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Title:
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ABSTRACT:

The growing problem of environmental protection and a decline in reserves of fossil
fuels has led to increasing interest in the use of renewable energy in recent decades.
Climate change, caused by anthropogenic factors in recent years are also a major
driving force in the development of technologies for the utilization of renewable energy
sources. Biomass today represents the largest single renewable energy source, with
about 10% of total primary energy production in the world. Recent analyzes show that
the production of primary energy from biomass from the current 50 EJ increase to 160
EJ by 2050, of which 100 EJ in the power generation sector.

Gases and solid products occurring as biomass combustion process, which could be to a
greater or lesser extent, may have different side effects.

The reduction of harmful products of combustion can be achieved by preventing their
formation (primary measures) or their removal from flue gas (secondary measures).
Overall, the primary measure is a modification of the combustion process and fuel,
while the application of secondary measures foreseen after the combustion process.
Accordingly, so far a lot of effort was made to identify opportunities and reduction of
harmful products.

The subject and the scientific contribution of the doctoral dissertation is an investigation
of possible processes to reduce harmful combustion products using the primary methods
during combustion of biomass, and experimentally examine the possibilities and the
degree of reduction of certain harmful products of combustion of selected types of
biomass (wood, demolition wood and coffee waste and selected mixtures of these) using
selected primary measures.

As research within this doctoral dissertation included a very detailed analysis of the
products of combustion of biomass, this thesis made a significant contribution to the
research of the air staged combustion and modifications of fuel composition on the

composition of the gaseous products of biomass combustion and ash characteristics.



In order to define the optimum combustion conditions, in terms of emissions of nitrogen
oxides, in demolition wood experiments, it was determined that the optimum excess air
ratio (A) in air staging experiments, is in the range from 0.8 to 0.95 of primary air, and
1.6-1.9 for overall A, which is in good agreement with the available literature data. It
was also confirmed that the aforementioned A value is adequate in terms of CO
emissions, as well as air staging leads to higher emissions of CO, comparing to
processes without the air staging.

For experiments with mixtures (co-combustion) of above mentioned three different
types of biomass with different portions of nitrogen, and bringing the air staging
conditions, it was shown that mixinging fuels and increase the share of nitrogen, leading
to:

- decreasing of conversion factors fuel-N to NOx and N,O, while a further
reduction could be achieved with air staging; These could be explained by the
reaction of nitrogen oxides precursor (NH; and HCN), which occur to a greater
extent in the fuel with a higher share of nitrogen, with NO leading to higher
conversion of fuel-N to N2; correlation of Fuel-N influences on conversion
factors for fuel-N to NOx and N2O for staged and non-staged combustion are
given in this dissertation.

- the effect that the emission of nitrogen oxides from combustion without air
staging, slightly increase exponentially in the range of 0.14, wood biomass, to
1.34%, what is the share of nitrogen in fuel mixture with equal shares of wood
biomass and coffee waste, while observing the further growth of the share of
nitrogen in the fuel mix (1.34 to 2.80%) is practically not observable changes in
emission levels, and emissions are almost constant; in the case with air staging it
is a clear trend of reduction of nitrogen oxides, whereby the emission values for
different portions of nitrogen in fuel mixtures are as well almost constant, except
for wood biomass where emissions are several times lower, due to the extremely
low proportion of nitrogen; due to the nitrogen oxide mechanism, N,O
emissions was multiple increased, but, considering the constant reduction in
NOx emissions in the environment with air staging, the negative overall impact

of nitrogen oxides emissions on the environment is reduced.



The potential for reduction of nitrogen oxides for each of biomass used as well as
mixtures thereof is also identified, while in parallel with the potential reduction of NOx
increasing potentials of N2O are provided, due to the adverse impact of air staging to
this compound.

It was found that the mixing of different biomass may be an efficient method to affect
the overall chemistry of specific chemical elements and therewith operational
challenges such as fouling, deposition or slagging, pelletisation may enhance the
chemical effects of mixing; staging, by influencing aerosols formation (staging leads to
a displacement towards larger particles from less than 0.1 mm to over 0.1 mm indicating
a change in release behavior and mechanisms), may be a promising way of reducing the
problems associated with them, especially corrosion, since the aerosols are the most
corrosive fraction of fly ash.

In the present work, the first attempts are made to determine which chemical effects of
peat ash addition in demolition wood combustion are detectable on the bottom ash, fly
ash and gas composition in carefully controlled combustion experiments. Special
emphasis is placed on the behavior of zinc, lead, potassium, sodium, chlorine, and
sulfur. The particle size distribution in the flue gas was monitored and dependencies of
effects of temperature and ash peat are shown. A method was developed to estimate the
composition and speciation of the salt part of fly ash samples based on SEM/EDX
analysis.

An experimental attempt was made to understand the behavior of the corrosive chlorine
compounds for variations in reactor temperature, combustion air distribution and kaolin
addition.

It is shown that the kaolin is very effective in reducing the concentration of chlorine in
the fly as well as in the bottom ashes, while the effect of temperature was not clear in
terms of the chlorine content in the fly ash.

Kaolin also influenced the melting behavior of the bottom ash in that way that fusion
temperature characteristics increased with increased addition of kaolin.

The results, as well as presented correlations between the parameters observed in his
doctoral dissertation represent a valuable data for future research in this field. The

results achieved in this work are very important for further improvement of facilities for



the thermal conversion of biomass, regardless of their capacity and use, which is a

additional contribution to this study.
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Hacuaos:
Yruunaj ogabpaHux BpcTra OMoMace U NpoLeca caropeBamba Ha CacTaB M

KAapaKTepPUCTHKE FACOBUTHX H YBPCTHX NMPOIYyKATa

PE3UME:

Pactyhu mnpoGneM 3amTuTe >KMBOTHE CpeIUHE M KOHCTAaHTHO CMAambele pPe3epBU
dbocuTHMX TopuBa JI0BeO je 10 cBe Beher mHTEepeca 3a KopumhemeM OOHOBJHBHBUX
U3BOpa €Hepruje y MpeTxXoJHUM JeleHujama. Kiumarcke mnpoMeHe, uH3a3BaHe
AQHTPOTIOTEHUM  (PaKTOpHUMa, TIOCIEABUX TOAWHA TakKohe TPeACTaBibajy BEIHKY
MOKpETauKy CHary pa3Boja TEXHOJOTHMja 3a HCKOpHIIheme OOHOBJBMBUX H3BOpA
eHepruje. buomaca manac mnpencraBiba HajBehu mMojeMHAYHU OOHOBJBMBU HU3BOD
e”epruje, ca oko 10% oz ykynHe nmpuMapHe pousBoame eHepruje y Ceery. [locneame
aHaJM3e Moka3yjy aa he npousBoama npumMapHe eHepruje u3 ouomace ca cagammux S0
EJ mopactu ma 160 EJ mo 2050. rommue, ox kojux 100 EJ y Tepmoeneprerckom
CEKTOpY.

[TpunukoM caropeBama Onomace HacTajy racoBU M UBPCTH NMPOJIYKTH, KOjU Y Behoj min
Mamb0j MEpH, MOTY UMaTH Pa3InynTa He)KeJheHa J€jCTBA.

Penykiuuja mreTHUX TpoIyKaTra caropeBama MOXKE Ce OCTBAPUTH KpPO3 CIIPEUaBabHE
IbUXOBOI HacTajama (IpUMapHE Mepe) WIM HUXOBOI YKJIamama M3 JUMHOI raca
(cexynnapHe wmepe). ['eHepanmHO, nHpuMapHe Mepe MpeaAcTaBbajy MOAU(DUKAILHU]Y
npolieca caropeBama 1 TOpuBa, J0K je IpUMeHa CeKyHAapHUX Mepa npeBuleHa HaKoH
caMmor Tpolieca caropeBama. Y CKJIaay ca TUME, 10 Caja je MMyHO Haropa yJIoKeHO Ha
uaeHTU(UKaIMjy U MOryhHOCTH pellyKIije 0jeIMHUX IUTETHUX MPOayKaTa.

[Ipeamer M HaydHU JONPHHOC JOKTOPCKE IMCEpTallMje MpPECTaB/ba HMCTPAXKHUBAHE
Moryhux mporeca cMamema IITeTHUX MPoAyKaTa caropeBama MPUMEHOM IMpPUMapHHUX
METOJa TIPH caropeBalky OWomace, OJHOCHO EKINEPUMEHTATHO WCIIHTHBAC
MOTYNHOCTH ¥ CTeleHa CcMamema oJApel)eHHX IMTeTHUX TpoJayKaTra caropeBama
onabpaHux BpcTa Ouomace (CHpPOBOT HE TPETHUPAHOr JpBETa, OTMAJHOI JpBETa MU
oTmajHe Ouomace U3 mpoleca NPOU3BOJKBE Kade, Ka0 M HUXOBUX MEIIABUHA)
NPUMEHOM M3a0paHHuX MPUMAPHUX Mepa.

Kako cy ucrpaxxuBama y OKBUpPY H3pajie JOKTOpCKE Aucepraiuje o0yxBaTuiaa BeoMa

ACTAJbHC aHAJIMU3C TIIpOoAYyKaTa caropcBama 61/IOM3C€, OBUM paaoM OCTBApuo cCc€



JONIPUHOC TpOyYaBamy yTUIlaja BHUIIECTENEHOT JTOBOhema Ba3dyxa 3a caropeBame U
MoaudUKaIHje cacTaBa TOpUBa Ha CaCTaB FACOBUTHX IMPOJyKaTa caropeBama Ornomace
U KapaKTEpUCTUKE Terena.

Y muipy neduHucama ONTHUMATHUX YCIIOBA caropeBama, ca acleKTa eMHUCH]e a30THUX
OKCHJIa, Y CKCIEpUMEHTUMAa y KOjUMa je Kao TOpUBO KOPHUIINEHO OTMagHO IPBO,
onpeheHo je na ce onmTMManHU KOe(UIMJEHT BHINKA Ba3ayxa (A) mpH JABOCTEIIEHOM
noBohemwy Baznmyxa, kpehe y omcery 0,8-0,95 3a mpumapHu Bazayx, omHocHo 1,6-1,9
KaJa je y NHUTamy YyKylHa BPEIHOCT A, IITO c€ JA00po claxe ca JOCTYIHHM
auTepaTypHUM nojanuma. Takole je moTBpheHo 1a je moMeHyTa BPeIHOCT A aJIeKBaTHA
u ca acnekra emucuja CO, Kao u 1a TOBOheHE BHIIECTEIICHOT Ba3IyXa 3a CaropeBame
reHepaiaHo noBogu 1o Buiux emucuja CO, y omHOCY Ha mpoiiece 0e3 BUIIECTENEHOT
noBohema Ba3ayxa.

[TpunukoM ekcriepuMeHaTa ca HaMellaBambeM (KocaropeBameM) Beh MoMeHyTe TpH
pa3nuuuTe BpCTE OMOMace ca pa3MYuTUM yJeldMa a30Ta, W BUIIECTEIICHUM
noBohemeM Ba3dyxa 3a caropeBame, MMOKa3aHO je Ja HaMellaBamke TOpHBa, OJHOCHO
nosehame yaena a3ora y Tako HOBO()OpMHUPAHOM TOPUBY, JOBOJIH J10:

- omagama (akropa KOHBEp3Wje a30Ta M3 TOpUMBA y A30THE OKCHIE H a30T
CyOOKCH]I, TOK c€ JI0AaTHO CMamheHhe MOXKE MOCTHIY Y YCIIOBUMA caropeBama ca
BUIIIECTETICHUM JIOBO)CHEM Ba3yxa; OBAaKBU PE3YNITATH Cy MOCIENUIA peaKiija
npekypcopa azotHux okcuaa (NH; u HCN), koju Hactajy y Behoj mepu kox
ropHBa ca BUIIMM YZAeJIoM a30Ta, ca NO mro goBoau 70 Behe KOHBep3Hje a3ora
u3 ropuBa y Ny; y IucepTaiuju Cy Jate KopelalroHe KpuBe, KojuMa je Mmoryhe
YTBPAWTH BPEAHOCTH (haKTOopa KOHBEpP3HWjE€ a30Ta y a30THE OKCHIE W a30T
cyOkcun y GyHKIUjU yaena a3ota y buomacu;

- edekra a eMHCHje a30THUX OKCHJA, NPH caropeBamy 03 BHUILECTENEHOT
noBohema Ba3ayxa, 61aro eKCIoHEHIMjaJTHO pacTy y oncery oxa 0,14, kox uncre
npBHe Ouomace, 10 1,34%, mTo je yameo a3oTa y MEIIaBUHU Ca jeIHAKUM
ylenuMa 4ucTe JIpBHe OMomace M OTHajHe OmomMace U3 mpolieca MPOU3BOIHE
kade, 0K mocMarpajyhu gajbu pact yJena a3oTa y MemaBuHu ropusa (1.34 o
2,80%) mpakTUYHO CE€ HE MOTY YOUUTH IpPOMEHE y BpPEIHOCTHMA EMHCH]a,
OIHOCHO €MHCHJe Cy TOTOBO KOHCTaHTHE; Yy Ciy4aJy caropeBama ca

BUIIIECTEIICHUM J0BOleHEeM Ba3/lyXa jacaH je TPEeH peAyKIije a30THUX OKCH/IA,



py YeMy Cy €MHCHOHE BPEIHOCTH 3a PaziIMuUTe yJele a30Ta y HaMeIIaHOM
TOPHUBY M Y OBOM CJIy4ajy TOTOBO KOHCTAHTE, OCHM 32 YHCTY APBHY OHOMacy rie
Cy €MHCH]€ HEKOJHMKO ITyTa HHUKE, YCJIe] U3Yy3€THO HUCKOT yJela a30Ta; ycie[
MeXaHU3Ma CTBapama Aa30THUX OKCHJA, YOUYEHO je BHILECTpYKO IoBehame
emucuje N,O amu je, o03MpOM Ha KOHCTAaHTHO cMameme emucuje NOX y
yCIIOBMMA Ca BUILIECTETIEHUM JIOBONEH-EM Bazllyxa, YKYIIHU YTHIIA] HAa KUBOTHY
CPEAMHY EMHUCH]€ a30THUX OKCHA CMakbEH.
VYTBpheHnu cy moTeHUMjalu 3a PeayKLUH]y a30THUX OKCHJAA 3a CBAaKy Of KopuurheHux
Oromaca Kao M 3a BbUXOBE MEIIaBUHE, JIOK Cy MapaJIeHO ca MOTeHIHjaIuMa PEeAYyKIIHje
A30THUX OKCy/Aa JaTH TOTEHUWjain moBehama a3oT cybokcuma, yciaex CyHpOTHOT
yTHUIaja BULLIECTENEHOI JOBOhema Ba3/lyXxa 3a caropeBame Ha OBO JEUbCHHE.
YTBpheHo je ma Mmemame pa3IMUUTUX BpCTa Ouomace Moxke OuTH eduKacaH METOJ
KOjUM C€ yTHYe Ha pacrope] MOjeIMHUX XEMHjCKHX eJIeMEHaTa y OKBUDPY jeIUbCHa
KOja yja3e y cacraB Iemelna, Takole ce JOIIIo 10 3ak/bydka Ja Mpolec MeleTHpama
O6uomace 10aTHO yTUYE HA OBY I10jaBy.
[Toka3aHo je na caropeBambe OHOMace MNpH YCIOBMMa BHILIECTENEHOr J0Bohema
Ba3/yxa, CBOJUM yTHIIajeM Ha (HopMupame aepocoyia, OJHOCHO YOUEHOM TEHIEHIIN]OM
HBUXOBOT YKpyNbaBama ca ucrnoa 0,1 pm Ha npeko 0,1 pm, Moxke 6uTH BeoMa KOPUCHO
y CMHUCIY penykiuje mpoljema Kopo3uje, jep yrnyhyje Ha TPOMEHE y MEXaHU3MY
BUXOBOT HACTajamkba U BUXOBUM eMHCHjaMa, a Tpeba UMaTH Ha MY J1a Cy aepoCOJIU Kao
HajCUTHHj€ UCTOBPEMEHO U HajKOPO3MBHM]jE YeCTHIIe JeTeher nenena;
Pagom Ha o0BOj nucepranuju yYuE€H j€ jelaH OJ MpBUX IOKyIlaja yTBphHBama
CBEOOYXBAaHOT yTHIIaja JieTeher memena TpeceTa, Kao aJuTHBa, Ha CacTaB JIOKHUIITHOT
nernena, jereher memnena U cacTaB JUMHOT raca, Ipy CTPOro KOHTPOJIMCAHUM YCIOBHMA
caropeBama OTIIAQJHOT JIPBETa; Moce0aH akKleHAT jeé CTaB/bE€H Ha IOHAIIAme IMHKa,
OJIOBa, KajHjyma, HaTpHjyMa, XJIOpa W CyMIIOpa; NpWKa3aHe Cy W 3aBHCHOCTH, Tj.
YTUIAjU TEMIIepaType U TerJia TpeceTa, Ha TpaHyJIOMETPHjCKH cacTaB JieTeher menena;
pa3BHjeHa je MeTo/1a 3a ofpehuBame cacrasa jereher nemnena, ,,cIaHOT Jeia’ aepocoia
(cyndaty ¥ XJIOpUAM Kajdujyma, HaTpHjyMa, IIMHKA M 0J0Ba), 3aCHOBaHAa Ha NMPUMEHHU
cKeHHpajyher eNeKTPOHCKOT MHKpPOCKOINA Ca EHEeproAHMCIEP3UBHUM JIETEKTOPOM

penarenckux 3paka (SEM/EDX).



AHanm3upaH je yTHIla] KaoluHa, Kao aJuTHBAa, HA JeUIbECHA XJIOpA MPH PA3TUYUTHM
TeMIeparypama, TUCTpUOYIIMjU Ba3ayXa 3a caropeBame; Takohe cy MpuKa3aHu yTUIAju
Ha rpaHyJIOMETPHUjCKHU cacTtaB Jieteher nenena.

ITokazaHo je na je KaoJuH BeoMma epuKacaH y PeayKIHju KOHIICHTPAIH]e XJIopa KaKo y
aereheM Tako U y JIOKUIITHOM IIeTIeINy, 0K j€ YTUIla) TeMIepaType He3HATaH.
AHAJIN30M €KCIIEPUMEHTAIHUX pe3yiITaTa YCTAaHOBJHEHO j€ Ja KAOJWH MMa MO3UTHBaH
yTUIAj HA TOIJBMBOCT JIOKHIIHOT IIeNeNia, Tj. Ja ca YAeJIOM KaoJlHHa pacTte M
TeMIIepaTypa TOIJbUBOCTH IIeTea.

JlobujeHn pe3ynTaTH Kao W MpHKa3aHe Kopelamuje n3Mely mocMarpaHux BeJIHYUHA Y
JIOKTOPCKOj JUCepTaluju mpeacTaBbahe m OoCHOBY 3a Oymyha wmcrpaxuBama y OBOj
obmactu. Pesynratm ocTBapeHM y OBOM paay umahe MpakTHuYaH 3Ha4aj 3a Jajba
yHanpehema mocTpojemha 3a TEPMUUYKY KOHBEp3Hjy Ouomace 0e3 003upa Ha HHUXOB

KamaiuTeT U yroTpedy, IITO MpeAcTaBba MOCEOHH TOTPHHOC.

KibyuHne peun:
BUIIIECTETICHO JOBOhEHmE Ba3llyxXxa 3a caropeBame, 4HhcTa JApBHa Ouomaca, OTHMagHa
O6uomaca, Omomaca u3 npoiieca npousBoame kape, NOx, N,O, aepoconu, nerehu nemneo,

JIOKUIIIHH TIETe0, 3alJbaKUBakEe, KOPO3H]ja, ETNo TpeceTa, KaoJuH

Hay4na o0Jacr: MaiuHceTBO
¥Y:ika Hay4yHa o0JiacT: IIponecna TexHuka
UDK 0poj: 662.63:662.61(043.3)
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NOMENCLATURE

A flow cross-section area, mz; particle surface area, mzm'3; pre-exponent
factor, !

A, pre-exponent factor in char burning rate, kg m= s

Ay pre-exponent factor in devolatilisation rate, s

Bi Biot number

Bv’ modified Biot number

C constant; molar fractions of species

Chuel fuel concentration, kg m

Cpe specific heat capacity of the gas mixture, J kg™ K™

Chix mixing-rate constant, 0.5

Cue moisture mass fraction in the gas phase

Cws moisture mass fraction at the solid surface

CW coffee waste

D, molecular diffusion coefficient of volatile hydrocarbons in air, m* s

Di, dispersion coefficients of the species Yi, m? s’

dy particle diameter, m

DW demolition wood

E activation energy, J kmol™!

Ey black body emission, Wm™

E; activation energy in char burning rate, J kmol™

E, activation energy in devolatilization rate, J kmol™

E° effective diffusion coefficient

) fraction of the volume occupied by water replaced by pores during drying

F3 fraction of the volume occupied by volatile matter replaced by pores during
pyrolysis

FT Flow temperature, °C

Heyp evaporation heat of the solid material, J kg™

H, gas enthalpy, J kg

H; solid-phase enthalpy, J kg

HT hemisphere temperature, °C
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NS FE S

Mg
NS
Pg
On
Osh

convective mass transfer coefficient between solid and gas, kg m™ s™
convective heat transfer coefficient between solid and gas, W m™ K!
radiation flux in positive x-direction, W m™

radiation flux in negative x-direction, W m™

Initial deformation temperature, “C

thermal conductivity of particle material, W m™ K''; reaction rate constant
radiation absorption coefficient, m™

rate constants of char burning due to diffusion, kg m™ s

rate constant (forward), m’> kmol™ s™

rate constant (backward), m’ kmol™ s

rate constants of char burning due to chemical kinetics, kg m™ s™
rate constant of devolatilization, s’

radiation scattering coefficient, m™

permeability

bed top height, m

moisture in fuel, wt%

bound water

free water

green or moist mass

oven-dry mass

nonstage combustion

gas pressure, Pa

heat loss/gain of the gases, W m™

thermal source term for solid phase, W m™

radiative heat flux, W m-2

process rate (i=2,3,4), kg m> s’

universal gas constant, J mol" K; reaction rate

mixing-rate of gaseous phase in the bed, kg m™ s™

conversion rate from solid to gases due to evaporation, devolatilisation and
char burning, kg m> 5™

. J . . 3 -1
mass sources due to evaporation, devolatilisation and combustion, kg m™ s
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Syis source term, kg m 35

ST soften temperature, °C

t time instant, s

T temperature, K

V velocity, ms™'; volume of the bed, m’

Vo volume of the initial bed, m’

WP wood pellets

X co-ordinate in bed height direction, m

Y, Volume fraction of individual species (C, H, O, N, S, O,, Air)

Yig mass fractions of individual species (e.g. H,,H,O, CO, CO,, C,,H,,.)

Yis mass fractions of particle compositions (moisture, volatile, fixed carbon and
ash)

Yiso mass fraction of particles components at fresh feed state;

yij temperature exponent

g, system emissivity

o, Stefan—Boltzmann constant, 5.86 X 10°Wm? K*

v remaining volatile in solid at time ¢

v, ultimate yield of volatile

@ void fraction in the bed; equivalence ratio

P density, kg m™

A, thermal dispersion coefficient, W m™ K

,1‘; effective thermal diffusion coefficient, W m' K

A, effective thermal conductivity of the solid bed, W m™ K!

@, volume fraction of component i in biomass k

Subscripts

env environmental

g gas phase

i identifier for a component

p particle

S solid phase



moisture or moisture evaporation
volatile matter or devolatilization
fixed carbon or char gasification
material in its initial state

dried material

dried and pyrolysed material

Dried, pyrolysed and gasified material



1. INTRODUCTON

“Biomass includes a wide range of products and by-products from forestry and agriculture as
well as municipal and industrial waste streams. It thus includes: trees, arable crops, algae and other
plants, agricultural and forest residues, effluents, sewage sludge, manure, industrial by-products and the
organic fraction of municipal solid waste. After a conversion process, the biomass can be used as a fuel
to provide heat, electricity or as transport fuel, depending on the conversion technology and the type of

primary biomass (EC, 2005¢c).”

Due to the consequences caused by anthropogenic activities and the rapid
technological progress, which began during the second half of the 19" century and
which is still ongoing, the use of renewable energy is no longer a potential for
substitution of conventional fuel types, but commitment and cultural norm.

Humankind currently uses 410x10'® joules of commercially energy per annum.
This is equivalent to the energy content of over 90 000 billion liters of oil [1]. World
energy consumption in future will keep increasing trend. Bearing in mind these
predictions of energy consumption as well as climate change (global warming) and
other environmental issues, it is clear that there is a need for sustainable alternative for
fossil fuels.

According the usual definition sustainable development is: Meeting the needs of
the present generation without compromising the ability of future generations to meet
their own needs.

It is well known that any activity related to the energy sector, directly or
indirectly, have an impact on the environment, so it is difficult to define some of the
technology as a fully sustainable. The physicist C.P. Snow said “Technology brings you
great gifts with one hand, and stabs you in the back with the other.” Nevertheless, the
idea of sustainability is spreading and “green revolution” is slowly moving forward.

To meet the challenges of the rapidly increasing atmospheric levels of carbon
dioxide (one of the six major greenhouse gases) resulting mainly from the continued
burning of fossil fuels, the use of alternative cleaner energy sources will be necessary,
together with energy efficiency and conservation measures. There will not be a single

technical or social solution to this hugely complex environmental problem. We shall



need to utilize all possible means of mitigation at our disposal. The use of biomass in a
wise, clean and sustainable manner will be one of them [2].

Many countries around the globe have developed a growing interest in the use of
biomass as an energy source, and therefore various technological developments in this
field are ongoing. Although major technological developments have already been
achieved, most bioenergy technologies are not yet commercially feasible without
political support. In order to achieve wider application of modern bioenergy
technologies, individual countries have set varying targets and implemented
promotional policies. As a result of increased support for bioenergy technologies, major
progress has been made [3].

The potentials of biomass are determined on the basis of a number of different
methodologies, which makes significantly differences in the assessment of current and
future potential. Current estimates for Europe are between 40 and 55 Mtoe [4] annually,
depending on the applied methodology.

In accordance with the Directive 2009/28/EC and Decision of MC of EnC
D/2012/04/MC-EnC is determined an ambitious binding target for Serbia, which is
27 % for the overall share of energy from renewable sources and a 10 % for energy
from renewable sources in transport by 2020.

In Serbia, biomass is traditionally used for household cooking, lighting
and space-heating. Currently there is no precise, formal monitoring of the use of
biomass for energy purposes in Serbia. Available data are mostly the results of scientific
research projects and needs of different institutions. According the latest data from
National Renewable Energy Action Plan of the Republic of Serbia (In accordance with
the template foreseen in the Directive 2008/29/EC- Decision 2009/548/EC) the
estimated overall technically usable potential of renewable energy sources are about 5.6
Mtoe per annum, and biomass potential is approximately 3.4 Mtoe per year (2.3 Mtoe
per year is unused, and 1.1 Mtoe is used).

Increasing the use of bioenergy offers significant opportunities for reduction of
greenhouse gas emissions and other environment impacts as well as security in energy
supply. Although generally is known as a green energy, the considerable rise in the use
of biomass might have substantial impact on environment. Agriculture, forestry and

waste for producing energy might put additional pressure on farmland and forest
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biodiversity as well as on soil and water resources. As this thesis consider issues related

to the thermal conversion of biomass, more precisely combustion, future considerations

in this work will focus on emissions to the atmosphere and ash related operational
challenges.

Thermal conversion of biomass, including combustion, gasification, and
pyrolysis, is the most common method of extracting energy from biomass. Among the
three mentioned technologies, combustion, which has been used for a long time as a
source of heat for residential purposes, remains the leading technology also in recent
years. Life cycle analyses show that the most important environmental issue regarding
emissions from wood combustion is NOx, contributing to almost 40% of the total
emissions, including NOx, PM10, CO,, SOx, NH;, CHy4, nonmethane volatile organic
compounds (NMVOC), residues, and others. Reduction of harmful emissions is
generally possible to obtain in two basic methods: primary measures (avoiding creation
of such substances) and secondary measures (removing the pollutants from the flue
gas). This doctoral thesis considers certain primary measures.

The thesis is wide study which has been carried out in the same reactor, investigating

different operating parameters and biomass. This study is focusing on experiments in a

lab-scale reactor with a good control and overview of the operational parameters

(temperature, feedstock and air inputs) and the combustion products (flue gas, fly and

bottom ash) in order to study the influence of the air staging, temperature, additives and

mixing of chosen biomass fuels on combustion products.

The objectives of thesis are:

e investigation the effect of staged combustion and temperature on NOx and N,O
formation, as well as the effect on the emission levels of incomplete products of
combustion (CO and hydrocarbons (CxHy)), using three types of biomass including
coffee waste (CW), demolition wood (DW), wood pellets (WP), or combinations of
these;

o the fate of selected element (with focus on the important ones in sense of corrosion
1.e. Na, K, Pb, Cl and S) are investigated for three biomasses (wood, demolition
wood and coffee waste) and six mixtures of these as pellets both with and without

air staging in laboratory reactor. Information are collected about flue gas



composition, particle (fly ash) size distribution and composition, bottom ash
composition and melting properties, Cl-conversion, S- conversion;

e in attempt to look at means for reduction of corrosion in boilers, combustion
experiments are performed on demolition wood with kaolin and peat-ash as additive.
A total characterization of the elemental composition of the fuel, the bottom ash and
some particle size stages of fly ash was performed. This was done in order to follow
the fate of some problematic compounds in demolition wood as a function of kaolin
and peat-ash addition and other combustion — related parameters. A method was
developed to estimate composition and speciation of the salt part of aerosols based
on SEM/EDX analysis. The characteristic of bottom ash are reported as a function
of increased kaolin and peat-ash addition, reactor temperature and air staging.

In order to give information and possibilities for improving the process of biomass

combustion, numerous results achieved through this experimental work and results of

the relevant literature, primarily papers published in leading international journals, in

this thesis are presented as follows:

e Current status of biomass as a renewable energy source;

e Biomass fuel sources, properties and pre-treatment;

e Thermochemical conversation of biomass;

e Environmental Aspects of Biomass Combustion;

e Description of experimental research work;

e Analysis of the results and conclusions about the correlation between the observed
parameters.

The results, as well as presented correlations between the parameters observed in his
doctoral dissertation represent a valuable data for future research in this field. The
results achieved in this work are very important for further improvement of facilities for
the thermal conversion of biomass, regardless of their capacity and use, which is a
additional contribution to this study.

All experimental studies were performed according to valid international standards and
methods. In order to get a precise data and complete overview of the combustion
products, both online and offline state of art analytical methods are used.

Belgrade — Trondheim — Belgrade
2009-2015.



2. BIOMASS AS A RENEWABLE ENERGY SOURCE

2.1 State of Renewable Energy

The evolution of the universe can be told as the story of the evolution of energy.
Energy is transformed into matter: first subatomic particles (quarks, neutrinos), then
atoms and molecules, and subsequently into more complex molecules including what
we now call organic molecules (containing carbon). Certain organic molecules can be
found even in space, but just because they are organic molecules does not mean that
they have been formed by or within living organisms [5].

The continuous growth of global energy consumption raises urgent problems.
The larger part of mineral oil and gas reserves (1/3 of the world’s energy supply) is
located within a small group of countries, forming a vulnerable energy supply.
Moreover, this supply is expected to reach its limits. On the other side the use of fossil
fuels causes numerous environmental problems, such as local air pollution and
greenhouse gases (GHGs) emission [6]. The widespread use of fossil fuels within the
current energy infrastructure is considered as the largest source of anthropogenic
emissions of CO2, which is largely blamed for global warming and climate change [7].
Total primary energy supply from all sources in 2011 was 590 EJ, with over 80% being
from fossil fuels [8]. Various organisations such as the oil companies BP and Shell, the
US Energy Information Administration (EIA), the European Commission (EC), the
International Energy Agency (IEA), the International Atomic EnergyAgency (IAEA),
the International Institute for Applied Systems Analysis (IIASA) and the World Energy
Council (WEC) have all projected values for one or more of these future dates. The
lowest and highest values for projected primary energy use from each of these
organisations are shown in Table 2.1. There is remarkably little spread of values either
within or between the various projections up to 2050. By 2050, world energy use is
forecast to rise to 800 EJ or more, and the one projection for 2100 envisages that levels
as high as 1740 EJ could occur [9].

Current trends in energy supply and use are patently unsustainable —
economically, environmentally and socially. Without decisive action, energy-related
emissions of carbon dioxide (CO,) will more than double by 2050 and increased oil

demand will heighten concerns over the security of supplies [10].



Table 2.1 Global primary energy projections, 2020-2100 [EJ] [9]

Organisation and year 2020 2030 2050 2100

BP (2011) 565-635 600-760 NA NA

EC (2006) 570-610 650-705 820-935 NA

EIA (2010) 600-645 675-780 NA NA
IAEA (2009) 585-650 670-815 NA NA

IEA (2010) NA 605-705 NA NA
ITASA (2007) 555-630 NA 800-1175  985-1740
Shell International 630-650 690-735 770-880 NA

(2008)
WEC (2008) 615-675 700-845 845-1150 NA

Tellus Institute (2010) 504-644 489-793  425-1003  243-1200

The supply of sustainable energy is one of the main challenges that mankind will
face over the coming decades, particularly because of the need to address climate
change [11]. Reducing GHG emissions is an extremely complex problem, and there is
no single solution [12]. Fossil fuels are responsible for an estimated 74% of all CO,
emissions [14]. Global atmospheric levels are now at 390 ppm, and some Earth
scientists have argued that this level is already too high, and should be reduced to 350
ppm (a pre-industrial value was about 280 ppm) [9,7].

Enhanced energy efficiency and increased renewable energy production will
reduce CO, emissions, but energy efficiency and renewable energy do not have the
potential to reduce global CO, emissions as much as the IPCC target of 50-80%
reduction by 2050. However, new sources, not existing sources, will be primarily
responsible for global CO, emissions in the 21* century, since new sources provide for
growth and replace existing sources at the end of their useful lives [7].

Table 2.2 shows the technical potential for the six main form of RE. The world
gets about 17-18% of its energy from renewables, including about 9% from “traditional
biomass” and about 8% from “modern renewables”. The “traditional” share has been
relatively stable for many years, while the “modern” share has grown rapidly since the
late 1990s. During the 1990s, projections of renewable energy that were considered
most credible, for example by the International Energy Agency (IEA), foresaw shares of
modern renewables reaching no more than 5-10% into the far future, given the policies

and technologies existing at the time.



Table 2.2 Published estimates for RE global technical potential [9]

Study and year of estimate  Solar Wind Ocean Hydro Biomass Geothermal
Electricity Heat

Hafele (1981)

(‘realizable’ potential) NA 95 (32) 33 (16) 95 (47) 189 (1l6l) 323.2) 47 (16)

Lightfoot/Green (2002)

(range of values) 163 (118-206) 72(48-72) 0(1.8-3.6) 19 (16-19) 539 (373-772)1.5(1.5) NA (NA)

Gross et al. (2003) 43-144 72-144* 7-14° NA 29-90 NA 14-144°

Sims et al. (2007) 1650 600 7 62 250 NA 5000¢

Field et al. (2008) NA NA NA NA 27 NA NA

Resch et al. (2008) 1600 600 NA 50 250 NA 5000¢

Klimenko et al. (2009)

(‘economic’ potential) 2592 (19) 191 (8.6) 22 (2.2) 54 (29) NA (NA) 22 (3.6) NA (NA)

Cho (2010) >1577 631 NA 50 284 NA 120

Tomabechi (2010)* 1600 700 11 59 200 NA 310,000¢

WEC (2010) NA NA 7.6° 57.4 50-1500 1.1-44 140

All studies range 118-2592 48-600 1.8-33 50-95 27-1500 1.1-22 14-310,000

Earth energy flows 3,900,000 28,400 700 130-160 3000 1300

NA: not available; *Onshore only; "Wave only; ‘Includes both electricity and direct heat; ¢ Usable maximum’.

As a result of the market, policy, and technology developments of the past 15 years,
those early projections have already been reached. Table 2.3 shows global sectoral-
share projections for the years 2030 to 2050 from several scenarios. These include two
conservative scenarios by oil companies, two moderate scenarios by the IEA (WEO
“New Policies” and “450), and four high-renewables scenarios by IEA ETP, GEA,
Greenpeace, and WWF [13].

Table 2.3 Sectorial shares of renewable energy in recent global scenarios [13]

Scenario By Year Electricity  Heat Transport
By 2030-2040

ExxonMobil Outlook for Energy: A View to 2040 (2012) 16% — —
BP Energy Outlook 2030 (2012) 2030 25% — 7%
IEA World Energy Outlook (2012) “New Policies” 2035 31% 14% 6%
IEA World Energy Outlook (2012) “450” 2035 48% 19% 14%
Greenpeace (2012) Energy [R]evolution 2030 61% 51% 17%
By 2050

IEA Energy Technology Perspectives (2012) “2DS” 2050 57% — 39%
GEA Global Energy Assessment (2012) 2050 62% — 30%
IEA Energy Technology Perspectives (2012) “2DS High Renewables” 2050 71% — —
Greenpeace (2012) Energy [R]evolution 2050 94% 91% 72%
WWEF (2011) Ecofys Energy Scenario 2050 100% 85% 100%

Although the RE is generally considered as ‘“environmental friendly” and
besides all proved positive characteristics it should be discussed about its known and
possible negative effects on environment. Table 2.4 presents summarized environmental

and social effects of RE.



Table 2.4 Environmental and social effects of RE [9]

RE Type Environmental and social effects
Solar Pollution from PV production; adverse effects on fragile semi-arid land ecosystems;
competition for fresh water; depletion of scarce materials; albedo decreases.
Bird and bat deaths; possible habitat loss for other wildlife; noise and vibration
Wind pollution for nearby residents; adverse effects on visual amenity; possible adverse

effects on marine mammals from offshore wind farms; possible climate changes for
large-scale implementation.
For OTEC, disruption to marine ecosystems from need to pump vast amounts of
Ocean seawater; possible adverse effects on marine mammals from wave and current energy
devices; shipping disruption.
Loss of homes and livelihoods for those displaced; fresh-water biodiversity loss;
inundation of farmland or natural forest; possible increases in micro-seismicity and
Hydro slope instability; loss of heritage sites; increased downstream erosion; coastal land
retreat and declining soil fertility from loss of sediment deposition; greenhouse gas
emissions from submerged biomass.

Competition with other biomass uses (especially food production) for fertile land and
water; loss of existing uses for biomass wastes; biodiversity loss.
Geothermal Land subsidence; increase in micro-seismicity; potential air and water pollution.

Biomass

The environmental problems of RE operation are thus pitting local
environmentalists against major environmental organisations with a more national or
even global viewpoint, including awareness of the environmental costs of fossil fuels.
RE sources, unlike fossil fuels, are regarded as ‘clean fuels’; the public thus find it
harder to accept environmental damages from these energy sources. Above all, we must
realise that there is a third way; we can reduce the environmental problems of both RE
and its alternatives by using less energy, either through more efficient energy-
consuming devices or less use of these devices [9].

A portfolio of different policies is needed to reduce GHG emissions by
promoting low-carbon technologies, energy efficiency, and conservation [12]. The
energy system can be monitored in three principal areas: energy consumption, industry
structure that affects both the demand and supply of energy, and energy generation. The
instruments the government may use to exercise this influence are: support for research
and development, support for demonstration, support for information dissemination,
administrative policy instruments, and economic incentives. These instruments may be
used separately or in combination [14]. The development of renewable energy -
particularly energy from wind, water, solar power and biomass - is a central aim of the
European Commission’s energy policy. The target for renewable energy in Europe has
been laid down in Directive 2009/28/EC of the European Parliament and the Council of

the European Union. This Directive is internationally known as the Renewable Energy
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Directive (RED). In the light of the positions taken by the European Parliament, the
Council and the Commission, it is appropriate to establish mandatory national targets
consistent with a 20 % share of energy from renewable sources and a 10 % share of
energy from renewable sources in transport in Community energy consumption by
2020. There are several reasons for this: Renewable energy has an important role to play
in reducing Carbon Dioxide (CO;) emissions - a major Community objective.
Increasing the share of renewable energy in the energy balance enhances sustainability.
It also helps to improve the security of energy supply by reducing the Community’s
growing dependence on imported energy sources. Renewable energy sources are
expected to be economically competitive with conventional energy sources in the
medium to long term. Renewable energy is, by definition, local energy. Its development
can create new business, bring employment and encourage economic and social
cohesion in regions that otherwise lack industrial development. There is a considerable
export potential for renewable energy technologies, particularly in the developing world
[15, 16].

As the starting point, the renewable energy potential and the energy mix of each
Member State vary, it is therefore necessary to translate the Community 20 % target
into individual targets for each Member State, with due regard to a fair and adequate
allocation taking account of Member States’ different starting points and potentials,
including the existing level of energy from renewable sources and the energy mix. in
order to ensure consistency in transport fuel specifications and availability 10 % target
for energy from renewable sources in transport is set at the same level for each Member
State.

Annex I of Directive gives National overall targets for the share of energy from
renewable sources in gross final consumption of energy in 2020. Republic of Serbia as a
non-Member State has target of 27% RES by 2020, which is, beside Sweden (49%),
Finland (38%), Latvia (40%), the highest one in Europa.

Another important Policy document for promotion of renewable fuels is DIRECTIVE
2003/30/EC on the promotion of the use of biofuels or other renewable fuels for
transport, contributing to objectives such as meeting climate change commitments,
environmentally friendly security of supply through use of renewable fuels to replace

diesel or petrol for transport purposes in each Member State.



According [17] the transport sector accounts for more than 30 % of final energy

consumption in the Community and is expanding, a trend which is bound to increase,
along with carbon dioxide emissions and this expansion will be greater in percentage
terms in the candidate countries following their accession to the EU.
The EU policies and measures to achieve the Energy 2020 goals and the Energy 2020
strategy are ambitious [18]. The EU is committed to reducing greenhouse gas emissions
to 80-95% below 1990 levels by 2050 [19] in the context of necessary reductions by
developed countries as a group.

Introducing a price for CO, is another important measure to reduce energy-
related GHG emissions by promoting the more efficient use of fossil energy and
supporting the use of renewable and other low-carbon energy sources. There are various
ways to introduce a price on CO,, some of which have been established under the Kyoto
Protocol, such as international emission trading which has been introduced in the
European Union and is envisaged for Australia from 2015. Another example is joint
implementation of GHG mitigation projects between developed countries, and Clean
Development Mechanism (CDM) for joint projects by developed countries in
developing countries. The CDM is particularly relevant for attracting investments in
bioenergy projects in developing countries: 12% of all CDM projects are related to
bioenergy (UNEP, 2012). With the recent (2011) inclusion of CCS in the CDM,
accounting for negative emissions is possible (as opposed to current provisions in the
EU Emissions Trading Scheme), and BECCS projects could thus also be eligible.
Another measure that has proved quite successful is a so-called “carbon tax”, which has
been introduced for instance in Sweden, Denmark, Finland, and Australia [10].

