| Recycled wood
2110201 Wood chips B
211030| Forest residues
2110211| Wood chips
2110202| Stem wood
212080| Unspecified industrial wood residue
212010| Bark
212020| Sawdust
212030| Wood residue chips
211040| Crushed stumps

Min of Moist. [%)]  Average of Moist. [%] Max of Moist. [36]
70

60

Moisture [%)]

2110212 215010 2110201 211030 2110211 2110202 212010 212020 212030 211040
Apr

2021
Fuel types

Values.

- (verage of Moist. [%] e Min of Moist. [%] === Max of Moist. [%]

Years ¥ Date .Y Fuel Type ¥ *=

Figure 14. Average moisture values of different fuel typesone month before the test drives
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The aimof the first test drivés to detect the shift from the wet layer to dry layer in order to
analyse if the storage model updates the model in real fithe.aim isto notice the shift in
moisture from wetter moisture to dryandin fuel compositionTwo days before the first
test drive, the operatas instructed to arrange the storage silos as follows: all loads
containirg stem woogdrecycled woodand wood chipsre unloaded in storage silcand all
other fuel fractions in the other storage floStorage silo 1, which is arranged to dry silo,
consist of forest residue, bark, and sawdust bef@mearrangemens started. Only storage

silo 1 is being unloaded duag the test drive.

Secondest driveis performedwhen the storage silos are sorted to dry and wet Jiltes

p | a operéatersaareinstructed to arrange the storage silos following way: recycled wood
wood chipsandstemwoodare unloaded to other silo and all the other fuels are unloaded to
other silo to arrange the-salled wet and dry silo. The aim is to get dryer fuel compasitio
compared to the baseline situation to detedryeer fuelon X-Ray 2 moisture data and
reference sample@nly storage silo 1 is being unloaded during the test drive, since the aim

is to measure a dryer fuel mixture compared to the baseline.

Third testdrive is performed in baseline situation, where no arrangement to storage silos is
performed. The aim is to further analyse the baseline situation of the storagassilbs
first and second test drive is done at special arrangemientsddition, partite size
distributonisd one for the third test driveds re

composition of the reference samples.

6.2 Sampling methodology

In the test drives theampling is done after the fuel is unloaded from the sts#ge and

the X-Ray 2 has measurdhde fuel streamBefore the sampling location, the SRF is mixed

with the wood fuels on the conveyor. The samples are a mixture of wood fuels and SRF and
the SRF is sorted manually from the samples before they are ansigsedhe Xray 2
measures the fuel before the mixing of SRF. The sampling location is placed to be as close

to the XRay 2 as possibl@asshown in Figure 15.
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Storage silo 1

Y

Boiler silos

§ X-Ray2 ; 9

Storage silo 2 )
SRF silo

Figure 15. Sampling location of the test drives is marked on a red dot.

All the samplesre further treated for their preparation faboratory analysis according to
ISO 18135:2018tandard methods for solid biofuel$ie sampling methods used was based

on the operating conditions and practical situations of the Jarvenpaa plant.

The representateness of samples was ensured by following the stan8&&I1SO
18135:2017The fundamental concept of proper sampling igegba representative sample
of the whole fuel lot under examinatiorhe method applied for the sampling of fuel stream
were
- the sampling was done directly from the fuel stream falling from the load
- the sampling interval is determined so that enoughnmental samples are obtained
evenly from different parts of the fuel stream
- several smaller increments are taken from the fuel stream
- the entire fuel stream or the majorayit is being subjected to sampling
- the samples are evenly representative of thelevitbad and no sorting or selection
aretaking place during samplingSFS ISO 18135:2017)

Theincrementakamples are takezvery two or three minuteBive to sixsamples are taken
at oneinterval This is done due to the heterogeneous natutbeofuels since it is often
difficult to take incremental samplesa way that meets the principle of good sampéind
that each idividual part has an equal probability of being included in the final saffipée.

samples are taken into closalslemplebags. When sample is taken, the sample location
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(JAR2) and the time of the sampling (day and time of the day) is written down. This way the
sample results can be compared afterwards to the data produc&EbhCBGNTROL ®

online measurement system-Ray 1 ad 2)and storage moderhe longhandled sampling

bucket was used to take the sampld®e confidence in sampling and analysis of different
parameters was founded on the fact that sampling of fuel streams and sample preparation for
laboratory analysis weigrried out in accordance wighandardSFSISO 18135:2017The

sampling quantities of differetgst drives are given in Table 8.

Table 8. Thesampling quantitiesakenfrom the Jarvenpaa CHplantduringthe test drives

First test drive Second test drive | Third test drive
Moisture samples 24 34 33
Fuel composition 30 72 51
Particle size distribution 0 0 33

6.3 Fuel analysis

For the samples taken from the sampling locasiamdardSFSEN ISO 181341:2015is
applied when determining the moisture contirthe samplesThe particle size distribution

for reference samples is done with accordance with the standaf8NSFS8O 172871.

Composition of fuel samples means their breakdbtwrtype offuel fractions contained
(such as barksawdust, stem wood, branches et€he composition of the fuel samples is
determined by means of manual sorting of each sample and visual inspectiogr&jict

are taken during visual inspection of the samples to assist with the documentation.
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7 RESULTS AND ANALY SIS

In this chapter he data fromthe test drives are reviewed aramhalysed Sources of
uncertainty, analysis techniques, and thgatential influence on the results are also
discussed.

7.1 First test drive results

Figure16 showed the GUI of the storage model at the beginning and at the end of the test
drive. The fuels that were at the storage
are given in Tabl®. The storage silo consisted of five fuel loads of stem wood fuel

load of bark, two fuel loads of forest residue, one fuel load of sawdust, and one fuel load of
recycled woodThe moisture of the Fuel ID 4 wa8,86%, which was higher compared to

ot her stem wood | oads. Fur tositonimanalysed basesl t h ¢
on the pictures of the fuels provided by thddy 1 camera, it is a mixture of stem wood,

bark and sawdusppendix1 showedthe pictures taken from the reference samples during

the first test drive.

[ esss | osm | [ wems || oraw | [ e7an || o7ew | [ o || oo | | erow [ o7sw | | keon || oi7se |

==

[ | L |

Figure 16. The storage miel in graphical user interfacga the beginning of the test drive and the end of the

test drive



Table 9. Fuel loads that were in the first and second layer of storage model @rsirgst drive.

X-Ray 1 moisture [%] Fuel ID Fuel type Fuel name
43.72 1 2110212 Stem wood
57.25 2 212010 Bark
43.75 3 2110212 Stem wood
53.86 4 2110212 Stem wood
46.31 5 211030 Forest residue
45.46 6 211030 Forest residue
57.1 7 212020 Sawdust
46.01 8 2110212 Stem wood
30.81 9 215010 Recycled wood
29.62 10 2110212 Stem wood
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The X-Ray 2 moisture measurement data is given in Fiyjar&éhe average moisture content

of the fuel mixtureduring the first test drive wa2%. No major variation was achieved in

moisture content measured XyRay 2during the first test drive.
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Figure 17. X-Ray2 measured moisture data

16:43:38
16:51:39
16:59:58
17:08:34
17:17:47
17:27:08
17:36:00
17:45:30

Time

17:54:49
18:04:21
18:14:12
18:25:30
18:36:58
18:48:00

18:57:44
19:06:59
19:15:30

The first test drive consisted of Bferencesamples which were collected within five hours.

The moisture of the reference samplesay 2 measured moisture and the average moisture

of first and seconthyer of the storage modahd the average dioth layersareshown in

the Figurel8.
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Figure 18. Moisture values during first test drive

As it can be seen from the Figui&, the moistureremaired relatively constantin the
reference samples,-)ay 2 andt h e st o r dirgt@and secahdayer8. he moisture
value of first layerof the storage modelvaswithin 4-13 % higher compared to reference
sampls. The moisture value ofsecond layer of storage modebs 4% lower at the
beginning,but the differencencreasd to 10%as the second layer of storage moaak
shifting drier. The averagenoistureof first and second layer of storage moaeiswithin
2% compared to the refereansamples ang thereforethe most accuratewhen the storage
model 6s moi st ur e \he mostue vaueseof refevemqe samelde t o
moisture data measured byRay 2remainghesteadiestluring the test drive-urthermore,

it measures the moistu@n average 5% dryer compared to the reference sanifle
moisture of the reference samplesersunder 45%approximately at 18:30 and staytbére
for awhile butincreasd back to 45% at the end of the test drit@eems that storage silo
dischargeadnomentarily drer fuel mix As the Figurel8is compared to Figurg9, from the
moment of 18:27 t49:13 there was a recycled wood in the fue{, increased share of stem
wood anddecreasedhareof bark which can explain the dryer moisture valu€ke fuel

composition of reference sampliepresented in Figurg.
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Figure 19. Fuel composition of reference samples during first test drive

As it can be seen from the Figut8, the reference samples consisbf forest residues,
sawdust, bark, recycled wood, and stem wddte share of sawdust remathconstant,
beingon average 3%. Theshareof forest residugavas at the beginning of the tesive 90%

but it decreased throughout the test drive, but the most notable deseeas tdhappen

after 17:20.At the end of the test driyéhe share of forest residue varied frora2096. The
share of bark varied throughout the test drive from 10%6% being on average 23%he
share of stem wood varied from 20% to 6béing on average 30% Recy cl ed wo 0
found in eachreferencesample, but at 18:23 the share of recycled wood started to be
consistent in the reference samples from 2030%. Inaddition, he share of recycled wood
and stem wood begpto increasenomentarilyat 18:23.The fuel composition of the first
layer of the storage modisipresented in Figur2o0.
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Figure 20. Fuel composition ofirst storage layer in storage modiring first test drive

The first layer of the storage model consisted of forest residue, sawdust, bark, and stem
wood. The share of forest residue varied from 10% to 21%. The share of the sawdust varied
from 49% to 63% antladthe largessharen the first layer of the storage model. The share

of bark was almost neexistent, the share was 6% from 14:03 to 14iiefore it was
completely unloaded from the storage modéle share of stem wood was at the beginning
34% and it decreased little throughoud tist drive and ahe end of the test drive, the share

of stem wood was 27%.he fuel composition of the second layer of the storage model is

presented in Figur2l.
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Figure 21. Fuel composition of second storage layer in storage model dimhtgst drive

The second layer of storage model consisted of forest residue, sawdust, recycled wood, and
stem wood. The second layer consisted of the share of 17% of forest residue at the beginning
of the test drive, but at the 16:15 the share of faesidue dropped to 2%. The share of
sawdust was at the beginning 17% and it decreased throughout the test drive to 3%. The
share of recycled wood was at the beginning of the test 7% and the share increased
throughout the test drive to 30%. The share tefnswood stayed relatively constant
throughout the test drive varying from 59% to 69Ple average fuel composition of first

and second layer of the storage silo are shown in FRfure
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Figure 22. Average tiel composition of first and secostbrage layer during first test drive

As it can be seen from the results, during the first test drive the shift from wetter fuels to

dryer fuels couldndét be detected in the r
the plant, itd speedaup thé unloaplingssgeedofstmew reclaimerAlso,
the sampling time at the plant couldnodot b

model would have shifted to the lowest level (first layer) in the storage model. However, it
was stillpossible to generally analyse the operation of the storage model on the Tésults.
fuel composition of reference sampleal largervariationcompared to storage mogdels
thefuel compositiorat the storage modsiayedrelatively constant during thesting period.