The need for Community support for renewable energy is clear. While several of
the technologies, notably wind energy, small-scale hydro power and energy from
biomass, are economically viable and competitive, and others are approaching viability,
initial investment costs are high and investors often lack confidence in technologies that
are relatively unknown. As a result, development has been limited, and the sector needs
help if it is to ‘take off’ in marketing terms. The main reasons for the growing
international interest in utilising renewable fuels are the objectives of promoting the use
of renewable fuels in line with the statements in the European Commission’s White

Paper and of meeting emission limits and targets set by the EU directives. Emission
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allowance trading may also pose new challenges to power producers in the future. It can
already be stated with great confidence that power producers will have to cope with an
increasing number of EU-level regulations concerning emission levels in general, and
especially greenhouse gas emissions. Usually these regulatory actions aim at favouring

the use of biomass [15].

2.2 Biomass potential for energy purposes

The term bioenergy refers to energy obtained from biomass, which is the
biodegradable fraction of products, waste and residues from agriculture (of vegetable
and animal origin), forestry and related industries, as well as the biodegradable fraction
of industrial and municipal waste [20]. Biomass can make a substantial contribution to
supplying future energy demand in a sustainable way. It is presently the largest global
contributor of renewable energy, and has significant potential to expand in the
production of heat, electricity, and fuels for transport [11]. Biomass is considered the
renewable energy source with the highest potential to contribute to the energy needs of
modern society for both the industrialized and developing countries worldwide [7].

As it is stated in [21] biomass appears to be an attractive feedstock for three
main reasons. First, it is a renewable resource that could be sustainably developed in the
future. Second, it appears to have formidably positive environmental properties,
resulting in no net releases of carbon dioxide and very low sulfur content. Third, it
appears to have significant economic potential provided that fossil fuel prices increase
in the future.

Traditional biomass materials, including fuelwood, charcoal and animal dung,
continue to be important sources of bioenergy in many parts of the world and, to date,
woodfuels represent by far the most common sources of bioenergy. Modern bioenergy
relies on efficient conversion technologies for applications at the household, small
business and industrial scale. Solid or liquid biomass inputs can be processed to be more
convenient energy carriers. These include solid biofuels (e.g. firewood, wood chips,
pellets, charcoal and briquettes), gaseous biofuels (biogas, synthesis gas, hydrogen) and
liquid biofuels (e.g. bioethanol, biodiesel) [20]. Generally speaking, biofuels are

generally considered as offering many benefits, including sustainability, reduction of
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greenhouse gas emissions, regional development, social structure and agriculture and
security of supply [21].

It provides a diverse source of energy, potentially improving energy security
through the substitution of oil and natural gas. The use of domestic bioenergy resources
would generally contribute to the diversification of the energy mix. Biomass imports,
from widely distributed international sources, also contribute to energy diversification,
especially if lignocellulosic resources and bioenergy products derived from them are

considered [22].

2.2.1 Global energy biomass potential

The potential supply of biomass for energy purposes is the subject of many
assessments with national, regional and global focus, some of which are rather
optimistic. These estimates need to be carefully evaluated, as they do not always fully
consider all factors involved in mobilising the indicated biomass potential. This is
particularly true for the economics of biomass production and transport, which are
inevitably subject to uncertainties [ 10].

As mentioned above numerous estimates have been made of the possible
contribution of biomass to future energy supply, especially in the next 30-50 years.
Biomass energy annual usage currently represents approximately 8-15% of the world
final energy consumption [23, 24, 25, 26, 27, 21, 10, 28, 13, 29]. Despite the current
minor contribution of modern bioenergy to the global energy mix, biomass has, in the
long run, potential to contribute much more significantly to the global energy supply.
As it is presented in Table 2.5 [23] the overall sustainable worldwide biomass energy
potential is about 100 EJ/yr. Various studies on global bio-energy potential use a margin
spanning from a few hundred to more than 1000 EJ — depending on the assumptions
they make on agriculture, yields, population, etc. Most of the biomass resource is
located outside Europe and this worldwide resource is relatively unexploited, except for
Asia, which uses more biomass than the actual annual regional potential (Table 2.5)
[23,7].

Potential vary from region to region and are dependent on geographic location,

the climate, the population density and the degree of industrialisation of the country.
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Table 2.5 Biomass potential and use distribution between regions [10° Pl/year] [23]

North Latin . . Middle Former

Biomass potential America America Asia Alfrica Europe East USSR World
Woody biomass 12.8 59 7.7 5.4 4.0 0.4 5.4 41.6
Energy crops 4.1 12.1 1.1 13.9 2.6 0.0 3.6 37.4
Straw 22 1.7 9.9 0.9 1.6 0.2 0.7 17.2
Other 0.8 1.8 29 1.2 0.7 0.1 0.3 7.6
Total potential 19.9 21.5 21.6 214 89 0.7 10.0 103.8
Use 3.1 2.6 232 8.3 2.0 0.0 0.5 39.7
Use/potential (%) 16 12 107 39 22 7 5 38

Information about the long-term primary biomass potential is essential to
understand the prospective role of bioenergy in the global energy mix [22]. Predictions
on the future usage of biomass are usually to 2050, and indeed some as far as to 2100. It
has been concluded that the contribution from biomass could be raised to 200 EJ/year
(4.8 Gtoe) by 2050, but some estimates make it five times greater (24 Gtoe). Because of
the competition of land for bioenergy crops versus food, and because of the
sustainability requirement, there are advantages in integrated processes, where the
primary value products, foodstuffs and oils are produced, and the agricultural residues
and biomass wastes are used for energy applications [28]. Since different studies used
different approaches to consider determining factors — such as demand for food, soil and
water constraints, biodiversity and nature preservation requirements, and a variety of
other sustainability issues — they come to diverging conclusions regarding the biomass
supply, ranging from roughly the current level of production (about 50 EJ) to levels
above the current world primary energy consumption (about 500 EJ). When assessing
the biomass potential, one must distinguish between the technical potential, which is the
unconstrained production potential limited only by the technology used and the natural
circumstances, and the sustainable potential, which further considers a range of
environmental and social constraints in order to guarantee sustainable feedstock
production [22].

Significant potential to expand biomass use represents large volumes of unused
residues and wastes. As well enlargement of conventional crops for energy use is
feasible, taking care of land availability and food demand. Lignocellulose crops
(herbaceous and woody) could be produced on marginal, degraded and surplus
agricultural lands and aquatic biomass (algae) could make a significant contribution.

According [30] bioenergy could provide 3100 TWh of electricity, i.e. 7.5% of

world electricity generation by 2050. In addition heat from bioenergy could provide 22
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EJ (15% of total) of final energy consumption in industry and 25 EJ (20% of total) in
the buildings sector in 2050. As it is presented in Figure 2.1. the technical potential for
2050 indicates the upper bound of biomass technical potential based on integrated
global assessment studies using five resource categories indicated on the stacked bar
chart, and limitations and criteria with respect to biodiversity protection, water
limitations, and soil degradation, assuming policy frameworks that secure good
governance of land use. Expert estimates undertaken by the IPCC (2011) indicate
potential deployment levels of terrestrial biomass for energy by 2050 in the range of 100
to 300 EJ, with a most likely range of 80-190 EJ/yr, with upper levels in the range of
265-300 EJ/yr.

With increasing economic growth, world electricity demand will grow rapidly,
according that predictions shows that share of renewable electricity will increase from
19% in 2009 to almost 60% in 2050, with the remaining 40% coming from nuclear as
well as coal, natural gas and other fossil sources. By 2050 total bioenergy electricity
generation could provide around 7.5% of world electricity generation, Figure 2.2. The
use of biomass for power generation varies between regions, depending on biomass

availability, conversion costs, and the availability of alternative low-carbon energy

sources.
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Figure 2.1 Global technical bioenergy potential estimate in 2050 [35]
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Figure 2.2 Roadmap vision of bioenergy electricity generation by region [30]

Even despite predicted decreasing trend of bioenergy consumption in buildings

sector, its use in this sector is expected to remain the largest consumer of biomass

throughout the projection period. Decreasing trend of use in Non-OECD countries, is

explanting by applying more energy efficient technologies, continued and accelerating

shift away from traditional biomass cookstoves to more modern forms of stoves and

fuels, including efficient biomass cookstoves and stoves that burn biogas or biofuels.

While in OECD countries, Eastern Europe and FSU bioenergy demand in the residential

sector will roughly double current consumption by 2050 Figure 2.3, driven by

regulations for space heating demand and energy efficiency [30]. Many cities have

already reached high levels of heat supply from bioenergy, for example, Vixjo

(Sweden) supplies 90% of heat demand from renewables, primarily biomass [13].

40

35

30

25

ol 20

15

10

5

0

2009 2015 2020 2025 2030 2035 2040 2045 2050

Africa and Middle East
Central and South America
Other developing Asia
China

Eastern Europe and FSU
OECD Asia Oceania

OECD Europe

OECD Americas

Figure 2.3 Final bioenergy consumption in the building sector in different world regions

[30]

15



The industry sector is definitely the sector with highest potential for increased
consumption of bioenergy. And [16] finds that renewables play a relatively small role in
industry today, but it finds that over 20% of all final energy use and feedstock in
industry in 2050 could come from renewables. This includes contributions from
biomass, solar thermal, and heat pumps by 2050 that together represent almost half of
today’s level of industrial energy use from all sources. It emphasizes future biomass use
in energy-intensive industries such as pulp/paper, wood, cement, chemicals, and
petrochemicals. The chemical industry also sees the potential to integrate solid biomass
and liquid biofuels as industrial feedstock. As it is presented on Figure 2.4 bioenergy
consumption should reach 22 EJ by 2050, which is almost a triple of current use. It will
make 15% of the sector total final energy demand.

Generally, biomass has been a marginal source of energy in industry and district
heating. However, in countries such as Sweden, Finland, and Austria, which have a
large forestry sector, forest-based biomass has a remarkable importance. For example,
in Finland, renewable energy sources account for 24% of the total primary energy
consumption, and 85% of renewable energy is was derived from wood [25].
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Figure 2.4 Final bioenergy consumption in industry [30]

Transport biofuels are currently the fastest growing bioenergy sector, receiving a
great deal of public attention. However, today they represent only 1.5% of total road
transport fuel consumption and only 2% of total bioenergy. They are, however,
expected to play an increasing role in meeting the demand for road transport fuel, with
second generation biofuels increasing in importance over the next two decades. Even

under business-as usual scenarios, biofuel production is expected to increase by a factor
16



of 10 to 20 relative to current levels by 2030 (corresponding to a 6 - 8% average annual
growth rate) [8].

In [13] the future of biomass is overviewed from four distinct viewpoints:
¢ Fuel supplies. A breakthrough in biomass demand could come as biomass becomes
a mainstream commodity in commercial markets in standard forms like pellets or bio-
heating oil (from pyrolysis/torrefaction), said experts. In particular, they expected
pellets to become a widespread commodity, efficiently transported internationally. And
while some experts questioned how much biomass could be produced given competition
for land and food, others saw no real limits because of the huge resources available from
agricultural and forest wastes, and from new approaches to growing biomass crops on
surplus land.
e Technical conversion pathway/process. Most biomass used today is simply burned
for heat and power. The second most common process is anaerobic conversion to
biogas. Experts foresaw increased production of biogas from sewage plants, manure,
and organic waste, and cheaper biogas plants made with new materials. Some also saw
new applications for the biogas: “Biogas will be used for transport, as it doesn’t need to
be cleaned for use in a vehicle
engine to the same extent it needs to be clean for a gas turbine,” said one expert. Some
foresaw much greater use of thermal gasification, while others questioned whether
gasification would achieve wide scope.
o Heating technologies. Experts envisioned much greater use of biomass heating
technologies, including CHP plants, district heating systems, cooling systems for
commercial and public buildings, and industrial process heat. Future CHP systems
might predominantly fall into the “small or medium scale” of 5-10 MW, but also at
smaller sizes of 1 MW, or larger sizes up to 100 MW.
e Integration into agricultural and forestry industries through integrated “bio-
refineries.” The future would see fewer stand-alone bioenergy production sites, and
rather would trend toward multi-purpose co-production systems, which co-produce
biofuels, sugar, electricity, and biogas, and also utilize leftover waste for fertilizer,
chemicals, biofuels, animal feed, and other chemicals. These “integrated bio-refineries”
could become part of the food system by 2020, and lead to integrated “bio-based”

industries for food, fuels, chemicals, textiles, paper, and other products.
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Whatever is actually realised will depend on the cost competitiveness of bioenergy and
on future policy frameworks, such as greenhouse gas emission reduction targets.
Growth in the use of biomass resources in the mid-term period to 2030 will depend on
many demand and supply side factors. Strong renewable energy targets being set at
regional and national level (e.g. the European Renewable Energy Directive) are likely to
lead to a significant increase in demand. This demand is likely to be met through
increased use of residues and wastes, sugar, starch and oil crops, and increasingly,
lignocellulosic crops. Drivers for increased bioenergy use (e.g. policy targets for
renewables) can lead to increased demand for biomass, leading to competition for land
currently used for food production, and possibly (indirectly) causing sensitive areas to
be taken into production. This will require intervention by policy makers, in the form of
regulation of bioenergy chains and/or regulation of land use, to ensure sustainable
demand and production. Development of appropriate policy requires an understanding
of the complex issues involved and international cooperation on measures to promote
global sustainable biomass production systems and practices. To achieve the bioenergy
potential targets in the longer term, government policies and industrial efforts need to be
directed at increasing biomass yield levels and modernising agriculture in regions such
as Africa, the Far East and Latin America, directly increasing global food production
and thus the resources available for biomass. This can be achieved by technology
development and by the diffusion of best sustainable agricultural practices. The
sustainable use of residues and wastes for bioenergy, which present limited or zero

environmental risks, needs to be encouraged and promoted globally [8].

2.2.2 Energy biomass potential of Republic of Serbia

As a country with large areas of agricultural and forested lands, Serbia has
strong potential for the production of biomass. Biomass sources represent 63 % of the
total renewable energy sources (RES). Forests cover about 30 % of the territory and
approximately 55 % is arable land. In addition to residues from crop farming for food
production, there is a strong presence of, targeted crop farming for production of

biomass fuel without competition with food production [31].
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According to numerous studies, the most promising options for biomass utilization in
Serbia are:
e space heating in households and buildings using biomass pellets or briquettes,
e co-fi ring or total replacement in district heating plants that currently burn heavy
oil or coal,
e production of electricity utilizing agricultural and wood residues and,
e production of biofuels for transport.
The technically feasible, annual energy biomass potential in the Republic of
Serbia is approximately 2.7 Mtoe. The energy potential of wood biomass (tree felling
and wood residues produced during primary and/or industrial wood processing) is
estimated at approximately 1.0 Mtoe, while about 1.7 Mtoe could be generated from
agriculture biomass (agricultural waste and crop farming residues, including liquid
manure) [31]. The detailed analysis of biomass sources and potentials is given in Table
2.5.
Table 2.5 Biomass energy potential [31]

Biomass source Potential (toe)
Wood biomass 1,527,678
Fuel wood 1,150,000
Forest residue 163,760
Wood processing residue 179,563
Wood from trees outside the forest 34,355
Agricultural biomass 1,670,240
Crop residue 1,023,000
Residue from fruit growing, viniculture and fruit processing 605,000
Liquide manure (for biogas production) 42,240
Biofuels for transport 191,305
without transportation fuel 3,197,918

Total Biomass
with transportation fuel 3,389,223

Ethanol Production in Serbia between 2006 and 2011 was almost non-existent.
The small amounts of Ethanol produced in 2008, 2009, and 2010 were undenatured and
most likely were used in beverages, although accurate data is not available. It is
projected that there will be small-scale production at the existing facility as new
renewable energy policies come online in the future. There are no accurate statistics on
biodiesel production in Serbia, but the Serbian Ministry of Energy estimates that the
consumption of biodiesel accounts for less than 0.5 percent of all diesel consumption in
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Serbia. Due to the significant potential for production of biodiesel in Serbia, the
Ministry estimates that the Serbian transport fuel system could substitute 13-15 percent

of its domestic consumption of diesel (by energy content) [32].

2.3 Clasification of Biofuels

Among many energy alternatives, biofuels, hydrogen, natural gas and syngas
(synthesis gas) may likely emerge as the four strategically important sustainable fuel
sources in the foreseeable future. Within these four, biofuels are the most environment
friendly energy source [33]. Biofuels are referred to liquid, gas and solid fuels
predominantly produced from biomass. A variety of fuels can be produced from
biomass such as ethanol, methanol, biodiesel, Fischer —Tropsch diesel, hydrogen and
methane [34].

Because of its widespread noncommercial use in developing countries, biomass
is by far the greatest source of renewable energy. Approximately two-thirds of biomass
is used for cooking and heating in developing countries. The remaining energy use of
biomass takes place in industrialised countries where biomass is utilized both in
industrial applications within the heat, power, and road transportation sectors and for
heating purposes in the private sector [25].

According [35, 36] biofuels are classified as primary and secondary biofuels.
The primary biofuels are used in natural and an unprocessed form, primarily for heating,
cooking or electricity production such as fuelwood, wood chips and pellets, etc. and are
mainly those where the organic material is utilised essentially in its natural and original
chemical form. In contrast to primary, the secondary biofuels are modified and
produced by processing of biomass e.g. ethanol, biodiesel, DME, etc. that can be used in
vehicles and various industrial processes. The secondary biofuels are further divided in
to first, second and third generation biofuels on the basis of raw material and technology
used for their production (Figure 2.5).

Biofuels are also classified according to their source and type. They may be
derived from forest, agricultural or fishery products or municipal wastes, also including

by-products and wastes originated from agro-industry, food industry and food services.
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Biofuels can be solid, such as fuelwood, charcoal, and wood pellets; or liquid, such as

ethanol, biodiesel and pyrolysis oils; or gaseous, such as biogas (methane).

Firewood, wood
chips, pellets,
animal waste, forest
and crop residues,
landfill gas
v v v
1* generation 2" generation 3" generation
Substrate: Seeds, grains or sugars Substrate: lignocellulosic biomass Substrate: Algae, sea weeds
Bioethanol or butanol by Bioethanol or butanol by enzymatic| | Biodiesel from algae
fermentation of starch (wheat, hydrolysis
barley, corn, potato) or sugars Bioethanol from algae and sea
(sugar cane, sugar beet, etc.) Methanol, Fischer-Tropsch gasoline| | weeds
and disesel, mixed alcohol,
Biodiesel by transesterification of dimethyl ether and green diesel by Hydrogen from green algae and
plant oils (rapeseed, soybeans, thermochemical processes microbes
sunflower, palm, coconut, jatropha,
used cooking oil, animal fats, etc.) Biomethane by anaerobic digestio

Figure 2.5 Classification of biofuels [35]

As is stated in [37], due to some technological and economic consequences,
practical experiences of biofuel-energy do have wide applications neither in the richest
countries nor in the poorest countries at present. For the developed countries, active
involvement in biofuel research and development, especially through collaborative
international programs, could facilitate the introduction of new biofuel technologies as
they become competitive. A major dilemma now faced by the developing countries is
how to invest in biofuel research and development for the transition to biofuel economy.
Most developing countries will probably rather than developers of cutting-edge
technologies. Developing countries have at least as much to gain from a move towards
the biofuel economy as industrialized ones, since they generally suffer more from urban

pollution and their economies tend to be more energy intensive.

2.4 Policy Framework

Over the past decades, the use of bioenergy has increased rapidly in many parts

of the world. In order to comply with Kyoto greenhouse gas reduction targets, many
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countries have set goals for the utilization of biomass, intensifying its production and
consumption for energy purposes [24].

Policymakers are increasingly aware of renewable energy's wide range of
benefits-including energy security, reduced import dependency, reduction of greenhouse
gas (GHG) emissions, prevention of biodiversity loss, improved health, job creation,
rural development, and energy access—Ileading to closer integration in some countries
of renewable energy with policies in other economic sectors. Policy development and
implementation were stimulated in some countries by the Fukushima nuclear
catastrophe in Japan and by the UN Secretary-General’s announced goal to double the
share of renewables in the energy mix by 2030. Some countries are beginning to tap the
synergies between renewable and energy efficiency improvements. Successful policies
depend on predictable, transparent, and stable framework conditions and on appropriate
design. Although many policy developments have helped to expand renewable energy
markets, encourage investments, and stimulate industry developments, not all policies
have been equally effective or efficient at achieving these goals. [38]

The deployment of RES is one of the core components of the EU’s energy and
climate policies. The Directive on the promotion of electricity produced from RES
2001/77/EC gave EU Member States (MS) indicative goals and the requirement to
implement national support schemes for RES based electricity. Mandatory RES target
of 20% in final energy consumption and a minimum of 10% for biofuels by 2020 were
implemented via the Renewable Energy Directive 2009/28/EC. Furthermore, the
Directive 2009/28/EC defines sustainability requirements for the production of liquid
biofuels and bioliquids. Solid (and gaseous) biofuels are so far excluded from these
requirements [39].

Drivers for increased bioenergy use (e.g. policy targets for renewables) can lead
to increased demand for biomass, leading to competition for land currently used for
food production, and possibly (indirectly) causing sensitive areas to be taken into
production. This will require intervention by policy makers, in the form of regulation of
bioenergy chains and/or regulation of land use, to ensure sustainable demand and
production. Development of appropriate policy requires an understanding of the
complex issues involved and international cooperation on measures to promote global

sustainable biomass production systems and practices [22].
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EU policy framework is the leading bioenergy promotion tool. Within which
there are numerous legal acts dealing with the use of biomass as fuel and driving force
for future development of this energy source. Surely the most important are Renewable
Energy Directive 2009/28/EC, Biomass action plan {SEC (2005) 1573} and the
Biofuels for Transport Directive 2003/30/EC.

Republic of Serbia as an EU candidate country has an obligation to harmonize
all its legal acts into line with EU legislation. In 2006, the Republic of Serbia ratified the
Treaty that established the Energy Community, also known as the Energy Community
South East Europe Treaty or ECSEE (signed between the EU and South East Europe
countries). According to Article 20 of the Treaty, one year after ratification, the
Republic of Serbia was obliged to prepare a program of implementation of Directive
2001/77/EC on the promotion of electricity produced from renewable energy sources on
the internal electricity market as well as Directive 2003/30/EC on the promotion of the
use of biofuels or other renewable fuels for transport. In order to foster the investment in

RES Serbia has adopted several energy related legislations and sub-legislations [31].

2.4.1 Renewable Energy Directive 2009/28/EC

By this Directive a common framework for the use of energy from renewable
sources in order to limit greenhouse gas emissions and to promote cleaner transport is
established. For that purpose, national action plans are defined, as well as procedures for
use of biofuels.

Mandatory RES target of 20% in final energy consumption and a minimum of
10% for biofuels by 2020 are implemented through the Renewable Energy Directive
2009/28/EC. According this Directive Each Member State has a target calculated
according to the share of energy from renewable sources in its gross final consumption
for 2020. This target is in line with the overall 20-20-20' goal for the Community.
Directive stipulates that Member States should establish national action plans that set
out the share of energy from renewable sources consumed in transport, as well as in the
production of electricity and heating, for 2020. Effects of other energy efficiency
measures on final energy consumption (the higher the reduction in energy consumption,

the less energy from renewable sources will be required to meet the target) must be
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taken into account within action plans. National action plans should as well establish
procedures for the reform of planning and pricing schemes and access to electricity
networks, promoting energy from renewable sources.

The origin of electricity, heating and cooling produced from renewable energy
sources has to be guaranteed by each Member State. These guarantees must be
standadised and should be recognised by all Member States.

Regarding biofuels and bioliquids Directive stipulates their production using raw
materials coming from outside or within the Community. They should not be produced
using raw materials from land with high biodiversity value or with high carbon stock.
To benefit from financial support, they must be qualified as “sustainable” in accordance
with the criteria of this Directive. Bioliquids should contribute to a reduction of at least
35 % of greenhouse gas emissions in order to be taken into account. Their share in

emissions savings should be increased to 50 %, from 1 January 2017.

2.4.2 Biomass action plan {SEC (2005) 1573}

To promote the use of biomass energy, a renewable source of energy with a
huge potential, the Commission has decided to propose an ambitious action plan. The
action plan was the first coordinating step and set measures to promote the biomass in
three sectors: heating, electricity and transport, affecting biomass supply, financing and
research.

Fundamental elements of this policy are: the need to reduce energy demand,
increase reliance on renewable energy sources, given the potential to produce them
domestically and their sustainability; diversify energy sources; and enhance
international cooperation.

In order to increase the development of biomass energy from wood, wastes and
agricultural crops, this action plan set out measures (listed in Annex 1) by creating
market-based incentives to its use and removing barriers to the development of the
market. At the moment of adoption of this plan, the aim was that Europe could reduce
greenhouse gas emissions and use of fossil fuels, as well stimulation of economy in

rural areas.
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The plan includes recommendations of improvements for biomass usage for
transport, heating and electricity generation; investment in research, particularly in
making liquid fuels from wood and waste materials; and a initiative to inform farmers
and forest owners about energy crops.

The Commission estimated that the measures in the plan would increase the use
of biomass to about 150 Mtoe by 2010 (compared with 69 Mtoe in 2003) without
increasing the intensity of agriculture or significantly affecting domestic food
production. As well plan should lead to reduction of oil imports by 8%, greenhouse gas
emissions by 209 million tons CO2-equivalent per year; provided direct employment for

up to 300,000 people, in the agricultural and forestry sector.

2.4.3 Biofuels for Transport Directive 2003/30/EC

The EU adopted Directive 2003/30 EC to promote the use of renewable fuels
and biofuels in transport. A directive is binding on the Member States, by 2003, set
indicative targets for the minimum proportion of biofuels to be placed on the market:
2% in 2005 and 5.75% in 2010. The Directive has set a minimum percentage of biofuels
to replace diesel or petrol for transport purposes in each Member State, in order to
reduce conventional emissions of CO; (carbon dioxide), CO (carbon monoxide), NOx
(nitrogen oxides), VOC (volatile organic compounds) and other particles which are
toxic for health and the environment.

According Directive Member States have ensured that a minimum proportion of
biofuels and other renewable fuels is placed on their markets, and, to that effect, shall
set national indicative targets. Calculated on the basis of energy content, a reference
value for these targets shall be 2 %, of all petrol and diesel for transport purposes placed
on their markets by 31 December 2005. Directive stipulated specific labelling at the
sales points for percentages of biofuels, blended in mineral oil derivatives, exceeding
the limit value of 5 % of fatty acid methyl ester (FAME) or of 5 % of bioethanol. This
directive required from Member States annually reporting on measures taken to promote
biofuels and quantifiable progress. Directive thought provisions provided a stimulus to

the rural economy through the creation of new sources of income and employment. In
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many cases in the agri-food and forestry industries, biofuels could turn problematical
waste production into a sustainable product.

Directive 2003/30/EC is repealed by Directive 2009/28/EC with effect from
1 January 2012.

2.4.4 National Renewable Energy Action Plan of the Republic of Serbia in
accordance with the template as per Directive 2009/28/EC (Decision 2009/548/EC)

National Renewable Energy Action Plan (NREAP) is the document presenting
the framework policy of the Republic of Serbia and setting the pathway in the field of
RES until 2020. Its aim is to enhance and encourage investments into green energy
field. The Action Plan is prepared in accordance with the EU methodology and
standards EU, on the basis of all relevant data in the field of energy and renewable
energy sources in the Republic of Serbia.

In compliance with the Directive 2009/28/EC and the Decision of the Ministerial
Council of the Energy Community of 18 October 2012, binding target for the Republic
of Serbia was defined, amounting to 27 % of renewable energy sources in gross final
energy consumption in 2020. At the same time, it was defined that the National action
plan for renewable energy sources of the Republic of Serbia should be prepared, in
compliance with the adopted template for the preparation of this document (Decision
2009/548/EC).

Since until 2020, the Republic of Serbia should increase the share of RES to
27,0 %. In compliance with the envisaged gross final energy consumption, the quantity
of renewable energy sources should amount to 2.563,6 ktoe in 2020, meaning that in the
period from 2009 to 2020 the increase of RES amount to 621,0 ktoe should be achieved.
Having in mind the available potential of renewable energy sources and unused
potentials, the Republic of Serbia can achieve the target set for 2020 from the domestic
sources, except regarding the binding share of biofuels of 10 % in the transport sector in
2020. Taking into account the currently available capacities for the production of
second generation biofuels from biomass which meets the parameters regarding GHG

emissions, as well as the non-existence of the legislation and the relevant infrastructure
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for its application in the field of biofuels, the Republic of Serbia will have to plan
import of biofuels in 2018.

NREAP includes list of detail list of measures for achieving the targets as well
all relevant sectorial information and projections. Within the prescribed measures are
given, as well, specific measures for the promotion of the use of energy from biomass,
that includes biomass supply and measures to increase biomass availability, taking into
account other biomass users. Estimated contribution of biomass energy use in 2015 and
2020. are 1.106 ktoe as primary energy production and 1.673 ktoe as expected amount
of domestic resource, respectively.

Estimations of total contribution expected from each renewable energy technology
in Republic of Serbia to meet the binding 2020 targets and the indicative interim
trajectory for the shares of energy from renewable resources in period 2010-2020. are
given for electricity, heating and cooling, as well for transport sector. According those
estimations in 2020 bioenergy will reach:

o total installed capacity (gross electricity generation): 143 MW (983 GWh),

e heating and cooling: 1.102 ktoe,

e transport: 246 ktoe.

2.4.5 Biomass Action Plan for The Republic of Serbia 2010 — 2012

The aim of the BAP is to define a strategy for biomass utilization as RES, within
the framework of actual potentials, current national strategies, as well as national and
European directives. At the same time, one of the most important tasks of the BAP is to
identify the problems/bottlenecks in the process of biomass utilization as well as the
actions required to overcome them. In some cases, a specific timeframe for actions will
be defined and some long-term activities will be suggested. It is important to underscore
that cooperation among the numerous stakeholders (from governmental institutions to
the private and non-governmental sector) is essential for the successful implementation
of the BAP. The actions outlined in BAP include legislative, economic, policy and
technical aspects. This document covers all types of biomass and different possibilities
for their use (electricity and heat generation, transport) and it will facilitate greater

biomass utilization in the Republic of Serbia. The BAP is a dynamic policy document
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which can be modified, updated and extended according to the future development of
the country, the energy sector strategy and all other relevant strategies (agricultural,
rural development, forestry and environment). As already indicated the BAP was
focused on short term activities (through the end of 2012), but some recommendations
for long term actions are also laid out. The BAP for Serbia was drafted in accordance
with the Energy Community Treaty and in the spirit of Directive 2009/28/EC. The
implementation of Directive 2009/28/EC in the Republic of Serbia and other countries
signatories of the Treaty will be determined and harmonized within the community in

the future.

2.5 Bioenergy trade

Beside the strong policy support and sustainable use, trade presents the main
precondition for successful bioenergy chain.
Traditionally, all biomass fuels are used more or less in the same geographical region in
which they are produced. In recent years, this pattern has been changed, especially in
Northern Europe, by large-scale use of re-cycled wood, forest and wood residues and
densified biofuels for district heating. Solid biofuels like wood residues (e.g. industrial
by-products: bark and sawdust, re-cycled wood), upgraded biofuels (e.g. wood pellets,
briquettes) and wood chips are today traded, e.g. in Europe and North America. In
several countries there is growing interest in international biomass trade because this
can provide biomass fuels at lower prices [23]. International bioenergy trade can also
offer opportunities for economic growth and socio-economic development for exporting
countries, and may enable countries with few domestic biomass resources to meet their
renewable energy targets, gain more fuel diversity and improve security of supply [40].
Beside exchange opportunities of goods and services between the countries,
international bioenergy trade is essential to fully utilize available biomass. Favorable
policies and other commercial driving factors will continuously bring increased demand
for bioenergy, with a resultant expansion in biomass and bioenergy markets [24].

Major drivers for international bioenergy trade in general are the large resource
potentials and relatively low production costs in producing countries such as Canada

and Brazil, and high fossil fuel prices and various policy incentives to stimulate biomass
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use in importing countries. However, also barriers are somewhat hindering the market
development: (i) developing the required logistic infrastructure both in exporting and
importing countries is required to access larger physical biomass volumes and to reach
other (i.e. smaller) end-consumers, (ii) better statistics and methods have to be
developed to chart the growing trade volumes, (iii) policy measure still determine large
parts of the trade flows, and sudden changes in policy can result in quickly changing
trade patterns, (iv) safeguards are required to ensure the sustainable production of
biomass [41].

Wood pellets, ethanol, vegetable oils, charcoal and fuel wood are the most
important products that currently are internationally traded for energy purposes. In
Table 2.6, a brief overview of the production and trade of the major biomass
commodities is presented.

Bioethanol is a commodity which has been produced and traded globally in large
volumes for decades. The bioethanol market is well-developed, as is its infrastructure
and logistics in many countries. The USA and Brazil are the world’s largest bioethanol
producers and consumers, covering almost 90% of the 40 million m® produced globally
in 2006. Estimates indicate that bioethanol trade has steadily grown from about 3
million m® in 2000 to 6 million m® in 2005. Presuming that the rise in recent years was
mostly due to increasing fuel ethanol trade, about 10% of the fuel ethanol consumed in
2005 was imported. The world’s largest exporter by far is Brazil (48% of the total
traded volume in 2005), followed by the USA (6%) and France (6%) [22].

Table 2.6 Overview of global production and trade of the major biomass commodities in

2008 [40]

Bioethanol Biodiesel Wood pellets
Global production 52.4 13.1 11.5
Global net trade 2.8 (min) — 3.1 (max) 24 Approx. 4
Main exporters Brazil United States, Argentina, Indonesia Canada, USA, Baltic countries, Russia
and Malaysia
Main importers USA, Japan, European Union ~ European Union Belgium, Netherlands, Sweden, Italy

Overall solid biomass trade has grown from about 56 to 300 PJ between 2000
and 2010. Wood pellets grew strongest, i.e. from 8.5 to 120 PJ. Other relevant streams
by 2010 included wood waste (77 PJ), fuel wood (76 PJ), wood chips (17 PJ), residues
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(9 PJ), and round wood (2.4 PJ). Intra-EU trade covered two thirds of global trade by
2010 [39].

According [22] biomass imports contribute substantially to the overall biomass
use in developed countries, e.g. 21-43% in North-West Europe and Scandinavia. In the
longer term, significant amounts (up to over 100 EJ) of biomass commodities might be
traded internationally, with Latin America and Sub-Saharan Africa having the potential
to become large net exporters and North America, Europe and South-East Asia large net
importers. As it stated in [40] experts believed in ‘‘local for local’’, i.e. that biomass
should first and foremost produced be before any biomass imported (possibly even if
available at lower costs). To achieve this some proposed that policies should in first
instance stimulate local production before any support is given to imported biomass.
Strong policy support for liquid biofuels (for ethanol and biodiesel) and for electricity
and heat from biomass (for pellets) was also deemed very important conditions for
further growth of international bioenergy trade. Global or country-specific initiatives
(not initiated by governments) aimed at GHG emissions reductions were deemed less
important drivers for biomass trade.

As bioenergy trade is expected to increase strongly, reliable bioenergy trade
figures are of use for industry actors, policymakers, and scientists alike, and, on account
of its expected pivotal role in developing biomass production potential in the future, it is
recommended to increase efforts to collect and publish coherent bioenergy trade

statistics, which is currently often unavailable [25].
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3. BIOMASS PROPERTIES

The characteristics of biomass greatly influence the performance of biomass
utilization. A proper understanding of the physical and the chemical properties of
biomass feedstock is essential for the design of biomass appliances to be reliable. This
chapter discusses some important properties of biomass that are relevant for biomass
thermal utilization.

Biomass is the name given to any organic matter which is derived from plants.
That is plant and animal materials such as wood from forests, crops, seaweed, material
left over from agricultural and forestry processes, and organic industrial, human and
animal wastes. Biomass is a general term which includes phytomass or plant biomass
and zoomass or animal biomass. The sun’s energy when intercepted by plants and
converted by the process of photosynthesis into chemical energy, is ‘fixed’ or stored in
the form of terrestrial and aquatic vegetation. The vegetation when grazed (used as
food) by animals gets converted into zoomass (animal biomass) and excreta. The
excreta from terrestrial animals, especially dairy animals, can be used as a source of
energy, while the excreta from aquatic animals gets dispersed as it is not possible to
collect it and process it for energy production [42].

Two fundamental aspects related to biomass use as fuel are: (1) to extend and
improve the basic knowledge on composition and properties; and (2) to apply this
knowledge for the most advanced and sustainable utilisation of biomass. The systematic
identification, quantification and characterisation of chemical and phase composition of
a given solid fuel are the initial and most important steps during the investigation and
application of such fuel. This composition is a fundamental code that depends on
various factors and definite properties, quality and application perspectives, as well as

technological and environmental problems related to any fuel [43].

3.1 Biomass sources

Biomass resources that can be used for energy production cover a wide range of
materials [2]. According [44] biomass could be defined in four main types:

e woody plants,
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e herbaceous plants/grasses,

e aquatic plants,

e manures.
Within this categorization, herbaceous plants can be further subdivided into those with
high- and low-moisture contents. Apart from specific applications or needs, most
commercial activity has been directed towards the lower moisture-content types.
Aquatic plants and manures are intrinsically high-moisture materials and as such, are

more suited to ‘wet’ processing techniques.

Biomass resources

The woody biomass ‘ The non-woody biomass ‘
|
Forest residues i Agricultural crop residues

— Short - rotation energy forest plantations Rice husk

— Municipal greenwaste Bagasse

Cereal straw

1 Energy crops

— Animal wastes

— Waste

— Aquatic biomass

Figure 3.1 Biomass resources

Further [45] brings two types of biomass characterization. The first one named as
Common sources of biomass groups biomass as:
o Agricultural: food grain, bagasse (crushed sugarcane), corn stalks, straw, seed

hulls, nutshells, and manure from cattle, poultry, and hogs;
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e Forest: trees, wood waste, wood or bark, sawdust, timber slash, and mill scrap;

e  Municipal: sewage sludge, refuse-derived fuel (RDF), food waste, waste paper,
and yard clippings;

o FEnergy: poplars, willows, switchgrass, alfalfa, prairie bluestem, corn, and
soybean, canola, and other plant oils;

e Biological: animal waste, aquatic species, biological waste.

And the second one that divides biomass into two broad groups:

e Virgin biomass includes wood, plants, and leaves (ligno-cellulose); and crops
and vegetables (carbohydrates).

e Waste includes solid and liquid wastes (municipal solid waste (MSW)); sewage,
animal, and human waste; gases derived from landfilling (mainly methane); and
agricultural wastes.

Primary or virgin biomass comes directly from plants or animals. Waste or derived
biomass comes from different biomass-derived products lists a range of biomass types,
grouping them as virgin or waste.

According to their distinct biological diversity and similar source and origin
biomass as fuel resources, based on [46], could be divided preliminary and roughly into
several groups and sub-groups (Table 3.1).

The two main sources of biomass are the purpose-grown energy crops and
wastes. Energy crops include woody crops and agricultural crops. Wastes include wood
residues, forestry residues; temperate crop wastes, tropical crop wastes, sewage,
municipal solid wastes and animal wastes [42].

These crops are ligno-cellulosic. They typically have a short growing period and
high yields, and require little or no fertilizer, so they provide quick return on
investment. Energy crops are densely planted. For energy production, woody crops such
as Miscanthus, willow, switchgrass, and poplar are widely utilized. These plants have
high energy yield per unit of land area and require much less energy for cultivation [45].
Both woody and herbaceous plant species have specific growing conditions, based on
the soil type, soil moisture, nutrient balances and sunlight, which will determine their

suitability and productive growth rates for specific, geographic locations [44].
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In general, according [10] the characteristics of the ideal energy crop are:

* high yield (maximum production of dry matter per hectare),

* low energy input to produce,

* low cost,

 composition with the least contaminants,

* low nutrient requirements.

Table 3.1 General classification of biomass varieties as solid fuel resources according to

their biological diversity, source and origin [46]

Biomass groups

Biomass sub-groups, varieties and species

1.Wood and woody biomass

Coniferous or deciduous; angiospermous or gymnospermous; soft or hard; stems, branches,
foliage, bark, chips, lumps, pellets, briquettes, sawdust, sawmill and others from various wood
species

2.Herbaceous and agricultural biomass

Annual or perennial and field-based or processed-based such as:

2.1. Grasses and flowers (alfalfa, arundo, bamboo, bana, brassica, cane, cynara, miscanthus,
switchgrass, timothy, others)

2.2. Straws (barley, bean, flax, corn, mint, oat, rape, rice, rye, sesame, sunflower, wheat,
others)

2.3. Other residues (fruits, shells, husks, hulls, pits, pips, grains, seeds, coir, stalks, cobs,
kernels, bagasse, food, fodder, pulps, cakes, others)

3.Aquatic biomass

Marine or freshwater algae; macroalgae (blue, green, blue-green, brown, red) or microalgae;
seaweed, kelp, lake weed, water hyacinth, others

4.Animal and human biomass wastes

Bones, meat-bone meal, chicken litter, various manures, others

5.Contaminated biomass and industrial biomass
wastes (semi-biomass)

Municipal solid waste, demolition wood, refuse-derived fuel, sewage sludge, hospital waste,
paper-pulp sludge, waste papers, paperboard waste, chipboard, fibreboard, plywood, wood
pallets and boxes, railway sleepers, tannery waste, others

6.Biomass mixtures

Blends from the above varieties

Wastes are secondary biomass, as they are derived from primary biomass (trees,

vegetables, meat) during different stages of their production or use. MSW is an
important source of waste biomass, and much of it comes from renewables like food
scraps, lawn clippings, leaves, and papers. Nonrenewable components of MSW like
plastics, glass, and metals are not considered biomass. The combustible part of MSW is
at times separated and sold as refuse-derived fuel (RDF). Sewage sludge that contains
human excreta, fat, grease, and food wastes is an important biomass source. Another
waste is sawdust, produced in sawmills during the production of lumber from wood
[45].

Reasonably, two fundamental aspects related to biomass use as fuel are: (1) to
extend and improve the basic knowledge on composition and properties; and (2) to
apply this knowledge for the most advanced and environmentally safe utilization.
Numerous studies have been conducted worldwide and extensive data for biomass and
its conversion products have been generated, particularly during the last two decades.
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These results provide a sound foundation for an initial database that can be used for
characterization and subsequent classification and sustainable exploitation of biomass

[46].

3.2 Composition of biomass

The identification and characterization of chemical and phase compositions of a
given solid fuel is the initial and most important step during the investigation and
application of such fuel. These compositions are a unique fundamental code that
characterizes and determines the properties, quality, potential applications and
environmental problems related to any fuel. For that purpose, well-known physical,
chemical, petrographic, mineralogical and geochemical studies were used for
characterization of solid fuels. Authors used data from: (1) structural analysis, (2)
proximate analysis, (3) ultimate analysis, (4) ash analysis, (5) petrographic analysis, (6)
mineralogical analysis, (7) separation procedures, and (8) other analyses of fuel, low-
temperature ash (LTA) or high-temperature ash (HTA) to characterize specific solid
fuels. Identical or similar analyses are also applicable for biomass characterization

despite some peculiarities and limitations [42].

3.2.1 Structural composition

Photosynthesis results in the production of structural and non-structural
carbohydrates comprising the plant tissues [47]. Typically photosynthesis converts less
than 1% of the available sunlight to stored, chemical energy. The solar energy driving
photosynthesis is stored in the chemical bonds of the structural components of biomass.
If biomass is processed efficiently, either chemically or biologically, by extracting the
energy stored in the chemical bonds and the subsequent ‘energy’ product combined with
oxygen, the carbon is oxidised to produce CO, and water. The process is cyclical, as the
CO; is then available to produce new biomass. The biomass resource can be considered
as organic matter, in which the energy of sunlight is stored in chemical bonds. When the

bonds between adjacent carbon, hydrogen and oxygen molecules are broken by
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digestion, combustion, or decomposition, these substances release their stored, chemical

energy [44].