The share of bark wansiderably larger in the reference samples compared to the storage
model, since the storage modebb e s n 6t c ont ailhl4 Blsoytike reaycleda | |
wood was inspectedhithe reference samplddowever, athe first layer of storage model
thefuel cubes d d radtainanyrecycled wood. The recycled wowdsonly presengt the
second layer of storage mod&herefore the results indicated possibility of mixing of
different fuel fractiondetween thdirst and secondhyer of storage modelr the storage
model was slightly behinéi nce t he st or age mareonlydiestivd u e |
and not absolute prediction, this canexpected.
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7.2 Second test drivaesults

After the first test drive, modifications to the volume flow of the unloaded fuel in the storage
model was made as it was found out to be too small. FRsieowed the GUI of the storage

model at the beginning and at the end of the test drive. As it can be seen from th23:igure

at the beginning of the test drive, according to the storage model, there was a dryer layer of
fuel mixture, which was unloadedropletely during the test drive and the first layer shifter

to wetter. The fuels that were at the sto
drive are given in Tabl&0. The storage silo consisted of five fuel loads of stem wood, one

fuel load d wood chips, one fuel load of sawdust, and four fuel loads of recycled wood. The
aim was to reach dryer fuel composition t
and Fuel ID 9 were wetter than average compared to other fuel Agusndix2 showed

the pictures taken from the reference samples during the second test drive.
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Figure 23. The storage model in graphical user interfatéhe beginning of the test drive and the end of the

test drive
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Table 10. Fuel loads that were in the first and second layer of storage model during second test drive.

X-Ray 1 moisture [%] Fuel ID Fuel type Fuel name
355 1 2110211 Wood chips
47.45 2 212020 Saw dust
22.22 3 215010 Recycled wood
37.55 4 215010 Recycled wood
50.05 5 2110212 Stem wood
22.17 6 215010 Recycled wood
44.96 7 2110202 Stem wood
45.3 8 2110212 Stem wood
50.05 9 2110212 Stem wood
37.55 10 215010 Recycled wood
33.68 11 2110212 Stem wood

The XRay 206s moi stur e meas ur Zl.nibenaveragearoiaturei s
content of the fuel mixture during the first test drive wa% The measured moisture varies
betweend3,0-46,3%, so the moisture stays relatively constant and no major variations in

moisture could be achievedXtRay 2.
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Figure 24. X-ray 2 moisture measurement data
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The moisture of the referencesample, Xy 206s measured moi stur e
of first and second layer of the storage model and the average of both layers are shown in
the Figure2b.
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Figure 25. Moisturevalues during second test drive

As it can be seen from the Figu2B, themoisture values fluctuaienore compared to the
first test drive The moisture of reference samples véfrem 38% to 46%However, when
the moisture of reference samphleas compared to the moisture results of one interval
sampling period, the moisture conteamaired more consdnt.Largest dfferenceoccured
between the first layer of storage model and the reference saanphesbeginning of the
test drive.The moisture of first layer in storage moaesover 10% dryer compared to
reference sampleslowever, the differencedgins to decrese approximately at 11:44hd

at 14:01the difference is only,3%. The fuel composition of reference samptepresented

in Figure26.
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Figure 26. Fuel composition of reference samples during second test drive

As it can be seen from the Figu?é, the reference samples consisted of sawdust, bark,
recycled woodand stem woodThe share obawdust varied from 5% to 40%ging on
average 17%The share of bark varied fro%6 to 33%being on average 11%heshare

of recycled wood varied from 10% to 6d8éing on average 3@ The share of stem wood
varied from10% to 70%being on average 39%he shareof stem woodncreased during
the test drive, whilghe share of recycled wood decreas€de shareof bark slghtly
decreased whil¢he share osawdust remained quite constant in the samfigs. fuel

composition of first layer of storage model is presented in Figjiire
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Figure 27. Fuel composition of first layer of storage model during second test drive

The frst layer of storage modebnsisted ofawdust, recycled wood, stem wood and wood
chips.The share of sawdusias at the beginning of the test drive 18%, bweis completely
unloaded from the storage moagl 1:40. The share of recycled wood was at the beginning
of the test drivé1% and increased to over 80fbm 10:39 to 12:4Followed bythesteady
decrease othe share of recycled wooAt the end of the test drive the share of recycled
wood has dropped to7%6. The share of stem wood was at the beginning of the test drive
11% The share of stem wood started to incrests&2:45and at 13:40 the share of stem
wood increaed instantly over 10%. At the end of the test drive the share of stem wood was
62%. The shre of wood chips was minimal throughout the test dreoe 1% to 3%.The

fuel composition of the second layer of the storage model is presented inZ8gure
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Figure 28. Fuel composition osecond layer of storage model during second test drive

The second layer aitorage model consisted of recycled wood, stem wood and wood chips.
The share of wood chips wa%o at the beginning of the test drive and at 11:27 the wood
chips was unloaded completely from the second layer of the testThivshar®f recycled

wood was at the beginning of the test drive 28% after wtiiehshare of recycled wood
started tadecrease. The recycled wood was completely unloaded from the second layer of
the storage model 4t1:40. The share of stem wood was 70% at tlignbéng of the test

drive and incrased to 100% at 12:4%he average fuel composition of the first and second
layer of the storage model is presented in the Fig@re
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Figure 29. Averagefuel compositiorof first and second layer of storage model during second test drive

The storage model congstof mainly recycled wood and stenoadand minimal share of
sawdust and wood chip&s it can be seen from the Figuzé and Figure29 the reference
samples contained bark, but in the storage model, there was nio paekent eitherat the

first or second layeof the storage modeThe reference samples also consisted of sawdust
throughout the test driybut the sawdust in the first laygas completely unloaded at 11:27.

The same decrease of recycled wood and increase of stem wood happened both in the storage
model and the reference sampl@serall, during the testrive, theshareof recycled wood
decreased botlayersin the storagenodeland in the reference sampl@herefore, the
results indicated outpat tvolumehflow is tmore eogert aiteo d e |
modification and the storage model was unloading the fuedahimeand was no longer
lagging behind.
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was arranged

arrangedbased on the fuel typeAs a result, the reference samples and the storage model

consisted of many different fuel fractions. This further complicatecmniadysis of the fuel

fractions in the sample3. h e

during the test drive are given in Taldlé The storage silo 1 consists afe fuel load of

saw dust, three fuel loads of stem wood, one laed of recycled woodpne fuel load of

f uel

S

t hat were at t he

stor

wood chips, two fuel loads of unspecified industry wastethrek fuel loads of bark. The

storage silo 2 consists of four fuel loads of stem wooe, fuel load of saw dust, one fuel

load of forest residue, and fotuel loads of barkAppendix3 showed the pictures taken

from the reference samples during the third test drive.

Table 11. Fuel loads that were in the first and second layer of storage ndaleth storage siloduring third

test drive

X-Ray 1 moisture [%] Storage silo Fuel ID Fuel code Fuel name
50.8 1 212020 Saw dust
41.85 1 2 2110212 Stem wood
32.68 1 3 215010 Recycled wood
25.62 1 4 2110211 Wood chips
39.38 1 5 2110212 Stem wood
53.77 1 6 212080 Unspecified industry wast
52.62 1 7 212010 Bark
30.72 1 8 2110202 Stem wood
52.97 1 9 212010 Bark
39.22 1 10 212080 Unspecified industry wast
50.9 1 11 212010 Bark
34.44 2 12 2110212 Stem wood
53.04 2 13 212020 Saw dust
49.71 2 14 211030 Forest residue
51.91 2 15 2110212 Stem wood
52.62 2 16 212010 Bark
56.57 2 17 212010 Bark
41.16 2 18 2110202 Stem wood
53.55 2 19 212010 Bark
54.46 2 20 212010 Bark
51.01 2 21 2110212 Stem wood
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The X-Ray 2 moisture measurement data is given in Figliur&he average moisture content
of the fuel mixture during théhird test drive was 41%T'he measured moisture varies
between 40,45,%%.
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Figure 30. X-ray 2 moisture measurement data

7.3.1 Storagesilo 1

Figure 31 showed the GUI of the storage modé¢hatbeginning and at the end of the test
drive. As it can be seen from the Figure 31, due to short testing period, no major variation
happened at the GUI of the storage modéie moisture of the reference sampleray 2
measured moisture and the averag®sture of first and second layer of the storage model

and the average of both layers are shown in the FRftifi@r storage silo 1
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Figure 31. The storage model in graphical user interfatéhe beginning of the test drive and the end of the
test drive for sildl.
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Figure 32. Moisturevaluesin storage silo 1 during third test drive
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As it can be seen from the Figu82 the moisturezaluesof thefirst and second layer of the
storage silos remaddl exceedingly constanThe moisture of the reference samples varied
from 41,8% to 47,7%eing on average 45,5%herefore, the moisture values of the storage
silos were only approximately 2% wetter comped to the average moisture value of the
reference sample$he fuel composition of the reference samples for storage milgiien

in Figure33.
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Figure 33. Fuel composition of reference samples during third test drive. Silo 1.

The reference samples consisted of forest residue, sawdust, bark, and steifhe@b@re

of forest residue varied frod% to 20% being on average 8%. The share of sawdust varied
from 20% to 50% being on average 37%. The share of stem wood varied froto 52%
being on average 38%. The share of baked from 5% to 30% being on average 16%.
The fuel composition of the first layer in storage model is given in Figdure
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Figure 34. Fuel composition of first layer in storage model durinigdttest drive Silo 1

The first layer of storage model consisted of forest residue, sawdustabdrgtem wood.

The share of sawdust wa$%, the share of stem wood was 38%, the share of bark was 34%
and the share of forest residue i&$6. The fuel compsition of the second layer of the
storage model is presented in Fig8ge
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Figure 35. Fuel composition of second layer in storage model during third test drive. Silo 1.

The second layer aftorage model consisted of forest residue, recycled wood, stem wood,
wood chips and unspecifieddustrial wood residuelhe share of forest residue wWH3%,

the share of recycled wood was 7%, the share of wood chips was 1%, the share of stem wood
was 21%the share bark was 51% and the share of unspecified industrial wood residue was
10%. The average fuel composition of the first and second layer of the storage model is
presented in the FiguBs.
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Figure 36. Average fuel composition of first and second layer in storage model during third test drive. Silo 1.

As the Figure33 and Figure34 is compared to each other, it can be seen that the share of
forest residue and stem wood rensgiquite constantvith a maximum difference df0%

The share of sawdust and bark has a larger variation in reference samples compared to the
storage silo. Thehare of sawdust and bark is hard to determine, since the reference samples
always consisted solid biofuels with particles typically 1 to 5 mm in size. Both the reference
samples and the first layer of storage model contained the same fuel types nAseisean

from the Figure35, the second layer contained recycled wood, wood chips and unspecified

i ndustry waste, that werenodt present in th
wood chips or wunspeci fi ed raferedce saimpleg, it vaa lset e
concluded that no major mixing has occurred between the first and the second layer. Overall,
the share of different fuel fractions reference samplegries much larger than in the
storage model, where tlsbangesemained athe minimum.
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7.3.2 Storage silo 2

Figure 37 showed the GUI of the storage model at the beginning and at the end of the test
drive. As it can be seen from the Fig@®® due to short testing period, no major variation

happened at the GUI of the storagedelo

o Eﬁ:

Figure 37. The storage model in graphical user interfatéhe beginning of the test drive and the end of the

test drive for sil®.