Cellulose Bundles

Hemicellulose

Figure 3.2 Arrangement of cellulose, hemicellulose and lignin in biomass matrix [48]

Biomass is a complex mixture of organic materials such as carbohydrates, fats,
and proteins, along with small amounts of minerals such as sodium, phosphorus,
calcium, and iron. The main components of plant biomass are extractives fiber or cell
wall components, and ash.

e Extractives include protein, oil, starch, sugar etc. Those substances present in
vegetable or animal tissue that can be separated by successive treatment with
solvents and recovered by evaporation of the solution.

e Cell wall provides structural strength to the plant, allowing it to stand tall above
the ground without support. A typical cell wall is made of carbohydrates and
lignin. Carbohydrates are mainly cellulose or hemicellulose fibers, which impart
strength to the plant structure; the lignin holds the fibers together.

e Ash presents the inorganic component of the biomass.

e C(ellulose, hemicellulose, and lignin are the three main constituents, among these
compounds. Depending on species, type of plant tissue, stage of growth, and
growing conditions the concentration of each class of compound varies [45].
Figure 3.2 shows the arrangement of cellulose, hemicellulose, and lignin in a

biomass matrix [48].
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According results that are presented in [43], which taking in consideration
contents of structural components of 93 varietes of biomass, in Table 3.2 is presented
minimum, maximum and mean values of cellulose, hemicellulose and lignin of these
on dry ash-free basis and mormalised to 100.0%. Given results clearly represent high

variations in contents, even within the same type of biomass.

Table 3.2 Contents of structural components (cellulose, hemicellulose, lignin) of

different biomass [43]

Biomass Cellulose Hemicellulose Lignin
Min Max Avg. Min Max Avg. Min Max Avg.
Wood and woody biomass 124 655 395 6.7 65.6 345 102 445 26

Herbaceous and 237 875 461 123 545 302 0.0 543 237
agricultural biomass

Animal biomass* 32.7 24.5 42.8

Contaminated biomass ** 456 925 68.1 0.0 31.3 17.1 7.5 23.1 14.8
All varieties of biomass 124 925 444 0.0 656 312 0.0 543 244
Natural biomass 124 875 433 6.7 31.8 65.6 0.0 543 249

* Only one sample of cattle manure has been considered.

** Different types of paper and RDF have been considered.

3.2.1.1 Lignin

Lignin [CoH;9O3(OCHz3)p9-17]n [49] is a complex, irregular, highly branched
polymer of phenylpropane and is an integral part of the secondary cell walls of plants,
as well it could be regarded as a group of amorphous, high molecular-weight,
chemically related compounds (Figure 3.3) [44, 45, 47].

The building blocks of lignin are believed to be a three carbon chain attached to
rings of six carbon atoms, called phenyl-propanes. These may have zero, one or two
methoxyl groups attached to the rings, giving rise to three structures, termed I, II and
111, respectively. The proportions of each structure depend on the source of the polymer
i.e. structure I is found in plants such as grasses; structure II in the wood of conifers;

while structure III is found in deciduous wood [44].
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R = CHO or CHy0H
R'= OH or OC v

Figure 3.3 Partial structure of lignin [50]

It is one of the most abundant organic polymers on Earth (exceeded only by
cellulose). It is the third important constituent of the cell walls of woody biomass.
Lignin is the cementing agent for cellulose fibers holding adjacent cells together. The
dominant monomeric units in the polymers are benzene rings. It is similar to the glue in
a cardboard box, which is made by gluing together papers in special fashion. Lignin is
highly insoluble, even in sulphuric acid [45]. The polymeric lignin that one isolates
from wood is chemically altered, which means that many lignin bonds are broken in
order to separate the lignin from the wood, and the resultant lignin is often called by the
name of the process (“Kraft lignin”, “Klason lignin”, “Thermomechanical lignin”, ...)
[51]. A typical hardwood contains about 18 to 25%, while softwood contains 25 to 35%
by dry weight [45]. The order of decreasing Lignin contents is normally: softwoods >
hardwoods > herbaceous and agricultural biomass or non-woody biomass. The annual
biomass species have commonly lower lignin value than perennial biomass species.
However, it was also found that the lignin concentrations are normally higher in leaves

and young shoots than in stems for different woods [43]. As is stated in [49] the lignin,
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as well, largely controls the viscoelastic properties of the wood. According [52] in the
process of biomass densification at elevated temperatures lignin softness and helps the

binding process.

3.2.1.2 Cellulose

Cellulose is generally the largest fraction, representing about 40-50% of the
biomass by weight (Figure 3.3) [44].Cellulose, the most common organic compound on
Earth, is the primary structural component of cell walls in biomass. Its amount varies
from 90% (by weight) in cotton to 33% for most other plants [45]. Represented by the
generic formula (C¢H;¢Os),, cellulose is a long chain polymer with a high degree of
polymerization and a large molecular weight, consisting of linear chains of (1,4)-D-
glucopyranose units, in which the units are linked 14 in the B-configuration [44, 45].
Cellulose forms long chains that are bonded to each other by a long network of
hydrogen bonds (Figure 3.4) [53]. This carbohydrate has fibrous structure with smooth
surface [54] and it is occasionally protected by a waxy outer surface as in the case for
the cellulose structural tubes in straws [55]. It has a crystalline structure of thousands of
units, which are made up of many glucose molecules. This structure gives it high
strength, permitting it to provide the skeletal structure of most terrestrial biomass [45],
and makes is insoluble in most solvents [51]. Cellulose is primarily composed of d-

glucose, which is made of six carbons or hexose sugars [45].

Figure 3.4 Structural formula of cellulose [51]

Biomass contains various proportions of two distinct crystalline polymorph

phases of cellulose, namely: (1) the form Ia which is triclinic, metastable and dominant
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for lower plants; and (2) the form Ib which is monoclinic, stable and dominant for

higher plants [43].

3.2.1.3 Hemicelluloses

Hemicellulose is another constituent of the cell walls of a plant. While cellulose
is of a crystalline, strong structure that is resistant to hydrolysis, hemicellulose has a
random, amorphous structure with little strength, which contain 50 to 200 monomer
units and exhibit a branched rather than a linear structure, and it represents 20—40% of
the biomass material by weight [44, 45, 51].

Hemicelluloses, represented by the generic formula (CsHgO4), [45], are
polysaccharides of wvariable composition including both five and six carbon
monosaccharide units, plus glucuronic and galacturonic acids [43, 47]. In contrast to
cellulose, hemicellulose is a heterogeneous branched polysaccharide that binds tightly,
but non-covalently, to the surface of each cellulose microfibril. Hemicellulose differs
from cellulose, in consisting primarily of xylose and other five-carbon monosaccharides
[44].

The reference investigations show that hemicellulose is commonly described as
xylan, pentosan or polyose [43]. Figure 3.5 shows the molecular arrangement of a

typical hemicellulose molecule, xylan.

OH OH

OH OH
OH

0 -0 O —0—
OH

Figure 3.5 Molecular structure of a typical hemicelluloses, xylan. [45]

There is significant variation in the composition and structure of hemicellulose
among different biomass. Most hemicelluloses, however, contain some simple sugar
residues like d-xylose (the most common), d-glucose, d-galactose, l-ababinose, d-

glucurnoic acid, and d-mannose. Hemicellulose tends to yield more gases and less tar

40



than cellulose. It is soluble in weak alkaline solutions and is easily hydrolyzed by dilute

acid or base. It constitutes about 20 to 30% of the dry weight of most wood [45].

3.2.2 Proximate composition

Proximate analysis helps to assess the percentage of moisture content, volatile
matter, fixed carbon and ash contents. This analysis is very important to study the
combustion phenomenon of biomass. For instance, ash contents in biomass fuels can
cause ignition and combustion problems. The melting point of the dissolved ash can be
low, this causes fouling and slagging problems. High volatility of the biomass offers
many advantages as a combustion feedstock. Moreover, high fixed carbon and volatile
matter increase the heating value of any biomass fuels [42].

There are large variations for the characteristics determined by the proximate
analyses of biomass samples. However, these variations are mostly due to the moisture
contents and ash yields, which vary in the greatest intervals. When the measured
parameters are recalculated on dry and dry ash-free basis their variations are in more
narrow ranges for biomass groups and sub-groups. Therefore, it is better to use dry, dry
ash-free or ash basis for comparative chemical characterization of biomass varieties.
The moisture content and ash yield are important parameters of the biomass system and
require a more detail discussion [46].

According results that are presented in [46], which taking in consideration
contents of structural components of numerous varietes of biomass, in Table 3.3 is
presented minimum, maximum and mean values of volatile matter, fixed carbon,
moisture content and ash yeald, for wood and woody biomass (28 different speaces),
herbaceous and agricultural biomass (10 different speaces) and contaminated biomass (7
different speaces). Given results clearly represent high variations in contents, even

within the same type of biomass.
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Table 3.3 Proximate analysis of different types of biomass [46]

Volatile Fixed Moisture Ash
Biomass group

Matter Carbon content yield
Wood and woody biomass
Average 62.9 15.1 19.3 2.7
Minimum 30.4 6.5 4.7 0.1
Maximum 79.7 24.1 62.9 8.4
Herbaceous and agricultural biomass
Average 66.0 16.9 12.0 5.1
Minimum 41.5 9.1 4.4 0.8
Maximum 76.6 35.3 47.9 18.6
Contaminated biomass
Average 63.7 8.0 11.6 16.7
Minimum 40.9 0.5 2.5 3.2
Maximum 79.0 14.5 38.1 43.3

3.2.2.1 Ash content

The composition of biomass ash is strongly dependent on the species and part of
the biomass plant [42].

Biomass has highly variable composition and properties, especially with respect
to moisture, structural components and inorganic constituents. These characteristics are
more changeable and differ significantly in comparison with those of coal and a good
understanding is critical for proper use of biomass and/or co-processing with coal and
other fuels. The major and minor elements in biomass, in decreasing order of
abundance, are commonly C, O, H, N, Ca, K, Si, Mg, Al, S, Fe, P, CI and Na, plus Mn,
Ti and other trace elements. In comparison with coal, natural biomass is normally: (1)
highly enriched in Mn > K > P > CI > Ca > (Mg,Na) > O > moisture >volatile matter;
(2) slightly enriched in H; and (3) depleted in ash, Al, C, Fe, N, S, Si and Ti [56]. The
available nutrients, soil quality, fertilizers and weather conditions have significant
impact on the contents of potassium, sodium, chlorine and phosphorus especially in
agro-biomass ashes [42].

The ash yield (db) determined at 550—600 °C for biomass varies in the interval

of 0.1-46% and normally decreases in the order: Animal Biomass > Contaminated
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Biomass > Herbaceous and agricultural biomass > Wood and woody biomass. In
contrast, the ash content (815 °C) in peat and coal (db) is in the relatively more narrow
range of 4-52% (commonly 4-30%). The ash normally shows much lower value in
biomass than in solid fossil fuels, excluding Animal biomass and some Contaminated
Biomass and Herbaceous and agricultural biomass samples. The ash in Wood and
woody biomass decreases in the order: foliage > bark > wood. The high ash yields of
some wood fuels such as chemically treated wood and waste wood are an indication for
increased amounts of mineral and metallic impurities and other contaminants due to the
manufacturing process. Hence, there is agreement between the present and reference
data, but some additional elucidation of this important parameter is required. The ash is
one of the most studied characteristics of biomass, but unfortunately with the poorest
understanding. The complex character of this parameter is the reason for such a problem
because ash originates simultaneously from natural and technogenic inorganic, organic

and fluid matter during biomass combustion [46].

3.2.2.2 Moisture content

Moisture content (M), the water mass per unit mass of dry or wet material, is an
important fuel characteristic and related to physical properties and flow characteristics
(e.g. bulk density and cohesion strength) [57].

High moisture is a major characteristic of biomass [58]. Moisture in solid fuels
can exist in two forms, as free water within the pores of the fuel, and as bound water
which is absorbed in the interior surface structure of the fuel [3].

Bound water (Mp) is found in the cell wall and is believed to be hydrogen
bonded to the hydroxyl groups of primarily the cellulose and hemicelluloses, and to a
lesser extent also to the hydroxyl groups of lignin [51]. The moisture in biomass is
mineralized aqueous solution containing cations (Al, Ca, Fe, K, Mg, Mn, Na, Ti),
anions (Br, Cl, COs, F, HCOs, Hy,POy4, I, NOs, OH, PO4, SO4) or non-charged species
(H4Si04). This fluid plays a key role for the composition of biomass because of: (1)
high water content in the living cells; (2) variable total mineralization of water
(dissolved solid matter); and (3) different chemical specification (predominant anions,

cations and their ratios) of these water solutions [46].
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Free water (M) in liquid from is found in the lumens or voids of the wood. The
amount of free water which wood may hold is limited by the fraction void space or
porosity of the wood. There is no hydrogen bonding and therefore is held only by weak
capillary forces and cannot cause swelling or shrinking or changes in most other
physical properties because the cell wall is already saturated.

The moisture content is the quantity of moisture in the wood expressed as a

percentage of oven-dry mass. The latter is defined as the constant mass obtained after

wood has been dried in an air oven maintained at 102 +3°C [51].

ms B msd
M=—=—""=M M,
msd (3 . 1)
where: mg= green or moist mass

mgg= oven-dry mass.

The moisture content in biomass as measured (at different basis, but normally as
received, air-dried and oven-dried basis) varies in the interval of 3—63% and it can reach
even 80% for raw wood species [46].

The maximum moisture content of raw materials for thermochemical processes
can be up to 65%. As the moisture content increases, so does the cohesive strength of
the particulate material. Increasing moisture content therefore usually accentuates the
tendency to bridge and block biomass feeding systems, especially for long thin particles

[57].

3.2.2.3 Volatile matter

The volatile matter (VM) of a fuel is the condensable and noncondensable vapor
released when the fuel is heated. Its amount depends on the rate of heating and the
temperature to which it is heated [45]. The volatiles are that part of the organic content
of the fuel that is released in 7 minutes at a temperature of 900°C under exclusion of air
(according to EN 15148) [49]. The volatile matter yield of biomass commonly includes
light hydrocarbons, CO, CO,, H,, moisture and tars [46].
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The amount of volatile matter in biomass fuels is higher than in coals, and
usually varies between 70 and 86wt% (d.b.). As a result of this high amount of volatiles,
the major part of a biomass fuel is vaporized before homogeneous gas phase
combustion reactions take place; the remaining char then undergoes heterogeneous
combustion reactions. Therefore, the amount of volatile matter strongly influences the

thermal decomposition and combustion behavior of solid fuels [3].

3.2.2.4 Fixed carbon

The fixed carbon content (FC), is the mass remaining after the releases of volatiles,

excluding the ash and moisture contents [44].

FC=1-M~-VM— ASH (3.2)

Biomass carbon comes from photosynthetic fixation of CO; and thus all of it is
organic. During the determination of VM, a part of the organic carbon is transformed
into a carbonaceous material called pyrolytic carbon [45].

The fixed carbon content (db) in biomass varies in the interval of 1-38% and
normally decreases in the order: HAR > HAB > WWB > HAS > HAG > AB > CB. In
contrast, the fixed carbon value in peat and coal (db) is commonly in the larger range of
20-72%. This parameter typically reveals lower content in biomass than in SFFs. The
extremely high fixed carbon content is characteristic of some wood barks and HAB
residues. Furthermore, biomass commonly has a volatile matter/fixed carbon ratio >3.5,
while this ratio for peat and coal is normally in the interval 0.6-2.4 [46].

The plotted mean proximate composition (db) of solid fuel types in Figure 3.6
illustrates:

(1) the differentiations between the biomass and coals; (2) the relatively closer
position of peat to biomass than coals; and (3) the similarities among various biomass
groups and sub-groups, excluding only AB and CB biomass groups. The distinctions for
the last groups are evidenced by their plots in Fig. 1 and maximum or minimum values

in the above-listed orders for the proximate characteristics. Both AB and CB groups
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commonly have intermediate positions between SFFs and other biomass groups and

sub-groups [46].

VWWE - wood and woody biomass
HAB - herbaceous and agricultural biomass
HAG - herbaceous and agricultural grass
HAS - herbaceous and agricultural straw
HAR - herbaceous and agricultural residue
AB - animal biomass
70 MB - mixture of biomass
CB - contaminated biomass
AVB - all varieties of biomass
P - peat
L - lignite
S - sub-bituminous coal
B - bituminous coal
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Figure 3.6 Mean proximate composition of solid fuel types, wt.% [46]

3.2.3 Ultimate composition

Ultimate analysis provides the chemical composition of the biomass in elemental
terms, and is used to determine combustion air requirements, flue losses and likely
emission levels [2]. Inorganic material in biomass can be divided into two fractions, one
of which is inherent in the fuel and the other of which is added to the fuel through
processing steps [47]. Ultimate analysis is one of the important factors when studying
biomass fuels properties. It helps to assess the percentage of N, S and Cl to study the
environmental impact of biomass. Moreover, it helps to calculate the percentage of C,
H, O to estimate the heating value of these fuels. Table 3.4 shows ultimate analysis of
different types of biomass [42].

Beside the experimental analysis in order to determinate the ultimate
composition of biomass, published literature [60, 61, 62] gives correlation between

elemental composition and proximate analysis. According [60] there is a correlation for
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calculating the elemental composition based on proximate analysis of biomass. The
correlations are given as: C = 0.635FC + 0.460VM - 0.095ASH, H = 0.059FC +
0.060VM + 0.010ASH, O = 0.340FC + 0.469VM - 0.023ASH, where 9.2% < FC <
32.79%, 57.2% < VM < 90.6%, 0.1% < ASH < 24.6%, 36.2% < C <53.1%,4.7% <H <
6.61%, and 31.37% < O < 48.0% in wt.% on dry basis, where FC, VM, C, H and O
represent fixed carbon, volatile matter, carbon, hydrogen and oxygen content of

biomass, respectively.

Table 3.4 Ultimate analysis of different types of biomass, wt%. [42]

Biomass group C 0 H N S
Wood and woody biomass

Average 521 412 62 04 0.08
Minimum 487 320 54 0.1 0.01
Maximum 57 453 102 0.7 042

Herbaceous and agricultural biomass

Average 499 426 62 12 0.15
Minimum 422 342 32 0.1 0.0l
Maximum 584 490 92 34 0.60

Contaminated biomass*

Average 536 370 73 1.7 0.46
Minimum 454 164 6.0 02 0.01
Maximum 709 46.1 112 6.1 233

* Contaminated biomass here includes: Currency shredded, Demolition wood, Furniture waste, Mixed

waste paper, Greenhouse-plastic waste, Refuse-derived fuel, Sewage sludge, Wood yard waste.

Decreasing order of mean values for the chemical characteristics of the biomass

groups and sub-groups is given in Table 3.5.
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Table 3.5 Decreasing order of mean values for the chemical characteristics of the

biomass groups and sub-groups specified [46]

Symbol Order for groups and sub-groups

M (am) WWB > HAG > HAR > HAB > CB > HAS > AB
VM (db) HAG > WWB > HAB > HAS > HAR > CB > AB
FC (db) HAR > HAB > WWB > HAS > HAG > AB > CB
A (db) AB>CB > HAS > HAB > HAR > HAG > WWB
C (daf) AB>CB > WWB >HAR > HAB > HAS > HAG
O (daf) HAG > HAS > HAB > HAR > WWB > CB > AB
H (daf) AB > CB > HAR > (WWB, HAB) > (HAG, HAS)
N (daf) AB > CB > HAR > (HAB, HAS) > HAG > WWB
S (daf) AB > CB > HAR > (HAB, HAS) > HAG > WWB
CI (db) AB>HAS > CB >HAG > HAB > HAR > WWB
Si0, HAG >HAS > CB > HAB > HAR > WWB > AB
CaO AB > WWB > CB > HAR > HAB > HAS > HAG
K,0 HAR > HAB > HAG > HAS > WWB > AB > CB
P,05 AB>HAR > HAG > HAB > HAS > CB > WWB
Al O; CB > WWB > HAR > HAB > HAS > AB > HAG
MgO HAR > WWB > HAB > HAS > HAG > CB > AB
Fe,0; CB > HAR > WWB > HAB > HAS > HAG > AB
SO, AB > HAR > HAG > HAB > CB > HAS > WWB
Na,O AB > HAR > WWB > HAB > CB > HAS > HAG
TiO, CB > WWB > HAR > HAB > HAS > HAG > AB
Mn WWB >HAG > HAR > CB > HAB > HAS > AB

Abbreviations: AB, animal biomass; CB, contaminated biomass; HAB,
herbaceous and agricultural biomass; HAG, herbaceous and agricultural grass;
HAR, herbaceous and agricultural residue; HAS, herbaceous and agricultural
straw; WWB, wood and woody biomass.

3.2.3.1 Carbon (C), hydrogen (H) and oxygen (O)

C, H and O are the main components of solid biofuels. C and H are oxidized
during combustion by exothermic reactions (formation of CO, and H,O). The content of
C and H contributes positively to the gross calorific value (GCV), the content of O
negatively. H also influences the net calorific value (NCV) due to the formation of
water. The C contents of wood fuels (including bark) are higher than those of
herbaceous biofuels, which explains the slightly higher GCV of wood fuels [63]. This
element typically shows lower content in biomass than in SFFs. The extremely high C
content is characteristic of some wood barks and high-ash greenhouse-plastic waste,

chicken litter, meat-bone meal, and refuse-derived fuel [46].
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On a dry ash-free basis all wood types are similar, with a relatively high oxygen

content compared with fossil fuels. This is typical of lower-ranked fuels in terms of
energy content [2].
The O content in biomass is mostly calculated by difference and this element typically
shows much higher content in biomass than in SFFs [46]. The organically bound O
released through the thermal decomposition of biomass fuels covers a part of the overall
O needed for the combustion reactions taking place; the rest is supplied by air injection
[3].

The H commonly shows higher content in biomass than in SFFs. The extremely
high H content is characteristic of greenhouse-plastic waste, tamarack bark, mustard and
cotton husks, meat-bone meal, refuse-derived fuel, and groundnut shells. The H value
normally decreases in the order: AB > CB > HAR > (WWB, HAB) > (HAG, HAS)
(Table 3.5). The similar order of H and C indicates their association (occurrence and
behavior) in biomass probably as hydrocarbons and carbohydrates. It is well-known that
photosynthesis results in the production of structural and non-structural carbohydrates
comprising the plant tissues [46]. The molar ratios of oxygen and hydrogen to carbon
for a wide range of biomass fuels are shown in Figure 3.7. The amount of variation is

not particularly large considering the range of different materials examined [47].
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Figure 3.7 Molar ratios of hydrogen and oxygen to carbon in biomass [47]
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3.2.3.2 Nitrogen (N)

The fuel N content is responsible for NOx formation. NOx emissions belong to
the main environmental impact factors of solid biofuel combustion [63]. The N content
in biomass varies in the interval of 0.1-6.1% (Table 3.4) and normally decreases in the
order: AB > CB > HAR > (HAB, HAS) > HAG > WWB (Table 3.5). In contrast, the N
value in peat and coal is in the narrow range of 1-3% [46]. Coniferous and deciduous
wood has the lowest N content. Higher concentrations are found in bark, logging
residues, short rotation coppice (willow and poplar) and straw from wheat, rye and
barley. The concentrations are usually still higher in rape straw (wheat, rye and barley
straw can also have N contents in this range), miscanthus and fruit residues (e.g. olive or
grape cakes, kernels, shells). Grains and grasses usually show the highest values [63].

This mobile element normally has slightly lower content in biomass than in
SFFs, excluding AB and some varieties from CB and HAB groups. The extremely high
N content is characteristic of meat-bone meal, chicken litter, sewage sludge, pepper

residues, alfalfa and mint straws, palm kernels, and buffalo gourd grass. [46].

3.2.3.3 Sulphur (S)

The sulphur content of biomass is usually very low compared with that of coal,
excluding AB and some varieties from CB and HAB groups [2, 46]. It should not
therefore lead to emission problems of SOy (thought to contribute to acid rain), or to
corrosion of the conversion plant components outside the combustion zone owing to
high acid dew points, when sulphuric acid can be formed as the gases cool and then
eventually condense [2].

The S content in biomass varies in the interval of 0.01-2.33% (Table 3.4) and
normally decreases in the order: AB > CB > HAR > (HAB, HAS) > HAG > WWB
(Table 3.5). This order is identical to N and indicates the close association of both N and
S. It was noted that bark and straw have a higher S content than wood, but some wood
products (pellets and briquettes) can also contain S-bearing additives [46].

The plotted mean ultimate composition (daf) of solid fuel types in Figure 3.8 illustrates:
(1) the differentiations between the biomass and coals; (2) the closer position of peat to

biomass than coals; and (3) the similarities among various biomass groups and sub-
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groups, excluding again (like the proximate composition) only the AB and CB biomass
groups. Both AB and CB groups have intermediate positions between SFFs and other

biomass groups and sub-groups [46].

C+H(daf)

\WWB - wood and woody biomass
HAB - herbaceous and agricultural biomass
HAG - herbaceous and agricultural grass
HAS - herbaceous and agricultural straw
HAR - herbaceous and agricultural residue
AB - animal biomass
MB - mixture of biomass
CB - contaminated biomass
AVB - al varieties of biomass

P- pea
L - lignite
S - sub-bituminous coal
B - bituminous coal
A - agee
i 7 % 7 ————————7——7— 30
0 10 20 30 40 50 60 70
O(daf) — N+S+Cl(daf)

Figure 3.8 Mean ultimate composition of solid fuel types, wt.% [46]

3.3 Densification of biomass

In order to utilize biomass in the most energy efficient way and from the
perspective of techno-economic analysis, biomass has to pass through a series of
interlinking procedures. The summation of these procedures or path from planting to the
point at that the chemical energy of biomass as a fuel is converted into heat is called the
supply chain.

The fuel supply chain (Figure 3.9) consists of a series of sequential steps such as
planting, growing, harvesting, comminution, densification, drying, storage, transport
and handling. The combination of these steps depends on the kind of biomass as well as
on the needs of the combustion plant and determines feedstock form and costs. The aim
is to have the whole chain functioning smoothly and cost-effectively with a minimum of

losses along the way for a given system. The sequence of steps in the chain can be
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varied (alternative supply strategies) to meet the needs of a given conversion technology

and cost structure [3].

Fuel pre-trea'tment Biofuels
technologies

Biomass

residues (agriculture, forestry) planting, harvesting bulk material
waste wood drying, comminution, densification unit material
energy crops handling, storage

Figure 3.9 Fuel supply chain for woody biomass [3]

Liquids and gases are relatively easy to handle because they continuously
deform under shear stress—they easily take the shape of any vessel they are kept in and
flow easily under gravity if they are heavier than air. For these reasons, storage,
handling, and feeding of gases or liquids do not generally pose a major problem [58].

Since the objective of this thesis is combustion of pelletized three types of
biomass and their mixtures, in this subchapter the focus will be on densification process.

In order to make the biomass materials available for a variety of applications, the
challenges with the use of biomass materials in their original form must be resolved.
Because of high moisture content, irregular shape and sizes, and low bulk density,
biomass is very difficult to handle, transport, store, and utilize in its original form. One
solution to these problems is densification of biomass materials into pellets, briquettes,
or cubes [64]. As well, as it stated in [65], when biomass is co-fired with coal, the
difference in density between biomass and coal makes the energy density of the two
fuels different, and causes difficulties in feeding the fuel into the boiler, densified
biomass fuel can ease these problems.

Densification increases the bulk density of biomass from an initial bulk density
(including baled density) of 40-200 kgm™ [64], 80 — 150 kgm™ for herbaceous and 150
— 200 kgm™ for woody biomass [48], to a final bulk density of 600 — 800 kgm™. Thus,

densification of biomass materials could reduce the costs of transportation (the low bulk
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density of fresh biomass as compared to coal restricts the economic transportation
distance less than 200 km [66]), handling, and storage. Because of uniform shape and
sizes, densified products can be easily handled using the standard handling and storage
equipment, and can be easily adopted in direct-combustion or co-firing with coal,
gasification, pyrolysis, and in other biomass-based conversions [64].

According to [42] densification of biomass is a very important factor to increase
its density and thus improve biomass quality. Densification has the following
advantages:

- Densification raises the energy density (kJ/m’ Fuel) which makes

combustion in boilers more efficient;

- Densification reduces costs associated with the handling, storage and

transportation of the biomass fuel,

- Densification improves biomass stability and durability.

Before entering into any densification equipment, feed is ground to a desired
particle size, subjected to pretreatments such as mixing with additives or fats, and
conditioned with steam or expander to increase the temperature and/or moisture level
[67]. Pretreatment of herbaceous and woody biomass increases both its physical and
chemical properties, thereby making the material easy to densify and helping minimize
the costs of transport, handling, and storage [48].

Pretreatment methods include:

- Grinding;

- Preheating;

- Steam conditioning and explosion;

- Torrefaction.

Densification of lignocellulosic material is a complex process and no coherent
theory exists. Besides material specific factors, compaction pressure, compaction
temperature, compaction velocity, moisture content (binding agent and a lubricant) and
distribution of particle size determine the outcome of press agglomeration [68].

Several studies showed that strength and durability of the densified products
increased with increasing moisture content until an optimum is reached [48]. Moisture

addition to dry bulk solids increases adhesion forces between particles, and against
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adjacent surfaces. An increase in moisture content over an optimum limit does not
improve production [69].

Pretreatment using high temperatures makes the material more energy dense,
opens up the cell-wall structure, and makes the material easy to densify and transport
[48]. The temperature of the feed is usually increased to activate the inherent binders or
added binders (i.e., additives). Elevated temperatures also promote plastic deformation
of thermoplastic particles. Plastic deformation of particles is important for making
permanent bonding. Feed temperature can be increased by either direct or indirect
heating. Direct heating includes friction, fluidized bed heating, and steam conditioning.
Indirect heating includes conduction-based heating systems such as band-electrical
resistance heaters, and hot-oil circulation heat exchangers. Preheating temperature is
limited to 300 °C to avoid decomposition of biomass materials [70].

The temperature of the densified products after leaving the densification
equipment is generally higher than the conditioned feed due to frictional heat developed
in the pressing systems and, therefore, densified products are cooled using ambient air
before storing/packaging [67].

Torrefaction involves the heating of biomass at moderate temperatures (220-300
°C) under an inert atmosphere. Torrefaction is influenced by many parameters that
include the composition of the biomass and operation conditions [71]. The process is
also called a mild pyrolysis as most of the smoke-producing compounds and other
volatiles are removed resulting in a final product that has approximately 70% of the
initial weight and 80-90% of the original energy content. Thus, treatment yields a solid
uniform product with lower moisture content and higher energy content compared to the
initial biomass [48]. As it stated in [58] after the process of torrefaction biomass stop to
absorbing moisture. Torrefied biomass is brown to blackish brown in colour, it has a
smoky smell and properties similar to coal [59].

The binding forces that act between the individual particles in densified products
have been categorized into five major groups. They are (i) solid bridges, (ii) attraction
forces between solid particles, (iii) mechanical interlocking bonds, (iv) adhesion and
cohesion forces, and (v) interfacial forces and capillary pressure [64].

According [72] there are three stages during densification of biomass. In the first

stage, particles rearrange themselves to form a closely packed mass where most of the
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particles retain their properties and the energy is dissipated due to inter-particle and
particle-to-wall friction. In the second stage, the particles are forced against each other
and undergo plastic and elastic deformation, which increases the inter-particle contact
significantly; particles become bonded through van der Waal’s electrostatic forces. In
the third phase, a significant reduction in volume at higher pressures results in the
density of the pellet reaching the true density of the component ingredients. Figure 3.10
presents the deformation mechanism of the powder particles under compression.

Due to the application of high pressures and temperatures, solid bridges may be
developed by diffusion of molecules from one particle to another at the points of
contact. Solid bridges may also be formed between particles due to crystallization of
some ingredients, chemical reaction, hardening of binders, and solidification of melted
components. Solid bridges are mainly formed after cooling/drying of densified products
[64].

The attraction between the particles is due to van der Waal’s electrostatic or
magnetic forces. The attraction is inversely proportional to the distance between the
particles, where larger distances have less attraction. Electrostatic forces’ influence on
particle bonding is negligible, and these are commonly encountered in dry fine powders
where inter-particle friction can also contribute to particle bonding when magnetic
forces exist. Closed bonds or interlocking occurs in fibers, platelets, and bulk particles,
where particles interlock or fold about each other, thereby causing the bonding.
Interlocking of the particles can help provide sufficient mechanical strength to

overcome the destructive forces caused by elastic recovery after compression [48].
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Intermolecular

Elastig Plastic
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Figure 3.10 Deformation mechanisms of powder particles under compression [48]
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Densification of biomass can be categorized into 5 types: (1) Baling, (2)

Extrusion, (3) Pelletizing, (4) Briquetting roller press, and (5) Punch and die press [42].

3.3.1 Balers

Baler uses ram mechanism to compress biomass in a specifically designed steel
chamber, then the compressed biomass is banded or tied prior to being released and
hauled away in a uniform size and shape. Commonly, balers are used to reduce storage
space and transportation cost [42].

Herbaceous biomass fuels such as straw, hay or cereals are pressed into bales to
increase their energy density and to ease handling. Baling of straw is usually done as an
extra process step after grain harvesting or feedstock cutting. For energy crops such as
miscanthus or cereals, one-step combined harvesting and baling is possible. Baling of
forest residues before transport, in combination with centralized chipping, is a
comparatively new approach to reduce the production costs of forest woodchips. Initial
activities in this direction were reported in the mid 1990s. The bales are similar to round

straw bales, with a diameter of 1.2 m and 1.2 m high [3].

3.3.2 Extrusion

The aim of compaction using an extruder is to bring the smaller particles closer
so that the forces acting between them become stronger, providing more strength to the
densified bulk material. During extrusion, the material moves from the feed port, with
the help of a rotating screw, through the barrel and against a die, resulting in significant
pressure gradient and friction due to biomass shearing [48]. The diameter of extrusion
products may range from 20 to 100 mm [64]. Figure 3.11 shows the typical extruder.

There are various types of extrusion such as:

- Ram-type extrusion (this type uses a reciprocating ram (piston or rod) that
forces raw material falling from the feed hopper through a tapered die),

- Screw extrusion (this type uses a screw to force a feedstock under high

pressure into a die, thereby forming large cylinders 2.5—-10 cm in diameter) [42].
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Figure 3.11 Extruder for biomass processing [48]

3.3.3 Pelleting (pelletizing)

Pellets are a solid biomass fuel with consistent quality — low moisture content,
high energy density and homogeneous size and shape. Consistent fuel quality makes
pellets a suitable fuel type for all areas of application, from stoves and central heating
systems to large-scale plants. [59]. Compared to traditional firewood, pellets provide
possibilities for automation and optimization similar to oil, with high combustion
efficiency and low combustion residues [73].

Pelletizing process consists of few interconnected steps (Figure 3.12), which
could be classified as:

- Drying: The moisture content of the raw material is an important parameter for
the pelletizing (compaction) process because moisture facilitates the heat
transfer and friction [74]. Moisture acts as one of the binding agents in the
pelleting process [75]. Depending on the kind of wood used, the moisture
content of the raw material before entering the pellet press must be between 8
and 15wt% [3, 75, 76] or even 17-20% wb for high pelletising temperatures (up
to 180 °C) [75]. Due to the fact that the stability of the pressings is influenced by
the friction between gooseneck and raw material, constant moisture content is
essential. If the material is too dry, the surface of the particle may carbonize and
binders will get burned before the process is finished. If the wood is too wet,
moisture contained in the pressings cannot escape and enlarges the product

volume, making it mechanically weak [3].
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Figure 3.12 Pelletizing plant [3]

Size reduction (Grinding): After drying, or of course as a primary step when
the material is dry already, the raw material is ground up to the required particle
size. The particle size of the raw material must be reduced and homogenized
depending

on the diameter of the pellets produced, sawdust is ground to a particle size
usually less than 4 mm [3, 59, 76]. Grinding of raw material is generally done by
hammer mills because they achieve the right fineness and homogenization [59].
Conditioning: Conditioning denotes the addition of steam or water to the
prepared materials just before pelletising [59]. By the addition of steam, the
particles are covered with a thin liquid layer in order to improve adhesion [3].
Another way of conditioning is the utilisation of biological additives. It too takes
place just before pelletising inside a mixer, in order to achieve thorough mixing
of the biological additive and raw material, which ensures it can work as it
should [59].

Pelletizing: This sequence of process is achieving by extruding of already
prepared feedstock through die holes (Figure 3.13). The pelleting press consists

of a drum-shaped hard steel die which is perforated in the perimeter with a dense
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array of holes 0.3—1.3cm in diameter [42], mostly 0.6 cm [59]. The die rotates
against an inner pressure roller, forcing the biomass feedstock into the die holes,
as the pellets are extruded through the die holes, they broke off at a specified
length (normally less than 3 c¢cm, and according ) [42]. Important parameters of
pelletising are the press ratio, the quantity of bore holes and the resulting open

area of holes (without considering the inlet cones) [59].

a) b)
Figure 3.13 Ring die pelletizer (a) and flat die pelletizer (b) [3]

The dimensions of the pellets, both diameter and length, are important factors
with respect to combustion. Experience has shown that thinner pellets allow a
more uniform combustion rate than thicker ones, especially in small furnaces.
The length of the pellets affects the fuel feeding properties, the shorter the
pellets the easier the continuous flow can be arranged [75]. According [75] the
pellets had higher ash content and lower calorific heating value than the raw
materials, probably due to loss of volatiles during drying. The friction between
the wood material and the die during the forced passage results in a rise in
temperature. This in combination with the moisture content of the raw material
softens the wood components and is assumed to have a crucial influence on the
self-bonding processes. Because no adhesives are used in the process, wood
pellets should be considered as a specific kind of binder less wood particle
product [76]. Bearing that in mind, abrasion is one of the most important pellet
parameters. The main reason for this is the fact that a high share of fines in the

storage system of the end user can cause failures in the feeding system. A low
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share of fines in the storage system is therefore essential for a high reliability of
the equipment and for end user convenience. In addition a high share of fines
also increases dust emissions during combustion [77].

With bulk density between 550 and 700 kg (w.b.)/m?, pellets are used in all areas
ranging from small-scale furnaces with nominal capacities of up to 100 kWth
and medium-scale furnaces with 100 to 1,000 kWhth to large-scale furnaces
with nominal capacities of more than 1,000 kWhth. In addition, pellets are used
in CHP as well as in co-firing in fossil fuel furnaces [59].

- Cooling: the temperature of the pellets increases during the densification
process. Therefore, careful cooling of the pellets leaving the press is necessary to
guarantee high durability [3]. Pellets leave the pellet press at temperatures of 60—
95 C and moisture contents of 12—18% (w.b.). The excess heat and moisture
should be removed from the pellet for safe storage. Pellets are cooled (mostly
using forced air) immediately after the die to within 5 C of ambient
temperature, and to within 0.5% of the original moisture content of the feed
ahead of the conditioner. In general, the final moisture content of the pellets

should be less than 13% (w.b.) [64].

3.3.4 Briquetting

The biofuel briquette is a clean and green fuel that can ideally be used in
furnaces, boilers, or open fires. In the biomass briquetting process, the material is
compressed under high pressure and temperature [48]. Briquetting of biomass can be
done through various techniques [68]. During briquetting the biomass particles self-
bond to form a briquette due to thermoplastic flow. Lignin, which is a natural binder, is
made available from high temperatures and pressures resulting in the formation of high-
density briquettes [48].

The technologies used for binderless biomass briquetting include machines
based on screw and piston-pressed technology. Biomass in screw-pressed technology is
extruded continuously by a screw through a taper die, which is externally heated to
reduce friction. With piston-press technology, biomass is punched or pushed

(corresponding to impact or hydraulic technology, respectively) into a die by a
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reciprocating ram or plunger by high pressure. In both cases, application of high
pressure increases the temperature of the biomass, and existing lignin in the biomass is
fluidized and acts as a binder [68].

The basic technologies for briquetting are shown in Figure 3.14. A constant
moisture content of the raw material (12—14wt% w.b.), a constant back-pressure in the
briquette press and sufficient cooling are essential for the stability of the briquettes

produced [3].

feedstock feedstock

A A\

A | =

\.Ii l

nozzle
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mechanical piston briquette drive
drive
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Figure 3.14 Briquetting technologies [3]

The briquettes’ densities generally range from 900 to 1300 kg/m’. Unlike pellet
mills, briquetting machines can handle larger-sized particles and wider moisture
contents without the addition of binders. Advantages of briquettes are the ease of
charging the furnace, increased calorific value, improved combustion characteristics,
reduced entrained particulate emissions, and uniform size and shape. In addition,
furnaces that use other solid fuels can use briquettes also. The main disadvantage of
using biomass briquettes or pellets in industrial furnaces is ash slagging due to the alkali

content in briquettes made from biomass [48].

3.3.5 Punch and die

Punch and die (piston-and-mold) process can achieve high and uniform pressure
so that dense and strong logs can be produced under normal temperature without having
to use binder or heat [65]. Punch and die press uses two opposing pistons inside a
cylinder to compress the material in the mold. Once compressed, the product in the form

of a slug, log or tablet is pushed out of the mold by one of the two pistons. Due to this
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method, the material can compacted under very high pressure even when the material is
relatively wet [42].

During compaction, as the pressure becomes high, the displacement of the piston
becomes less and less. At the final stage of compaction with very high pressure, the
displacement becomes negligible. Therefore, the work done in the compaction process
is much less than that for the pelletizing or extrusion process in which the ram is always
geared up to the highest pressure when pushing the material forward. The compaction
process (punch-and-die) also does not require preheating of materials. Materials can be
compacted rapidly at room temperature to form good-quality products logs or slugs

[65].
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4. THERMOCHEMICAL CONVERSION OF BIOMASS

In order to maximize utilization of all the benefits offered by the use of biomass
for energy purposes, must take into account the selection of appropriate conversion
method, depending on the needs, as well as the impact of the overall process on the
environment.

Biomass is used to meet a variety of energy needs, including generating
electricity, heating homes, fueling vehicles and providing process heat for industrial
facilities [78].

In order to benefit from the chemical energy contained in biomass, this energy
has to be transformed into more convenient energy forms (heat or electricity) [79] or

convert into more calorific fuel (Figure 4.1).

BIOMASS FEEDSTOCK

Thermochemical process Aqueous process

Combustion Gasification Pyrolisis Chemical reduction Fermentation Anaerobic digestion

As this Ph.D. work concentrates only on the thermochemical conversion

Figure 4.1 Biomass conversion paths

processes, this chapter focuses only on:
e Pyrolysis
e Qasification
e Combustion
Some of them are endothermic and others exothermic and often they take place
simultaneously inside the same reactor. The products from any thermochemical process
are [79]:
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e asolid residue, called char;
e a gas product;
e a tarry liquid of complex composition, known as “tar”, often present in vapour

phase at process temperature.
4.1 Pyrolysis

Pyrolysis can be defined as thermal degradation (devolatilization) in the absence
of an externally supplied oxidizing agent [3]. It is always also the first step in
combustion and gasification processes where it is followed by total or partial oxidation
of the primary products [80]. Pyrolysis of biomass starts at 350-550 °C and goes up to
700 °C. This leads to the production of useful liquid oil, gases and solid products.
Different condition leads to formation of products in different proportions [81].
Chemical decomposition through pyrolysis is the same technology used to refine crude
fossil fuel oil and coal. Pyrolysis produces energy fuels with high fuel-to-feed ratios,
making it the most efficient process for biomass conversion and the method most
capable of competing with and eventually replacing non-renewable fossil fuel resources
[78].

In all thermo-chemical conversion processes, pyrolysis plays a key role in the
reaction kinetics and hence in reactor design and determining product distribution,
composition, and properties [82]. The biomass polymer fragments (volatiles) formed are
driven out of the biomass particle due to the pressure that is being built up inside the
particle. The intrinsic pyrolysis reactions are very fast, but in practice heating of the
biomass particles and mass transfer limitation delays the pyrolysis process significantly
[83]. The pyrolysis reactions and products are non-equilibrium and therefore hard to
predict, the simplified pyrolytic reaction to convert the complex ligno-cellulose

molecules of biomass to oils is [2]:

(C,H,0,)+0,+heat - C+CO,+CO+H,O+hydrocarbons-+heat (4-1)

Some authors [3, 78, 84, 85, 81, 79] presents liquefaction as process separate
from pyrolysis. Both are thermochemical processes in which feedstock organic
compounds are converted into liquid products. In the case of liquefaction, feedstock

macromolecule compounds are decomposed into fragments of light molecules in the
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presence of a suitable catalyst. At the same time, these fragments, which are unstable
and reactive, repolymerize into oily compounds having appropriate molecular weights.
With pyrolysis, on the other hand, a catalyst is usually unnecessary, and the light
decomposed fragments are converted to oily compounds through homogeneous
reactions in the gas phase [78].

Thermogravimetric analysis (TGA) is a method by which the weight loss of a
sample is recorded against temperature under controlled heating rate and gas
atmosphere. Differential thermogravimetric analysis (DTG) curves are derived from TG
curves, and they have been widely applied to biomass to evaluate pyrolysis kinetics
[86]. Figure 4.2 illustrates thermogravimetric analysis (TGA) of biomass. When the

temperature is raised, drying of the sample occurs.
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Figure 4.2 Thermographic analysis of biomass [83]

At 473K, devolatilization starts and the devolatilization rate increases as the
temperature is raised. There are two areas of weight loss producing a single peak with a
plateau or shoulder located at the lower temperature region. The lower temperature
shoulder represents the decomposition of hemicellulose and the higher temperature peak
represents the decomposition of cellulose. At 673K, most of the volatiles are gone and
the devolatilization rate decreases rapidly. However, a low devolatilization rate can be
observed in the temperature range of 673-773K. This is caused by lignin

decomposition, which occurs throughout the whole temperature range, but the main area
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of weight loss occurs at higher temperatures, it means that the lignin is mainly

responsible for the flat tailing section [3].

4.1.1 Pyrolysis process types

Quality and quantity of resulting products obtained from biomass pyrolysis
depend mainly on the chemical composition of the feedstock and the operating
temperature [84]. Mainly depending on operating temperature, heating rate and reaction
time pyrolysis process could be classified as:

e Slow pyrolysis,

e Fast pyrolysis,

¢ Flash pyrolysis.

4.1.1.1 Slow pyrolysis

Conventional pyrolysis, in other words slow pyrolysis, is applied for thousands
of years when charcoal production is aimed [87].

Operating temperature in slow pyrolysis process usually in the range of 550-950
K and at slow heating rates (5—7 K/min) [84, 81]. Lower process temperature and longer
vapour residence times favour the production of charcoal and pyrolysis gas composed of
H, and CO, via secondary coking and repolymerisation reactions. [80, 88, 89].

U with

However, if the heating rate is increased to between about 20 and 100 min
maximum temperatures of 600 °C, than the liquid and gas yields are markedly increased
[89].

In slow pyrolysis, the reactions taking place are always in equilibrium. The
heating period is sufficiently slow to allow equilibration during the pyrolysis process. In
this case the ultimate yield and product distribution are limited by the heating rate. The
products residence time in the reactor is also important since their presence can
influence both the primary and secondary reactions [90].

Slow pyrolysis is well known and usually appears in traditional charcoal kiln

[81]. Modern process often takes place in continuous reactors, e.g., drum pyrolysers,
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rotary kilns, or screw pyrolysers. These plants, which, besides charcoal, collect bio-oil

and syngas, are highly energy efficient compared to traditional kilns [91].

4.1.1.2 Fast pyrolysis

Fast pyrolysis occurs in a time of few seconds or less. Therefore, not only
chemical reaction kinetics but also heat and mass transfer processes, as well as phase
transition phenomena, play important roles. As the fast pyrolysis is used to obtain high-
grade bio oil, liquid mixture of numerous organic molecules with water [92, 93], the
critical issue is to bring the reacting biomass particle to the optimum process
temperature and minimise its exposure to the intermediate (lower) temperatures that
favour formation of charcoal [80].

In the fast pyrolysis process biomass is thermolys at elevated temperature (577—
977 °C) in the inert atmospheric conditions [84]. Heating rate is somewhere about 300
°C/min [81].

In fast pyrolysis, biomass decomposes very quickly to generate mostly vapours
and aerosols and some charcoal and gas. After cooling and condensation, a dark brown
homogenous mobile liquid is formed which has a heating value about half that of
conventional fuel oil. A high yield of liquid is obtained with most biomass feeds low in
ash [94].

Yield of fast pyrolysis processes is 6075 wt.% of liquid bio-oil, 15-25 wt.% of
solid char, and 10-20 wt.% of noncondensable gases, depending on the feedstock used
[95]. According [94] the essential features of a fast pyrolysis process for producing
liquids are:

e Very high heating rates and very high heat transfer rates at the biomass particle
reaction interface usually require a finely ground biomass feed of typically less
than 3 mm as biomass generally has a low thermal conductivity,

e Carefully controlled pyrolysis reaction temperature of around 500 °C to
maximise the liquid yield for most biomass,

e Short hot vapour residence times of typically less than 2 s to minimise secondary
reactions,

e Rapid removal of product char to minimise cracking of vapours,
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e Rapid cooling of the pyrolysis vapours to give the bio-oil product.

Fast pyrolysis is successful with most of fluidized bed reactors as it offers high

heating rates, rapid de-volatilization, easy control, easy product collection, etc.. Various

reactors (some of them presented in Figure 4.3) like entrained flow reactor, wire mesh

reactor, vacuum furnace reactor, vortex reactor, rotating reactor, circulating fluidized

bed reactor, etc. were designated for performing fast pyrolysis [81].
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4.1.1.3 Flash pyrolysis

Process condition in which the reaction time is of only several seconds or even

less and high heating rates of up to 10K s at temperatures < 650 °C and with rapid

quenching, favour the formation of liquid products and minimize char and gas

formation, are often referred as ‘flash pyrolysis’ [81, 96]. Rapid heating and rapid

quenching produced the intermediate pyrolysis liquid products, which condense before

further reactions break down higher molecular-weight species into gaseous products.
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High reaction rates minimize char formation. Under some conditions, no char is formed
[84].

This requires special reactor configuration in which biomass residence times are
only of few seconds. Two of appropriate designs are entrained flow reactor and the
fluidized bed reactor. Flash pyrolysis of any kind of biomass requires rapid heating and
therefore the particle size should be fairly small [81]. Analysis of flash pyrolysis results
is complicated by instrumental inadequacies which make uniform heating rates difficult
to control and even following which make uniform heating rates difficult to control and
even following sample temperature closely seems to be an insurmountable task [97].

According [81] flash pyrolysis is of following types:

(a) Flash hydro-pyrolysis
(b) Rapid thermal process
(c) Solar flash pyrolysis
(d) Vacuum flash pyrolysis

The conversion of biomass to crude oil can have efficiency up to 70% for flash
pyrolysis processes. The so-called bio-crude can be used in engines and turbines. Its use
as feedstock for refineries is also being considered. Some problems in the conversion
process and use of the oil need to be overcome. These include poor thermal stability and
corrosivity of the oil. Upgrading by lowering the oxygen content and removing alkalis
by means of hydrogenation and catalytic cracking of the oil may be required for certain

applications [84].

4.1.2 Composition of pyrolysis products

Depending of process conditions (heating rate, operating temperature, reaction
time, pressure and biomass type) previously is presented that pyrolysis products could
be in liquid, gas and solid state. Despite of state, product have very complex
composition.

Pyrolysis gas comprises of CO, CO, (formed in considerable quantities,
especially from oxygen-rich fuels) and CH4. The other components present are H2,

propane, propylene, butane, butenes, Cs, ethane, etc [3, 81].
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Char contains elemental carbon along with hydrogen. In addition, char also
comprises various inorganic species [81]. This solid product is more thermally instable
than peat or coal, especially from grass biomass. Low heating rates and long residence
times will decrease the reactivity of the char. On the contrary, high heating rates
contribute to increase the reactivity of the resulting char, making it more suitable for
further thermal treatment like gasification or combustion. The characteristics of the
remaining char depend enormously on the pyrolysis conditions, namely heating rate and
final pyrolysis temperature. Therefore, the pyrolysis conditions are one of the most
important parameters when studying char reactivity and char pore structure. The char
produced during pyrolysis can be upgraded to activated carbon (metallurgical industry
use), domestic cooking fuel or barbecuing [79].

The liquid product from pyrolysis consists mainly of polyaromatic hydrocarbons
(PAH), oxygenated aromatic compounds such as phenol and water (due to the moisture
content of the fuel). It is also called pyrolysis oil or bio-oil and can be upgraded to
hydrocarbon liquid fuels for combustion engines, or directly used for power generation
or heat. Calorific value of the pyrolysis oils varies between 5-30 MJ/kg although they
are physically and chemically unstable products [79]. As it is presented in [81] oil
obtained from the pyrolysis of biomass contains several organic as well as inorganic
species. Some of the organic groups present in the bio-oil are mentioned below:

e Acids: Formic, acetic, propanoic, hexanoic, benzoic, etc.

e Esters: Methyl formate, methyl propionate, butyrolactone, methyl n-butyrate,
velerolactone, etc.

e Alcohols: Methanol, ethanol, 2-propene-1-ol, isobutanol, etc.

e Ketones: Acetone, 2-butanone, 2-butanone, 2-pentanone, 2-cyclopentanone, 2,3
pentenedione, 2-hexanone, cyclo-hexanone, etc.

e Aldehydes: Formaldehyde, acetaldehyde, 2-butenal, pentanal, ethanedial, etc.

e Phenols: Phenol, methyl substituted phenols.

o Alkenes: 2-methyl propene, dimethylcyclopentene, alpha-pinene, etc.,
Aromatics: Benzene, toluene, xylenes, nphthalenes, phenanthrene, fluoranthrene,
chrysene, etc.

e Nitrogen compounds: Ammonia, methylamine, pyridine, methylpyridine, etc.

e Furans: Furan, 2-methyl furan, 2-furanone, furfural, furfural alcohol, etc.
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e Guaiacols: 2-methoxy phenol, 4-methyl guaiacol, ethyl guaiacol, eugenol, etc.
e Syringols: Methyl syringol, 4-ethyl syringol, propyl syringol, etc.
e Sugars: Levoglucosan, glucose, fructose, D-xylose, D-arabinose, etc.
e Miscellaneous oxygenates: Hydroxyacetaldehyde, hydroxyacetone, dimethyl
acetal, acetal, methyl cyclopentenolone, etc.
Inorganics present in the bio oil comprises of Ca, Si, K, Fe, Al, Na, S, P Mg, Ni, Cr, Zn,
Li, Ti, Mn, Ln, Ba, V, Cl, etc.

4.2 Gasification

Gasification is a form of pyrolysis, carried out at high temperatures with the
presence of an externally supplied oxidizing agent in order to optimize the gas
production [3, 88]. In general terms, the gasification process is the total or partial
transformation of solid fuel components into gases. This is usually accomplished by
thermal treatments or chemical reactions, or a combination of both. Therefore,
devolatilization is part of the gasification process, as well as combustion or the reaction
of carbonaceous fuel and oxygen. However, in the usual context of thermal sciences,
gasification reactions are the ones taking place between the char-or devolatilized solid
fuel-and gases excluding oxygen. In addition, one should be aware that in a real process,
devolatilization, gasification, and combustion reactions might occur simultaneously, at
least during part of the time taken by these processes [98].

Gasification is a subject for extensive R&D activities almost worldwide,
although the use of gasification is not a new phenomenon. Gasification was in use for
gas production from 1800 to about 1950. The gasifier fuel was mainly coal and the
producer gas (or city gas, town gas, etc.) was stored in gas tanks and distributed in
pipelines for both domestic use and industrial processes [99].

Biomass gasification is an efficient and environmentally friendly way to produce
energy. Gasification process is nothing but it is a conversion of solid fuel into gaseous
fuel for wide applications. This whole process completed at elevated temperature range
of 800-1300C with series of chemical reaction that is why it come under thermo
chemical conversion [84]. Biomass gasification is considered one of the most promising

routes for syngas or combined heat and power production because of the potential for
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higher efficiency cycles. Instead of utilizing biomass in traditional low-efficient systems
(steam cycles), high-efficient as engines or combined gas and steam turbine cycles can
be applied. Good technical progress has been made in the field of biomass gasification
but at a commercial level good achievements still have to be attained [100].

The manufacture of combustible gases from solid fuels is an ancient art, as it is
mentioned before, but by no means a forgotten one. In its widest sense the term
gasification covers the conversion of any carbonaceous fuel to a gaseous product with a
useable heating value. This definition excludes combustion, because the product flue
gas has no residual heating value. It does include the technologies of pyrolysis, partial
oxidation, and hydrogenation. Early technologies depended heavily on pyrolysis (i.e.,
the application of heat to the feedstock in the absence of oxygen), but this is of less
importance in gas production today. The dominant technology is partial oxidation,
which produces from the fuel a synthesis gas (otherwise known as syngas) consisting of
hydrogen and carbon monoxide in varying ratios, whereby the oxidant may be pure
oxygen, air, and/or steam. Partial oxidation can be applied to solid, liquid, and gaseous
feedstocks, such as coals, residual oils, and natural gas, and despite the tautology
involved in *“gas gasification,” [101]

Gasification adds value to low- or negative-value feedstock by converting them
to marketable fuels and products. Gasification of fossil fuels like coal and oil for syngas
production is well-known and commercially available, but gasification of biomass faces
several problems, which are a.o. related to the characteristics of biomass. Important
differences are the much higher volatile matter content in biomass and the morphology.
Gasification 1s also called “staged combustion”, since usually the gas is produced with
the intent to burn it later. This raises the question why first gasifying and then burning
the gas over direct combustion of the biomass [100]. The advantages of biomass
gasification compared to direct combustion include [99, 100]:

e Possibility to transport in pipelines;

e Diversities in power production. Product gas can be used in gas engines, gas
turbines, Stirling engines, and as basis for suitable fuel for fuel cells whilst
direct combustion is limited to steam processes (steam turbine and steam
engine), Stirling engines and indirectly fired gas turbines, which generally

operate with low efficiencies.
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e Combustion control. Combustion of gaseous fuels is easier to control and
optimize compared to solid fuel combustion.

e Low emission. Emission components can be removed either in the gasifier or in
the gas cleaning system. since impurities can be removed from the producer
gas, and the volume of producer gas is much smaller compared to flue gas;

o Integration. By gasification, biomass can be integrated into existing power plants
based on natural gas or coal, with a resulting reduction of CO, and other
emissions.

e Production of hydrogen. The gasification process is found very suitable for
production of high-yield hydrogen gas mixtures. In view of a future increase in
the use of hydrogen, biomass gasification thus represents a solution for a
hydrogen production step with no net CO, emission.

e Chemical synthesis. The product gas from indirect biomass gasification can be a
basis for synthesis gas, which is used for production of nitrogen fertilizers and
other chemicals.

Actually, is almost impossible to have combustion without other reactions typical

of gasification. This is because almost all fuels have, for instance, hydrogen as a
component, forming water during combustion, which in turn reacts with carbon. As a
rough rule, gasification reactions are endothermic. That is why the great majority of
gasification processes use partial combustion of the solid fuel to provide the energy

necessary [98].
4.2.1 Gasification processes

The process of synfuels from biomass will lower the energy cost, improve the
waste management and reduce harmful emissions. The molecules in the biomass
(primarily carbon, hydrogen and oxygen) and the molecules in the steam (hydrogen and
oxygen) reorganize to form this syngas [102].

Air, oxygen, steam or a mixture of them could be used as a oxidizing agent
(Table 4.1).

Air gasification produces a low calorific value gas (gross calorific value (GCV) of

47 megajoules per normal cubic metre (MJ/Nm® dry), while oxygen gasification
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produces a medium calorific value gas (GCV of 10-18MJ/Nm® dry) [3]. However,
oxygen gasification is a very expensive procedure. Some researchers have also
experimented gasification with an oxygen-enriched atmosphere what could be more
reasonable. Pure steam gasification can also produce a MCV gas. Both oxygen and
steam gasification produce a nitrogen free gas [79].

Through synthesis, the fuel gas can be upgraded to methanol, burned externally in a
boiler for producing hot water or steam, in a gas turbine for electricity production or in
internal combustion engines, such as diesel and spark ignition engines. Before the fuel
gas can be used in gas turbines or internal combustion engines, the contaminants (tar,
char particles, ash and alkali compounds) have to be removed. The hot gas from the gas
turbine can be used to raise steam to be utilized in a steam turbine (IGCC — integrated

gasification combined cycle) [3].

Table 4.1 Comparison of gasification agents [79].

;igz;sliiticatlon Advantages Disadvantages g;a[tll\liﬁ /‘11?11:13? of product
Air Inexpensive Low heating value 4-7
Oxygen N2 free product gas Expensive 10-18
Medium heating value
Steam N2 free product gas Very endothermic process 10-18

Medium heating value
Enhanced H, content

In the discussion of the theoretical background to any chemical process, it is
necessary to examine both the thermodynamics (i.e., the state to which the process will
move under specific conditions of pressure and temperature, given sufficient time) and
the kinetics (i.e., what route will it take and how fast will it get there) [101].

From a chemical point of view, the process of biomass gasification (Figure 4.4) is
quite complex. It includes a number of steps like [100]:

e thermal decomposition to gas, condensable vapors and char (pyrolysis);

e subsequent thermal cracking of vapors to gas and char;

e gasification of char by steam or carbon dioxide;

e partial oxidation of combustible gas, vapors and char.
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Figure 4.4 Schematic presentation of gasification [100]
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The kinetics of gasification is as yet not as developed as is its thermodynamics.

Homogeneous reactions occurring, for example, in the gas phase can often be described

by a simple equation, but heterogeneous reactions are intrinsically more complicated.

This is certainly the case with the gasification of solid particles such as coal, (pet) coke,

or biomass because of their porous structure. The latter complication causes mass

transfer phenomena to play an important role in the gasification of solids. During the

process of gasification of solid carbon whether in the form of coal, coke, or char, the

principle chemical reactions are those involving carbon, carbon monoxide, carbon

dioxide, hydrogen, water (or steam), and methane. These reactions are [101]:

Combustion reactions,

C+% 0O, =CO
CO+¥% O, =CO,

H, +% O, =H,0

-111 MJ/kmol (4-2)
-283 MJ/kmol (4-3)
-242 MJ/kmol (4-4)
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These reactions are exothermic and provide — autotermal gasification — the heat
necessaty for the the endothermic reactions in the drying, pyrolysis and the reduction
zone [100].

The slowest reactions in gasification, and therefore those that govern the overall
conversion rate, are the heterogeneous reactions with carbon, namely the water gas,
Boudouard, and hydrogenation reactions. The rates of reaction for the water gas and
Boudouard reactions with char are comparable and are several orders of magnitude

faster than for the hydrogenation reaction [101].

The water gas reaction,

C+H,0 ~CO+H, +131 MJ/kmol (4-5)

The water vapor introduced with the air and production by the drying and
pyrolysis of the biomass reacts with the hot carbon according to the heterogeneous

reversible water gas reaction [100].

The Boudouard reaction,

C+COy> 2 CO +172 MJ/kmol (4-6)

The water gas and Boudouard reaction are the most important reduction reactions.
These heterogeneous endothermic reactions increase the gas volume of CO and H, at
higher temperatures and lower pressures (a high pressure suppresses the gas volume)

[100].

The methanisation reaction,

C+2H, <CH, ~75 MJ/kmol (4-7)

As reactions with free oxygen are all essentially complete under gasification
conditions, reactions 4-2, 4-3, and 4-4 do not need to be considered in determining an
equilibrium syngas composition. The three heterogeneous (i.e., gas and solid phase)
reactions 4-5, 4-6, and 4-7 are sufficient. In general, we are concerned with situations
where also the carbon conversion is essentially complete. Under these circumstances we

can reduce equations 4-5, 4-6, and 4-7 to the following two homogeneous gas reactions:
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CO shift reaction:
CO+H,0 «—CO,+H, -41 MJ/kmol (4-8)

and the steam methane reforming reaction:

CH4+H,0+-CO,+3H; +206 MJ/kmol (4-9)

By subtracting the moles and heat effects from reaction 4-6 from those in
reaction 4-5 one obtains reaction 4-8, and by subtracting reaction 4-7 from 4-5 one
obtains reaction 4-9. Thus reactions 4-8 and 4-9 are implicit in reactions 4-5, 4-6, and 4-
7. But not the other way around! Three independent equations always contain more
information than two.

Reactions 4-2, 4-5, 4-6, and 4-7 describe the four ways in which a carbonaceous
or hydrocarbon fuel can be gasified. Reaction 4-6 plays a role in the production of pure
CO when gasifying pure carbon with an oxygen/CO, mixture. Reaction 4-5 takes a
predominant role in the water gas process. Reaction 4-7 is the basis of all hydrogenating
gasification processes. But most gasification processes rely on a balance between

reactions 4-2 (partial oxidation) and 4-5 (water gas reaction) [100].

4.2.2 Gasification reactors designs

In the practical realization of gasification processes a broad range of reactor
types has been and continues to be used [101]. Depending of operational parameters
gasifiers could be classified in different ways [100]:

According to the gasification agent
e Air-blown gasifiers
e Oxygen gasifiers
e Steam gasifiers
According to heat for gasification
e Autothermal or direct gasifiers: heat is provided by partial combustion of the

biomass
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e Allothermal or indirect gasifiers: heat is supplied from an external source
through heat exchanger or indirect process, i.e. separation of gasification and
combustion zone

According to pressure in the reactor:
e Atmosphric
e Pressurised
And the most common, reactors are grouped based on design as:
e Fix bed gasifiers
e Fluidised bed gasifiers
The choice of one type of gasifier over other is dictated by the fuel, its final available

form, its size, moisture content and ash content [103].

4.2.2.1 Fixed bed gasifiers

The fixed bed (or moving bed [101]) type gasifier simply consisting of
cylindrical reactor in which solid biomass fuel gasifying and moves slowly downward
under gravity and produced gas move either upward or downward. These types of
gasifier are simple in construction and generally operate with high carbon conversion,
long solid residence time; low gas velocity and low ash carry over [84]. Depending on
the relative direction of the producer gas or flow of biomass and gases, fixed bed
gasifiers could be divided into updraft (concurrent), downdraft (concurrent) and
crossdraft gasifiers (crosscurrent) (Figure 4.5). Table 4.2 lists the advantages and

disadvantages generally found for various classes of these gasifiers [103].
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Figure 4.5 Characteristics of different fixed bed gasifier configurations [100]

In fixed gasification, countercurrent or concurrent flow of gas and solids creates
distinct temperature zones in the gasifier (or in one stage of multizone gasifier) that
assist in the conversion of fixed carbon to gas. Zones frequently found in
countercurrent, downflow fixed bed gasification include drying/devolatilizing at the top
(low temperature); the steam decomposition and stem-carbon reducing reaction zone;
the high temperature carbon oxidation zone where hot oxidizing gases are generated by
carbon combustion; and the ash collection and discharge zone (the ash may be dry or
slagged depending on the technology under consideration). Fixed bed gasifiers are
sensitive to fines in the feed material since these may cause bed plugging and
channeling. Tars and liquid products in addition to gaseous hydrocarbons heavier than
methane can be produced in fixed bed gasifier [104]. An advantage of fixed bed
gasifiers is the low particle content of the product gas, since the bed of char itself acts as

a filter [79].
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Table 4.2 Advantage and Disadvantages of various fixed bed gasifiers [103]

Gasifier Type Advantage Disadvantages
Updraft e Small pressure drop; Great sensitivity to tar and
e Good thermal efficiency; moisture and moisture content of fuel;
e Little tendency towards slag Relatively long time required  for
formation; startup of IC engine;
Poor reaction capability with heavy
gas load;
Downdraft e Flexible adaptation of gas Design tends to be tall;
production to load; Not feasible for very small particle
e Low sensitivity to charcoal dust and size of fuel;
tar content of fuel;
Crossdraft e Short design height; Very high sensitivity to slag
e Very fast response time to load; formation
e Flexible gas production; High pressure drop

4.2.2.2 Fluidised bed gasifiers

The fluidized bed reactors represent the most promising gasifier design for
directly heated biomass gasification. They present higher throughput capabilities and
greater fuel flexibility than fixed beds and can accept low-density feedstock, as well
they required minimal pre-processing of feedstock [79]. This feature is especially
attractive for biomass fuels, such as agricultural residues and wood, that may be
available for gasification at different times of the year [105]. Limitations are mostly
with respect to fuel particle size, typically less than 0.1 m and moisture content,
typically less than 65% (wt) [99].

Fluidised bed gasifiers for biomass originate from the technology for coal
gasification and are usually suitable for large scale operation. The reactors are built with
porous grate in the bottom where sand or other fluidization medium lies above. Air or
other types of gasification agent such as steam, oxygen or a combination of theses pass
through the porous grate at an enough speed so the bed particles become suspended
[106]. The fuel particles are introduced at the bottom of the reactor as well, very quickly
mixed with the bed material and almost instantaneously heated up to the bed
temperature. As a result of this treatment the fuel is pyrolyzed very fast, resulting in a
component mix with a relatively large amount of gaseous materials [84]. The thermal
degradation and the gasification reactions of the fuel take place at high speed in an
environment that is well mixed due to turbulence [106]. Such extremely good mixing,

between feed and oxidant, promotes both heat and mass transfers [101]. Because of the
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intense mixing, the heat transport to the fuel happens at a high rate so that the different
zones found in fixed bed reactors are not distinguished in fluidized beds [106].

The fluidized bed reactors that are commonly used in gasification are: bubbling
fluidized bed and circulating fluidized bed (Figure 4.6) [106]. Both systems include use
of a bed material that can be the fuel itself or inert material such as sand, dolomite or
alumina. In a bubbling bed, the bed material and fuel are well mixed due to the
fluidisation caused by the gas flowing through the reactor. Circulating bed gasifiers are
operated with high gas velocities and particles, bed material and unreacted fuel are
separated in a cyclone and led back to the bed [99]. Circulating fluidized bed gasifiers
have advantages over BFBGs such as higher carbon conversion efficiency and smaller

size [105].

Secondary

air
—

Limestone

i

Figure 4.6 Fluidized bed reactors 1) Bubbling bed, 2) Circulating bed [107]

Fluidised bed gasifiers accept a wide size distribution of feed solids and achieve
a reasonably uniform bed temperature distribution through rapid fluid-solids mixing.
Ash and unconverted carbon exit the bed in product gas stream or are withdrawn at the
gasifier base. Temperatures at the gasifiers base control carbon loss [104]. Tar
components are cracked by contact with hot bed material, and the tar content in the

products gas is generally relatively low [99]. Sizing of the particles in the feed is
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critical; material that is too fine will tend to become entrained in the syngas and leave
the bed overhead. This is usually partially captured in a cyclone and returned to the bed.
The lower temperature operation of fluid-bed processes means that they are more suited

for gasifying reactive feedstocks, such as low-rank coals and biomass [101].

4.3 Combustion

Biomass combustion is the main technology route for bioenergy, responsible for
over 90 per cent of the global contribution to bioenergy [3]. In the ideal case,
combustion represents the complete oxidation of the solid organic part of the fuel into
the gases CO, and H,O [63]. The burning of biomass in air, i.e. combustion, is used
over a wide range of outputs to convert the chemical energy stored in biomass into heat,
mechanical power, or electricity using various items of process equipment, e.g. stoves,
furnace s, boilers, steam turbines, turbo-generators, etc. Combustion of biomass
produces hot gases at temperatures around 800—1000 °C. It is possible to burn any type
of biomass but in practice combustion is feasible only for biomass with a moisture
content <50%,unless the biomass is pre-dried [85]. Biomass rarely arises naturally in an
acceptable form of burning. In most of the cases it requires some pretreatment like
drying, chopping, grinding, etc., which in turn is associated with financial costs and
energy expenditure [81].

This conversion occurs in three steps: drying of the fuel (vaporising of water),
pyrolysis/gasification (thermal degradation (devolatilisation) in the absence or presence
of externally supplied oxygen (air), respectively) and the final oxidation of the charcoal
and the flue gases (Figure 4.7). After drying, the main controlling parameter of the
combustion process is the ratio between the amount of air added and the amount of air
(oxygen) necessary for a complete combustion of the combustible parts of the fuel, the
lambda (A, excess air) factor [63]. Several parameters in the combustion zone are quite
crucial to the combustion process; among these are reactor technology, combustion

temperature, size and moisture content of the fuel [106].
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Figure 4.7 Process of biomass combustion — principle [63]

Drying and pyrolysis/gasification will always be the first steps in a solid fuel
combustion process. The relative importance of these steps will vary, depending on the
combustion technology implemented, the fuel properties and the combustion process
conditions. A separation of drying/pyrolysis/gasification and gas and char combustion,
as in staged-air combustion, may be utilized. In large-scale biomass combustion
applications with continuous fuel feeding, such as moving grates, these processes will
occur in various sections of the grate. However, in batch combustion applications there
will be a distinct separation between a volatile and a char combustion phase, in both
position and time. Figure 4.8 shows qualitatively the combustion process for a small
biomass particle. For larger particles, there will be a certain degree of overlap between
the phases, while in batch combustion processes, as in wood log combustion in wood-
stoves and fireplaces, there will be a large degree of overlap between the phases [3].

The combustion process may be defined as an interaction between fuel, energy,
and the environment rather than merely a chemical reaction of fuel with oxygen to
release energy, or a physical reaction of the fuel with the environment involving heat
and mass transfer. The process is enormously complex even with relatively simple or

homogenous fuels [104].
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Figure 4.8 The combustion of small biomass particle proceeds in distinct stages [3]
4.3.1 Combustion chemistry

Wood fuels never burn directly: wood fuels are thermally degradable and under
the influence of a sufficiently strong energy source they break down into a mixture of
volatiles and carbonaceous char. The two modes of combustion (solid char and gaseous
volatiles) have completely different chemical mechanisms and kinetics [88]. In order to
understand wood combustion, it is important to understand the properties of wood
which determine its behavior as a fuel for combustion. Influencing properties include
anatomical structure and pathways for movement of moisture, moisture content, specific
gravity, and holocellulose and lignin. Main combustion reactions are:

Non-reacting solid — Heat, drying — Pyrolysis (Volatiles; Steam) — Precombustion
reactions — Primary gas phase combustion — Secondary combustion — Effluent stack
gas [102].

A detailed understanding of combustion processes requires a detailed knowledge
of chemical kinetics, fluid mechanics, turbulence phenomena, etc. This is also the case
for biomass combustion. A combustion process can — in a simplified manner — be
described by an overall combustion reaction:

1-Y, .
a-(YCYHYOYNYS)+n-(ﬂ-N2+02j
0, ,Adir (4_10)
=b-CO,+c-H,O+d-O,+e-N,+ f-CO+g-NO

+h-NO,+i-C.H +j-SO,+m-N,O

84



where Yi is the volume fraction of carbon (C), hydrogen (H), oxygen (O), nitrogen (N)
and sulphur (S) in the fuel. O, Air is the volume fraction of oxygen in air and the
coefficients a, n, b, ¢, d, e, f, g, h, i, j and m can be found partly by applying element
balances (C, H, O, N, S) and partly by making assumptions regarding product
composition (e.g. chemical equilibrium). By assuming complete combustion, neglecting
dissociation effects at high temperatures and formation of NO, NO;, and N,O, the
product composition can be found directly from the elemental balances [3].

However, in reality several hundreds of reversible elementary reactions are
needed to describe in detail the combustion process of even light hydrocarbons, such as
methane, which is an important intermediate in biomass combustion. The reaction rate
of the elementary reactions depends on mixing through the availability of reactants in
the flame zone, and temperature and residence time through the reaction rate constant, .

This is shown in equation 4-11:

a-Fuel + b -Oxidant — ¢ - Product

U
d[Pr;duct] _ k-[Fuel]a -[Oxidant]b {mole} 4-11)

3
m-s

where k=A-T” -exp __E
R -T

where 4, b and E are the pre-exponential factor, the temperature exponent, and the
activation energy, respectively. These are constants for a given elementary reaction and
are found experimentally. Ru is the universal gas constant and 7 is the temperature [3].
Burning the solid coke adds a new dimension to the combustion process. Coke is largely
carbon; it has a low vapour pressure, so that evaporation followed by gas-phase
oxidation is not a major reaction path. Instead, the surface carbon is oxidized to CO by
gas phase CO; (and O,), that collide with, and/or stick to, the surface. This reaction of
CO; is C(s) + CO,(g) =2 CO(s). The carbon is now strongly attached to the oxygen and
weakly attached to the surface. Thus, the nascent CO does have a high vapor pressure
and leaves the surface to the gas phase where CO can be further oxidized to CO, [108].
Heterogeneous reactions involving carbon are usually slower than gas phase reactions,

as for charcoal combustion. However, in some cases, the heterogeneous reactions may

85



be significantly faster than the equivalent gas phase reactions. This is the case for
catalytic converters [3].

Since this thesis presented results achieved during the grate firing of biomass, in
this subsection the focus will be on packed bed solid combustion.

According [109] a packed bed consists of a number of solid particles which are
piled up upon a support grate with a characteristic porosity. Primary air is supplied from
underneath the grate and flows upward. For ordinary packed bed combustion, ignition
starts at the bed top layer heated up by over-bed radiation from the over-bed flame and
hot walls. Once the bed is ignited, the flame front travels downwards at a speed
depending on fuel type and operating parameters, until it arrives at the bed bottom or the
support grate. In ideal conditions, three reacting waves travel down the bed

successively: moisture evaporation, devolatilisation and char combustion (Figure 4.9).
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Figure 4.9 a) Propagation of flame front in a packed bed, b) Combustion occurs in three

stages [109, 110]

They may overlap each other, depending upon particle size or the Biot number. The
Biot number is a measure of uniformity of temperature distribution inside a particle and

for a single particle heated uniformly at the external surface, it is defined as
Bi=hd,/k (4-12)

When Bi>>1.0 particles are considered thermally thick and there exists a significant

temperature gradient inside the particles under an external heating source. Otherwise,
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the particles can be viewed as thermally thin, and the temperature gradient inside the
particle is small.

The above definition of Biot number for a single particle, however, has to be modified
to account for the changed heating conditions for the situation of a packed bed.
Radiation from the flame front can only penetrate the bed through voids; therefore the
actual external heated area of a particle in a packed bed is proportional to the local bed
voidage. So we add an extra parameter, the void fraction to the original Biot number

and the modified Biot Number is thus as follows:
Bi =ghd, /k (4-13)

It means that, according above equation, particles smaller than 30 mm can be roughly
regarded as thermally thin in the situation of packed bed combustion. The assumption of
thermally thin particles eliminates the need for a separate solution for temperature
profile inside the particles. Instead, the whole bed can be viewed as a continuous porous
medium with two phases (solid and gases), and continuous conservation or transport
equations can be applied to both phases in a much simpler way.

Table 4.3 summarises the equations employed for packed-bed biomass
combustion as it is presented in [109]. The whole set of equations consists of bed
volume change, individual process rates, gaseous phase and solid phase conservation
equations and radiation heat transfer in the bed. The conservation equations for the gas-
phase in the packed bed include continuity, momentum, species and energy
conservation equations. It was found that burning rate is mostly influenced by fuel size
and smaller fuels result in higher combustion rate due to increased reacting surface area
and enhanced gas-phase mixing in the bed; combustion stoichiometry is equally
influenced by fuel LCV and size as a consequence of variation in burning rate as well as
the mass ratio of combustible elements to the oxygen in the fuel; for the solid-phase
temperature, material density has the strongest influence and a denser material has a
higher maximum bed temperature as it results in a less fuel-rich combustion condition;
while CO concentration in the flue gases is mostly affected by both fuel calorific value
and size, CH4 in the exiting flow is greatly affected by material density due to change in
reaction zone thickness [109].
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Table 4.3 Summary of the equations employed for packed-bed biomass combustion

[109]
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4.3.2 Combustion technologies

Combustion is widely used on various scales to convert biomass energy to heat

and/or electricity with the help of a steam cycle (stoves, boilers and power plants).

Production of heat, power and (process) steam by means of combustion is applied for a
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wide variety of fuels and from very small scale (for domestic heating) up to a scale in
the range of 100 MW,. Co-combustion of biomass in (large and efficient) coal fired
power plants is an especially attractive option as well because of the high conversion
efficiency of these plants. It is a proven technology, although further improvements in
performance are still possible. Net electrical efficiencies for biomass combustion power
plants range from 20% to 40%. The higher efficiencies are obtained with systems over
100 MW, or when the biomass is co-combusted in coal fired power plants [78].
Combustion installations, depending of its characteristics, could be classified in

several categories:
According scale and application:

- Domestic burning appliances,

- Combusting technologies for industrial and district heating systems.
Whereas domestic burning appliances are based on batch combustion, industrial and
district heating systems combusting technologies could be distinguished as:

- fixed bed combustion;

- fluidized bed combustion; and

- pulverized fuel combustion.

4.3.2.1 Fixed bed combustion

Fixed bed combustion systems include grate furnaces and underfeed stokers.
Primary air passes through a fixed bed, in which drying, gasification and charcoal
combustion take place (Figure 4.10). The combustible gases produced are burned after
secondary air addition has taken place, usually in a combustion zone separated from the
fuel bed [3]. The grate, which is at the bottom of the combustion chamber in a grate-
fired boiler, has two main functions: lengthwise transport of the fuel, and distribution of
the primary air entering from beneath the grate. The grate may be air-cooled or water-
cooled. The water-cooled grate requires little air to cool (primary air confined to
combustion requirement) and is flexible with the use of an advanced secondary air

system [111].
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There are various grate furnace technologies available: fixed grates, moving
grates, travelling grates, rotating grates and vibrating grates. All of these technologies
have specific advantages and disadvantages, depending on fuel properties, so careful
selection and planning is necessary. Grate furnaces are appropriate for biomass fuels
with a high moisture content, varying particle sizes (with a downward limitation
concerning the amount of fine particles in the fuel mixture) and high ash content.
Mixtures of wood fuels can be used, but current technology does usually not allow for
mixtures of wood fuels and straw, cereals and grass, due to their different combustion
behavior, low moisture content and low ash-melting point. Only special grate
constructions are able to cope with woody and herbaceous biomass fuel mixtures, e.g.
vibrating grates or rotating grates. Such grates have to ensure a mixture of the fuels

across the grate.

Burnout
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Figure 4.10 Comustion process in fixed fuel beds [111]

A well-designed and well-controlled grate guarantees a homogeneous
distribution of the fuel and the bed of embers over the whole grate surface. This is very
important in order to guarantee an equal primary air supply over the various grate areas.
Inhomogeneous air supply may cause slagging, higher fly-ash amounts and may

increase the excess oxygen needed for a complete combustion, resulting in boiler heat
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losses. Furthermore, the transport of the fuel over the grate has to be as smooth and
homogeneous as possible in order to keep the bed of embers calm and homogeneous, to
avoid the formation of ‘holes’ and to avoid the release of fly ash and unburned particles
as much as possible [3].

Grate firing is one of the main technologies that are currently used in biomass
combustion for heat and power production. Grate-fired boilers can fire a wide range of
fuels of varying moisture content and show great potential in biomass combustion.
Though grate firing of biomass has been tried and tested over many years, there are still
some problems to be further studied, for instance, conversion of biomass in the fuel bed
on the grate, mixing in both the fuel bed and the freeboard, deposit formation and

corrosion and their control, pollutant formation and control [111].

4.3.2.2 Fluidized bed combustion

The use of the fluidized bed combustor (FBC) has increased. It began in the 20th
century as coal combustion and gasification, which then developed into catalytic
reactions. Only recently, the application field has been extended to the incineration of
biomass and pretreated waste, for either power generation or waste disposal. The
success of fluidized bed combustion is due to high combustion efficiency, great
flexibility when it comes to the heating value of the fuel and reduction in pollutants
emitted with the flue gas [112].

In FB furnaces (Figure 4.11), an initially stationary bed of solid particles
(usually silica sand), located in the bottom part of the furnace, is brought to a fluidized
state by the primary air which is supplied through a nozzle distributor plate. In BFB, the
bed particles are kept in suspension by the primary air at comparatively lower
fluidization velocities (~1.0-3.0 m/s) while in CFBC, higher gas velocities (~ 3.0-6.0
m/s) are employed, more and more solids are carried out of the bed, the well-defined
surface of the bed (prominent in BFB) disappears, and the solids concentration
decreases continuously with increasing height above the distributor plate [113]. At this
stage, the fuel with a (optional) sorbent (mainly limestone or dolomite) can be injected

into the boiler. All bed particles are now in a ‘liquid state’ [114].
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Figure 4.11 (a) Circulating fluidized bed boiler (CFBB) (b) bubbling fluidized
bed boiler (BFBB) [113]

In the fluidized state, bed material and fuel is mixed in a highly turbulent
suspension. This allows rapid transfer of combustion heat to the bed material, thereby
reducing peak flame temperatures. In circulating fluidized beds, bed material is carried
over with the gas stream, separated from it after leaving the combustor and reintroduced
into the furnace. In bubbling fluidized beds, fluidizing air velocities also provide for
proper mixing of bed material and fuel, but are not high enough to carry over much bed
material. Reduced peak flame temperatures and increased residence times of the fuel in
the combustion zone are favorable for improved environmental performance of
fluidized bed combustors compared to other combustion systems [115]. The most
important process characteristics are given in Table 4.4.

The success of fluidized bed combustion is due, above all, to the great flexibility
as regards the quality of the fuel. In fact, low-heating value fuels can be used thanks to
the high mixing rate of solids and the absence of temperature gradients in the bed. Also
the reduction in pollutants emitted with flue gas is one of the most relevant advantages
of fluidized bed combustion: the low combustion temperature (700-850 °C) guarantees
the NOx abatement while sulphur and halogen capture is achieved by limestone or

dolomite injection in the bed. Limestone, within the temperature range 700-850 °C, not
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only reacts with SO, to form calcium sulphite and calcium sulphate, but also captures
hydrogen chloride to form liquid- or solid-phase calcium chloride. Furthermore, the gas
mixing in the combustor restrains the formation of CO and unburned hydrocarbon in

such a way that high combustion efficiency is obtained [112].