The moisture of the reference samplesay 2 measured moisture and the average moisture
of first andsecond layer of the storage model and the average of both layers are shown in

the Figure 38 for storage silo 2.
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Figure 38. Moisture values during third test driv8ilo 2.

The moisture of the reference samples varied #a% to 4?6 being on averagés%. The
moisture of the reference samples was on avet@gbigher compared to the first layer of
the storage modelhe average of first and second layer of storage nwakeklosest to the
moisture values measured byRéy 2.The fuel composition ofhe reference samples for

storage silo 2 is given in Figure 39.
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Figure 39. Fuel composition of reference samples during third test drive. Silo 2.

The reference samples consisted of sawdust, bark, stem wood, recycled wood, and wood
chips. The share of sawdusried from 10% to 60% being on avera&fo. The share of

bark varied fron6% to 50% being on average 22%. The share of recycled wood vamed f

6% to 27% being on average 19%he share of stem wood varied from 6% to 31% being

on average 19%. The share of wood chips varied from Q%%obeing on average 4%he

fuel composition of the first layer in storage model is given in FigQre
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Figure 40. Fuel composition of first layer in storage model during third test drive. Silo 2.

The first layer of storage model consisted of sawdust, bark, stem wood, recycled wood, wood
chips and unspecified industrial wood residliee share of sawdust was 198te share of

stem woodvas40%, the share of recycled wood was 18%, the share of vimypslwas 5%,

the share of unspecified industrial wood residue was 15% and the share of batkliveas
beginning of the test drive 3%, but the share decreased throughout the test drive and was
completely unloaded from the modklthe end of the test drivEhe fuel composition of the

second layer of the storage model is presented in Figure 41.
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Figure 41. Fuel composition of second layer in storage model during third test drive. Silo 2.

The second layer of storage model consisted of sawdust, bar&lesteyood, stem wood,

wood chips and unspecifigddustrial wood residue. The share of sawdust was 20%, the
share ostem wood was 32%, the share of recycled wood was 21%, the share of wood chips
was 6%, the share of unspecified industrial woesidue was 4% and the share of bark was
17%. The average fuel composition of the first and second layer in the storage model is
shown in Figuret2.
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Figure 42. Average fuel composition of first and second layer in storage model during third test da. S

The share of sawdust and bark appeared to be higher in the reference samples compared to
the first layer storage model, while the share of stem wood seemed to be lower. The share of
bark and sawdust varied from 30% to 80% in the reference sampiésthe share of bark

and sawdust stayed on average of 23% in the first layer of storage model. On average the
share of recycled wood was 19% in both reference samples and storage modelemhd stay
constant throughout the tefiive. The first layer of sirage model consisted of unspecified
industry waste, but it wasndét included in
reference samples had much larger variation than in the storage model where the fuel
composition remained exceedingly constdite second layer of storage model consisted of
same fuel types as the first layer and the share of different fuels was also same, so no
conclusions can be drawn about the mixing of the first and second layers.

7.3.3 Particle size distribution

The particlesize distribution analyslwas done f or bot h srndtheyage ¢
are shown in Figurd3 and Figured4. The particle size distribution refers to an index that
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indicates what particle sizes are present in what proportions gathple particle group to

be measured.

mA0mm =16mm =8mm =4mm = Below4mm

Figure 43. Particle size distribution. Storage silo 1.

2A0mm = 16mm =8mm =4mm =Below4mm

Figure 44. Particle size distribution. Storage silo 2.

As it can be seen from the Figu#8 and 44the main fraction size of the composition is

below 4 mm both storage silo 1 and storage silD8. aver age, 41% of th
was distributed in particles of below 4 mn
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was distributed in parties of below 4 mm in storage silo 2. The picture samples of the
different particle sizes are given in AppendixAs it can be seen, the particles below 4mm
contained a mixture of sawdust and small padidtbark It can be concluded that due to

the smd particle size, the particles can run from the surface to the bottom of the storage
silo, even if the storage silo does not appear to contain, for example sawdust, in the fuel

mixture.

7.4 Sources of uncertainty

During the test drives the largest souroésincertainty are the evaluation methods on the
fuel composition in the reference sampl€ke evaluation was dorigy traditional human
visual inspectionTherefore, there is potentially high possibilitiyimspection errorsAfter

the sample was taken, the sample was analysed using the naked eye to Eacahaf
different fuel fractionsComprehensive manual sodgin wa s n 6 t refarpnpel sanglds t o
to determine theomposition of the sample$hereforethe percentages of fifrent fuel
fractions are indicativand not completely accuratBuel composition of the reference
samplesare challenging to verify since the more heterogeneous theniyilre the less
reliable and representative are the samples recdisdical cheacteristicsand appearance

of solid biofuels varies in wide rangd&herefore it is difficult to evaluate, which fuel type

the fuelparticlebelongs. For example, thparticleof bark in the reference samples can be
identified as a bark, wood chips amdst residué/Nood chips have a more homogeneous
particle size thamecycled woodThes or t i ng of reference samp
relevant fuel tpes is done by their physical properties or appearange ffarticle size,
shge). The storage model could provide guidelines since it showed the fuel mixture in real
time. However, the aim of this master thesis was to prove the functionality of the storage
model and so identifying the fuel composition of the reference samplgsurelybased on

the visual inspection.