Table 4.4 Design parameters BFB and CFB [114]

Design parameter BFB CFB
Combustion temperature (1°C) 760-870 800-900
Fuel particle size (mm) 0-50 0-25
Fluidization velocities (m/s) 1-3 3-10
Solids circulation No* Yes
. . High in bottom, low in Gradually decreasing along

Particle concentration freeboard furnace height
Limestone® particle size (mm) 0.3-0.5 0.1-0.2
Average steam parameters’

Steam flow (kg/s) (range) 36 (13-139) 60 (12-360)

Steam temperature (1°C) 466 (150-543) 506 (180-580)

(range)

Steam pressure (bar) (range) 72 (10-160) 103 (10-275)

*Circulation of (large) unburned particles is possible in the case of bad burnout. However, solid
circulation in BFB is compared to CFB a less integrated part of the combustion process. "Applicable in
the case when limestone is used for in bed sulphur removal. “Data on steam parameters is collected for ca.
400 FBC installations.

Despite its broad application, solid fuel conversion in fluidized bed processes
still has some technical difficulties. Agglomeration is a major operational problem.
Usually, the conversion of the solid fuel is carried out with silica sand and ash as bed
material. Inorganic alkali components from the fuel, mainly potassium (K) and sodium
(Na), can be a source for agglomeration by the formation of low-melting silicates with
the silica from the sand. The content of this critical inorganic material can vary much
between fuels; especially in the case of certain types of biomass as well as some low-
rank coal types the content is often rather high. When both alkalis and silica are present
in the bed they can form low-melting silicates, characterized by a lower melting point
than the individual components. As a consequence, the sand particles become coated
with an adhesive layer. Sand particles with a sticky surface then grow towards larger
agglomerates due to the formation of permanent bonds upon collisions. If this process is
not recognized, it eventually propagates to partial or total defluidization of the reactor,

which in turn results in a lengthy and expensive unscheduled shutdown [116].
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4.3.2.3 Pulverized fuel combustion

Globally, there is an increasing interest in the co-firing of biomass with coal in
order to reduce net CO, emissions and the dependence of foreign fossil fuel resources
[117]. Since the most of the existing boilers in thermal-electric power generation units
work with suspension combustion of pulverized coal [98], the pulverized combustion
(co-combustion) is the most appropriate way to achieve this goal.

In pulverized fuel combustion systems, fuels such as sawdust and fine shavings
are pneumatically injected into the furnace [3]. The transportation air is used as primary
air. Startup of the furnace is achieved by an auxiliary burner. When the combustion
temperature reaches a certain value, biomass injection starts and the auxiliary burner is
shut down. Fuel quality in pulverized fuel combustion systems has to be quite constant.
A maximum fuel particle size of 10-20mm has to be maintained (in practice, in
pulverized fuel combustion the coal is milled to give the particles between 5 and 400
pm in diameter [118]) and the fuel moisture content should normally not exceed 20wt%
(w.b.). Due to the explosion-like gasification of the fine biomass particles, the fuel
feeding needs to be controlled very carefully and forms a key technological unit within
the overall system. Fuel/air mixtures are usually injected tangentially into the cylindrical
furnace muffle to establish a rotational flow (usually a vortex flow). The rotational
motion can be supported by flue gas recirculation in the combustion chamber. Due to
the high energy density at the furnace walls and the high combustion temperature, the
muffle should be water-cooled. Fuel gasification and charcoal combustion take place at
the same time because of the small particle size. Therefore, quick load changes and an
efficient load control can be achieved [3].

The main features of commercial designs for pulverized fuel burners (p-f)
(Figure 4.12) are amount of secondary air is controlled through a cylinder that can slide
and therefore vary the entrance area or the flow rate of air into the chamber. At the end
of the smaller tube, which carries the primary air and the pulverized fuel, there is an
impeller. This last device promotes a swirl in the injected stream and diverts the coal
into the secondary air stream. In this way, the impeller also provokes a partial backward
circulation of the suspended burning particles, which is essential for the flame stability.

Through the center of the small tube, an oil burner is installed and is used for the
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ignition of the pulverized fuel. Moreover, a gas torch is employed to ignite the oil. The
impeller may be advanced or retracted from the firing position by pneumatic control of

the position of the tube that carries the fuel [98].
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Figure 4.12 Schematic view of a typical pulverized fuel burner [98]

Certain technical issues appear when pulverized biomass/coal is used, for
example, emissions of NOyx was found to be sensitive to the burner configuration and
the injection position of the fuel particles. For a given pulverized biomass combustion
boiler, ignition of the fuel particles, flame stabilization, particle burnout and emission of
carbon monoxide as well as particulate matters (soot, ash, condensed tar/oils) depend on
the boiler operation conditions and the fuel particle characteristics such as the moisture
content and the maximum particle size [119]. The interaction of the airflow patterns and
heat release by combustion determine the rate of chemical reaction of the p.f. particles,
the stoichiometry of both the primary and secondary reaction zones and thus their
temperatures. This in turn determines flame stability, the rate of char burnout, which in
turns controls the formation of NOy, and the unburnt carbon ash. Not only the
temperature field and reaction time determine the reaction rates but also the level of
turbulent mixing of the volatiles with free radicals and hot combustion products and the
influence of turbulence on char burnout. There is an additional influence of turbulence

that results in permitting the escape of rich turbulent pockets of gases containing
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volatile organic compounds (VOC) and super-equilibrium amounts of CO in the flue

gas [118].

4.3.2.4 Summary of combustion technologies

Given combustion technologies gives different opportunities and its use mostly

depend of the application size and fuel type. In order to achieve the best possible results,

it should be taken into account the adequate choice of combustion technology, operating

conditions as well as maintenance. Table 4.5 gives review of the advantages and

disadvatages of presented combustion technologies.

Table 4.5 Advantages and disadvantages of given combustion technologies [3, 120]

Advantages

Disadvantages

Grate applications

Low investment costs for plants <10 MW

Low operating costs

Low dust load in the flue gas

Good burn-out of fly ash particles

Good operation at partial load possible

Less sensible to slagging than BFB and CFB furnaces

No mixtures of wood fuels and straw /
cereals possible

Efficient NOx reduction requires special

technology
Higher excess oxygen decreases the
efficiency
Combustion conditions not as

homogeneous as in BFB and

CFB furnaces

BFB applications

Low investment costs for plants >10MW

No moving parts in the hot combustion chamber

NOx reduction by air staging works well

High flexibility concerning particle size, moisture
Content

and mixtures of biomass fuels

Lower excess oxygen raises the efficiency

High operating costs

Higher dust load in the flue gas than grate
furnaces

Good operation at partial load requires
special technology

Medium  sensibility concerning  ash
slagging

Medium erosion of heat exchanger tubes

CFB applications

No moving parts in the hot combustion chamber

NOx reduction by air staging works well

High investment costs (interesting only for

plants
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High flexibility concerning moisture content and
mixtures

of biomass fuels

Homogeneous combustion conditions in the furnace if
several fuel injectors are used

High specific heat transfer capacity due to high
turbulence

Addition of additives easy

Efficient S fixation in the ash if enough Ca available

>30 MW)

High operating costs

High dust load in the flue gas

Partial-load operation requires a second
bed

Loss of bed material with the ash

High sensibility concerning ash slagging
Medium erosion of heat exchanger tubes
Low flexibility concerning particle size of
the fuel

Pulverized fuel applications

Low excess oxygen (4—-6vol%) increases efficiency
High NOx reduction by efficient air staging and mixing
possible if cyclone or vortex burners are used

Very good load control and fast alteration

of load possible

Particle size of biomass fuel is limited (<
10—20mm)

High wear rate of the insulation brickwork
if

cyclone or vortex burners are used

An extra start-up burner is necessary
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5. IMPACTS OF BIOMASS COMBUSTION

While biomass possesses the advantage of CO, neutrality, or nearly so, there are
potential problems concerned with the environmental pollution. As well that it causes
and the influence on food production. In many of the small combustion appliances there
is significant atmospheric pollution - indeed it is estimated that many millions of people
are exposed to the effects of wood smoke and 1.6 million people/annum die as a result
of pollution. Biomass feedstock expansion can have adverse impacts on the
environment; particularly where there has been a major change of land-use (such as
deforestation) when there can be little or no saving in Greenhouse Gas emissions. In this
respect, economic and life cycle analyses are helpful. These can identify the benefit, if
at all, of various strategies, but they are sensitive to the weightings set to the pollutants
and particularly to carbon dioxide and the other greenhouse gases such as CH4 and N,O
[121].

Pollutants are formed alongside the main combustion reactions from the N, S,
Cl, K as well as other trace elements contained in the volatiles and char. CO, PAH and
soot, together with characteristic smoke markers of biomass combustion such as
levoglucosan, guaiacols, phytosterols and substituted syringols are released if the
combustion is incomplete, due to factors such as local stoichiometry (mixing),
temperature, residence time etc. Thus, the atmospheric emissions can contain tar
aerosols and soot, which together with fine char particles and metal-based aerosols such
as KCl, form smoke. The nitrogen compounds are partially released with the volatiles,
whilst some forms a C-N matrix in the char and is then released during the char
combustion stage forming NOx and the NOx precursors, HCN and HNCO. Sulphur is
released as SO, during both volatile and char combustion. KCI, KOH and other metal
containing compounds together the sulphur compounds form a range of gas phase
species, which can be released as aerosols, but importantly also deposit in combustion
chambers [121].

Life cycle analyses show that the most important environmental issue regarding
emissions from wood combustion is NOXx, contributing to almost 40% of the total
emissions, including NOx, PM10, CO,, SOx, NH3, CH4, nonmethane volatile organic
compounds (NMVOC), residues, and others (Table 5.1). The basis for this comparison
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is in relation to expected environmental impact points (EIP) of the specific emission
according to the ecological scarcity method, applied for heating with wood chips.
However, it is evident that the given data from any LCA analysis depends strongly on
the valuation of the greenhouse gas effect since the ranking changes significantly as a
result of the different CO, impacts of the fuels. In this respect, much effort has been
done to characterize biomass and reduce NOx emissions from the combustion of

biomass and other solid fuels [122].

Table 5.1 Environmental Impact Points (EIP) according to the Ecological Scarcity
Method for heating with wood chips (base case for greenhouse effect) [123]

[EIP/GJ] [%]
NOx 13 030 38.6
PM 10 12 600 36.5
CO, 670 2.0
SOx, NH3;, CHs, NMVOC, primary 8200 22.9
energy, residues, and others
Total 34 500 100

On the other hand, in case of poor combustion conditions in manually operated
wood stoves or boilers, PM emissions can be higher than assumed in the cited LCA by a
factor of 10 thus leading to a far higher environmental impact than described here. In
addition, at excessively high emissions of unburnt hydrocarbons including methane,
even the greenhouse gas effect can be higher than from light fuel oil or natural gas due
to the higher impact of methane (Figure 5.1). Hence wood combustion can only be
assessed as being environmentally friendly in case of low airborne emissions [123].

According the [43] the biomass energy can be not only carbon—neutral, but also
with some extra carbon-capture and storage effect due to fixation of CO, in the
combustion residues. For example, the mineral composition of biomass ashes (500 °C)
clearly shows the intensive formation of various newly formed carbonates. These
carbonates are a result of solid—gas reaction between the volatile CO, (released from
biomass or occurring naturally in the atmosphere) and alkaline-earth and alkaline
oxyhydroxides formed during biomass combustion. Such carbonates are relatively

stable during weathering and thermal treatment up to 900 °C.
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Figure 5.1 Enivironmental impact points (EIP) for different valuations of the

greenhouse effect [ 124]

Ash related problems resulting in unscheduled and expensive shutdown periods
in power plants (corrosion, deposit buildup, slagging/fouling). In fixed bed combustors,
the alkali metals in particular can become volatile and stick on heat transfer surfaces
downstream in the process. This process has been found in many cases to be accelerated
by the presence of zinc and lead in the fuel, which both are even more volatile than
alkali metal compounds. Such depositions are difficult to remove and cause lower
efficiencies due to a decrease in heat transfer. They can also bridge between the tubes
and cause flue gas flow restriction which results in higher pressure drops. The deposits
themselves have a composition which make them quite aggressive resulting in attacks
on the metallic surface of the heating tubes.

Variety of methods exist to mitigate ash-related problems, including use of corrosion-
resistant alloys and coatings, improved design, improved combustion process and
control, better cleaning methods and the use of additives [125, 126]

As the amount of pollutants emitted to the atmosphere is highly dependent on
the combustion technology implemented, the fuel properties and the combustion process
conditions, reduction of harmful emissions through flue gases and effluents can be
obtained by either avoiding creation of such substances (primary measures) or removing
the substances from the flue gas (secondary measures). In general we distinguish these
two basic methods by stating that a primary measure is a modification of the

combustion process (e.g. limestone injection in the furnace), and a secondary measure

100



takes places after the combustion process (e.g. ammonia injection in the flue gas
channel).

» modification of the fuel composition;

» modification of the moisture content of the fuel;

 modification of the particle size of the fuel;

* selection of the type of combustion equipment;

» improved construction of the combustion application;

 combustion process control optimization;

* staged-air combustion;

» staged fuel combustion and reburning; and

* catalytic converters.

Secondary measures can be applied to remove emissions from the flue gas once
it has left the boiler. For virgin wood combustion, particle removal is of particular
relevance. For other types of biomass, additional secondary measures may be necessary,
depending on the elementary composition and the fuel characteristics of the selected
biomass fuel, and the combustion technology [3].

The basic features of biomass combustion and resultant pollutant formation are
understood but much of the detail is lacking. It seems that if biomass is to be more
widely used as a major energy source then a greater understanding of the detailed
processes is necessary. This needs to be across all aspects of the combustion and
pollution processes [121].

This chapter gives a theoretical description of topics covered throughout the
work on this thesis. It includes details on NOx formation as well as mechanisms for its
reduction with focus on air staging and combustion conditions as a primary measures.
Additionally in order to get complete overview of the combustion product, ash related
problems, as a one of the major issues of biomass combustion, are presented as well as

the mitigation potentials.

5.1 Nitrogen oxides

For energy production, the most common energy carriers are solid fuels (coal,

biomass, wastes, etc.). However, it is a concern that combustion of biomass will lead to
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high levels of nitrogen oxides emissions (NOx; collective term for NO and NO,) from
oxidation of nitrogen in the fuel (fuel nitrogen) or potentially conversion of nitrogen in
the air (air nitrogen). NOx are contributing to environmental problems such as acid rain,

photochemical smog formation and depletion of stratospheric ozone [127].

5.1.1 Mechanisms of nitrogen oxides formation

Formation mechanism of oxides of nitrogen has been a topic of intensive
research for many decades. The importance of this mechanism stems from the fact that
nitrogen oxides are one of the principal contaminants emitted by combustion processes.

Oxides of nitrogen damage the environment severely; thus, government agencies
are passing stringent laws to control the emissions of pollutants. An in-depth
understanding of the mechanism of formation of the oxides of nitrogen is essential when
automotive and other industrial devices are designed. Suitable schemes must be
developed for controlling the amount of NOx generated from combustion products of
various engines and other energy-conversion systems.

Therefore, knowledge of the NOx formation mechanism is essential for understanding
combustion of energetic materials. The first major work on the kinetics of NOx was
performed by Zel'dovich in 1946, who postulated the thermal NO mechanism, now
known as the Zel'dovich NO mechanism. Later on, Fenimore in 1979 proposed the
prompt NO mechanism to explain the additional NO being produced over and above the
Zel'dovich thermal NO in hydrocarbon flames. Recently, researchers identified some
additional routes through which NO and other oxides of nitrogen are formed [128].
Also nitrous oxide (N,O) may be formed, having a strong greenhouse gas effect. The
formation of NOx happens through four main routes:

(1) Thermal mechanism (Zeldovich).

(2) Prompt mechanism (Fenimore).

(3) Nitrous oxide mechanism.

(4) Fuel-N conversion (Fuel-N mechanism).

The first three mechanisms are contributing to the conversion of air nitrogen to NOX.

Theoretical and experimental studies have shown that these three mechanisms are
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contributing much less to NOx formation in biomass combustion than fuel-N
conversion.

Regarding the first route, this is because the Zel’dovich mechanism is predominant at
temperatures greater than 1500 °C [127,129], while the temperatures during biomass
combustion for power production are typically lower. Contributions from the prompt
mechanism are mainly found for fuel rich and high temperature conditions which are
also not relevant in biomass combustion. The nitrous oxide mechanism is of relative
importance in very fuel lean and low temperature conditions. However, it has been
shown that more than 80% of NOx emissions in pulverized coal combustion systems are
coming from fuel-N conversion, where the remaining emissions are a result of the
thermal mechanism [130].

In biomass combustion systems, fuel-N conversion is even more dominant due
to the unfavorable temperature conditions in typical biomass furnaces for other than
fuel-N conversion. The combustion of biomass is normally carried out in grate or
fluidized bed combustors, with relatively low temperature, which increase the
importance of fuel-NOx, while pressurized combustion and high temperature in coal
combustion can enhance the other NOx formation mechanism. Hence, the other
mechanisms can be neglected from further studies of such biomass fired systems. As a
conclusion, one should concentrate on fuel-N conversion to NOx in order to effectively

control NOx formation in biomass combustion.
Their individual mechanisms are described in the following sections [128].
5.1.1.1 Thermal NO Mechanism (Zel'dovich Mechanism)

In the combustion of clean fuels (which do not contain nitrogen compounds) with air
(which contains atmospheric N;) NO is formed mainly by the Zel'dovich mechanism.

This mechanism consists of three principal reactions as follows:
k
O+N, k<:>’No+N (5.1)

k, =1.8x10"" exp(—38,370/ T) m*/(kmol -s)
k,, =3.8x10" exp(-425/T) m’/(kmol-s)
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N+O, ':<:>’No+ 0 (5.2)

ky, =1.8x10" exp(—4,680/T) m’/(kmol -s)
k,, =3.8x10° exp(-20,820/T) m’/(kmol -s)

N+0H#NO+H (5.3)

ky, =7.1x10"" exp(—450/T) m*/(kmol -s)
k,, =1.7x10" exp(=24,560/T) m’/(kmol -s)

The chain nature of this mechanism can be observed in Figure 5.2. The Zel' dovich
mechanism is also known as the "thermal" mechanism, because reaction (5.1) has very
high activation energy (319 kJ/mol) due to the strong triple bond in the N», and so it is
sufficiently fast only at high temperatures. Because of the low reaction rate constant,
reaction (5.2) is the rate-determining step in the Zel'dovich reaction mechanism. As a
rule-of-thumb, the thermal mechanism is usually unimportant at temperatures below

1800 K. NO is generally considered to be formed in the post-flame gases.

N, + O, —== 2NO

Figure 5.2 Chain nature of the thermal NO formation mechanism [128§]

In general, this mechanism is coupled with the fuel combustion chemistry
through the O,, O, and OH species. Since the overall rate of NO formation by the
thermal mechanism generally is slow compared with the fuel oxidation reactions, it
often is assumed, following the suggestion of Zel'dovich, that the NO formation

reactions can be decoupled from the fuel oxidation process. The concentration of NO
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cannot be predicted well by considering it to be in equilibrium in reaction (5.1), because
the reaction (5.1) is so slow that equilibrium is reached only for times that are much
longer than typical residence times in the high-temperature range.

Quasi-steady-state assumption for N atom can be used to simplify the rate
expression of NO formation. If the assumption that the NO concentrations are much less
than the equilibrium values is made, the reverse reactions can be neglected. These
assumptions greatly simplify the calculation of NO formation rate. Using reactions (5.1),
(5.2), and (5.3), we have
dCNO

=k ,CoCy, +h, ,CCo, +k; ,CCoyy (5.4)

Assuming N atoms to be in quasi steady state [because of fast reactions (5.2) and (5.3)],
dCy/dt = 0; thus,

dCy
dt

= kl/'CoCN2 —ky, Cy Co, — ks 1 CxCon (5.5)

Solving Eq. (5.5) for Cy and substituting it into Eq. (5.4), we get

dCy

=k, ,CoCy, (5.6)

Hence, it can be observed that NO formation rate depends on the concentrations
of N, and O. The concentration of N; can be accurately measured with a probe or can be
estimated assuming equilibrium in the burnt gases. If the relevant timescales are
sufficiently long, one can assume that the N;, O, O, and OH concentrations are at their
equilibrium values and N atoms are in quasi steady state. In flame zone proper and in
certain short-timescale post-flame processes, the equilibrium assumption is not truly
valid. Super-equilibrium concentrations ot O atoms, up to several orders of magnitude
greater than equilibrium, can greatly increase NO formation. Partial-equilibrium
assumption for O atoms gives better estimate of O atom concentration as has been

verified from experiments. Consider partial equilibrium for the following reactions:

H+O/Z<—’_>’OH+O (5.7)
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O+H, #OH+H (5.8)

OH+H, #HZOjLH (5.9)

For each of the reactions, the forward and backward reaction rates are equal. Therefore,

we get

k. ,CaCo, =k, . ConCo (5.10)
ki ;CoCh, =k, ConCy (5.11)
ki rConCu, =Kyt CrioCri (5.12)

Solving for O-atom concentration, we obtain,
— ki,fkiii,fCOZ CH2
® ki ki, Cio

i,r i,y

(5.13)

Therefore, the 0 atom concentration can be calculated from the concentrations of H,O,

0, and H,, which can be measured or estimated easily, since they are stable species.

5.1.1.2 Prompt NO Mechanism (Fenimore Mechanism)

Fenimore discovered that some NO was promptly produced in the flame zone of
laminar premixed flames long before there would be time to form NO by the thermal
mechanism, and he termed this rapidly formed NO the "prompt" NO, Numerous studies
have shown that prompt NO in hydrocarbon flames is formed primarily by a reaction
sequence that is indicated by the rapid reaction of hydrocarbon radicals (CH, CH,, C,,
C,H, C) with molecular nitrogen, leading to formation of amines or hydrocyanic acid
(HCN) that subsequently reacts to form NO, Therefore, prompt NO reaction mechanism
is of paramount importance in hydrocarbon fuels, especially in fuel-rich conditions.

The following reactions are considered principal reactions, although there might

also be other reactions:

CH+N, ]Z<:>fHCN+N (5.14)
CH,+N, I;<:>’HC N+ NH (5.15)
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CH,+N, —“2H,CN+N (5.16)

C+N2':<:>fCN+N (5.17)

Reaction (5.14) is the primary path and is the rate-limiting step in the sequence.

The rate constant k,, correlated from many sets of experimental data can be expressed

as

k,, =4.4x10" exp(—11,060K / T) cm’/(kmol -s) (5.18)

Reaction (5.14) leads to prompt NO. There have been indirect measurements of
k4 from flame, shock-tube, and stirred-reactor data and one direct shock-tube
measurement. The estimated accuracy of k4 from Eq. (5.18) is about a factor of 2 at the
present time. The activation energy for reaction (5.14) is between 75 and 92 kJ/mol,
which is much lower than 319 kJ/mol for the formation of thermal NO. Thus, reaction
(5.14) is very important for NO formation through the production of HCN species.

Overall, prompt-NO formation involves three separate kinetic issues, including
(1) the CH concentration and how it is established; (2) the rate of molecular nitrogen
fixation (i.e., value of k4), and (3) the rate of interconversion among fixed nitrogen
fragments. it was found that reaction (5.14) is an important rate-limiting step for NO,
HCN, and TFN (total fixed nitrogen, TFN=NO+ HCN + NH3) production under all
conditions investigated. The reaction has sensitivity coefficients for these species
approaching unity in rich mixtures. Even under lean conditions (¢ < 0.8), it plays a
major role in NO formation. The thermal NO mechanism is the dominant source of NO
only in the equivalence-ratio range (¢ = 0.8-1.0). For ¢ < 0.8, the temperature becomes

sufficiently low and the following reactions become an important source of NO

formation:
O+N, + M #NZ&LM (5.19)
omp#NoJr NO (5.20)
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CH is formed as an intermediate at the flame front only. The mechanism of CH
formation depends slightly on the fuel. In all cases, CH is formed from methylene (CH5)
by reaction with H and OH, i.e.,

H+CH, I;<:>CH +H, (5.21)
OH-+CH, —*=>CH+H,0 (5.22)

The CH; can be formed either from methyl radical (CH3) or from acetylene. For ¢ < 1.5,

the CHj3 is the dominant source.

CH,+OH—>2CH, +H,0 (5.23)
CH,+He—22CH, +H, (5.24)

The most important CH-consuming steps are the following reactions:

CH+HX2C +H, (5.25)
CH+H20':<—‘>’_’CH20 +H (5.26)
CH+CO, #HCO +CO (5.27)

Up to an equivalence ratio of approximately ¢ = 1.2, the HCN and N produced by

reaction (5.14) are converted rapidly to NO, primarily by the following reactions:

HCN+O#NCO +H (5.28)
NCO+H#NH+CO (5.29)
NH+H#N+H2 (5.30)
N+OH#NO+H (5.31)
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Beyond ¢ = 1.2, several factors combine to cause the NO concentration to
decrease relative to HCN:
1. The conversion of HCN to NO by the above mechanism is no longer rapid.
2. The "recycle" of NO to HCN by the mechanism discussed below begins to inhibit NO
production.

3. The reaction N +NO « N, + O shifts direction from reverse to forward.

A decrease in the 0 atom concentration contributes to all three of the above occurrences.
Under rich conditions, reactions that convert CH; to CH; become more competitive
with the oxidation reaction of CHj3 according to CH; + O < CH,0 + H, thereby
producing the radicals C, CH, and CH; and allowing the following recycle reactions to

be more effective:

cmo#cmo (5.32)
CH+NO#HCN+O (5.33)
CH2+N0':—<L>HCN0+H (5.34)

It has been found that at ¢ =1.4 the peaks in the CH and TFN (total fixed nitrogen)
concentrations occur simultaneously. Beyond ¢ =1.4, the fixed nitrogen concentration is
limited by the availability of the chain carriers (H and OH) required for producing CH

from methane. The following chain-branching reactions occur

H+O, #omo (5.35)
OH-+CH, 'f<—6>_fCH20H+H (5.36)
CH20H+M':<_—7>’_CH20+H+M (5.37)

In this regime, the following reaction

CH, +N%>H2CN+H (5.38)
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appears as a competitor for nitrogen atoms, competing with

N+OH#NO+H (5.39)

The dissociation of H;CN following reaction (5.38) results in the formation of hydrogen
cyanide, rather than nitric oxide, from the N atom in reaction (5.38).

From experiments and calculations, it has been found that at low temperatures
(T <2000 K) the hydrocarbon-nitrogen prompt-NO channel dominates the rate of NO
formation. As the temperature increases, the relative importance of the hydrocarbon-
nitrogen prompt-NO channel decreases, so that for temperatures above 2500 K, NO
formation is controlled mainly by the thermal mechanism. For a series of premixed
methane/air flames (1.37 > ¢ > 1.06), the transition from the hydrocarbon-nitrogen

prompt NO mechanism to the thermal mechanism occurs as conditions become leaner.
5.1.1.3 NO Production from Fuel-Bound Nitrogen

In fossil fuels (coal and coal-derived fuels), nitrogen is present as the chemically bound
nitrogen. It is the primary source of production of nitrogen oxides formed on their
combustion. From different experiments, it has been found that the extent of conversion
of fuel-bound nitrogen (FN) into NO is strongly dependent on the local combustion
environment (temperature and stoichiometric conditions) and on the initial level of
nitrogen compounds in the fuel-air mixture. Available data suggest that the gas-phase
fuel-nitrogen reaction sequence is initiated by a rapid conversion of the fuel nitrogen
compounds to hydrogen cyanide (HCN) and ammonia (NH3). HCN appears to be the
principal product when the fuel nitrogen is bound in an aromatic ring, NH, when the
fuel nitrogen is in the form of amines. Thus, the mechanism of NO production is
essentially the mechanism of oxidation of HCN and NHj;. The important paths are

shown in Figure 5.3, along with the prompt mechanism.

5.1.1.3.1 The Oxidation of HCN

The removal of HCN is controlled by the reaction of HCN with O atoms, even in rich
flames.
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HCN+O/ZﬁNCO +H (5.28)

HCN+0#>NH +CO (5.40)

HOCN » HNCO /’

FN

HCNO «
+CH,, + HCCO HCN

w 4

Figure 5.3 Reaction path diagram showing the major steps in prompt NO and

conversion of fuel nitrogen to NO [128]

The subsequent reactions of NCO and NH with hydrogen atoms, producing N, are
relatively fast and have little influence on the observed species profiles. The distribution

of NO and N in the flame is governed by the N atom reactions,

N+OH ——=NO+H (5.3)

N+ NO&==N,+0 (5.1)

In the post-flame gases of very rich atmospheric-pressure flames, HCN is removed
primarily by reaction with OH. Two routes have been suggested one that is first order in

OH,

OH+HCNI:—><_LHOCN+H (5.41)
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and one that is second order,

0H+HCN#CN+ H,0 (5.42)
CN+OH ':ﬁNcm H (5.43)

under the partially equilibrated conditions prevalent in the post-flame gases of
atmospheric-pressure flames. The first route is dominant below 2300 K and the second
route above 2300 K.

Accumulated experience by chemists in modeling a variety of flames, stirred
reactors, and flow reactors indicates that the O + HCN sequence shown in Figure 5.4
always plays a major role in the conversion to NO and N, . The OH+ HCN reactions
normally come into play only under conditions that are both rich and nearly
equilibrated. If HCN conversion takes place in a highly nonequilibrated reaction zone,

even under very rich conditions, the O + HCN sequence still is likely to be dominant.

+H
+ / +0OH, \
NCO

Figure 5.4 Reaction path diagram illustrating the reaction mechanism by which HCN is
converted to NO and N, [128]

+H, +OH, +O

HCN

5.1.1.3.2 The NO — HCN — N, Mechanism

In rich combustion systems, there is the possibility of reaction of NO with
hydrocarbon free radicals, leading to the formation of HCN and, eventually, of
molecular nitrogen N,. The main reaction paths involved in converting NO to N,
through HCN and CN is shown in Figure 5.5. As shown in this figure, there is no direct
interaction between hydrocarbon and nitrogen chemistry. There are different routes of
production of HCN. Based on experiments conducted on low-pressure premixed flames

(¢ = 1.5, Hy/O»/Ar flames), to which small quantities of acetylene, HCN, and NO were
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added in various combinations, researchers found that CN concentration has a sharp
peak at a few millimeters above the flame. From such observations, it can be concluded

that CN is produced and destroyed in this region of the flame by the sequence

cmo#cmo (5.32)
CN+H, &HCMH (5.44)

Another sequence for HCN production is the following reaction:

CH+N0':<_—3>’_HCN+0 (5.33)

23r

HCN is partially converted to N, in the flame by the following sequence of reactions:

HCN+O]:]<—8>_;NCO +H (5.28)
NCO+H#NH +CO (5.29)
NH+H#N+H2 (5.30)
N+ NOZ——=N,+0 (5.1)

It has been shown that in atmospheric-pressure, fuel-rich H,/O»/Ar flames to which
small amounts of NO were added, significant removals of NO (~ 40%) occurs by the

following reaction sequence:

H+NO+M€#HNO M (5.45)
HNO+HZﬁ6jNH+OH (5.46)
NH+H#N +H, (5.47)
N+ NO——N,+0 (5.1)
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+N0 +H z +NO

+H +H
+0O
+H
e HON 4 +O
+H \
$ T NCO

Figure 5.5 Reaction path diagram illustrating the NO—HCN—N; conversion
mechanism for NO added flames [128]

5.1.1.3.3 The Oxidation of NH;

Figure 5.6 shows the principal reactions through which ammonia is oxidized to
NO and then NO is converted to molecular nitrogen in NH3/O, flames. Ammonia is

converted to NH, by hydrogen abstraction. The primary abstraction reaction is

NH, +OH#NH2 +OH, (5.48)

The NHj; reaction with O atom under fuel-lean conditions and the NH; reaction with H

atom under fuel-rich conditions are both significant for NH, formation:

NH, +OI:<_—9>’_NH2 +OH (5.49)
ko s
NH,+Hc—=NH, +H, (5.50)

ko,

Successive smaller amine free radicals are formed by reaction with H atoms and to a

lesser extent by reaction with OH,
NH,+H(OH)—*=NH,, +H, (H,0) (5.51)

i=12
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Each NH; free radical can undergo subsequent reaction by one of two mechanisms:
1. oxidation leading to NO formation;

2. reaction with NO leading to the formation of molecular nitrogen.

M, +OH o NO
+NH;
+0;, +OH

HNO

+O
+OH
+O +02
+H, +OH +H, +OH
NH3 _‘tOH. +‘H, +0 - NH2 » NH N
+NO 1"’”0
NNH N,O NO

el
Na

Figure 5.6 Reaction path diagram showing the major routes for the oxidation of NH;

[128]

Whether N, NH, or NH2 is the primary radical in determining NO/N, product
distribution depends on the equivalence ratio (¢). For very lean flames, NH, is the
critical amine radical. As ¢ increases, the greater availability of H atoms results in a
shift in the critical radical species from NH, to NH to N. Normally all three radicals
play same role. However, in rich flames the N atom is more dominant. It is interesting
to note that there are reactions other than those shown in Figure 5.6 that form N, but do

not involve NO.
5.1.1.4 NO, Mechanism
It has been observed that NO, can have significant concentration in certain combustion

conditions, especially near the flame zone. Kinetic calculations have indicated that the

NO, formation and destruction in flames can occur according to the following sequence.

NO+HO, —“2NO, +OH (5.52)
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NOﬁHfﬁNO +OH (5.53)

NO,+02NO+0, (5.54)

In the low-temperature regions of flames, significant HO, concentrations are
found that can react with NO formed in the high-temperature regions and transported by
diffusion to the low-temperature region. The NO, removal reactions are rapid, and in
the presence of high radical concentrations, NO, will be converted rapidly back to NO.
The most important reaction for NO, formation is reaction (5.52). Since the rate of this
reaction depends on the HO, concentration, NO, formation is also sensitive to reactions
forming and removing HO,. The following is the principal HO, formation reaction in

the low-temperature region of the flame.

H+O, M 29 HO, + M (5.55)

ky

The H atoms needed for this reaction are transported from the high-temperature regions
by molecular diffusion. Since H atoms play an important role in HO, production, NO,
formation is also sensitive to reaction (5.35). The principal NO, removal step is reaction

(5.53), while reaction (5.54) is not so important.
5.1.1.5 N,O Mechanism
N,O is an important nitrogen oxide under fuel-lean conditions. Studies indicate that

N;O is a very short-lived species in hot combustion gases and that the principal N,O

formation reactions involve NO and various nitrogen-containing radicals such as

NH+N0’:‘<—6>_”N20 +H (5.56)
NCO+N0#>N20 +CO (5.57)

The principal N,O formation reaction is reaction (5.56). For rich mixtures, both
reactions (5.56) and (5.57) are important in N,O formation. The forward reaction rate

coefficient for reaction (5.56) is estimated to be kysr= 2.46 X 10" 7% ¢m*/mol-s and
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that of reaction (5.57) is k47 =1.0 x 10" (390 cal/R,T) cm’/mol-s. The N,O formed in

these reactions rapidly reacts with H atoms to form Nj:
N,O+He2N, +OH (5.58)

In fuel-lean flames, the primary N,O removal reaction is reaction (5.58). While the
removal is done by reaction (5.58), there is another mechanism for the formation of N,O
and subsequent conversion to NO. This mechanism is analogous to the thermal
mechanism in that O atom attacks N,. In the presence of a third body, M, the outcome of

this reaction is N,O.

N,+O+M — N,0+M (5.59)

The N,0O may subsequently react with O atoms to form NO

N,0+0 — NO + NO (5.60)

The activation energy of this reaction is around 97 kJ/mol. Under fuel-lean conditions,
CH formation is suppressed, leading to less Fenimore prompt NO, and at low-
temperatures, Zel'dovich thermal NO is also less. What remains is NO generated via
N,O, which is promoted at high pressures because of the three-body reaction. Since the
activation energy for the three-body reaction is low, low temperature does not affect the
formation rate of NO. Due to the characteristic of the reaction mechanism, this route is

the major source of NO in lean premixed combustion in gas turbine engines.
5.1.2 Reduction of nitrogen oxides

Two major approaches exist for NOx reduction, primary measures and
secondary measures. Primary measures focus on preventing the formation of NOx
during the combustion stage whereas secondary measures aim to reduce NOx after its
formation. Modifications to fuel properties and the combustion chamber and
improvements to combustion technologies are examples of primary measures. One of
the most important and widely used measures to reduce NOx in solid fuels combustion
is staged combustion. Staged combustion, including staged air combustion and staged
fuel combustion, can give a NOx reduction in the range of 50-80% [124,131-134, 135,

136].
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5.1.2.1 Air staging

Concerning the applications, air staging was first used in pulverized coal and oil
fired boilers, but with time the technique was adjusted and renamed for a variety of
other applications, e.g., “late air-staging” for fluidized bed combustors and “rich-lean
combustion” for gas turbines. As for the fuels, air staging has been applied mainly to
fossil fuels, biomass, gasified coal and biomass and waste [134]. Staged-air combustion
is applied also in small scale biomass combustion applications. However, the
possibilities for an accurate control of the combustion air are usually limited in small-
scale applications, which may result in higher emission levels [3].

The general principle of air staging (Figure 5.7) is to create a distinct fuel rich
(oxygen deficient) zone and a subsequent fuel lean zone inside the furnace. The primary
zone stoichiometric ratio (SR1, actual air/ stoichiometric air) is kept less than 1, creating
a fuel-rich zone or pockets in the primary combustion zone and leading to less intensive
primary combustion flame. A portion of the secondary air (over-fire air) is injected later
in the furnace a creating fuel lean zone to complete the combustion. The region
downstream of the over-fire air ports is the burnout zone. Air staging reduces NOx
formation mainly by two mechanisms: (1) air staging allows deprivation of oxygen, and
less mixing of fuel and air in the primary combustion zone, inhibiting the conversion of
fuel-N to NOx and hence reducing fuel-NOx and (2) air staging results in a cooler
primary combustion flame and hence less thermal-NOx [137, 135]. By applying staged-
air combustion, a simultaneous reduction of both emissions from incomplete
combustion and NOx emissions is possible through a separation of devolatilization and
gas phase combustion. These results in improved mixing of fuel gas and secondary
combustion air, which reduces the amount of air needed, providing a lower local and
overall excess air ratio and higher combustion temperatures. Hence, emissions from
incomplete combustion are reduced by a temperature increase, which speeds up the
elementary reaction rates, and by an improved mixing which reduces the residence time

needed for the mixing of fuel and air [3].

118



Primary oxidant: Air Secondary oxidant: Air

Fuel:

Biomass
Flue gas

1" stage 2" stage

Figure 5.7 Principal sketch of air staging in solid fuel combustion [132]

Add primary air at a less than stoichiometric ratio, in order to devolatilize the
volatile fraction of the fuel, resulting in a fuel gas consisting mainly of CO, H,, C H,,
H,0, CO,, and N, and also small amounts of NH3;, HCN, and NOx from the fuel
nitrogen content. If sufficient oxygen exists in the first stage, the fuel nitrogen
intermediates will be converted to NOx (mainly NO), but shortage of oxygen will cause
NO to act as an oxidant for CO, CH4, HCN, and NH; (with i = 0, 1, 2, 3) in the
reduction zone, hence to reduce the nitrogen in NO and NH; to molecular nitrogen, i.e.,
N», in reactions such as NO + NH; =N, + H,0 or NO + CO = CO; + 0.5N; [124,138-
140]. NH3; and HCN form in the pyrolysis stage of combustion depending on the
temperature and fuel type, where ammonia is believed to be the most important N-
species in the combustion of biomass, while HCN is more important for high-rank coals
[141-143]. Ammonia that is formed in this stage is converted to radicals of NH;. At high
temperatures and fuel lean combustion, these radicals will be converted to NO, while at
fuel rich conditions, N, will be the main product [144]. In the second stage, sufficient
secondary air is supplied to ensure a good burnout and low emission levels from
incomplete combustion [3]. As illustrated in Figure. 5.8, NOx reduction may also occur
by char and NO interactions. It is a complex process affected by a variety of factors
involving several fuel and technology parameters and is not completely understood yet.
It is believed that the NO-char reaction is affected by physical structure and chemical
composition of char. Concerning the latter, an important catalytic effect is mainly
attributed to concentration of potassium; however, its effect is very temperature
dependent because of the formation of K-silicates [145].

Fuel-N content and the conversion rate of NOx precursors (NH; and HCN) to
NOx have been experimentally and numerically investigated for different solid biomass

[146-149].
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Figure 5.8 Simplified schematic description for the Fuel-N conversion paths based on

literature. Main products related to each step are indicated.

According to the GRI-mechanism [150], the decomposition of HCN and NHj
follows the reactions [132]:

HCN + 0 =NCO +H (5.61)
HCN + 0 =NCO +H (5.62)
HCN + OH = CN + H,0 (5.63)
HCN +0=CN + CO (5.64)
HCN + OH = HNCO + H (5.65)
NH3 + OH = NH, + H,0 (5.66)
NH3 + H = NH, + H, (5.67)
NH3 + O = NH, + OH (5.68)

In [151, 152, 153] it has been showed that the primary excess air ratio, number
of air stages, temperature, and residence time all affect the NOx reduction level.
However, the most important variable is the primary excess air ratio. The primary air
ratio possibly varies depending on the grate system and biomass fuel used. Generally,
increasing the excess air ratio increases the NOx emission level. Decreasing primary air
ratio leads to higher temperature peaks at the transition between the first and the second
combustion chamber due to a higher concentration of unburned flue gas compounds
released from the biomass fuel bed. The primary air ratio should not be too low without

additional measures, because this would lead to higher concentrations of combustible
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flue gases released from the fuel bed, resulting in higher furnace temperature and CO
concentrations despite the higher stagnation momentum of the secondary air jets (if the
total excess air ratio is kept constant). Yet an optimum primary excess air ratio exists
(0.7-113, 136, 137, 145, 153, 154, 155, 156] but due to furnace design sometimes it is
not possible to achieve this optimal stoichiometric ratio [135]). Increasing the number
of air stages will decrease the potential fuel-N to NOx conversion, but the effect of
additional air stages may be very small. Large and modern grate fired boilers are
generally operated with an appropriate excess air ratio, and consequently under
favorable combustion conditions, which result in low unburnt emissions [147, 153]. The
position of the secondary air inlets above the fuel bed was shown to greatly affect the
NOx emissions, with a higher position leading to lower NOx emissions [135, 137, 145,
157, 158]. But in domestic/small-scale biomass boilers, injecting the secondary air at
the higher position increases the residence time in the primary combustion zone due to
the fixed and relatively small furnace space, the reduced residence time in the secondary
combustion zone inevitably leads to higher CO emissions [135]. Concerning the optimal
number of stages, the literature is somewhat controversial, but it appears that 3 to 5
stages is a favorable option [134]. Also, previous work showed the effect of fuel type
and cocombustion of biomass with natural gas on NO emissions when using two-stage
combustion [159].

Temperature can decrease, increase, or has no effect on the NOx emission level,
depending on the temperature range applied to the reactor [147]. The temperature
impact on NOy emission depends on the flue gas atmosphere. Whereas in air-rich
proportions the NOy emission increases with higher temperatures, the trend is reversed
under reducing conditions: in air staging, high temperatures cause lower NOy emissions.
The reason for the decreasing NOy emission with increasing temperature may be an
increase in the release of volatile nitrogen or accelerated decomposition of gaseous
nitrogen and a reduced amount of char-N which may be converted to NOy. The analysis
of the simulations indicates that at high burnout temperature NH; and HCN are
destroyed leading only to a weak increase of the NOy emission. N,O which is formed at
low temperatures in the reduction zone is also reduced to a negligible amount at this
burnout temperature. A comparison of the temperature effects for air staging and

reburning suggests that accelerated decomposition is the dominant effect for the lower
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NOy emissions. The temperature has also a distinct influence on the reaction velocities.
Regarding the nitrogen species forming and consuming reactions, the characteristic
reaction time at 800 °C is about 10 times slower than at 1300 °C [132, 157]. Increased
temperature in the exit duct has a clear effect on the CO emissions and allows a more

radical mode of operation of the combustor to reduce NO [145].

5.1.2.2 Other primary measures for nitrogen oxides reduction

Fuel staging (and reburning) uses the principal of NO reduction in the second
stage by adding more fuel or even a different fuel, e.g., more of the same solid fuel for
fuel staging or hydrocarbons, such as natural gas for reburning. In the first stage, NOx is
formed because of lean combustion. In the second fuel stage, NO reduction occurs at
reducing conditions, where air is added for complete combustion. Low NOx levels can
be achieved by fuel staging at lower temperatures than what is needed for air staging
and the secondary fuel properties affect the NOx emission level (better efficiency with
smaller particle size and higher amount of volatile matter) [132, 133].

Another technique of primary measures for NOx reduction in biomass
combustion is flue gas recirculation (FGR) which basically increases the total mass flux
of the gases and decreases the temperature and the partial pressure of oxygen in the
mixture [160]. It is proposed that in fixed-bed combustion of straw, the effect of FGR
on NO reduction could be considerable [161]. Whereas at combustion of demolition
wood employing FGR is not so considerable and can reduce the NOx emissions by an
additional 5%—10% [128] comparing to staged air combustion. The results of the same
study show that the NOx reduction level depends heavily on the stoichiometric
conditions in the primary (reduction) zone and the effectiveness of FGR is higher
outside of the optimum range of excess air ratios.

Fuel staging or reburning has first been tested on coal fired utilities using natural
gas as reburn fuel. In fuel staging the first stage of the combustion process operates
slightly fuel lean, whereby the NOx production is high (Figure 5.9). Then, additional
fuel is added which creates fuel-rich conditions in the reburn zone. When hydrocarbons
are used as reburn fuel, the hydrocarbon radicals entering the reburn zone can initialize

the NO reduction mechanisms. The major reaction path found from research studying

122



the reburning mechanism through elementary chemical reactions under fuel rich

conditions is the formation of HCN.

C, CH, CH,, CH, + N — HCN... (5.69)

HCN+O, OH - N, +... (5.70)

Because the volatile content of wood is high (80-85%), wood is highly reactive
and therefore well suited as reburn fuel. Also the nitrogen content may be beneficial

since it leads to additional reducing species [132].

NH, +NO > N, +... (5.71)
air
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Figure 5.9 Principles of fuel staging [132]

Combined staged (CS) technology [134] is a method of NOx reduction including
reburning, staged air combustion (AS), staged fuel combustion (FS), and selective
noncatalytic reduction (SNCR) [162-164]. Combined staged technology starts to reduce
NOx emissions where the other methods are not sufficient. Studies showed that CS is
more effective for NOx reduction, especially in the temperature range of 1000-1400 °C
[134]. For temperatures below 850 °C, higher N,O, lower NOx, and slightly higher CO

emissions are reported for cocombustion of coal and woody biomass [165].
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5.2 Ash related properties

The ash formation during biomass combustion under grate firing conditions is
illustrated in Figure 5.10. Part of the inorganic elements contained in the fuel may be
released and form inorganic gas species and particulate matter (fly ash particles and
aerosols), whilst the remaining part forms bottom ash. It can be seen, from the figure,
that the particulate matter can be formed by two different modes, which lead to a
characteristic bimodal particle size distribution. One is the fine mode, in which the main
route of particle formation is nucleation and condensation from the gas phase. The fine
mode usually consists of aerosols with particle diameters between 30 and 300 nm. The
other is the coarse mode, which mainly consists of non-volatilized ash residuals and
results in fly ash particles with diameters of 1 um < d, < 10 pm. Amongst all the ash
streams, bottom ash represents the majority, in terms of mass fractions, for grate-fired
boilers burning biomass. The mass fraction of the bottom ash varies with different

factors, e.g., the type of grate-fired boilers, the operation, and the fuel properties [111].
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Figure 5.10 Schematic illustration of ash formation routines during grate-firing of

biomass [111]
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Beside the environmental impact issues, ash related problems (deposition and
corrosion) represent the great challenge in process of biomass utilization. Additional,
the increased biomass consumption has resulted in higher prices of virgin wood up to a
range where it is no longer profitable to operate power stations based on combustion of
wood alone [166]. This has led to increased utilization of alternative fuels that are
cheaper but have different properties compared to virgin wood, which can make
combustion more problematic. This is also true for small power units that usually rely
on indigenous fuel supply delivered at a minimal transport costs. Alternative fuels that
are solely combusted or co-combusted such as peat, agricultural waste, different grass
types and fast growing species all have one thing in common, a high ash content
compared to wood.

Among variety of existing methods for ash related problems mitigation,
additives represents very important and effective instrument. Additives are chemicals
that can mitigate corrosion and deposition. Extensive tests, both lab- and full-scale, and
calculations have been performed on several classes of chemicals, especially AlSi-, Ca-,
S- and P-containing substances [167-173]. Some additives are part of patented systems
[174], however, it 1s a disputed field because of often inconclusive or installation-
specific results. Furthermore, even though some additives show good abilities, far from
everything is understood about their action.

Corrosion is mainly associated with alkali (Na, K) and CI but also Pb and Zn
[175]. Rather than using expensive additives, wastes or by-products containing high
enough concentrations of corrosion-fighting chemical elements can be added. These
materials are cheaper than standard additives and it can allow the combustion of an
otherwise low-quality and/or unused fuel. A possible problem is that, contrary to
dedicated chemicals, these materials have a complex chemical make-up which may
include chemical elements interfering with and diluting the action of the corrosion-
fighting elements. One example is the reaction of Ca with S which would otherwise
prevent the formation of corrosive alkali chlorides by forming alkali sulphates. They
may contain problematic elements (trace metals) when it comes to final disposal. On the
other hand, the complex structure of these fuels might also lead to synergy effects. The
literature concerning “additional” fuels focuses on three materials: coal [171,176], ash

[177] and sludge [177-179].
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The reactions involved are complex and only partly identified but a general
consensus is that three mechanisms may take place (M is Na or K) [167, 168, 173, 180,
181]:

- Chemical sorption:

AL, -xSi0, +2MCl-H,0 — M,0-AL0, -x8i0, - 2HCI (5.72)

- Physical sorption: Cl and alkalis are bound to Al,O,-xSiO, by Van der Waals

forces

- Chemical reaction: MCI + S (as sulphate or dioxide) —»M,SO4

Experimental studies have shown that the predominating mechanism is
dependent on the additive but also on temperature [167, 168, 173, 180, 181]. During
chemical sorption, the alkali is strongly associated to the aluminosilicate while Cl is
released as harmless HCI. The strong association means that the aluminosilicate cannot
be recycled and reused but also that there is no risk of the alkali to be released because
of, for example, concentrations or temperature variations as might happen with physical
adsorption. However, physical adsorption has a higher capture capacity (several layers
of alkali chlorides may be captured) and the additive may be reused after washing.

Beside NOx reduction effect, reducing conditions (air staging) may also affect
the ash components speciation and partitioning and therewith corrosion and deposition.
Little attention has been given to alkalis and reducing conditions in thermal systems,
except for a few theoretical results [182, 183]. Trace metals have been studied to a
larger extent [184-189]. These studies show that advanced air distribution can modify
the phase distribution and speciation of chemical elements [ 190, 191].

During combustion of fuels with high alkali content, the mobility of present
chlorine is greatly enhanced. These alkali-chlorine compounds leave the bottom ash as
different gaseous volatiles passing through the process along with the reacting gas and
finally the flue gas. However, the capture of alkalis (and/or alkali chlorides in some
cases) through the use of additives has helped lowering the alkali chlorides
concentration in the flue gas and by that decreasing substantially corrosion in boilers.

Similar possibilities to capture zinc and lead are highly interesting. When additives are
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used, chlorine is usually released as HCI, a compound that is corrosive on its own but
lacks the sticky property that metal chlorides have. In addition, HCI is easily cleaned
from the flue gas in a post-combustion stage by scrubbing it with lime stone or by dry-
sorption with Ca(OH), [111].

Additives can be either mixed with the fuels prior to combustion, they can be
added to the bed material in case of fluidized bed or they can be sprayed at critical
stages directly into the flue gas. Depending on their elemental composition, additives
can be separated into groups containing calcium, phosphorous, sulfur, aluminum or
aluminumsilicate [192]. For liquid-based additives, the so-called ChlorOut system
developed by Vattenfall has shown good results in substantially decreasing the alkali
chlorides and possibly also trace metal chlorides in the flue gas [193,194]. ChlorOut is
based on spraying a solution of ammonium sulfate prior to the superheater section in the
boiler. Other sulfate solutions like aluminum and ferric sulfates have also shown to have
a similar effect to the ChlorOut system [195]. Additives in the form of solid particles
can also be mixed with the bio-fuel prior to combustion. Sulfur rich additives such as
peat or pure sulfur are expected to chemically react with potassium, sodium, zinc and
lead to form MxSOy. Sulfur addition to agricultural waste has shown promising results
in decreasing the potential of corrosion in boilers [178,196]. Calcium—phosphorous and
Aluminum-silicate based additives were tested in a full scale straw pellet boiler at the
Amager power station in Denmark [197]. Among the tested additives were sand,
dicalciumfosfat, chalk and bentonite. In addition, kaolin as an additive is studied in this
PhD thesis.

A special group is addition of fuel ash from other fuels or by cocombustion
[177, 198]. Dedicated chemicals are not the only possible additives, other
materials/fuels such as biomass, sludge, coal or coal ash may also have a positive effect
on alkali chemistry. For example, fly ash from peat may potentially absorb alkali and
possibly some trace elements (Pb, Zn). The chemistry of peat ash is complicated due to
its complex and varying composition. Many studies, mainly from co-combustion of peat
with problematic fuels show the many possible reactions between peat ash and other ash
constituents [199-202]. Peat also contains inert ash components like silicate and oxides
which do not interact chemically with other components. The physical effect of this

inert ash may, however, be significant. It has been shown to have a cleaning effect on
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superheater deposits by mechanical wearing effects. Part of the oxide ash has been
found to have an alkali absorbing ability and high calcium content may promote
formation of Ca-compounds which dissolve potassium and possibly also zinc and lead.
Peat is also relatively rich in sulfur and promotes the formation of alkali sulfates instead
of chlorides, which lowers both deposition and corrosion risks.

In fluidized bed combustion systems, agglomeration (Figure 5.11) can become a
serious problem for fuels containing high amounts of potassium oxides (K,0). The K,O
and other alkali oxides react with silicate (Si) found in the sand that is usually used as
bed material and form compounds with low melting points (760-875 °C) [203].
Furthermore, in such cases the role of additives has been shown to have a positive effect
on abating agglomeration by forming compounds that can withstand the high

temperature environment [204 - 211].

i a) 1 TAN ¥ b)
Figure 5.11 Molten ash agglomerations formed during the combustion of herbaceous

fuels (a) and Hard super heater deposits in a waste wood fired boiler (b) [212]

In this thesis, kaolin was chosen as the additive to demolition wood in order to
study in detail its effectiveness in capturing the alkalis from the gas phase. Kaolin
reactivity with gaseous alkalis has already been shown to be quite effective [213, 214]
and many publications applying kaolin as additive in fullscale applications have shown
good tendencies towards benefits in preventing agglomeration, fouling and corrosion
[177, 205, 211]. However, in this thesis a laboratory-scale reactor with good control
over temperature, fuel and air inputs in addition to gas and particle measurement was

used to study some parameter variations on the reactivity of kaolin. The aluminium
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silicates in kaolin can react with alkalis and form compounds with higher melting point
[206]. The reactions between alkali chlorides and aluminium silicates are expected to

follow mechanisms presented in Equation (5.73) and Equation (5.74) [177].
AlO,-28i0, -2H,0 — AL 0O, - 2810, -2H,0,, (5.73)

ALO, -2Si0,, - 2MCl,,, -2H,0,, — M,0- AL0, - 2Si0,, -2HCl (5.74)

2(s) © ©
where M can be either K or Na.

As reactions in Equation (1) and (2) show the alkalis are captured by the kaolin while
the chlorine is released as HCI.
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6. EXPERIMENTAL WORK

All experimental research within this PhD thesis has been done at
NTNU/SINTEF Energy research laboratory, with exception of some offline analysis of
fuel and ash, which have been done by external laboratories.

This chapter gives an overview of equipment that has been used, and as well as

describes the experimental procedures carried out within work on this thesis.

6.1 Multifuel reactor

Combustion experiments were carried out in an electrically heated high
temperature (up to 1300 °C) multi-fuel reactor with small diameter reaction tube
(Monika I), presented in Figure 6.1 and 6.2. The reactor incorporates a fuel inlet tube, a
primary gas inlet tube, a flue gas outlet tube, a flue gas sampling tube, 2 secondary gas

inlet tubes and 2 tertiary gas inlet tubes and a view glass tube (inspection hole).
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Figure 6.1 Overview of the multi-fuel reactor system
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This reactor is flexible reactor for fuel testing, and it is designed to be as flexible as

possible with respect both to fuels and reaction conditions. The reactor has next

characteristics and possibilities:

Gas type and amount selection for the reactions,

Gas mixing,

Gas preheating to desired temperature (up to 1300 °C),
Preheated secondary (tertiary) gas addition,

Combustion, gasification or pyrolysis,

4 temperature zones in the reactor,

Computer regulated temperature programs both in the reactors and preheaters,
Continuous feed,

Continuous ash removal from the grate,

Bottom ash sampling,

Fly ash sampling,

Flue gas analysis: GC, FTIR, conventional analyzers,

Data logging: temperatures, gas flows, flue gas composition,

Inspection hole.

Key operational data are given below:

Fuel feeding rate: up to 0.5 kg/h

Max inlet gas flow (using air) demand: 120 N1l/min

Max gas flow (using air) in reactor after fuel conversion: 130 NI/min

Max residence time in reactor (section above grate, 1.6 m high): 10 s

Minimum residence time in reactor (section above grate, 1.6 m high): 1 s

Max gas flow speed: 1.6 m/s, corresponding to a Reynolds number of about 800
Minimum gas flow speed: 0.16 m/s, corresponding to a Reynolds number of about
150

Max net inlet gas flow preheating effect in external preheater (using air, 1300°C):
3.5kW

Max energy release, from fuel, due to reactions: 2.5 kW
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Figure 6.2 Multi-fuel reactor
6.1.1 Combustion chamber
Reactor combustion chamber (Figure 6.3) consists of two vertical ceramic tubes with
100mm diameter, which are each 1000 mm long and connected with a ceramic socket.

The ceramic tubes are made of non-porous and non-catalytic alumina, with follows

composition:
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Figure 6.3 Reactor tube

a) without insolation, b) bottom view

The reactor body is divided in two vertical parts connected with hinges (Figure 6.4).
Half of the furnace body is fixed and the other half can be opened approximately 90°
rolling over a wheel installed in the bottom, allowing access to the reactor furnace for
inspection and/or reparation.

The section above the grate, the reaction section, is 1.6 m long, while the section
below the grate is 0.4 m long. The reactor preheating temperature is up to 1300°C. The
reactor heating system is fitted inside the insulation shell and consists of four separate
heating zones, with elements of 4 kW each (16 kW in total) that enclose the ceramic
tube (four separate heating sections, 0.5 m high each) (Figure 6.4). The limiting heating
rate of the furnace 1s 600 °C/hour.
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Figure 6.4 Heating system

6.1.2 Air addition

Air for the combustion process is added through the preheaters. The gas flow is
controlled by two high-precision digital mass flow controllers (Alicat Scientific)
presented in Figure 6.5.

Those controllers are used as well, during the reactor leakage test. Namely, in
the final stage of reactor setting up phase and before the first experiment, it was
necessary to conduct the reactor check in order to detect the eventual leaking spots. For
that purpose helium has been used. Helium was introduced from bottles through flow
controller to the reactor, and leaks have been detected by portable helium sniffer.
Leaking spots have been sealed with silicon.

The air was preheated up to the reactor temperature in external preheaters
(Figure 6.6). The primary air is added under the grate (underfire air) and the secondary

air is added over the grate (overfire air).
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Figure 6.5 Flow controllers Figure 6.6 Air preheaters

6.1.3 Feeding system

The fuel-feeding system is based on a water-cooled piston (Figure 6.7). The fuel
is fed from a rotating battery of fuel containers to the piston through a slot. The piston is
pneumatically driven quickly into the reactor where the fuel falls onto the grate. After
feeding the reactor, the piston quickly returns to its starting position and the same

process starts again. The feeding interval has been chosen with a regulator.
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Figure 6.7 Fuel-feeding system
a) Elements of feeding system in work position; b) Feeding piston; c) Feeding
piston into reactor (final feeding position); d) Rotating battery
The rotating battery is located above the piston and contains 23 fuel containers.
The battery rotates after each time the piston feeds, continuously replacing an emptied
fuel container with one containing fuel, allowing the piston to introduce new fuel into

the reactor. The fuel containers were filled manually.
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6.1.4 Grate and ash removal

The lower part of the multi-fuel reactor is the section containing the grate, the
final burnout grate and the bottom ash collection system with an ash bin (Figure 6.8).
Both grates and the ash bin are made of inconel. Two levels of the grate have a distance
of 10 cm. The fuel that is fed onto the upper grate is primarily combusted there. The
fuel is gradually moved from the fuel-feeding inlet to a slot leading to the second grate

by rotating blades. The system has two rotating blades which rotational speed was

adjusting.

.
Rotatmg blades
.1 .

/

gt

Final burnout grate -

Figure 6.8 Cascade grate and ash removal system

Final burnout takes place on the second grate before the ash is moved by rotating
blades to a slot from where it falls to the ash bin. At the bottom of the ash bin there is a
rotating blade which moves the ash into an ash tube. From the ash tube the ash is

removed through slots during the experiments.
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6.1.5 Temperature control and logging

Temperature measurements, with thermocouples type P, are available in the reactors at
several heights (Figure 6.6). Furthermore, additional thermocouples were used to
control and protect the heating elements of the reactor from overheating. 6 (logging) + 4
(control) + 4 (protect) thermocouples are installed in the reactor furnaces. The

preheating units have separate control systems. The control cabinet is shown in Figure

6.10 and the logging software interface is shown in Figure 6.11.
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Figure 6.10 Temperature control cabinet

Figure 6.11 Software interface of the temperature logging system
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6.2 Gas and particle analysis

The reactor flue gas composition and the particle emission size distribution were
continuously monitored during the experiments. A schematic diagram of the sampling
line is shown in Figure 6.12 and positions of sampling points in Figure 6.1 and Figure
6.2. As shown in Figure 6.12, gas is extracted in four places to carry out analysis and
further measurements. The flue gas composition is measured by means of three gas
analyzers. In case of staged air combustion, a gas chromatograph (GC) is used to

measure the gases in the primary section.

ELPI Heated filter Heated filter m

Heated line Heated line O

|_

FTIR analyser FTIR analyser O

"Bomem" "Gasmet" <

GC Vacuum pump - Ice bath %
HORIBA Vacuum pump Silica gel

Figure 6.12 Schematic diagram of the sampling line

For gas analysis in the primary zone a Varian CP-4900 micro gas
chromatography (GC) was used (Figure 6.13). A stainless steel probe with an outside
diameter of 10 mm and an inside diameter of 8 mm was used for the gas sampling. The
sampled gas was passing first through a tar, water and particle ice-cooled trap consisting
of a steel container filled with glass wool and glass microfiber paper filter on the top.

The sampling gas flow was about 1 I/min. The GC is equipped with two dual-
channel micromachined thermal conductivity detectors TCD detectors, with detection
limit of 1 ppm, and double injectors, each connected to a separate column. The first
column is a 10 m long PoraPLOT Q type, with an internal diameter of 0.25 mm and 10
um film thickness produced by Varian Inc., and uses helium as carrier gas. This column
is used for the separation of CO,, CH4, C;H; plus C,H4 and C,Hg. The second column is
a 20 m long CP-MolSieve SA PLOT, with an inner diameter of 0.25 mm and 30 um
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film thickness produced by Varian Inc., and uses argon as a carrier gas. Argon was used
to be able to detect hydrogen. This column is able to quantify H,, O,, N,, CH4 and CO.

The GC has a sampling time of approximately two minutes.

Figure 6.13 Varian CP-4900 micro gas chromatography (GC)

The exhausts gases were quantified online with two different devices which
work at Fourier transform infrared spectroscopy principle (FTIRs), ABB-Bomem 9100
and Gasmet DX-4000 (Figure 6.14 and 6.15). Extracted gases were passing through
heated filters and heated lines, before they were led to the FTIRs. Stainless steel probes
with an outside diameter of 10 mm and an inside diameter of 8 mm were used for the
gas sampling. Both sampling positions were located in the flue gas stack. They do
sampling at the same point, which allows for comparing different measurements for
these species: H,O, CO,, CO, NO, N,O, NO,, SO,, NH;, HCI, HF, CH4, C,Hg, and
C;sHs.

The ABB-Bomem 9100 FTIR has two cells that operate at 176 °C, which
ensures that the sample stays in the gaseous phase even with high concentrations of
condensable hydrocarbons. This device is used to measure mentioned common mutual
species and C4H,o. The measurement time is typically 80 s. The large cell has an optical
path length of 6.4 m and is equipped with a TGS (TriGlycine Sulfate) detector, with

maximum instrument resolution of 1 cm™. The small cell has an optical path length of
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19 cm and is equipped with a MCT (Mercury Cadmium Telluride, liquid-N, cooled)
detector. The small cell wasn’t used in this study.

The Gasmet DX-4000 has an integrated (zirconium oxide) O, analyzer. The
instrument is equipped with a cooled Peltier MCT detector at has a maximum resolution
of 4 cm™ at a scan frequency of 10 scans/s and The measurement time is typically 60 s.
The sampling line and cell are heated, at 180 °C. The cell volume is 0.4 1 and the optical
path length is 5 m. To measure O,, an optional oxygen sensor, based on a ZrO, cell, is
attached to the analyzer.

Beside common species and O,, using this FTIR device it is possible to measure
in addition next components: C;H4, C¢H4, CHOH, HCN.

Generally FTIR measurements of NO may introduce significant uncertainties.
However, the NOx emissions reported in the results part are based on the Horiba
analyzer, which is using the chemiluminescence technique. The N>O measurements
were made by the FTIR analyzers, and the reported values were measured by the
Gasmet FTIR. The Bomem FTIR showed N,O values close to the values measured by
the Gasmet FTIR.

Figure 6.14 ABB-Bomem 9100 FTIR Figure 6.15 Portable FTIR
(Gasmet DX-4000)

A partial flow for gas analysis was taken through a sampling point near the top of
reactor. An inconel probe with an outside diameter of 6 mm and an inside diameter of 4
mm is used for the gas sampling. The gas first passed through silica gel and was

thereafter led to a HORIBA analyzer by vacuum pump. The sampling rate was 0.4
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I/min. The HORIBA PG-250 (Figure 6.16) is a portable stack gas analyzer that can
simultaneously measure up to five separate gas components. The HORIBA PG-250 uses
Non-Dispersive Infrared (NDIR) absorption method for CO, SO,, and CO,, cross-
modulation ordinary pressure chemiluminescence method for NOy, and a Zirconium
method using a galvanized cell for O, measurements. The response time (T90) of the
analyzer is less than 45 s for NOx, CO, O2, and CO2 and less than 240 s for SO2. The
sampling unit has a filter, mist catcher, pump, electronic cooling unit, and NOx to NO
converter built in.

Particles size distribution and concentration from the flue gas were estimated by
Electrical Low Pressure Impactor (ELPI) Figure 6.17. A partial stream of flue gas was
collected by stainless steel probe at a sampling position which is located in the flue gas
stack. The flue gas is then led through the double diluter system to the particle size
analyzer

The Dekati Standard ELPI is a real-time particle size analyzer for real-time
monitoring of aerosol particle size distribution. The ELPI measures airborne particle
size distribution in the size range of 0.03—10 um with 13 stages and a time resolution of
2-3 s. Electrical detection is applied to 12 stages while the first stage of the impactor is a
pre-selector stage. All stages are electrically insulated from each other using teflon
insulators. With a filter stage the size range can be extended down to 7 nm. The nominal

air flow is 10 1/min, and the lowest stage pressure is 100 mbar.

a)
Figure 6.16 a) Portable gas analyzer HORIBA PG-250; b) Part of HORIBA’s sampling line
(silica gel and vacuum pump)
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Figure 6.17 Electrical Low Pressure Impactor (ELPI) [215]

The double diluter setup is shown in Figure 6.18. The system consists of two
diluters (6.19). The first diluter incorporates a heating unit to avoid nucleation and
condensation of volatile compounds. The flue gas is then cooled in the second diluter
(which operates at ambient temperature) before entering the ELPI. When the flue gas
reaches the second stage condensation is no longer an issue since the flue gas has

already been diluted once.

7 First diluter
(heated) Clean pressurized air Exhaust air

=

Second diluter Sample out

(not heated)

Pressurized air AT
ELPI
Figure 6.18 Double diluter setup [215] Figure 6.19 Dilution chamber [215]

The experimental set-up with its advanced monitoring and control systems as well as
the online and offline analytical methods gives a very accurate picture of the thermal

process all its products
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6.3 Procedure for preparation of fuel used in experiments

Depending of experiment, staged and non-staged experiments are carried out
with six kinds of pellets:
(1) wood pellets (WP),
(2) demolition wood pellets (DW),
(3) coffee waste pellets (CW), and
(4) six mixtures of these fuels:
1/2 WP-1/2 DW
1/2 WP-1/2CW
1/2 DW-1/2CW
2/3 WP-1/3CW
1/3 WP-2/3CW
1/3 WP-1/3DW-1/3CW.
(5) three mixtures of demolition wood and kaolin as an additive:
1% of kaolin,
5% of kaolin,
10% of kaolin,
(6) three mixtures of demolition wood and peat-ash:
1% of peat-ash,
5% of peat-ash,
10% of peat-ash.

The WP is a Norwegian mixed timber of pine and spruce obtained through
Felleskjopet, Norway. DW is from houses/buildings in Sweden, provided by Vattenfall
from the combustion plant at Nykoping, Sweden. CW was received from Kjeldsberg
Kaffe, Norway. This substance consists of skin, silverskin, pulp, parchment, and broken
beans that are lost during the roasting process. The beans used were almost exclusively
from Brazil. All the samples were collected in 2009-2010.

The peat ash originates from the combustion plant owned by Vattenfall in Uppsala.
The peat ash was mixed with lime from the plant's deSOx stage. The lime addition was

unavoidable since it is part of the gas cleaning system at the Vattenfall plant in Uppsala.
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The received biomass was ground in a mill to produce a maximum particle size
of 2-3 mm (Figure 6.20). For mixture of fuels and DW with additives, components
were mixed manually while spraying approximately 8% water relative to the total mass

into the blend.

Fuels as received

wood pellets demolition wood coffee waste

Pretreated fuels

wood pellets - grinded demolition wood - coffee waste - grinded
grinded

Figure 6.20 Biomass as received and pretreated for the pellet production

The water was necessary in order to produce pellets of adequate quality which
was performed in a laboratory scale pellet machine (Figure 6.21 and 6.22). The received
biomass is pelletized with a pellet machine to get a similar shape and composition for
all the experimental runs. To ensure a homogeneous distribution, a large volume of
biomass was shredded to sawdust size, followed by thorough mixing. Pellets were then

made from these fine pieces.
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Figure 6.21 Pellet machine Figure 6.22 Steel matrix

Pellets were obtained as cylindrical extrudates, with a diameter of 6 mm and a
variable length of 5-15 mm and were only air-dried to an average moisture content of
12 wt.% before they were used in experiments. Some of pellets produced and used in

this research work are presented in Figures 6.23-26.

Figure 6.23 Wood pellets Figure 6.24 Coffee waste pellets
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Figure 6.25 1/3 DW-2/3CW pellets Figure 6.26 DW+10% Kaolin pellets

6.4 Experimental procedure and data treatment

Two types of experiments are carried out: (1) experiments with air staging and
(2) experiments without air staging. Depending of experiment five different
temperatures are selected, 800, 850, 900, 950, and 1000 °C. During each experiment,
only isothermal experiments were performed, primary air, and secondary air at the
mentioned values. The primary air and secondary air were also preheated to the same
temperature. All the sampling devices are calibrated each day, before starting the
experiments. Also the Gasmet FTIR calibration was performed daily by means of
background spectra. Each experiment has been carried out for at least 2 h at stable
operating conditions, or in experiments with fly ash sampling until a 90% fill signal of
aerosols in the impactor.

For the staged air combustion experiments, the total excess air ratio is also set to
1.6, while the primary excess air ratio is set to 0.8, which means that 50% of the total air
is fed at each stage. The air flow has been held constant during the experiments.
However, the variation in the fuel feeding rate allows capturing a total excess air ratio
range of 1.2-3, making it possible to see emission trends as a function of total excess air
ratio, since the fuel was fed as pellets and, depending on the length of the pellets and the
position of the pellets on the grate after feeding, natural variations in the excess air ratio
occurred.

The total excess air ratio for nonstaged combustion is set to 1.6.
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Pellets with a diameter of 6 mm and a length of 10-15 mm are fed by the automatic
feeding system. The fuel feeding rate is set to 400 g/h. The pellets are mainly
combusted on the upper (primary) grate. The pellets are gradually moved from the fuel-
feeding inlet to a slot leading to the second (final burnout) grate by rotating blades. Each
grate has two rotating blades with a rotational speed of 3 min. Final burnout takes place
on the second grate before the ash is moved by the rotating blades to a slot from where
it falls into the ash bin. At the bottom of the ash bin another rotating blade is placing the
ash into an ash tube.

The residence time of the fuel in the reactor is high, and the gas in the reactor
has very low flow velocity (0.04-0.07 m/s). The secondary combustion zone ensures a
residence time of several seconds and is hence in fact comparable to conventional
combustion systems. According to the given reactor dimensions and velocity, the
residence time for the primary zone (90 cm) is 13-23 s and for the secondary zone (70
cm) 10-18 s, giving a total residence time of 23-41 s. The gas residence time between
the grate levels is in the range of 1-2 s.

To have a precise composition of the fuel, during each run, three different
samples at three different times are taken from the fuel feeding system to analyze the
moisture content. Hence, variation in the N-content is not regarded as a challenge in
these experiments. The type of biomass, the origin of it, and the pretreatment
technology applied to it are important parameters influencing the ultimate and
proximate analysis of the biomass. For example, drying can reduce the moisture content
from 65% in virgin wood down to below 10% in wood pellets. Moisture content is
measured during each experimental run. Moisture, VM, ash content, ash fusion
temperatures are measured using ASTM E871 (50 g, 103 + 2 °C, 24 h), ASTM E872 (1
g, 950 °C, 7 min), and ASTM D1102 (2 g, 580-600 °C, 4 h), ASTM 1857 and ISO
540:2008 standards, respectively, and the fixed carbon is calculated by the difference to
100%. Three samples are analyzed from different parts of the pellets to get repeatable
analyses, showing that the fuel was homogeneous.

The heating value is calculated based on the elemental composition.

All the samples have been dried in a vacuum exsiccator over phosphorus
pentoxide prior to analysis. The determination of C/H/N/S is performed using the “EA
1108 CHNS-O” by Carlo Erba Instruments elemental analyzer. The method is adjusted
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for sample amounts of 2-10 mg and performs with an uncertainty within 0.3 wt % as
required for confirmation of assumed chemical composition. The operation range covers
the content from 100 to 0.1 wt %; sulfur determination is in the concentration range of
1.0 down to 0.01 wt % and the uncertainty is estimated to be 0.02 wt % for C/N/S/CL

A chemical analysis of the ash content of the primary fuel and all the blends was
determined by the inductive coupled plasma equipped with an atomic emission
spectrometry analyser (ICP-AES) and inductive coupled plasma equipped a mass
spectrometry analyser (ICP-SFMS) methods.

The ash fusion temperature for the bottom ash was determined in an oxidizing
atmosphere in a carbolite ash fusion analyser according to the international test standard
(ISO 540:2008). The ash samples from each experiment were shaped into three
duplicates of cube pellets with a size of 3 mm. The ash cubes were put on a tile and
placed inside the furnace that was programmed to increase the temperature at a rate of 8
°C min' and up to 1500 °C.

The changes of the shape of the ash cubes were recorded with a high resolution
video system. The initial deformation temperature (IDT), the softening temperature
(ST), the hemisphere temperature (HT), and the fluid temperature (FT) were determined
after a visual observation of the recorded video. As this method for determining the
fusion characteristics for ash depends on visual observation of the ash deformation,
some uncertainties can be expected due to the human error factor.

The fly ash samples measured by means of a 13 stage low-pressure impactor, in
a particle size range of 0.03-10 mm, where collected on aluminum plates (Figure 6.27).
The plates were covered by a thin layer of Vaseline to provide a sticky surface. The
chemical analysis of the samples was made by energy-dispersive X-ray analysis
connected to a scanning electron microscope, SEM/EDX. The particles on each plate

formed a pattern of piles as seen in Figure 6.28.
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COMPO 20.0kV X20 Tmm WD 13.7mm

Figure 6.27 ELPI — plates/samples Figure 6.28 SEM image of the pattern on particles

after experiment collected on the ELPI-plates

The total mass of the particles on each plate was around 10-100 pg. For each
run, four plates with the particle sizes (D50%) 0.093, 0.26, 0.611 and 1.59 pm were
chosen for SEM/EDX analysis. Five EDX spot analyzes were taken from different
locations on each plate (see Figure 6.28). After standard ZAF-correction the analysis
was normalized to 100% by weight. The analysis of the aluminum plates was made
directly on the foil. The signals for carbon, oxygen and aluminum cannot be used for
quantitative information due to several reasons. The carbon signal can originate from
possible unburned residue in the samples, but also from the adhering Vaseline. The
oxygen signal can come from, besides the particles, from the Vaseline and from the
oxide layer covering the aluminum plate. The aluminum signal comes mainly from the
plate beneath the samples. It was seen that the aluminum signal was stronger for bigger
particles, probably due a lower coverage of the aluminum than with small particles. Peat
ash and kaolin contains aluminum so the effect of those additions on the fly ash could
not be studied. The assumptions made for the data treatment of the aerosol

concentrations will be explained later.
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6.5 Data treatment

All data from HORIBA and FTIRs gas analyzers have been processed and
treated by Fuelsim — Average tool. Fuelsim - Average is a relatively simple, but useful,
mass, volume and energy balance spreadsheet for continuous combustion applications,
but can also be used for other thermal conversion processes where solid fuel is
converted to a fuel gas mixture of O,, CO, NO, NO,, UHC (unburned hydrocarbons),
SO,, N,O, H,, NH3;, HCN, Tar, CO,, N;, Ar and H,O. Fuelsim - Average uses
thermodynamic data on CHEMKIN format for all gas species and also liquid water,
while the specific heat capacity of a solid or liquid fuel is user defined. Fuelsim -
Average calculates emissions in various denominations based on the user input.
However, also a separate emission conversion section is included, where emission
values in various denominations can be inserted and converted between the various
denominations. The corresponding emission levels in volume fractions can be inserted
into the Fuelsim - Average main calculations and additional useful information are then
calculated. The emission conversion procedure is based directly on the combustion
equation, no simplified expressions are applied. When converting emission levels
between different oxygen concentrations, the defined oxidant is added to, or removed
from, the given flue gas composition until the calculated oxygen concentration equals
the reference oxygen concentration.

Procedure for treatment of experimental results within Fuelsim - Average
included the following steps:

e Converting log files to proper input data in pre-prepared Excel spreadsheet;

e Removing data points that does not belong there (not necessarily easy);

e Inserting the useful log files data in the proper place in the pre-prepared Excel
spreadsheet;

e Inserting the fuel composition;

e Performing the calculations;

e Selected pre-prepared graphs can be viewed directly in sheet “Figures” when the
calculations have finished;

e  Checking the figures for:
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e C(Calculated CO, versus measured CO, and calculated H,O versus measured
Hzo;

e  Errors or unexpected results.

Data treatment has been carried out in a cautious manner to avoid nonreliable data.
Significant transient effects are effectively eliminated by a filtering procedure while
treating the experimental data. It should be noted that the first and very last section of
the data has not been considered in the final data for further treatment, since these parts
are typical transient periods, outside of the stable run period. This filtering procedure
requires that the change in the excess air ratio per second is less than 0.01; otherwise,
the complete measured data set at the current time is omitted in the final results.

All experiments were checked with respect to carbon and hydrogen balance
using both the Horiba analyzer and FTIR. Data points which (1) did not satisfy a
maximum deviation between the calculated and measured levels of CO; and (2) were
clearly influenced by fast transient conditions were removed from the results. This is
because these data points were not reliable or not representative respectively for a close

to continuous and constant combustion process.

The experimental reproducibility was tested by reruns of the experiments,

showing good reproducibility capability of the experimental setup.

Assumptions made for aerosol characterization, previously mentioned, included
few steps. The first step of the data treatment was to recalculate the analysis to 100
wt.% discarding C, O and Al-signals. The variation among the five analyses of each
plate was fairly small, indicating that the particles in the piles are homogeneous. This is
illustrated in Figure 6.29 which shows the normalized analyzes for the smallest (0.1 pm)
and the biggest (1.6 um) particle fraction analyzed. Note the significantly higher
concentrations of Si, Ca and Fe in the bigger fractions. In the following calculations

arithmetical average for the five analyzes are used.
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Figure 6.29 Normalized concentrations (wt-%) calculated from C-O-Al free SEM/EDX
analyzes of the five spots of the ELPI-samples for the reference run with demolition

wood at 850 °C. Left: 0.1 um plate. Right: 1.6 pm plate.

The second step of the data treatment was to estimate in which compounds the
elements studied are in the samples. This consideration is based on several recently
published studies on aerosol formation in combustion, as well as on thermodynamic
considerations and own field experience. The following assumptions regarding the
speciation are made: (i) Potassium and sodium are as chlorides or sulfates, (ii) Silicon,
calcium, iron, magnesium and chromium are as oxides, (iii) Zinc and lead can be both
as oxides and/or chlorides and sulfates. The first assumption is well established for fuels
containing sulfur and chlorine. Alkali is volatilized as hydroxides or chlorides. Some of
the alkali is sulfated at high temperatures and the first aerosol particles to form are
sulfate. At lower temperatures alkali chlorides start to condense, probably mainly by a
heterogeneous nucleation mechanism on sulfate or other submicron particles. The
second assumption is based on the fact that Si, Ca, Fe, Mg and Cr are non-volatile. All
these elements, except Ca, do not form sulfates or chlorides at higher temperatures.
Thus they are transported downstream mainly as particles with a somewhat uncertain
formation mechanism. Some of them may act as seed particles for alkali compound
nucleation. Ca forms easily sulfate, but in the present case the calcium content in the
samples are so low that this formation is not critical. Probably the non-sulfated part of
Ca is in the form of carbonate at lower temperatures. Ca can also form phosphates at
high temperatures, usually calcium hydroxyapatite. However, the content of P is so low

in the present samples that this reaction can be neglected.
153



The third assumption is the most critical one. In combustion conditions zinc and
lead are partly volatile depending on the local chlorine content. These metals do not
have similar chemistry although they are often treated together. Lead is much more
volatile than zinc, but mainly in the form of gaseous PbO, which condensates at
temperatures around 400 °C. Partly the oxide can react with chlorine and condensates as
PbCl, at temperatures below 300 °C. At higher SO, concentrations lead can condensate
as sulfates or as oxy-sulfate. Several sulfate-oxide compounds are possible. Solid zinc
oxide is very stable in combustion conditions, but at lower temperatures both chlorides
and sulfate can form. Probably zinc oxide is transported as small solid particles. It has
been suggested that zinc inside the reducing fuel particle can form Zn gas which rapidly
oxidizes to ZnO particles when it reaches oxygen rich location in an around the burning
fuel particle [188,216]. This can explain the submicron size of the ZnO particles. We
define two chemical different fractions in the fly ash samples: an “inert” part which
constitutes of SiO,, Ca0, Fe,0s3, MgO, P,0s, Cr,03, ZnO and PbO, and a “salt” part
consisting of sulfates and chlorides of potassium, sodium, zinc and lead. The inert part
is assumed not to chemically interact with the salt part. It consists of high melting
oxides and may be silicates as well as free oxides. The portion of the inert part increases
with particles size indicating that these particles have their origin in the fuel ash. The
salt part can be denoted (K, Na, Zn, Pb)(CI2, SO4) and all its constituents are probably
formed via the gas phase in a condensation/sublimation process. In this chemical system
both solid and liquid solubility can exist between the components. Potassium and
sodium chloride can form a solid solution, as can the sulfates of the two metals. Several
double salts exist, both Zn and Pb form compounds with potassium chlorides. All four
metals form a common chloride and sulfate melt with its lowest first melting point at
around 200 °C [217]. The definition “salt” is somewhat inaccurate, but refers here to a
low-melting water soluble fraction in contrast to the high melting insoluble inert oxide
fraction. The salt fraction is the one causing deposition problems in the superheater area
of steam boilers. The submicron particles which are transported to the heat transfer
surfaces by thermophoresis can both initiate and further promote deposit build up if they
contain a molten fractions above 15 wt-% [217]. The water solubility as such is not
important for the deposition mechanisms, but it indicates an important property that can

be used to determine the portion of Zn and Pb present in the salt part. It is evident that
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the salt part must have a balance between cations and anions. Thus, because we know,
based on the chemical analysis of the fly-ash samples, the amount of Cl, S (as SO4), K
and Na, we can determine by difference the portion of Zn and Pb. It is not possible to
distinguish in which form the specific metals are (chloride or sulfate), only the sum of
metals can be balanced against the sum of anions. Figure 6.30 shows as plot of the
equivalent cations vs. equivalent anions (molar basis) for fly-ash samples from a run

with kaolin addition.

0.25
§ " s
?& 0.2 S+
X (Zn,Pb)(0) o 4
S 0.5 " =
& * * A
+ A
N O F(Zn,Pb)(SO,,Cly)
* 5 KA A
® " A A"A
% 0.05 + rw
o M A
X . 2 (K,Na)(S0,,Cly)
0

0 0.05 0.1 0.15 0.2 0.25
S+Cl,

Figure 6.30 Equivalent cations plotted against equivalent anions for fly ash samples
from runs with kaolin addition. The upper points are for K,+Na,+Zn+Pb and the lower
for Ky+Nay. Indicated with arrows are the portions of different compounds in a certain

sample.

The notation K;, Na, and Cl, are used for consistency with ZnCl, and PbCl,. “S” should
be read as “SO,”. It can be seen that the amount of K, and Na, cannot fill up all sulfate
and chloride in the samples. Thus, a part of Zn and Pb are expected to be present as
sulfate and chloride, too.

Subsequently a diagram with normalized equivalent fractions of the cations and anions
are used to compare the compositions of the salt part of fly-ash samples taken in

different running conditions.
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7. RESULTS AND DISCUSSION

This chapter presents the results achieved within research work on thesis. In
order to on clear way present the results this chapter is organized in five subchapters,
the first two deals with NOx emission reduction while the other three are dedicated to

ash related properties.