Another source of uncertainty is the method used to collect the sdimpies frequently
difficult to take samples a way that adheres to the principle of proper samplimgch
states that each individual particle sliblbave an equal chance of being picked for the final

sample Although the samples were collected from a falling fuel stréargerfuel pieces
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flew apart from the main fuetream, and the fuel sample easily consisted only smaller fuel
particles.Therefoe, there was a source of uncertainty of collecting the fuel samples in such

away that theentire cross section of the fuel stream is represented in the sample.
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8 EVALUATION TOOL FOR FUEL MIXTURES

As discussed in thehapter 2, the special features of solid biofuels are low calorific value,
moisture variationand high volatile matter content. In addition, the fuel ash is rich in alkalis.
These characteristics give rise to problems that nedx tconsidered in the dges and
operation of a power plant that combust solid biofuélsapter 4 discussdtlese problems
caused by the combustion of biofuels avitat are the causes behind them. In this chapter,
the aim is to develop a tool that can be usegredict theboiler problemsby evaluating the
elemental analysief the fuel mixture For each fueltype orblend the estimabn can be
createdIt can utilize the private data from the power plant or boiler manufachistorical

fuel analyse®r the values of the fuglfrom the literaturend database8ased on the fuel
data, the tool calculates the chogaal indexes for different fuel blends and the model
compares the results to the given limiting values and provides as estimate of whether any
problems occur. Thegoal is to achieveeattime estimation modebf the characteristics of

the provided fueand fuel blencind apply it taexisting storage model.

8.1 Method

Elemental analysis of the different fuels is collected from the literature and the databases.
There are several databases that contains assessments of fuels andetsiiesl
assessments of the fuels are provided, including references to the publistesd loeother
cases, simply a few specific parameters may be providedfu€hadexesare calculated
from the literature values of the fuelbatare used at Jarvenpgkant Since the data in the
studies is provided in mass base (mg/kg lbg)using he molar mass for each component,
recalculations are done to modify the concentrations to molar basis (mole/Rgokshdix

5 demonstratethe calculation formulas to recalculatiof$e fuel indexes are calculated
using the equations in Tableand Sandmolar fractions in each delive8ince eacluel load
containsa various weight, for each evaluated parameteeightedvalue for the molar
componentsare calculatedThe weighted value takanto consideration théuel loads
weight as a percentage of thetireweightin the fuel mixture The different fueltypesof

elemental analysiand the risk limits are giveto the model The effect of the boiler
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conditions during combustion on the problems that arise will not be considered in this work.
Once the properties of the fuel mixture and its ash have been calculated from the initial data
and are relevant to the problems, they are compared to the limeswampiled in the work.

If the calculated value is greater than the limit value, the boiler is most likely experiencing

issues.

8.2 Model testing for Jarvenpaa plant

Two fuel incexes were selected and applied to the study the combustion related problems o
fuels used at the Jarvenpaa power plant, including sulfating ratio 28i@hlt ratio IThese

fuel indexeswereelectedbecause they are most relevant toRBeechnologyandtheyare
heavily related to each othexs discussed in chap#6.1 The fuel indexesare calculated

from theliterature values of the fuels used at Jarvergr@icompared to the limit values
provided by the literaturd’he elemental analysis ustat fuelsare shown in Appendig.

For the hdustry waste and foreh mi x of bar k and sawdust , |
so they were established based ontilees used for stem wood and bdrke data provided

by the storage model of the discharged fuel mixture was used for the model. 8B was

not considered in the fuel mixture, as it was being mixed with the solid wood fuels after the
storage silosThe fuel cube in the GUI of storage model showed the weighted average of the
different loads that the fuel cube contains, as showigur& 4. Fuel indexeswereshowed

per one load inside the fuel cylas shown in Figuret4
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Figure 45. GUI of storage model showing the Salt ratjavhere thduel cube contained the weighted average

of salt ratio 1.

Time Balac" Load Id "'°;,5:]“ re “[’l'l'l';‘]‘e . FI:I)Erl?lleg:l gﬁtré]:t é(‘)'g; wggm Rs.iilt:lo
[kal [MVVh] [kal 1

Se0Zhel 23636 71311048325 46 56.2 03 315 2110212 67067 262

oiTEUZ 23833 71311048322 342 4756 0 24 311010 35074 173

L 23635 71311046324 17 218 0 205 311010 21803 173

Figure 46. Fuel indexes showed per one loatkide the fuel cube

The fuel mixture discharged from the storage silos for one month is analysed by using the
fuel indexes applied to the storage modeie salt ratio for a period of one montk shown

in Figure 47. The risk area was based on the literature values, which dreA8.2an be
seenmostof the values fall intahe risk zone. Since the fuel indexes vadealstically, no

major conclusion can be done whether therarayee Cl andS atoms present compared to

NaandK. The variation in salt ratio fbr one dayis shown in Figure 48.
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Figure 47. Salt ratio Ifor fuel mixture discharged from the storage sédbdarvenpator a period of one month
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Figure 48. Salt ratio 1 for fuel mixture discharged from the storage silos at Jarvéorgiiieday

The calculated sulfatingumber for a period of one mordheshownin Figure49. Asit can
be seenn the figure, the fuel inek hada high variationAs previously stated in section
4.6.1, the molar ratio of 2S/Cl can be used to predict high temperature corrosio hisks.
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majority of the valuesvasunder 4 which indicatea risk of corrosionFurthermore, as seen
from the Figureb0, the sulfating number also varied greatly, wihies fuelindexes were

analyseddr aone day

silo_number ~
Average of 25/C1
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Figure 49. Sulfating number for fuel mixture discharged from the storage silos at Janiargré&month.
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Theresults convincingly shows that the valwasy significantlyas a function of timeAs

the problems in the boiler can happen extremely rapidrenguality of the fuainixture can
decrease quickly, it is clear tHaiel indexesmay be applied as a foundation for evaluating
the effects of fuel mixture on the fuel characteristics, particulastyrelated problems.
Controlling thefeeding and discharging of the silgh fuel indees in the storage model
can improve the chemical properties of the fuel supplies into the laoiteachieve more
homogeneous fuel, thus optimizing the combustion proté®sever, as the data for the
investigation are based on the literatuhe indexes derived in this work are cotnpletely

accurate and applicable for Jarvenpaa power plant.
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9 CONCLUSIONS

In this research workhe aim was to verifghe performance of thEUELCONTROL ®
Storage modelThefuel factorsto be analyse@ere thecomposition, moisture content and
thereal time of the storage modEinally, the evaluation tool based of the elemental analysis

of the fuel was implemented to the storage model.