7.1 NOx emission reduction by staged air combustion of biomass fuels and fuel

mixtures

Two types of experiments are carried out: (1) experiments with staged air
addition and (2) experiments without air staging. Only isothermal experiments were
performed with a reactor temperature of 850 °C. The primary air and secondary air were
also preheated to the same temperature. The total excess air ratio was about 1.6, and the
primary excess air ratio was about 0.8 in the staged air experiments.

Staged and non-staged experiments are carried out with four kinds of pellets: (1)
wood (WP), (2) demolition wood (DW), (3) coffee waste (CW) and (4) six mixtures of
these fuels. The proximate analysis of the pellet samples are shown in Table 7.1. The
ultimate analyses of the pellets are shown in Table 7.2, where the nitrogen content in the
fuel will be important in the following discussion. The heating value is calculated based

on the elemental composition.

7.1.1 Combustion quality, measurement accuracy and experimental

reproducibility

Due to the relatively long reactor residence time (19-35 s) and the chosen reactor
temperature (850 °C) the amount of unburnt gases were low (typically below 50 ppm
CO at 11% O; in dry flue gas). However, an initial stabilization period and fuel feeding
fluctuations during close to constant operating conditions introduced also periods with
significantly lower excess air ratios than the target value of 1.6, where the CO emission

level increased to typically 200 ppm at 11% O in dry flue gas.
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Table 7.1 Proximate analysis of pellets (wt%)

Ash Volatile Fixed carbon ~ Moisture HHV
Pellets: (dry basis) (dry basis) (dry basis) (as received) MlJ/kg, dry basis
Wood (WP) 0.2 85.43 14.37 6.5 20.63
Demolition wood (DW) 3.73 77.27 19 8.1 20.54
Coffee waste (CW) 5.8 76.17 18.07 17.53 22.20
Mixtures of pellets (calculated,
except for moisture):
1/2 WP-1/2 DW 1.97 81.35 16.69 6.78 20.62
1/2 WP-1/2 CW 3.00 80.80 16.22 8.76 21.36
1/2 DW-1/2 CW 4.77 76.72 18.54 12.72 21.24
2/3 WP-1/3 CW 2.07 82.34 15.60 11.35 21.08
1/3 WP-2/3 CW 3.93 79.26 16.84 8.02 21.55
1/3 WP-1/3 DW-1/3 CW 3.24 79.62 17.15 24.53 21.04

Table 7.2 Ultimate analysis of pellets (wt% dry ash free basis)

Pellets: C H (0] N S Cl

Wood (WP) 51.22 6.07 42.54 0.14 0.03 0.02
Demolition wood (DW) 50.59 6.09 41.65 1.59 0.075 0.113
Coffee waste (CW) 52.9 6.47 37.64 2.8 0.187 0.038

Mixtures of pellets (calculated):

1/2 WP-1/2 DW 50.91 6.08 42.11 0.85 0.052 0.065
1/2 WP-1/2 CW 51.98 6.25 40.33 1.34 0.101 0.028
1/2 DW-1/2 CW 52.01 6.06 39.21 2.58 0.137 0.085
2/3 WP-1/3 CW 51.93 6.06 40.8 1.14 0.08 0.027
1/3 WP-2/3 CW 52.79 6.04 38.68 2.35 0.141 0.036
1/3 WP-1/3 DW-1/3 CW 51.72 6.07 40.45 1.67 0.097 0.061

Figure 7.1 shows the CO emission level as a function of excess air ratio for the non-
staged experiment with demolition wood pellets. The trend shown is typical for all the
experiments presented in this PhD thesis. The combined emission levels of
hydrocarbons, C Hy, were typically below 5 ppm at 11% O, in dry flue gas, with the
highest values found at the highest excess air ratios, also shown in Figure 7.1. The trend
shown is also here typical for all the experiments. Levels of NH3;, HCN and HF were
within the measurement uncertainty level of the two FTIR analyzers, and will not be

considered further.
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All essential gas species for this study could be measured with good

measurement accuracy. The two FTIR analyzers also showed good correspondence with

regards to all essential gas species for this study.

The experimental reproducibility was tested by reruns of the wood pellets and

the demolition wood pellets experiments with and without staged air combustion,

showing good reproducibility capability of the experimental setup, including the NOx

and the N,O emission levels.
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Figure 7.1 Typical CO and hydrocarbons (C<Hy) emission trends as a function of excess

air ratio (results from non-staged DW combustion)
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All experiments were checked with respect to carbon and hydrogen balance
using both the Horiba analyzer and the Gasmet FTIR. Figure 7.2 shows the carbon and
hydrogen balance as a function of excess air ratio for the non-staged experiment with

demolition wood pellets.
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Figure 7.2 Carbon and hydrogen balance check (results from non-staged DW

combustion)
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7.1.2 NOx emissions — staged versus non-staged

Mean, minimum, and maximum NOXx emissions as a function of the fuel-N
content (ppm at 11% O2 in dry flue gas) are shown in Figure 7.3 for both staged and
non-staged combustion. The NO2 fraction of the NOx was found to be insignificant at

all conditions.
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Figure 7.3 Mean, minimum, and maximum NOx emissions and NOx/Fuel-N for staged

and non-staged combustion (mixture fractions and fuel-N content (daf) in brackets).

A large NOx reduction potential can be seen for staged combustion. An average
NOx reduction of 20-56% was found for the different fuels and fuel mixtures. The

optimum NOx reduction is significantly higher, at the optimum primary excess air ratio,
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as will be discussed later. In addition, the fuel-N to NOx conversion factor is shown in
Figure 7.3.

A clear trend can be seen in this figure which shows considerable decrease in the
total fuel-N conversion factor toward NOx with increased fuel-N content. The lower
conversion of fuel nitrogen in the fuels with higher amount of nitrogen (e.g., coffee
waste) can be explained by formation and reduction of NOx precursors. NH3 is
preliminary formed from the conversion of volatile nitrogen. Afterwards, the formed
NH; radicals (NHs, NH», or NH) can be oxidized to form NO or react with NO (which is
also created in the conversion of volatile nitrogen) to form molecular nitrogen, N,. It
should be noted that the latter reaction is the reaction which happens in staged
combustion technology and SNCR to reduce NOx. The same procedure can happen for
HCN as the second NOx precursor. Combustion of fuels with high nitrogen content,
results in high concentrations of NH3 and HCN [218,219]. This environment will
strengthen the second reaction path (i.e., reaction of precursors with NO) and hence
higher fuel-N conversion to N,, which corresponds to a lower NOx/Fuel-N ratio. On the
other side, heterogeneous reactions in the conversion of char nitrogen to NO should be

taken into account, even though it has less effect on the total NOx.

7.1.3 N>,O emissions — staged versus non-staged

Mean, minimum, and maximum N,O emissions as a function of the fuel-N
content (ppm at 11% O; in dry flue gas) are shown in Figure 7.4 for both staged and
non-staged combustion. As in the previous case, the fuel-N to N,O conversion factor is
also shown. For N,O, no emission reduction potential can be seen for staged
combustion. On the contrary, an increase in the N>O emission level was observed. An
average N,O increase of 18-288% was found for the different fuels and fuel mixtures.
The increase in N,O at optimum NOx reduction conditions (optimum primary excess air
ratio) is significantly higher, as will also be discussed later. The N>O formation and
reduction in biomass combustors are discussed and investigated earlier [218, 220-222].
The major global reaction pathways for fuel nitrogen conversion toward NO and N,O

depend on operating conditions [223, 224].
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Figure 7.4 Mean, minimum, and maximum N2O emissions and N2O/Fuel-N for staged

and non-staged combustion (mixture fractions and fuel-N content (daf) in brackets).

7.1.4 Fuel influence on NOx and N20O emission levels

As Figures 7.3 and 7.4 shows, there is a significant fuel influence on the NOx
and N,O emission levels and the conversion factor for fuel-N to NOx and N20O, both for
staged and non-staged combustion. This is at otherwise similar conditions mainly due to
the N-content in the fuel. Increasing fuel-N content will increase the NOx emission
level. However, the conversion factor for fuel-N to NOx will decrease with increasing
fuel-N content, as shown in Figure 7.5. This effect is due to gas phase chemical kinetics,
1.e., the reduction of fuel-NOx precursors mainly through reaction between two

intermediate nitrogen species, forming molecular nitrogen [97]. The N,O emission level
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is also significantly dependent on the fuel-N content, as also can be seen in Figure 7.5.
The shape of the curves means that NOx emissions increase, but not linearly, with
increasing fuel-N content. An example is the first and second point for non-staged
combustion where the fuel-N content increases from 0.14 to 0.85 (6 times), while
NOx/Fuel-N decrease from about 0.24 to 0.10 (about 2.4 times). For higher fuel-N

content, the decrease becomes less exponential.

7.1.5 Fuel mixing effect on NOx and N,O emission levels and fuel-N conversion

factors

Fuel mixing has a positive influence on the NOx and N,O emission level, but a
negative influence on the overall conversion factor for fuel-N to NOx and N,O. The
average conversion factor for fuel-N to NOx and N,O trends shown in Figure 7.3 and
Figure 7.4, respectively, can be modeled by simple exponential functions, as a function
of the fuel-N content. From these trends one can estimate the NOx and N,O emission
level for various fuel mixtures. A mixture of e.g. wood and coffee waste will get an
increased conversion factor compared to the fuel with the highest fuel-N content (coffee
waste), while it will be lowered even more for the fuel with the lowest fuel-N content
(wood). However, when comparing the option of combusting the fuels in separate
boilers compared to mixing them in one boiler, the total NOx and N,O emission level
will theoretically always increase in the case of fuel mixing, due to the exponential
increase in the fuel-N to NOx and N,O conversion factors with decreasing fuel-N

content.
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Figure 7.5 Fuel-N influences on conversion factors for fuel-N to NOx and N,O

for staged and non-staged combustion

7.1.6 Primary excess air ratio influence on NOx and N,O emission levels

Figure 7.6 shows the primary excess air ratio, represented by the O, need of the

measured unburnt primary gas species (H,, CO, CH4, C,H,, C,Hs and C,Hg) for
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stoichiometric combustion, influence on NOx and N,O emission levels for staged

combustion of CW. Clearly, there is a correlation between the amount of unburnt

primary gas species and the conversion of fuel-N to NOx.
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Figure 7.6 Primary excess air ratio influences on NOx and N,O emission levels
for staged combustion of CW. O, need as vol% O, needed for stoichiometric

combustion of the measured primary gas composition

Decreasing O, need gives until a certain point a decreasing fuel-N to NOx
conversion factor. Hence, there must exist and optimum primary excess air ratio for
minimum conversion of fuel-N to NOx. This optimum is related to chemical kinetics
effects, i.e. the radical pool in the primary gas zone [97, 151] which is also dependent

on the mixing conditions. For perfectly stirred reactor conditions the optimum primary
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excess air ratio will be close to unity, while for plug flow reactor conditions the
optimum primary excess air ratio will be significantly lower than unity [151]. At the
optimum primary excess air ratio, the highest conversion of fuel-N to N,O is also found.
However, the increased N,O emission level does not significantly influence the
optimum primary excess air ratio for minimum conversion of fuel-N to fixed nitrogen

species.

7.1.7 Overall excess air ratio influence on NOx and N,O emission levels

Figure 7.7 shows the typical total excess air ratio influence on NOx and N20O
emission levels for staged and non-staged combustion, for coffee waste pellets. The
corresponding primary excess air ratio is also shown for staged air combustion. As
stated above, there exists an optimum overall/primary excess air ratio for minimum
conversion of fuel-N to NOx, which is directly visible also in Figure 7.7. The residence
time in such generic studies is not relevant once the reactor design and the experimental
conditions yield sufficiently long residence times for NOx reduction [169]. In this work
the highest possible NOx reduction is positively reached. The direct influence of the
total excess air ratio is clearly seen in the non-staged experiments, with increasing NOx
emission level with increasing total excess air ratio. Increasing NOx with increasing
excess air ratio in conventional burners (non-staged combustion) is due to the higher
availability of oxygen at higher excess air ratios. This promotes the reaction of nitrogen
containing species with O2 and O and OH radicals and hence formation of NO. The
effect on N2O is less clear, but with a trend of increasing N20 emission levels with
increasing total excess air ratio. The N2O emission levels are significantly higher for the

staged experiments.
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Figure 7.7 Overall excess air ratio influence on NOx and N,O emission levels for staged

and non-staged combustion of CW

Figure 7.8 shows the optimum NOx reduction potential of staged combustion
compared to the non-staged combustion, at the optimum primary/total excess air ratio
for staged combustion. It can be explained as follows: In the first stage, primary air is
added for devolatilization of the volatile fraction of the fuel, resulting in a fuel gas
consisting mainly of CO, H,, CxHy, H,O, CO, and N,. In addition to the major species,
small amounts of NH3, HCN and NO will be formed from the fuel-N content. The key
factor here is the distribution of nitrogen containing species, which is regulated by the
level of oxygen in the primary zone, and a sufficient residence time in the primary
(reduction) zone. In the second stage, sufficient secondary air is supplied to ensure a
good burnout and low emission levels from incomplete combustion. If the primary
excess air ratio is very low, i.e., very low availability of oxygen, just HCN and NH; will
appear in the first stage and NO will not be formed, i.e., little reduction will take place
in the primary zone. Therefore HCN and NH; will react with added O, in the second
stage to produce NOx. On the other hand, a very high primary excess air ratio will result
in the oxidation of all pyrolysis gases due to high O, concentration. Therefore, much

more NO will appear while no NH; exist in the primary stage to go through the
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reduction path. As can be seen, a NOx reduction of 54-91% is achieved for staged

combustion.
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Figure 7.8 Optimum NOx reduction potential for staged combustion compared to non-

staged combustion, and the adverse effect on N,O emissions at the optimum primary

excess air ratio for NOx reduction

These are very good NOx emission reduction results, and is a result of air staging and

potentially to some extent fuel staging due to the two level design of the grate.

However, at the optimum primary excess air ratio for NOx reduction, emissions of N,O

are adversely affected, increasing the N,O emission levels with 138—635%.
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7.2 Effect of temperature, excess air ratio and staged air combustion on NOx

emission

Experiments are performed for non-staged and staged air combustion. Four
different temperatures were selected; 850, 900, 950 and 1000 °C. During each
experiment, the temperature is kept constant for the reactor and the fuel feeding rate was
about 400 g/h. The biomass that has been used for the present work is classified as
demolition wood (DW). The proximate analysis of the chosen biomass is given in Table
7.3, while Table 7.4 shows DW ultimate analysis. Combustion of DW as a type of
residue wood, represents a large source of alternative energy, in addition to the fact that
a waste disposal problem will also be solved. DW comes from many sources, therefore
it contains normally different undesirable component such as metals, paints, plastics,
etc. which will raise the environmental impact of DW. Especially the high nitrogen
content, compared to wood, is the focus in this part of research work. The nitrogen
content, which is the most important element in this study is 1.06%, while for wood,
straw, peat, sewage sludge and coal it is 0.03-1, 0.3-1.5, 0.5-2.5, 2.5-6.5 and 0.5-2.5
wt%, respectively [89].

Table 7.3 Proximate analysis of DW pellets (wt%).

Pellets Ash Volatile Fixed Carbon
Moisture
(dry basis) (dry basis) (dry basis)
Demolition Wood
2.49 75.97 21.54 9.68 - 14.97

(DW)

The total excess air ratio for non-staged combustion was around 1.6, where the
variation in the fuel feeding rate allows capturing a total excess air ratio range of 1-3,
making it possible to see emission trends as a function of total excess air ratio. Each
experiment has been carried out for at least two hours at stable operating conditions. For
the staged air combustion experiments, the total excess air ratio was also 1.6, while the
primary excess air ratio is set to 0.8, which means that 50% of the total air is fed at each

stage.
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Table 7.4 Ultimate analysis of DW pellets (wt% dry ash free basis).

Pellets C H O N S cl
Demolition 48 .45 6.37 4411 1.06 0.02 0.05
Wood (DW) ' ' ' ' ' .

7.2.1 Accuracy of the results and Combustion Quality (emissions of CO and C,Hy)

In order to establish the accuracy of the measured results, the total carbon
balance is needed to quantify the measured values compared to expected analytical
values. The carbon balance for one of the experiments, at 1000 °C for staged air

combustion, is shown in Figure 7.9.
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Figure 7.9 CO, deviation based on calculated and measured values from the Horiba gas

analyzer for one set of the experiments; 1000 °C, staged air combustion

This figure shows the results from the start time until the end of the experiment.
However,

it should be noted that the first and very last section of the data has not been considered
in the final data for further treatment, since these parts are typical transient periods,
outside of the stable run period. The calculated values for CO,, based on the carbon
content in the fuel and the measured volume percentage of oxygen and CO in the flue
gas, is very close to the measured values for CO2 for each sampling interval and hence

the deviation is sufficiently close to zero. In the case of a large deviation between
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measured and calculated values, the data set is removed from further treatment, since it
could be from an unstable or transient period. Therefore the carbon balance for the
presented set of results is in good order. All the experiments at the different
temperatures, with and without staging air, show the same good results for the CO,
deviation. Emission level of C,Hy and CO for both staged and nonstaged combustion is
shown in Figure 7.10. For CH,, both staged air combustion and nonstaged combustion
show the same emission level, typically below 4 ppm at 11% O, in dry flue gas. Here,
low values for CyHy and CO emissions, respectively, below 5 and 50 ppm show good
mixing conditions and residence times in line with modern industrial scale boilers [225].
Emissions of gaseous hydrocarbon compounds and CO are a result of incomplete
combustion. Favorable combustion leads to small emissions of hydrocarbons because
the organic material burns out. Large emissions of hydrocarbons indicate unsatisfactory
combustion conditions and probably soot emissions. Large boilers are generally
operated at an appropriate oxygen concentration, temperature, and residence time and
consequently are under favorable combustion conditions. Particles originating from
incomplete combustion are few or none and can be decreased in modern boiler types by
180 times [147, 156, 226] and in the advanced wood furnaces, CO emissions of 10-20
mg/m3 can be reached, depending on the temperature and selection of the optimum
excess air ratio [124]. At 900 and 950 °C, some values up to 10 ppm C.H, are visible
for nonstaged combustion, which originate from the sets of data from the period where
the actual stable experiment had not been started, which means that in the stable run, the
CsHy for both 900 and 950 °C still is 1 to 3 ppm. The C Hy emission level is slowly
increasing with excess air ratio for both staged air combustion and nonstaged
combustion. The influence of excess air ratio is small, but the CyHy emission level is a
direct function of the excess air ratio, and the minimum CH, emission is taking place at
the lowest total excess air ratio.

For nonstaged combustion, the temperature has an inverse effect on the CxHy
emission levels. The lowest emissions occur at 850 °C, while at 900, 950, and 1000 °C

the temperature has no effect.
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Figure 7.10 (Left) CxHy as ppm corrected to 11%02 in dry flue gas for staged air
combustion and nonstaged combustion as a function of excess air ratio at the different
temperature levels. (Right) Average, minimum, and maximum value of CO as ppm
corrected to 11% O2 in dry flue gas for staged air combustion (S) and nonstaged

combustion (NS) at the different temperature levels

For staged air combustion, the effect of temperature is more visible than for
nonstaged combustion. Here the effect of temperature is still low, but it is clearly
possible to observe an increase in emission levels with increasing temperature in the
lower graph. The observed increase of CyHy may be due to a higher release of gaseous
hydrocarbons from the fuel at higher temperatures, where the pyrolysis process is
intensified by temperature and the formation of hydrocarbons are increased [227].

Detailed experimental and thermodynamic studies on particulate emissions from
this multifuel reactor to investigate particle size distribution and chemical composition
of fly/bottom ash is extensively discussed later. The effect of temperature on CO is the
same as for N;O. As shown in Figure 7.10, increasing temperature decreases the CO
level, while staged air combustion has a negative effect on CO. The former effect is due
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to a more complete oxidation of CO, forming CO,. However, with air staging, the low
stoichiometric ratio in the first stage cause the oxidation route to be less effective, so the
emission of CO rises. The staged air combustion results indicate an increase of 99-482%
for CO for staged air combustion, while the mean CO levels are about a factor of two
increased.

Emissions of gaseous hydrocarbon compounds and CO are a result of
incomplete combustion. Large emissions of CO indicate unsatisfactory combustion
conditions. In the present case, higher excess air ratio (more oxygen available) will lead
to an almost complete combustion (heated reactor, i.e., temperature not influenced by
the excess air ratio). Consequently, the maximum CO level corresponds to the lowest
excess air ratio or the more fuel rich condition. In the staged combustion experiments,
because of the under-stoichiometric condition in the first stage, a large amount of
unburnt species (including CO) will be formed in the primary stage. The burnout of the
unburnt species should take place in the second stage. If necessary air is available in the
burnout zone, the CO level will be very low; if not the CO level will be high. So the
higher deviation for CO emission in the staged combustion is a result of the variations
in secondary excess air ratio, where more fuel rich conditions in the secondary stage
can, combined with not perfect mixing of fuel gas and secondary air, cause higher

fluctuations in the CO level.

7.2.2 NOx emissions: Effect of excess air ratio and air staging

In [228] has been showed that the fuel-N conversion to NOx is strongly
dependent on the excess air ratio and that it increases with increasing excess air.
However, in this study we investigate further the effect of temperature on this
dependency. Figure 7.11 shows the effect of temperature on the NOx emission level
(ppm at 11% O, in dry flue gas) for both staged air combustion and nonstaged
combustion of DW at 850, 900, 950, and 1000 °C.

NO; was typically below 1 ppm for the staged and nonstaged experiments which
is within the measurement error ranges for the analyzers (Gasmet and Bomem FTIRs)
for NO2, except for one case at 900 °C for staged-air combustion, where a NO, level of
up to 3 ppm is measured. Consequently, we have not found any clear relation between

NO, and temperature in the investigated temperature range. The upper graph for
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nonstaged combustion shows an increasing trend for NOx when the excess air ratio is
increasing. This corresponds with the findings in [228]. The NOx level for these cases,
at all temperatures, varies from 75 to 200 ppm at 11% O, in dry flue gas. However, this
graph also indicates that temperature variations have almost no effect on the NOx
emission level. All the data for the different temperatures are included, showing that
they are in the same range for the same excess air ratio and temperature. This indicates
that the temperatures are, as expected, too low for thermal NOx formation. According to
the literature, thermal NOx formation in different biomass combustion systems starts at
temperatures above 1400 °C [132,229].

The lower graph, which shows the same information for staged air combustion
of DW, is distinctively different from that of nonstaged combustion. Here an optimum
excess air ratio exists for each combustion temperature. The NOx results are here
plotted as a function of overall excess air ratio while the corresponding primary excess
air ratio (half of the overall excess air ratio) is given on the upper x-axis for staged
combustion. GC measurements were carried out to analyze the composition of the
primary gas, but they can only provide an indicative value for the primary excess air
ratio and not with a sufficient time resolution. The main point is to use total excess air
ratio as an indicative value to show the effect of variations in the primary excess air
ratio on the NOx reduction degree, and this was effectively achieved with the
experimental setup, the measurements carried out, and the data treatment procedures
employed. The NOx emission level is ranging from 25 to 120 ppm at 11% O; in dry
flue gas. This range points out that the emission level by staged air combustion of DW
decreases by a factor of 2-4, corresponding to 50-75% NOx reduction compared to
nonstaged combustion. In the optimum case, i.e., at an excess air ratio of 1.6-1.9, the

NOx reduction is 85%. This corresponds to an optimum primary excess air ratio of

174



Non-Staged Combustion

250
*
L% & =
=
o
o) « 850, NS
£ * +900, NS
c - 950, NS
[=%
2 = 1000, NS
g
50
0 y y :
1 15 2 25 3
Excess Air Ratio
Staged Combustion
o o o o o - - - P = -~
I = = ® © - N o w n o
250 1 1 1 1 1 i 250
Primary Excess Air Ratio
200 200
B
150 150
o i =850, §
£ +900, 8
£ £ 950, 8
o =1000, S
= 100
Q
zZ
50
0 : 0
1 15 2 25 3

Excess Alr Ratio
Figure 7.11 NOx as ppm corrected to 11%02 in the dry flue gas for staged air
combustion and nonstaged combustion as a function of excess air ratio at the different
temperature levels

0.8-0.95. Again, the effect of temperature is very low, as was the case for nonstaged
combustion, and all temperatures show the same trend. First an increase occurs in the
NOx level with an increasing excess air ratio up to approximately 1.5, and from this
point the NOx level is decreasing until the excess air ratio approaches 2. A further

increase in the excess air ratio will cause the NOx level to start increasing again. This
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effect is due to the increase of available air both in the primary and secondary zone,
which causes the first stage not to be in a fuel rich condition, as was explained in the
Introduction. This will increase the TFN/Fuel-N ratio, hence lowering the NOx
reduction potential, where total fixed nitrogen (TFN) is the total mass of nitrogen in the
flue gas (all N containing gases coming out from the reactor except for N,), and Fuel-N
is the total mass of nitrogen in the fuel [151]. The concentration of NH; and HCN was
very low in the flue gas after a long residence time, typically below 1 ppm, which was
within the measurement error range of the analyzers for these species.

Figure 7.12 shows the effect of temperature on N,O emissions at different
excess air ratios. The upper graph clearly shows that in the case of nonstaged
combustion, the N,O emission level is not a function of the excess air ratio. However,
the effect of temperature on the N,O emission level is significant in nonstaged
combustion. The maximum N,O emission level is seen at the lowest temperature, i.e.,
850 °C. Increasing the temperature with just 50 °C will decrease N,O from 4.8 to 0.9
ppm (mean value), which corresponds to 80% reduction. The same trend has been found
for N,O formation for temperatures above 750 °C in the literature, where reduction of
NO has a significant effect on the production of N,O [230, 231]. The production of N,O
is mainly from the reaction of NO + NCO and NO + NH, so N,O is mainly reduced by
thermal decomposition.HCNandNHj; either can reduce to N,O and N, or oxidize to NO.
At the higher temperature, the oxidation route becomes more dominant; therefore,
having a low amount of N,O is predicted [11, 42]. The staged air combustion
experiments show higher values of N,O for the same conditions. At the optimum excess
air ratio for NOx reduction, the increase in N,O emission compared to nonstaged

combustion is almost 120%.
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7.2.3 Temperature Influence on NOx and N2O Emission Levels

As discussed earlier, the effect of temperature on the NOx emission level is
small in the investigated temperature range of 850-1000 °C. However, with the
extraction of the maximum and minimum levels for each temperature, some important
trends can be established. Figure 7.13 shows mean, maximum, and minimum NOx
emission level (ppm at 11% O, in dry flue gas) for nonstaged (NS) and staged air (S)
combustion of DW in the mentioned temperature range. The average (mean value for
different excess air ratios over a period of time) is remaining constant at the different
temperatures, at almost 150 ppm for nonstaged combustion. The maximum, mean, and
minimum values are at the highest level for 900 °C in the nonstaged experiments. NOx
at staged air combustion seems not to be a function of temperature either. The average
value is on the order of 80 ppm at 11% O, in dry flue gas and the highest mean value is
seen at 900 and 950 °C. It is interesting to note that in both cases the spread between the
highest and lowest values are higher in the lower end of the temperature range. The
lower amount of NOx at 1000 °C needs more clarification.

Considering the optimum primary excess air ratio as the key point for
minimizing the NOx emission, we can see that at 1000 °C most of the time the reactor
was running in the optimum excess air ratio range (see Figure 11). This resulted in a
lower average NOx value (for a complete run). At 900 and 950 °C, in spite of our
efforts to operate at optimum conditions, the primary excess air ratio has also been
slightly lower than the optimum range (0.8-0.95) for the experiment. Hence, the higher
average value at 900 and 950 °C corresponds to a lower average primary excess air
ratio.

N,O has a different behavior in relation to temperature, showing similar values
for staged air combustion and nonstaged combustion. However, temperature has a great
influence on mean, maximum, and minimum N,O levels, shown in Figure 7.14. They
decrease significantly with increasing temperature, and for high temperatures the N,O
level is almost negligible. Yet again the spread between maximum and minimum values
are higher in the lower end of the temperature range. Previous studies shows that the
main precursor for N,O formation is HCN oxidation [139, 232] while N,O destruction

is mainly by the reaction of N;O+H=N,+OH [218]. At the high temperatures, the
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destruction reaction with H radicals is faster and also the HCN oxidation reaction tends

to NO formation instead of N,O. This mechanism causes the N,O level to be very low

at higher temperatures.
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different temperature levels.
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7.2.4 Effect of Stoichiometry, Temperature, and Residence Time on TFN/Fuel-N

In addition to the reactor temperature, primary excess air ratio, fuel-N content,

differences in residence times and mixing conditions may also have an effect on the fuel
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nitrogen conversion. The optimum condition for maximum conversion of fuel-N to
molecular nitrogen, N», is highly affected by the mentioned parameters. However, since
only one fuel was tested, the primary excess air ratio is the only important variable in
addition to the potential temperature effect regarding the NOx emission level. The
NOx/Fuel-N and TFN/Fuel-N ratios, as shown in Figure 7.15, were checked and
showed good consistency, always well below unity [132], since the values for TFN
(TFN = NO+ NO; + 2N,0 + HCN + NH3) is calculated after complete burnout where

the residence time has been several seconds.
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Figure 7.15 Average, minimum and maximum values of TFN/Fuel-N for staged air

combustion (S) and nonstaged combustion (NS) at the different temperature levels

Residence time in the reduction zone is of importance for nitrogen conversion,
however up to a certain value, beyond which it does not significantly influence
TFN/Fuel-N [112, 233]. In this work, the residence time is well above the expected
needed time (below 2 s) and, hence, the results are not influenced by the residence time.
After the reduction zone, the combustion is completed by injection of the secondary air.
Of course, good mixing of secondary air and the combustible gases are important. In
average, a large amount of the TFN is composed of NOx (96%) and is varying between

81 and 100% depending on the temperature and the combustion scenario. Therefore the
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mentioned values in the last figure, Figure 7.15, can be regarded as approximate values

for NOx/Fuel-N.

7.3 Ash related behavior in staged and non-staged combustion of biomass fuels and

fuel mixtures

This part of research work on PhD thesis is focusing on the influence of (a) the
mixing of biomass fuels in pellets; (b) air staging. Seven parameters have been chosen
to evaluate the effects of mixing and staging: (1) HCI & SO, emissions; (2) fly ash size
distribution; (3) bottom ash composition; (4) bottom ash fusion properties; (5) fly ash
composition; (6) Cl-conversion; (7) S-conversion.

Two types of experiments are carried out: (1) experiments with air staging and
(2) experiments without air staging. Only isothermal experiments were performed with
a reactor temperature of 850 °C. The primary air and secondary air were also preheated
to this temperature. The total excess air ratio was about 1.6, and the primary excess air
ratio was about 0.8 in the staged air experiments. Pellets feeding rate were 400 g/h.

Staged and non-staged experiments are carried out with four kinds of pellets: (1)
wood (WP), (2) demolition wood (DW), (3) coffee waste (CW) and (4) six mixtures of

these fuels. The proximate analysis of the pellet samples are shown in Table 7.5.

Table 7.5 Proximate analysis and heating value of pellets (wt%)

Ash Volatile Fixed carbon  Moisture HHV
Pellets: (dry basis) (dry basis) (dry basis) (as received) MJ/kg, dry basis
Wood (WP) 0.2 85.43 14.37 6.5 20.63
Demolition wood (DW) 3.73 77.27 19 8.1 20.54
Coffee waste (CW) 5.8 76.17 18.07 17.53 22.20
Mixtures of pellets (calculated,
except for moisture):
1/2 WP-1/2 DW 1.97 81.35 16.69 6.78 20.62
1/2 WP-1/2 CW 3.00 80.80 16.22 8.76 21.36
1/2 DW-1/2 CW 4.77 76.72 18.54 12.72 21.24
2/3 WP-1/3 CW 2.07 82.34 15.60 11.35 21.08
1/3 WP-2/3 CW 3.93 79.26 16.84 8.02 21.55
1/3 WP-1/3 DW-1/3 CW 3.24 79.62 17.15 24.53 21.04

182



The ultimate analyses of the pellets, including ashes are shown in Table 7.6. The
heating value is calculated based on the elemental composition. Mixing has an effect on
elemental and ultimate analyses but the fuels also have different chemical structures

[79].

Table 7.6 Ultimate analysis of pellets (wt% dry ash free basis) including ash
composition

Pellets: C H O N S Cl

Wood (WP) 51.22 6.07 42.54 0.14 0.03 0.02
Demolition wood (DW) 50.59 6.09 41.65 1.59 0.075 0.113
Coffee waste (CW) 52.9 6.47 37.64 2.8 0.187 0.038

Mixtures of pellets (calculated):

1/2 WP-1/2 DW 50.91 6.08 42.11 0.85 0.052 0.065
1/2 WP-1/2 CW 51.98 6.25 40.33 1.34 0.101 0.028
1/2 DW-1/2 CW 52.01 6.06 39.21 2.58 0.137 0.085
2/3 WP-1/3 CW 51.93 6.06 40.8 1.14 0.08 0.027
1/3 WP-2/3 CW 52.79 6.04 38.68 2.35 0.141 0.036
1/3 WP-1/3 DW-1/3 CW 51.72 6.07 40.45 1.67 0.097 0.061

WP(2/3)/C  WP(1/3))C  WP(1/3)/D

ELEMENT SAMPLE WP DW cw WP/DW  WP/CW  DW/CW  W(1/3) W(2/3) W(1/3)/CW(
si %TS 0.0394 1.2333 0.1933 0.896 0.0831 17 0.358 0.698 0.797
Al %TS 0.0085 0.1937 0.0803 0.113 0.0399 0.416 0.214 0.485 0.291
Ca %TS 0.1195 0.7003 1.6367 0.399 0.808 1.02 0.461 0.819 0.657
Fe % TS 0.0064 0.5490 0.1263 0.296 0.12 0.504 0.209 0.75 0.532
K % TS 0.0579 0.1130 1.9800 0.0886 0.947 1.46 0.948 2.01 1
Mg % TS 0.0251 0.1107 0.6453 0.0677 0.308 0.382 0.219 0.44 0.25
Mn % TS 0.0135 0.0142 0.0099 0.0135 0.0114 0.0142 0.0135 0.014 0.0143
Na % TS 0.0093 0.1320 0.0168 0.0691 0.011 0.0908 0.0136 0.0147 0.0582
P % TS 0.0120 0.0367 0.2030 0.0242 0.0986 0.173 0.109 0.227 0.12
Ti % TS 0.0003 0.2227 0.0082 0.122 0.0029 0.196 0.0327 0.0696 0.122
As mg/kg TS 0.0900 3.9800 0.0983 3.02 0.1 2.09 0.15 0.135 2.54
Ba mg/kg TS 10.4500 318.6667 87.2000 175 42.5 263 27.8 38.3 136
Be mg/kg TS 0.0040 0.0420 0.0500 0.0204 0.02 0.0522 0.02 0.0458 0.0371
Cd mg/kg TS 0.0635 1.3133 0.0738 0.361 0.0611 1.13 0.0633 0.0588 0.309
Co mg/kg TS 0.0288 1.3633 0.3603 0.848 0.183 2.23 0.867 1.93 1.37
Cr mg/kg TS 0.3765 59.3000 28.4000 37.9 1.1 37.7 8.16 45.9 441
Cu mg/kg TS 0.5875 166.0333 66.0333 15.5 314 39.5 17.9 33.3 27
Hg mg/kg TS 0.0100 0.0959 0.0208 0.0631 0.0162 0.0541 0.02 0.0186 0.0373
Mo mg/kg TS 0.0400 0.8930 1.2533 0.93 0.442 1.15 0.2 0.4 0.608
Nb mg/kg TS 0.0400 0.6023 0.5000 0.297 0.2 1.16 0.519 1.29 0.686
Ni mg/kg TS 0.0639 2.6800 1.0047 2.43 0.499 4.94 2.39 4.6 2.82
Pb malkg TS 00923  426.3333 4.9933 300 0.474 331 15 226 95.9
Sc malkg TS 0.0080 0.1055 0.0957 0.0555 0.05 0.481 0.292 0.656 0.336
Sn malkg TS 0.0267 1.8900 0.2530 1.46 0.0626 0.956 0.115 0.119 0.601
Sr mglkg TS 4.1200 25.4667 81.3000 15.2 39.3 458 20.9 385 28.4
\ mg/kg TS 0.0420 1.5667 1.0480 1.01 0.503 4.52 2.4 5.51 3.13
W malkg TS 0.4000 12.3667 5.0000 9.56 2 8.64 2 4 3.75
Y mg/kg TS 0.0150 0.4917 0.2000 0.273 0.09 0.713 0.265 0.61 0.488
Zn mg/kg TS 8.7700 679.3333 26.4667 390 15.3 265 19.3 16.7 135
Zr mg/kg TS 0.0947 9.3567 2.2700 5.99 0.473 12.3 3.45 6.58 6.15
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CW has the highest ash content but it is still relatively low (5.8 wt% ddb.). DW
has the highest Cl-content while CW has the highest S-content. DW has the highest Si
and Al but also Na contents. CW has both the highest Ca and K concentrations.

7.3.1 HC1 & SO, emission levels

For pure biomass fuels, staging leads to a reduction in HCI emissions while no
clear trend is observed for the mixtures (three are unaffected, two display increasing
emissions and one a decrease). This might be due to accuracy issues as HCI is difficult
to quantify. However the somewhat consistent results (all pure fuels exhibit a decrease
in HCI while mixtures exhibit varying trends) might reveal complex synergies between
mixed fuels.

The experimental results (both staged and non-staged) show that increasing fuel-
Cl lead to increasing HCI emissions during combustion. The resulting emissions for the
mixtures indicate an unexpected effect of mixing on HCI emissions: in most cases, the
resulting emissions are lower than the average of the pure biomass emissions, including
for the ternary mixtures. No explanation can be given except synergy effects between
the mixed fuels. Such complex (i.e. non-linear) interactions between chemical elements
are actually not uncommon in biomass combustion [234].

Increasing S-fuel is leading to increasing SO, emissions. Contrary to HCI, the
mixing effect can generally be described “as expected” with the resulting mixtures
emissions in between those of the involved pure biomass samples. For DW and
DW/WP (WP has a very low S concentration) no effect from staging is visible while the
other fuels and mixtures show a little increase of SO, with staging.

The opposite effects of mixing and staging on the chemistries of S and CI show
that the same methods cannot be used to reduce the circulation of both S and Cl.

Figure 7.16 presents the SO, and HCIl emission levels during staged and non-

staged incineration for the three biomass fuels and their mixtures.
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Figure 7.16 HCI1 and SO, emission levels for staged and non-staged combustion

conditions
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7.3.2 Particle size distribution

The particles formed during fixed bed biomass incineration are of two groups
[235]: (a) coarse fly ash particles with a diameter comprised between 1 and 250 pum
(mainly between 10 and 100 pm); (b) aerosols with a diameter under 1 um (sub-micron
particles mainly between 0.1 and 1 pum). Together they constitute the fly ash. The
particle size distribution from fixed bed combustion of biomass is therefore bimodal.
While the large particles are physically entrained from the bed by the flue gas, the
aerosols are originating from the release of volatiles compounds (such as alkali
chlorides) from the fuel followed by nucleation, and condensation of these vapors and
subsequent coagulation of particles [235]. Other processes (condensation of vapors onto
large particles) may also occur. The release behavior and governing mechanisms are not
well known yet and are affected by a variety of operating and feedstock parameters
[235].

Figure 7.17 presents the particle size distribution of the fly ash up to 10 um, i.e.
mainly the aerosols, as they are the most corrosive, for the pure fuels and mixtures for

non-staged and staged experiments.
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Figure 7.17 Comparison of particle size distribution for staged and non-staged
combustion conditions

The curves are an average of all experiments as the same trend is observed for

all fuels and mixtures. Staging leads to a displacement towards larger particles from less
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than 0.1 pm to over 0.1 um (but under 1 pm) indicating a shift in release behavior and
mechanisms. The total number of particles emitted appears little affected by staging

meaning that the total weight of particles emitted is increased by staging.

7.3.3 Bottom ash composition

Figure 7.18 summarizes the main elements constituting bottom ash in the
experiments. The main constituents of the bottom ash for all biomass and mixtures are
Si, Al, Ca, Fe, K and Mg with variations between the fuels in relation with the elemental
composition of the fuels (see Table 7.7). The main components of fly ash are K, S, CI
and Na but also significant levels of Pb and Zn (more details will be given later). These
compositional differences directly translate the different processes involved in the
formation of these two categories of ashes as discussed before: bottom ash is mainly
made of non-volatile inorganic matrix left over after the release of volatiles, such as Si,
Al Ca and Fe while aerosols (submicron fly ash particles) are mainly made of volatiles
such as alkali chlorides [235]. Two very interesting results concerning bottom ash
(staging and non-staging as there is no major difference) are:

(a) The high concentrations of K for most biomass and mixtures (exception: DW and its
mixtures). This might be due to the formation of potassium (alumino) silicates [236] or
to the fact that K is part of non-volatile chemical compounds in the fuel (such as
aluminosilicates). It is also believed that pellets, more compact and denser than loose
biomass, might also contribute to a more intimate contact and therewith promote
reactions between inorganic compounds.

(b) The most interesting result concerning the effect of staging is that K is (relatively)
more retained in the bottom ash than Na when staging is used with pure biomass fuels
while staging has no measurable effect on Na and K chemistries in mixtures. This
strongly infers that mixed fuels in pellets interact together and that these interactions

lead to nonlinear effects on overall chemistry. This is not uncommon as indicated earlier

and in [234].
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Figure 7.18 Comparison of bottom ash composition for staged and non-staged

combustion conditions

A single fuel significantly deviates from these two observations: coffee waste
(CW). CW does not have high bottom ash K concentrations and the two alkalis are
found at the same (weight) concentrations in the bottom ash even though much less Na

is present in the fuel than K. This unique behavior also affects the chemistry of alkalis
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in the mixtures involving CW (decrease in K in bottom ash, see Figure 6). Several
parameters may contribute to the peculiar behavior of CW compared to the other fuels
such as chemical makeup (very high N-content, high S-content) including ash (high Ca

content) but no more detailed explanation can be given at the present time.

7.3.4 Bottom ash fusion properties

The four ash fusion temperatures represent transitional states between solid and
fluid ash. These temperatures give an indication of the softening and melting behavior
of the ash. Despite the shortcomings inherent to this empirical method and a relatively
weak record of correlation with slagging and fouling (especially for fuels other than
coal), fusion temperatures are valuable guides to the high temperature behavior of the
fuel inorganic elements and can give useful information regarding the fouling and
slagging propensities of ashes [237]. The initial deformation temperature (IDT) is for
example a guidance criterion for the prevention of severe superheater fouling: plant
design should limit the temperature of the flue gas entering the superheater section to a
value below IDT. The fusion temperatures may be related to the composition but also
structure of the ashes. Figure 7.19 presents the ash fusion temperatures (ASTM 1857
Standard) for the bottom ash of the three pure biomass and the six mixtures.

For the non-staged experiments, the IDT of the pure fuels are all around 1100°C
(+/- 50°C). This is also true for the mixtures except for WP (1/3)/CW (2/3) and the
ternary mixture. Wood pellets (WP) and demolition wood pellets (DW) fusion
temperatures are almost not affected by staging, while CW fusion temperatures are
increasing from under 1100 to over 1200°C. The four transitional temperatures are very

close for DW.
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Figure 7.19 Comparison of ash fusion properties of bottom ash for staged and non-

staged combustion conditions

No obvious trends concerning the influence of mixing and staging are observed

as presented in Figure 7.20.
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Figure 7.20 Temperature difference between non-staged and staged experiments for

four characteristic temperatures in the various fuels and fuel mixtures

However, two main behaviors may be envisioned:
(a) there are interactions between the chemical elements of the fuels during incineration
therewith forming an ash with a new structure (having ash properties difficult to predict
and/or correlate). As already mentioned, this might be promoted by the use of pellets in
which ash compounds are more intimately in contact than in loose biomass;
(b) the resulting ash might be a mixture of the two pure fuels ash (no interactions).