Theresearch results lead to the followicanclusions:

1 As the fuel composition of the reference samples is compared to the storage model,
it is found thatthe fuel compositiorcorresponds to each othdgenerally, the
reference sampleontained the same fuel fractions asfih& layer of the sirage
model and same changes in the fuel composition happened at the same time both in
the reference samples and in the storage model. Especially the share of stem wood
and recycled wood in the reference samples corresponded really well with the share
shown by the storage moddbue to heterogeneousature of thduel mixtures and
analytical inaccuraciess the fuel samples were analysi@share of different fuel
fractions in the reference samples varied greatly compared to the storageatnodel
times The share of recycled wood and stem wood was easiest to define in the
reference samples due to the larger particle size compared to other fuel fractions.
Thereforethat result seems to be the most accurate.

1 The biggest difference in fuel composition betwelee reference samples and the
storage model was in the share of sawdust and Darkng all of the three test drives,
the reference samples consisted of invariably a share of smegikfticles less than
4 mm in length. The type of fuel particlssenedsawdust, bark, and other fuel types,
for example recycled wood, that have been broken down into smaller pieces. This
share of smalldel particlescaused the largest variation in fuel mixture between the
reference samples and the fwelmposition of the storage mogdelsthe storage
mo d e | allvayscontain sawdust or bark at all or relatively small share of them

1 The moisture data measured byRdy 2 stayed constant throughout tallee test
drives. The largest variation in moisturentent occurreéh the reference samples
due to the relatively small sampling volunsénce the moisture values in the storage
model is provided by the-Ray 1t he moi sture values donot
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the moisture changes occurring due to sheraonditions. Significantly drier or
wetter moisture values could not be achieved during the test Altmough,
especially during the second test drive, the first layer of the storage model showed
drier moisture content, the moisture of the referencgkss stayed over 40Based
on the results provided by all three test drives, the storage conditions compensate the
moisture differences really strongly and the average moisture of the fuel mixture
stays almost always between-30%.

1 The implementation oflemental analysis of the fuels as fuel indexes to the storage
modelcan offerarelevant informatiorand evaluatiorior the effects of fuel mixture
on the fuel properties and cruc@mbustionrelated issues that may occiAs the
storage model shows the fuel indexes in-teaé, they can provide guidance for the
operator However, further research needs to be done in order to impregetion

preciseness.

Based on the result of this stuthe storage model performs accukagndcan be utilized

to optimize the performance tie plant Controlling the feeding and discharging of the
storage silognables an improvement in the quality of a &ugbpled into the boileras the

fuel can be providedvith quality as consistent gmssible, whereby it is optimal from the
standpoint of a combustion process. Furthermore, the control makes is possible to optimize
the fuel mixturesand to maximise the use lofw-quality fuels The optimization of mixture

ratios is a way oflecreasing rad evenavoiding the feeding of expensive additives, for
example sulfur and sulfates, into the boiler in case there is a risk of chilouneed
corrosion. Themodelenables a protection of the boiler by avoiding undesired fuel blends
which increase theocrosion risk. Theanodel further provides an ability to maintain the
boiler and a turbine in optimal operation, to reduce emissions and to improve the efficiency
of a combustion procesSince heoperator has an accurate initial data about the quality of
fuel, theboiler can beperated more safelyithin its design limitsThe quality fluctuations

of the fuel, regarding moisturepmplicate the adjustments of the boiler, whereby the bed
temperatures fluctuate with resulting emission spikee efficiency suffers, and the
corrosion risk increasek addition, the storage model can be utilized in the procurement of
fuel, because when placing orders, the person responsible for the procurement of fuel has

accurate information about the plant's storage #itnian the storage model, it is possible
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to reverse back in time and look at the fuel ratios of the silos or the fuel mixture fed to the
boiler and its contribution to the problem. When a possible cause is found, situations can be
learned by, for exampletaking corrective measures fael procurement.Systematic
collection and review of fuel data plays a key role in solving power plant problem situations
more broadly. Statistical studies and the links between fuels and, for example, corrosion
damage candexaminedand further efforts made to avoid these unfavorable conditions.

Table12 sums up the benefits of the storage mdulieifly.

Table 12. Overall,of thebenefits of the storage model

Benefit Description

The procurement of fuel There is a accurate information about the storg

situation, wherfuel orders are placed.

Arrangement ofhe storage silos For example, it makes it possible to keep the seq
storage silo drier, where moisture variations car]
reduced by changing thenloading ratios of the

storage silos

Prevention of problems Operators have more accurate advance knowled
the fuelsupplied into combustion, allowing them

react to potential problem situations.

Optimization of production Optimization of fuel blend in regards of physiq
characteristics and chemical compositioRor
example, data can be transferred to complemen

boil er daldadaper ati on

Safe operation of the boiler Theinformation provided by the storage model @

be used to avoid adverse conditiam$he boiler

Learning The software can be used to go back in time and
at situations after probleneecurredand learrfrom

them
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Recommend#ons forfurther research are provided below:

T

In order to decrease the uncertainty elements in reference samples very large
sampling volumes are needed and was not possible for this size of study and manual
sorting may be applied to further determine tinere accuate fuel composition of

the samples.

Thefeeding and unloading of the storage silos may be analysed fubtimang this
testing period, it wa s reédingapdouslaading bfthet o f
storage silos. Further research needs to be cegarding of the unloading screws to

know how the fuel is precisely unloaded from the silo.

Sometype of mixing formula for storage model could be created that considers the
share of small particles that are constantly in the fuel mixture, even ifafages

mod el doesnét consist of those fuel tyrg
The storage model 6s moi sture val-Ras ar e
1. At the momentthe st orage model doesndét take
changes in the uglity characteristie of storage silosCorresponding calculation
functions for fuels during storg maybe considered. The functi@ouldindicate the

change in moisture of the fuel during storimfgits initial moisture, the technical
characteristicsfadhe storage and environmental conditions of the staaegknown

This may be especially considered if the storage model is implemented in the power
plant without the second-Ray that measures the fuel mixture being discharged from

the storage silos.

The arrangement of the storage silos to wet and dry silo was based on the moistures
of different fuels and historical data provided by th&kXy 1. However, due to
heterogeneous nature of the wood fuels there occurs a high variation on the quality
of the fiel, especially on the moisture content. For further research, the arrangement
of the storage silos based on the moisture content needs to be dondime dalsed

on the data provided by-Ray landnotbased on théaistoricaldata Thi s was
possible to carry out during this master thesis.

The duration of test drives needs to be increased, so major changes regarding the fuel
compositionand moisture can be detecta&d the long runand the reatime of the

storage model can bertber analysed.
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1 Since the fuelndexes are guiding parameters rather than absolute predictions, the
risk limits for needs to furthebe assessed for each boiladividually. Each boiler
is different,and the rates of damage being acceptable vary forleslein.

1 Furthermorefor optimizing and recommendirfgel mixturesmay be establishad
the storage modeh which the risk Imits can defined fofuel indexes and heavy
metals resulting a range of potential fuel mixtures that meet those specific
recommendationsThe evaluation tool may be further tested to investigate the
maximumsafe share of SRF in the fuel mixtusgthout the risk of serious boiler
problems Thisresults as maximisinidpe share ahexpensive fuel in the combustion.

1 An optimization of the chemical additives, such as sulfur, to the boiler may also be
researchedMoreover, performing fuel analyses ynae usefulin order to improve

the representatiwtandaccuracy of them
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10 SUMMARY

This masterod6s thesis was assi gbEAGONIBOLI nr a)
® Storage. It is a redalme storage model for solid fuel management in biorfiess power

plants. The aim of the storage model is to provide for the operators and the automation
system reatime fuel quality information by collecting process and fuéhdeom the XRay

and pl ant 0 sltoan foeexamgley showe reaime energy content, moisture
content or fuel distribution in the storage silbhe purpose of this thesis was to verify the
functionality of the storage modeéh addition, one gal is to create a tool to implement the

elemental analysis of the figsdb the model.

The thesis was divided into two parts: theory and empirical. In the theory part, the physical
and chemical characteristics sblid biofuels and SRF were gone through, and a more
detailed overview of the various fuels was provided in order to comprehdraaaifly the
features and issues connected with each fuel. Furthermore, multifuel operation in CHP plants
regarding the boiler technologies, combustion principles, supply chain and fuel quality
measurement were reviewg&bmmonchallenges angroblems inthe biomassfed boilers

were discussed and finallyel indexes were reviewed since theffer the opportunities for

a preassessmerdf combustiorrelated problemsThe empirical part was made up of test
drive plans, their execution, and analysis of timelihgs. Lastly, the evaluation tool for

elemental analysis of the fuelasimplemented to the model by utilizing fuel mes.

The methods used during the experimental section of the thesis were test drives, laboratory
analyses and statistical analys€hree test drives were arranged at the Jarvenpéaa power
plant, one for to detect the change from wetter foieture to dryerone one to get dryer

fuel mixture compared to the average moistamtent of the discharged fuel streand one

to analyse thedseline situation of the storage sildse functionality of silos was verified
according to the composition and moisture of the fuel mixiline. discharged fuel stream

from the storage silos was sangbnd the reference samples waralysed and compate

to the data provided by the storage model
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As the result of the test drives it was found out that composition of the reference samples
corresponds well with the storage mod&s. the volume flow was fixed after the first test

drive, the results indicatethat the storage model performed itself realtime when was being
compared to the reference samples. The largest difference occurred between the reference
samples and storage model in the share of bark and sawdust. Every reference sample
consisted of varias share of bark, sawdust and other small particles crushed from other fuels
during al/|l three test drives, even though
particle size distribution was done during the third test drive, the results indibatetie

fuel mixture discharged from the storage silos constantly consisted of small particles less
than 4mmin length. Asthreper ati on of storage silos and
further researched during this thesis, it can only be asstimatithese plagda role in the

formation of small particles

The moisture measured byRay 2 stayed relatively constant during all three test drives.

The largest variation in moisture occurred in reference samples due to small sampling
volume. Asthe moisture values showed in the first and second layer of storage model are
provided bythe XRay 1 moi sture measurements, the s
the storing conditions affects the moisture values. As the evaluation tool for fuel migtures
implemented to the storage model and demonstrated, it was shown that thesfxed had

a large variation. Since the boiler problems can happen very rapidly, it is increasingly
important to detect fuel mixtures, that can cause serious harm in thestion process. As

the risk limits are better set to match each boiler individually and fuel analyses are done to
verify the elemental analyses of the fuel, the tool can perform better to evaluate the fuel

mixtures.

For further research it is recommeict the feeding and discharging of the storage silos is
investigated in order to further develop the unloading of the storagénsitesmodelAlso,

some mixing formulation for the small fuel particles less than 4mm long may be developed.
Moisture funcion for fuels during stang may be further researched, especially if the second
X-Ray arendét being install edtimemoistureeontpnit we r [
can be concluded that the storage model can be used to optimize the perforfrthece o

plant.
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Pictures of the fuelsamples from the second test drive
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