The largest effect observed is for CW for which staging leads to a narrowing of
all the bottom ash fusion temperatures, concentrated within about 70°C, implying that

the softening-melting of the ashes is happening almost simultaneously.

7.3.5 Fly ash composition

The main components in the fly ash are K, S, Cl and Na (see Figure 7.21 (a) and
(b)). In average 70 wt% of the oxygen-free samples (excluding C and Al) consisted of
these four elements. Zn and Pb represent on average 20 wt-% whereas the portion of the
inert oxide forming elements Si, Ca, Fe, P, Mg and Cr is 10 wt%. P and Mg

compositions are very low in all samples.
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The portion of inert metals is generally higher in the bigger particle size
fractions than in the smaller fractions, indicating that the compounds of these metals
(oxides) originate from the original fuel ash and have not been vaporized during
combustion.

Pb and Zn are partly in oxide form, partly in salt form. The oxides are most
probably ZnO and PbO. The salt part is made of sulfate and chloride of K, Na, Zn and
Pb.

The CI content of the salt part of the WP sample is 5-20 % with the staged
samples showing slightly higher values than the non-staged samples. The DW sample
has 50-60 % Cl in both non-staged and staged samples, whereas the CW samples have
no Cl.

CW composition shows no trends as a function of particle size. K constitutes
some 70 % of the metals, Zn 25 % and Na 5 %. Non-staged and staged samples are
similar except for significantly higher Zn in the staged samples.

In the WP samples, K decreases with increasing particles size. Zn is low in the
smaller fractions and higher in the bigger particles. The staged samples have
significantly higher Na than the non-staged.

The DW samples show significant trends in the metal content as a function of
particle size. In the staged runs, K decreases from 40 % in the 0.1 um sample to 20 % in
the 1.5 um sample. In the non-staged sample, K is 20 % in the small particles and 15 %
in the larger ones. Zn increases correspondingly from smaller to bigger particles. Pb
shows a slight decrease. There is significantly higher Na in the non-staged samples, but
in neither runs Na showed any trend as a function of particle size.

The salt part of the mixture WP/DW consists of 60 % Cl both in non-staged and
staged runs. Some 50 % of the metals are Zn and Pb with a slight increase of Zn as a
function of particle size.

The WP/CW samples show very small amounts of Cl, almost no in the non-
staged samples and below 10 % in the staged samples. K is the dominating metal with
70 % in the non-staged samples and around 50 % in the staged samples. In the staged
samples, Zn increases with increasing particle size while there are no trends in

composition of the non-staged samples.
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The DW/CW samples contain very small amounts of Cl, slightly more in the

non-staged samples. In the staged run, K shows a small decreasing trend with particle

size and Zn a corresponding increase. This trend is not seen in the non-staged run.

The samples from runs with mixtures of WP and CW (2/3WP+1/3CW) and

(1/3WP+2/3CW) are very similar. The non-staged samples show no compositional

changes as a function of particle size, while K is decreasing and Zn is increasing in the

two air-staged runs. Na shows no trend as function of particle size.

The samples from the run with mixture WP/DW/CW show higher Cl-content

than the other ones. The staged samples have some 10 % and the non-staged some 5 %
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Cl. The Zn content is somewhat higher in the staged samples and increases in bigger

particles. K shows a corresponding decrease. Na is, again, not affected by particle size.

7.3.6 Cl-chemistry

Figure 7.22 presents the phase distribution of Cl in the three biomass samples
and six biomass mixtures both for nonstaged and staged combustion experiments.
Experimental challenges make it difficult to reach satisfying mass balances in some
experiments but the interpretation of the overall trends, i.e. qualitative rather than
quantitative results, still brings valuable knowledge.

The three biomass samples (non-staged combustion experiments) can be said to
belong to two groups: (1) fuels in which most of Cl is converted to HCI represented here
by wood pellets (WP); (2) fuels in which Cl is distributed equally in both phases. Such
grouping has also been reported in thermodynamic equilibrium calculations for waste
fractions (including biomass) [238].

Staging has the same effect on all fuels (but with different relative strengths): it
displaces Cl from the gas to the solid phase. For example, the proportion of Cl in the
bottom ash is increasing from about 57% to about 80% in CW. The differences in the
magnitude of the effect are partly attributable to the fuel-Cl content but the chemical
makeup of the fuels (modes of occurrence) is most probably another important factor.

When looking at the (non-staged) results for the three 50/50 mixtures (see Figure
7.22), it appears that the resulting retention in the bottom ash is at the high end of the
values of the respective mixed fuels (WP/DW: 50%; WP/CW: 56%; DW/CW: 60%;
WP: 15%; DW: 40%; CW: 57%). This behavior cannot be explained but seems to prove
that complex interactions between the mixed fuels are occurring. Air staging does not
have a significant effect for WP/DW and WP/CW.

Mixtures in which one fuel is dominating (WP(2/3)/CW(1/3) and
WP(1/3)/CW(2/3)) offer clearer trends when it comes to Cl-distribution (for non-staging
experiments): increasing the share of CW increases the share of CI in bottom ash. This
result is in good correlation with the results for the single-fuel pellets. As observed

previously, the effect of air staging is almost non-existent in mixtures.
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Figure 7.22 Cl-phase distribution (conversion factors) for staged (s) and non-staged (ns)

combustion conditions.

7.3.7 S-chemistry

Figure 7.23 shows the phase distribution of S in the three pure biomass fuels and
the biomass mixtures. S partitioning is between the gas phase (as SO;) and the solid
phase (bottom ash). An important experimental issue is the S-mass balances which are
not really satisfactory for some of the experiments, but the interpretation of the overall
trends, i.e. qualitative rather than quantitative results, still brings valuable knowledge.

Overlooking this issue, which trends may be extracted? In non-staged
experiments, it appears that for all fuels and fuel mixtures studied, slightly more than
half of S is to be found in the bottom ash (except for WP and WP(2/3)/CW(1/3) where
slightly more than half of S is to be found as SO,). Distribution does not seem to be
affected by S-concentration or its modes of occurrence which most certainly vary in the
different fuels. This is in good accordance with both experimental results [ 189] where it
is measured that 25-55% of S is released to the gas phase from 500°C for woody
biomass and with thermodynamic calculations [238] which predict that about 45% of
biomass-S is released to the gas phase (average at 600-1200 °C).

Staging does not appear to have an influence on S-phase distribution apart from

a minor increase in S-conversion to SO, for most of the mixtures.
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Figure 7.23 S-phase distribution (conversion factors) for staged (s) and non-staged (ns)

combustion conditions

7.4 The effect of peat ash addition on the combustion of demolition wood

In the present work, the first attempts are made to determine which chemical
effects of peat ash addition in demolition wood combustion are detectable on the bottom
ash, fly ash and gas composition in carefully controlled combustion experiments. All
experiments in this work were carried out with demolition wood and demolition wood
with peat ash employing staged air combustion. Demolition wood has high contents of
zinc and lead and has been shown to be quite problematic from a corrosion point of
view. The results of both the proximate and ultimate analysis are presented in Table 7.7.
The metal composition of the ash for the different fuel mixtures are presented in Table

7.8 recalculated on dry fuel basis.

Table 7.7 Ultimate and proximate analysis of the demolition wood

Proximate analysis

Volatiles Fixed carbon Ash Moisture
(dry basis) (dry basis) (dry basis) (as received)
77.13 19.00 3.87 7.98
Ultimate Analysis (Oxygen calculated by difference)
C H N O S Cl
50.53 6.09 1.59 41.60 0.08 0.11
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Table 7.8 Chemical composition (dry basis) of the ash of demolition wood and the

generated mixtures

Peat ash %
Ash content [%]
Si [%]

Al [%]

Ca [%]

Fe [%)]

K [%]

Mg [%]
Mn [%]

Na [%]

P [%)]

Ti [%)]

As [mg/kg]
Ba [mg/kg]
Be [mg/kg]
Cd [mg/kg]
Co [mg/kg]
Cr [mg/kg]
Cu [mg/kg]
Mo [mg/kg]
Nb [mg/kg]
Ni [mg/kg]
Pb [mg/kg]
Sc [mg/kg]
Sn [mg/kg]
Sr [mg/kg]
V [mg/kg]
W [mg/kg]
Y [mg/kg]
Zn [mg/kg]
Zr [mg/kg]

3.9
1.2
0.2
0.7
0.5
0.1
0.1
0.01
0.1
0.04
0.2

319
0.04
1.31
1.36
59
166
0.89
0.60
2.7
426
0.11
1.89
25
1.57
12
0.49
679

5.2
1.9
0.3
1.1
0.4
0.1
0.3
0.02
0.1
0.05
0.3

367
0.06
1.02
2.21
50
275
1.43
0.68
23
447
0.19
2.99
30
2.12
75
1.05
606
12

8.9
24
03
1.7
2.5
0.1
0.7
0.03
0.1
0.05
0.2

274
0.13
0.97
1.37
55
29
0.82
0.60
3.1
637
0.21
5.40
28
3.14
12
2.11
421
10

10
13.4
3.6
0.5
3.7
1.2
0.1
1.8
0.03
0.1
0.10
0.2

379
0.25
0.55
1.46
96
29
2.56
0.90
2.8
258
0.54
2.11
45
3.57
15
5.10
346
13
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Only isothermal experiments were performed, the reactor was preheated to the
required temperature which was held constant during the experiment. The total excess
air ratio was about 1.6, and the primary air stoichiometry was about 0.8 for most of the
experiments but was also varied in order to study the effect of lean O, condition in the
primary zone on the volatility of chlorine and other alkali compounds.

The reference experiment was run at a reactor temperature of 850 °C and with no
addition of peat ash. Three other experiments were run at the same operational
conditions with the exception of the peat ash addition of respectively 1, 5 and 10% to
the demolition wood. Another two were run with 5% peat ash addition at different
reactor temperatures of 800 and 900 °C. And finally two experiments were performed
with lower (marked as LP) and higher (HP) air supply to the primary zone compared to
the reference experiment. The secondary air combustion was changed respectively in

order to obtain a total air excess ratio of 1.6.

7.4.1 Bottom ash analysis

To determine the fate of some of the ash elements during combustion and the
effect of peat ash, the chemical composition of the bottom ash was determined by the
ICP-AES and ICP-SFMS methods. The concentrations of the main elements for all the
experiments are shown graphically in Figure 7.24.

The figure shows that the peat ash is richer in calcium and magnesium than the
demolition wood (DW) ash, which, hold more silicon, potassium, sodium, aluminum
and titantum. The ash content of DW is around 4%, i.e. an addition of 5% peat ash
would approximately double the amount of incoming ash. The results show a clear trend
of decreasing Si, K, Na, Al and Ti with increasing peat ash addition as expected.
Similarly Ca and Mg increase with peat ash addition. No clear trends are seen between
the samples for the other major elements. Differences between the samples at different
temperatures (800-900 °C) are small, as are they for the samples taken during different
air staging at 850 °C and 5% peat ash addition. As seen in Figure 7.25, the
concentration of both lead and zinc decrease linearly with peat ash addition. The
decrease corresponds fairly well with the dilution effect due to added peat ash. It was

not possible to close the mass balance for lead and zinc accurately enough to determine
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if there is an enrichment or depletion of these metals in the bottom ash due to peat ash

addition. On the other hand, a clear trend for both lead and zinc can be seen in the

samples at different temperatures with 5% peat ash addition. The concentration of both

metals decrease as a function of temperature indicating higher devolatilization at higher

temperatures.
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Figure 7.24 Major element composition of bottom ash samples from all experiments. In
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Figure 7.25 Lead and zinc concentrations in the bottom ash samples
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7.4.2 Aerosol size distribution and composition

The particle size distribution in the flue gas was monitored with an ELPI for the
aerosols

in the range of 0.03—10 um. It is acknowledged by the authors that larger particles
belonging to the coarse fly ash range might exist in addition to the size range discussed
in this study. It is however believed that these particles are most likely found in
moderate quantities because of a low probability of entrained particles. This is due to
the straight reactor geometry and the extremely low flow velocity (0.03 — 0.07 m/s). The
results of the particle size distribution are shown in Figures 7.26-7.28. There is not a
clear trend showing how increasing addition of peat ash influences the particle size

distribution (Figure 7.26).
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Figure 7.26 The particle size distribution in the fly ash for different peat ash additions at
850°C

In the reference sample without ash addition, the amount of smaller particles are
considerably higher than in the experiments with peat ash addition, which show a slight
increase of particles smaller than 0.2 with increased peat ash addition. For bigger
particles a decrease in the amount of particles is seen. Higher temperatures give
increased amount of all particle fractions (Figure 7.27). The load of 0.04 um particles is

exceptionally high at 900°C. For the other size fractions the amount of particles is 50-
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100% higher at 900°C that at 800°C. The results indicate that a low level primary air-
staging give higher particle loads, especially for smaller particles (Figure 7.28), whereas

the high level air-staging seems to promote formation of particles in the range 0.3 - 1.2
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Figure 7.27 The particle size distribution in the fly ash for different reactor
temperatures, 5 % peat ash addition
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Figure 7.28 The particle size distribution in the fly ash for different primary air
amounts, 850°C and 5 % peat ash addition
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7.4.3 Chemical composition of particles

The composition of the salt part of the samples collected in the ELPI
measurements are given in Figures 7.29-7.31. The samples are dominated by Zn and
Pb. In average 50 wt.% of the oxygen-free samples (excluding carbon and aluminum)
consisted of these elements. The portion of K, S, CI and Na where in average 35 wt.%,
whereas the portion of the inert oxide forming elements Si, Ca, Fe, P, Mg and Cr was 15
wt.%. P and Mg were very low in all samples. The portion of inert metals was generally
higher in the bigger particle size fractions than in the smaller fractions, indicating that
the compounds of these metals (oxides) originate from the original fuel ash and have not
been devolatilized.

Lead and zinc are partly in oxide form, partly in salt form. The oxides are most
probably ZnO and PbO. The salt part constitutes of sulfate and chloride of K, Na, Zn
and Pb. For peat ash addition at 850 °C (Figure 7.29),

1.0

acl2

LB

OPb

OZn

B Na2

oK2
0.0 - i
o o o o — —_ N [N (4] [é)] (4] (4] - —_ - —_
R R R R R R R R R R R R S R 2 =
L : . R R R R
w o ~ © w 9] ~ © w o ~ © ! ! ! !
w $) ~ ©

Figure 7.29 The chemical composition of the impactor stages 3, 5, 7 and 9
corresponding to the sizes 0.093; 0.26; 0.611; 1.59 um of the fly ash taken by the ELPI

in the exhaust of the reactor as a function of peat ash + lime addition
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the salt part was richest in chloride for the reference run (50%) and decreased at peat
ash addition to 20-30% chloride at 1%, and to 5-10% chloride at 5 and 10% ash
addition, respectively, the latter two being very similar in composition. Potassium
decreased significantly with increasing peat ash addition, being 40-50% in the reference
run and 5-10% at 10% ash addition. A corresponding decrease in the Na content is not
observed. Zinc increased with increasing ash addition, indicating formation of zinc
sulfate. The zinc content was higher in big particles compared to smaller particles.

Lead, again, showed the opposite trend decreasing with particle size. The
composition of the salt part for the different temperatures is very similar for the runs at

800 °C and 850 °C, chloride being some 20% in all samples (Figure 7.30).
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Figure 7.30 The chemical composition of the impactor stages 3, 5, 7 and 9
corresponding to the sizes 0.093; 0.26; 0.611; 1.59 um of the fly ash taken by the ELPI

in the exhaust of the reactor as a function of temperature, at 5% peat ash addition

At all three temperatures the zinc content is dominating. The concentrations of
zinc (and lead) account for about 40-50% of the salts produced for the small particles
(0.093 um) and up to 90% for the larger particles (1.59 um). It shows an increasing
trend with increasing particle size. In contrast, both potassium and lead decrease with

particle size while the trends in sodium content are weak. No clear trend can be seen in
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the composition of the salt part as a function of primary air level (Figure 7.31). Low and
normal primary air are very similar. They have a chloride content of 10—20% and show
all an increase of zinc and decrease of potassium and lead with increasing particle size.
The high primary air sample has slightly higher chloride content (20—40%) for all size
fractions. To sum up, lower alkali chloride concentrations could have an inhibiting
effect on corrosion, but high Zn and especially Pb concentrations may lead to a lower

first melting point of the aerosol particles. This, again, may promote deposition on heat

transfer surfaces in the flue gas channel.
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corresponding to the sizes 0.093; 0.26; 0.611; 1.59 pum of the fly ash taken by the ELPI
in the exhaust of the reactor as function of different air distribution between primary and
secondary stages (lo prim/hi prim; low/high primary air amounts compared to the

reference experiment), at 5% peat ash addition
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7.4.4 The fate of chlorine and sulfur

The chlorine distribution between the bottom ash and the gas phase relative to

the chlorine input in the fuel is shown in Figure 7.32. Note that bottom ash analysis

could not be made for the sample with 1% peat ash addition. The figure does not

include the chlorine in the fly ash because not all of the impactor stages were

chemically analyzed. However, the chlorine in the fly ash is assumed to have a minor

influence on the total mass balance due to the relatively small amounts of fly ash

compared to bottom ash. It can be noticed that the chlorine distribution is somewhat

unbalanced probably due to uncertainties in the chemical analysis of the raw fuel, the

bottom ash and measurements in the gas phase.
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Figure 7.32 Distribution of chlorine between gas phase (as measured HCI) and bottom

ash.

However, some interesting trends can be extracted from the results. Generally,

the portion of chlorine in the bottom ash is 40-50% of total chlorine. This is a high

value, which may be due to the relatively high amount of unburned char in the bottom

ash samples. It is expected based on thermodynamic considerations and experience that
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the chlorine is in the form of alkali chlorides in completely burned ash fractions. Some
chlorine can probably dissolve into molten silicates but the amount of this is expected to
be low compared to alkali chlorides. The chlorine in the bottom ash seems to increase
with increased peat ash addition.

Comparing the 5% and 10% additions at 850 °C, show considerably higher CI in
the bottom ash at 10% addition. This indicates that the retention of CI is strongly
affected by the presence of peat ash in the fuel pellet. The calcium content of the peat
ash used is rather high, which could promote CaCl, formation, but taking into
consideration the high sulfur content in the bottom ash, the stable form of calcium not
bound to silicate, should be calcium sulfate. The peat ash seems to be facilitating
chlorine mobility at higher temperatures. A slight trend in seen for the different reactor
temperatures with less chlorine in the bottom ash at higher temperatures, However, a
clear corresponding increase of HCI is not seen in these samples. No clear trends on the
Cl-distribution of different air-staging could be detected.

The distribution of sulfur between bottom ash and SO, in the gas is shown in

Figure 7.33.
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Figure 7.33 Distribution of sulfur between gas phase (as measured SO2) and bottom ash
The ratios for sulfur in gas to total sulfur and the ratio in bottom ash to total

sulfur are rather near to unity, indicating that the mass balance for sulfur is fairly well
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closed based on these two fractions. Thus, the amount of sulfur of the fly ash is small
compared to the total amount. Some 60—-80% of the total sulfur is found in the bottom
ash for all samples. No clear trends can be detected between the different running
conditions indicating that the sulfur chemistry for the demolition wood is not
significantly affected by the ash addition. This could be expected due to the rather low

sulfur content in the peat ash used.

7.5 The effect of kaolin on the combustion of demolition wood

Kaolin was chosen as the additive to demolition wood in order to study in detail
its effectiveness in capturing the alkalis from the gas phase. All experiments in this
work were carried out with demolition wood and demolition wood with kaolin
employing staged air combustion and isothermal conditions. The results of both the
proximate and ultimate analysis for demolition wood are already presented in Table 7.7,
while the element composition of the ash for the different fuel mixtures is presented in
Table 7.9.

The total excess air ratio was about 1.6, and the primary air stoichiometry was
about 0.8 for most of the experiments but was also varied in order to study the effect on
the volatility of chlorine and other alkali compounds of a lean O, condition in the
primary zone. The reference experiment was run first at a reactor temperature of 850 °C
and with no addition of kaolin. Three other experiments were run under the same
conditions with the exception of the kaolin addition of 1, 5 and 10% of weight,
respectively, to the demolition wood. Another two were run with 5% of kaolin addition
but with different reactor temperatures of 800 and 900 °C. Finally two experiments
were performed with lower (marked as LP) and higher (HP) air supply to the primary
zone in comparison with the reference experiment. The secondary air combustion was
changed, respectively, in order to obtain a total air excess ratio of 1.6. The feeding

frequency was set to ensure a feeding rate of 400 g/h.
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Table 7.9 Chemical composition (dry basis) of the ash of demolition wood and the

generated mixtures

Kaolin %

Ash content [%]

Si [%]

Al [%]

Ca [%]

Fe [%]

K [%]

Mg [%]
Mn [%]
Na [%]

P [%]

Ti [%]

As [mg/kg]
Ba [mg/kg]
Be [mg/kg]
Cd [mg/kg]
Co [mg/kg]
Cr [mg/kg]
Cu [mg/kg]
Mo [mg/kg]
Nb [mg/kg]
Ni [mg/kg]
Pb [mg/kg]
Sc [mg/kg]
Sn [mg/kg]
Sr [mg/kg]
V [mg/kg]
W [mg/kg]
Y [mg/kg]
Zn [mg/kg]
Zr [mg/kg]

3.9
1.2
0.2
0.7
0.5
0.1
0.1
0.01
0.1
0.04
0.2

319
0.04
1.31
1.36
59
166
0.89
0.60
2.7
426
0.11
1.89
25
1.57
12
0.49
679

4.3
1.7
0.7
0.7
0.3
0.1
0.1
0.01
0.1
0.04
0.2

332
0.20
0.78
1.20
33
358
0.70
0.90
13.0
233
0.14
1.81
26
1.93
21
0.63
1030
10

7.9
3.7
1.9
0.7
0.5
0.2
0.1
0.01
0.1
0.04
0.3
10
285
0.69
1.22
1.37
39
40
0.67
2.47
2.0
361
0.35
1.76
26
3.35
11
1.36
333
16

10
11.7
5.5
3.2
0.7
0.5
0.2
0.1
0.01
0.1
0.04
0.3
3
336
1.25
0.88
1.86
56
81
0.94
3.38
17
415
0.57
2.20
28
4.86
55
2.15
908
20
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7.5.1 Bottom ash analysis

The concentrations of the most important elements for all the experiments are
shown graphically in Figure 7.34. The increase of silicon and aluminum due to
increased kaolin content is noticeable in the bottom ash. The potassium and chlorine
also decrease as kaolin increases, although from this figure alone it is difficult to
conclude whether this is due to chemical reactions or a dilution effect.

The average values of the four characteristic ash fusion temperature for the
bottom ash are showed in Figure 7.35. With the exception of the experiment with 10%
kaolin, all the different temperature characteristics seemed to increase with increasing
kaolin share in the bottom ash. Increasing kaolin share also resulted in greater scatter
among the different characteristics. Some irregular tendencies were also found, mostly
for the initial deformation temperature and to some extent for the soften temperature.
These two ash temperature characteristics were the most difficult to determine by visual
observation. The results of these temperatures could vary by a 100 °C depending on the

person interpreting the deformation of ash cube pellets.
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Figure 7.34 Major composition of bottom ash from all experiments of Si, Al, Ca, Fe, K,
Mg, Na, P, Ti, S, and Cl using ICP-AES, recalculated on dry ash. Oxygen not included

in the analysis.
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Figure 7.35 The bottom ash fusion temperature

7.5.2 Aerosol size distribution

The particle size distribution in the flue gas was monitored with an ELPI for the
aerosols in the range of 0.03—10 um. Larger particles belonging to the coarse fly ash
range might exist in addition to the size range discussed in this study. It is however
believed that these particles are most likely found in moderate quantities because of a
low probability of entrained particles. This is due to the straight reactor geometry and
the extremely low flow velocity (0.03 — 0.07 m/s). The results of the particle size
distribution are shown in Figures 7.36, 7.37 and 7.38.

In general, it can conclude that the addition of kaolin to demolition wood is
decreasing the particle load in the flue gas (Figure 7.36). This holds true for all the
particle size ranges with the exception of the range 0.07 — 0.12 um for which the trends
are more or less constant. Compared to the work performed in [192] on oat grain in a
residential boiler with a kaolin addition of 2 and 4 %, the particle size distribution range
and shape is quite similar to the ones shown in this study. The only exception is a higher

particle load for the smallest particles for experiments with kaolin. This difference could
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be attributed to totally different reactor geometry and air flow pattern between the two
reactors. The reactor temperature influence on the fly ash load in the flue gas can be
studied in Figure 7.37. For particles smaller than 0.2 um the particle load is highest for a
reactor temperature of 850 °C. For higher particle sizes, increasing temperature is giving
increased particle load. The same trends can also be found for the experiment with
different primary air conditions (Figure 7.38). For particles smaller than 0.31 pm, the
highest particle load is obtained for air excess ratio of 0.8 after the primary zone (the
middle series). The particle load for larger particles is increasing with increased

combustion air through the primary zone.
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Figure 7.36 The particle size distribution of the fly ash for increasing kaolin addition
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Figure 7.37 The particle size distribution of the fly ash for different reactor temperatures
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7.5.3 Aerosol composition

The main components in the analyzed particles were K, S, Cl and Na. In average
50 wt-% of the oxygen-free samples (excluding carbon and aluminium) consisted of
these elements. Zn and lead constituted on average 35 wt-% whereas the portion of the
inert oxide forming elements Si, Ca, Fe, P, Mg and Cr was 15 wt-%. P and Mg were
very low in all samples. The portion of inert metals were generally higher in the bigger
particle size fractions than in the smaller fractions, indicating that the compounds of
these metals (oxides) originate from the original fuel ash and have not been
devolatilized. Lead and zinc are partly in oxide form, partly in salt form. The oxides are
most probably ZnO and PbO. The salt part constitutes of sulfate and chloride of K, Na,
Zn and Pb and calculated from the elemental composition according to the following
assumptions: (i) potassium and sodium are as chlorides or sulfates; (ii) silicon, calcium,
iron, magnesium and chromium are as oxides; (iii) zinc and lead can be both as oxides
and/or chlorides and sulfates. Only the salt formation in the aerosols is shown in Figures
3.39,3.40 and 3.41.

For kaolin addition at 850 °C (Figure 7.39), the salt part was richer in chloride
for the reference run and at 1 % kaolin addition (30-40 % as chloride) than for the runs
with higher kaolin addition (5-10 % chloride), the rest being sulfate. There is no big

differences between smaller (0.1 um) and bigger (1.6 um) particles. The ratio between
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sodium and potassium is rather constant (1:2). However, in the reference sample the
portion of potassium decreases with increasing particle size and zinc increases. A
similar trend can be observed in the samples with 5 % and 10 % kaolin addition. Pb

decreases slightly with increasing particle size.
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Figure 7.39 The chemical composition impactor stages 3, 5, 7 and 9 corresponding to
the sizes 0.093; 0.26; 0.611; 1.59 pum of the fly ash taken by the ELPI in the exhaust of
the reactor as a function of kaolin addition

For the temperature effect at 5 % kaolin addition (Figure 7.40), the portion of
chloride is higher at 900 °C (20 — 50 %) than at 800 °C and 850 °C (10 — 20 %). A slight
decrease in both Zn and Pb is observed with increasing particle size. The results indicate
that the smaller particles have less chloride than the larger ones.

For primary air variations (Figure 3.41), no clear trends can be seen in the
composition of the salt part as a function of primary air level. Low and normal primary
air are very similar. They have a chloride content of 5 — 10 % and show a slight increase
of zinc and decrease of lead with increasing particle size. The high primary air sample

has constant chloride content (10 %) for all size fractions.
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7.5.4 The fate of chlorine

The chlorine distribution among the bottom ash phase and the gas phase relative
to the chlorine input in the fuel is shown in Figure 7.42. This figure does not include the
chlorine part found in the fly ash because not all of the impactor stages were chemically
analyzed. However, the chlorine part belonging to the fly ash is assumed to have a
minor influence on the total mass balance due to the relatively small amounts of fly ash

compared to bottom ash.
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Figure 7.42 Distribution of chlorine between gas phase (as measured HCI) and bottom

ash.

From Figure 7.42 it can been seen that the chlorine distribution is somewhat
unbalanced due to uncertainties in the chemical analysis of the raw fuel, the bottom ash
and measurements in the gas phase. Nevertheless, the figure gives important
information about trends that influence the chlorine distribution as a function of
increased kaolin, temperature, and combustion air distribution. The chlorine in the
bottom ash is decreasing with increased kaolin amounts and reactor temperature. Leaner

conditions in the primary zone seem also to decrease the chlorine content in the bottom
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ash. The kaolin seems to be facilitating the chlorine mobility although this is not
detected as increased amounts in the gas phase throughout the entire range of the kaolin
addition. The trends are clearer for the different reactor temperatures where less
chlorine in the bottom ash, due to increased temperature, is translated into more HCI
release.

As it has been described earlier (equations (5.73) and (5.74)), the effect of kaolin
on abating the chlorine release in the fly ash is done by capturing the potassium and
sodium in the bottom ash. This should translate into increased potassium and sodium for
increased amounts of the additive in the raw fuel. However this is not the case as a
similar mass balance as for chlorine shows that the ratios for K and Na (bottom ash to

input fuel) are close to unity for all experiments.
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8. CONCLUSION

In order to observe the most problematic products of biomass combustion and
possibilities for their reduction very complex research work has been done within this
PhD thesis.

Combustion experiments were performed in a multi-fuel reactor with continuous
feed of pellets by applying staged air combustion. The gas phase was monitored with
several gas analyzers both in the primary zone and in the stack. Complete
characterization of the raw fuel and the bottom ash was performed for all the
experiments. The fly ash particle size distribution was monitored and in addition a
chemical analysis of the fly ash from four impactor stages was performed. The
experimental set-up with its advanced monitoring and control systems as well as the
online and offline analytical methods gives a very accurate picture of the thermal
process and all its products.

Presented results, achieved within work on this PhD thesis, are grouped in five
topics, aiming that whole research work with its results could be observed in the clearest

way. Conclusion is organized in same manner.

(M

NOx, and N,0, emissions have been investigated for different biomass fuels and
fuel mixtures thereof as pellets both with and without air staging at a constant reactor
set point temperature of 850 °C. The fuels investigated are wood, demolition wood, and
coffee waste, and selected mixtures of these. Based on analissies of achieved results the
next conclusions could be unederlined:

e A large NOx reduction potential, up to 91% and corresponding to less than 20
ppm NOx at 11% O, for a fuel containing about 3 wt.% fuel-N, using air staging
was found at the optimum primary excess air ratio.

e The effect on N,O, however, is adverse at the selected set point temperature and
optimum primary excess air ratio for NOx reduction, with an increase in the N,O

emission level of up to 635%.
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e The NOx emission level increases with increasing fuel-N content, while the

conversion factor for fuel-N to NOx decreases with increasing fuel-N content.

e Fuel mixing has a positive influence on the NOx emission level, but a negative

influence on the overall conversion factor for fuel-N to NOx and N,O.

(1D

Temperature range of 850-1000 °C is applied both for staged air combustion and

nonstaged combustion of biomass to investigate the effects of these parameters on the

emission levels of NOx, N,O, CO, hydrocarbons (CxHy) and different other

components.

From the experimental studies carried out in the present work, using demolition

wood pellets as fuel, the following conclusions can be drawn:

The primary excess air ratio is the most important parameter which can
be optimized for maximum conversion of fuel-N to N, hence reducing
the NOx level.

The effect of two stage combustion of biomass is significant for
reduction of NOx emission levels. Staged air combustion, in this case,
can reduce the emission level by 50-75% and even up to 85% at the
optimum conditions.

The maximum NOx reduction happens when the primary air is injected
at a primary excess air ratio of 0.8-0.95 and the total excess air ratio is
1.6-1.9 for staged air combustion.

The experiments show that also the total excess air ratio has an important
effect on the NOx emission.

The N,O level has an inverse effect for staged air combustion, i.e.,
increasing for staged air combustion.

The average N,O level increase for the different temperatures is 75-
1660% but with a low amount of N,O at high temperatures.

The experimental results show that the NOx emission level is not
affected significantly by temperature neither in nonstaged or staged air

combustion when temperatures are kept below 1000 °C in the reactor.
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(111

Yet, the effect of temperature on the N,O level is considerable. This
study shows, as expected, that at high temperatures, N,O emissions
almost disappear.The results point to that the effects of temperature and
staged air combustion are counteractive for N,O, meaning a negative
influence on N,O for staged air combustion and a desirable N,O
reduction effect with increasing temperature. Therefore to minimize N,O
emissions and reduce emissions of unburnt, temperatures of above 900
°C are beneficial.

Hydrocarbons emission, CxHy, is almost independent of the combustion
condition whether it is staged air combustion or nonstaged combustion.
In both cases, the emission levels of hydrocarbons are below 4 ppm at
11% O3 in dry flue gas.

CO emissions increase for staged air combustion compared to nonstaged
combustion by a factor of about 1.5 at a given temperature. Increasing
temperature decreases the CO emission level in the whole temperature

range of 850-1000 °C.

The fate of selected ash elements are investigated for three biomasses (wood,

demolition wood and coffee waste) and six mixtures of these as pellets both with and

without air staging. Data is collected about: flue gas composition, fly ash size

distribution and composition, bottom ash composition and melting properties. A very

large quantity of data is presented and discussed. The main overall findings are:

Experimental results (see the effect of staging on Na and K in bottom ash)
indicate that complex interactions are taking place between the mixed fuels;

The same ash-forming element may react differently to staging and/or mixing in
different fuels, indicating the importance of the mode of the overall structure of
the fuel;

Several results infer that pelletisation, by bringing chemical elements into more
intimate contact than in loose biomass, affects their overall chemistry

(partitioning and speciation);
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e Staging and mixing might simultaneously have positive and negative effects;

e Staging affects the governing mechanisms of fly ash (aerosols) formation.

The central practical implications of the aforementioned findings may be
summarized as such:

e Mixing of different biomass may be an efficient method to affect the overall
chemistry of specific chemical elements and therewith operational challenges
such as fouling, deposition or slagging;

e Pelletisation may enhance the chemical effects of mixing;

e Staging, by influencing aerosols formation, may be a promising way of reducing

the problems associated with them, especially corrosion.

(Iv)

Experiments were made to understand how an addition of peat ash affects the
composition of ash fractions and gas in combustion of demolition wood with variations
in reactor temperature, combustion air distribution and amount of peat ash addition. The
following conclusions were made base on the interpretations of the measured data:

e The bottom ash composition changed as peat ash was added. Enrichment of the
main elements more abundant in the peat ash (Ca and Mg) was observed
indicating that the added ash generally followed the bottom ash.

e Zinc and lead which originate from the demolition wood showed the same
behavior, i.e. their concentration in the bottom ash decreased with peat ash
addition. As a function of temperature Zn and Pb decrease in the bottom ash
indicating more extensive mobility of these metals at higher temperatures. 60—
80% of the total sulfur and 40-50% of the total chlorine retain in the bottom ash.

¢ A method was developed to estimate the composition and speciation of the salt
part of fly ash samples based on SEM/EDX analysis. The results show that the

concentrations of zinc and lead are very high in the fly ash samples. A

considerable part of these metals are chemically bound to chlorides and sulfates

together with potassium and sodium indicating extensive volatilization of both

zinc and lead.
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V)

Potassium volatilization decreased with peat ash addition, which may be due to
reactions between peat ash and alkali. The zinc content was higher in big
particles (0.4—1.3 pm) compared to smaller particles. Lead, again, showed the
opposite trend decreasing with particle size.

Although it was not possible to determine quantitatively the effect of peat
addition, the experiments show that the inorganic reactions are influenced in
several ways. Potassium, zinc and lead are the metals most affected. Probably an
absorption effect of potassium gives rise to higher concentrations of zinc and
lead in the aerosols. Simultaneously the chloride content in the aerosols

decreases with increased peat ash addition.

An experimental attempt was made to understand the behavior of the corrosive

chlorine compounds for variations in reactor temperature, combustion air distribution

and kaolin addition.

Kaolin was found to facilitate the mobility of chlorine by decreasing its
concentration in the bottom ash by 37, 74 and 78%, respectively, for 1, 5, and
10% kaolin addition.

The fly ash particle size distribution was also monitored and in addition a
chemical analysis of the fly ash from four impactor stages was performed.

Kaolin was found to be effective at reducing the chlorine concentration in the fly
ash. The optimal addition was 5% and a further increase to 10% did not result in
a noticeable chlorine reduction (Figure 7.39). The addition of 5% has almost
eliminated the chlorine content for the impactor stages 3 and 5. For fuels with
high chlorine content, one can conclude that an addition of 5% kaolin could lead
to reduced corrosion potential due to a significant reduction of chlorine in the fly
ash.

The effect of reactor temperature was not clear in terms of the chlorine content in
the fly ash (Figure 7.40). This is probably because the reactor temperature does
not influence the temperature close to the combusting fuel greatly. On the other

hand, leaner air conditions in the primary stage, which should mean lower
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temperature in the reacting region between the solid and the gas phase, resulted in
decreased chlorine content in the fly ash (Figure 7.41).

The addition of kaolin clearly changed the composition of the bottom ash as well.
The chlorine content in the bottom ash decreased as kaolin increased (Figure
7.42).

Kaolin also influenced the melting behaviour of the bottom ash as can be seen in
Figure 7.35 in which the fusion temperature characteristics increased with

increased addition of kaolin.
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1. Introduction

As a response to continuously increasing levels of carbon
dioxide release to the atmosphere, there has in recent years been
considerable interest in renewable bioenergy sources from both re-
search communities and the public. Biomass can be regarded as a
close to CO, neutral alternative to fossil fuels if efficient and sus-
tainable production and utilization of such fuels are secured [1].

For energy production, the most common energy carriers are so-
lid fuels (coal, biomass, wastes, etc.). However, it is a concern that
combustion of biomass will lead to high levels of nitrogen oxides
emissions (NO,; collective term for NO and NO,) from oxidation
of nitrogen in the fuel (fuel nitrogen) or potentially conversion of
nitrogen in the air (air nitrogen). NO, are contributing to environ-
mental problems such as acid rain, photochemical smog formation
and depletion of stratospheric ozone [2]. Also nitrous oxide (N,O)
may be formed, having a strong greenhouse gas effect.

The formation of NO, happens through four main routes:

(1) Thermal mechanism (Zeldovich).
(2) Prompt mechanism (Fenimore).

* Corresponding author. Tel.: +47 735 93993; fax: +47 735 92889.
E-mail address: oyvind.skreiberg@sintef.no (@. Skreiberg).

0016-2361/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.fuel.2012.03.044

(3) Nitrous oxide mechanism.
(4) Fuel-N conversion (Fuel-N mechanism).

The first three mechanisms are contributing to the conversion
of air nitrogen to NO,. Theoretical and experimental studies have
shown that these three mechanisms are contributing much less
to NO, formation in biomass combustion than fuel-N conversion.
Regarding the first route, this is because the Zeldovich mechanism
is predominant at temperatures greater than 1500 °C [2,3], while
the temperatures during biomass combustion for power produc-
tion are typically lower. Contributions from the prompt mecha-
nism are mainly found for fuel rich and high temperature
conditions which are also not relevant in biomass combustion.
The nitrous oxide mechanism is of relative importance in very fuel
lean and low temperature conditions. However, it has been shown
that more than 80% of NO, emissions in pulverized coal combus-
tion systems are coming from fuel-N conversion, where the
remaining emissions are a result of the thermal mechanism [4].
In biomass combustion systems, fuel-N conversion is even more
dominant due to the unfavorable temperature conditions in typical
biomass furnaces for other than fuel-N conversion. The combustion
of biomass is normally carried out in grate or fluidized bed com-
bustors, with relatively low temperature, which increase the
importance of fuel-NO,, while pressurized combustion and high
temperature in coal combustion can enhance the other NO, forma-


http://dx.doi.org/10.1016/j.fuel.2012.03.044
mailto:oyvind.skreiberg@sintef.no
http://dx.doi.org/10.1016/j.fuel.2012.03.044
http://www.sciencedirect.com/science/journal/00162361
http://www.elsevier.com/locate/fuel

30 E. Houshfar et al /Fuel 98 (2012) 29-40

tion mechanism. Hence, the other mechanisms can be neglected
from further studies of such biomass fired systems. As a conclu-
sion, one should concentrate on fuel-N conversion to NO, in order
to effectively control NO, formation in biomass combustion.

Fuel staging and air staging are two primary methods for
decreasing the NO, level from fuel-N conversion in biomass com-
bustion. Fuel staging (and reburning) uses the principal of NO
reduction in the second stage by adding more fuel or even a differ-
ent fuel, e.g., more of the same solid fuel for fuel staging or hydro-
carbons, such as natural gas for reburning. In the first stage, NO, is
formed because of lean combustion. In the second fuel stage, NO
reduction occurs at reducing conditions, where air is added for
complete combustion. Low NO, levels can be achieved by fuel stag-
ing at lower temperatures than what is needed for air staging and
the secondary fuel properties affect the NO, emission level (better
efficiency with smaller particle size and higher amount of volatile
matter) [5,6].

Regarding air staging the mechanisms for reduction are differ-
ent. Fig. 1 shows the principal idea of air staging [6]. Skreiberg
et al. [7,8] showed that the primary excess air ratio, number of
air stages, temperature, and residence time all affect the NOy
reduction level. However, the most important variable is the pri-
mary excess air ratio. Generally, increasing the excess air ratio in-
creases the NO, emission level. Yet an optimum primary excess air
ratio exists. Increasing the number of air stages will decrease the
potential fuel-N to NO. conversion, but the effect of additional
air stages may be very small. Temperature can decrease, increase,
or has no effect on the NO, emission level, depending on the tem-
perature range applied to the reactor, and finally there is an opti-
mumy/sufficient residence time for optimum fuel-N conversion to
N,. Large and modern grate fired boilers are generally operated
with an appropriate excess air ratio, and consequently under favor-
able combustion conditions, which result in low unburnt emissions
[9].

The objective of this study is to investigate the effect of staged
combustion on NO, formation, as well as the effect on N,O forma-
tion, in an air staged combustion process using three types of bio-
mass including coffee waste (CW), demolition wood (DW), wood

Primary oxidant: Air Secondary oxidant: Air

Fuel:

Biomass
Flue gas
1" stage 2™ stage

Fig. 1. Principal sketch of air staging in solid fuel combustion.

pellets (WP), or combinations of these using a temperature con-
trolled multi-fuel reactor. Only air staging is considered in the
present study in order to focus on the effect of the fuel-N content
on the air staging effect. Important additional parameters affecting
the air staging effect are primary excess air ratio and temperature,
whereof primary excess air ratio variations are the focus in this
study, while temperature variations was the focus of another study
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[10]. However, it should be noted that the results retrieved are
generic, and making an experimental study based on scaling laws
for a specific full-scale application has not been the intention. In
this work the highest possible NO, reduction is reached, however,
the results obtained for the optimum point, etc. are general and can
be used for commercial scale grate fired boilers.

2. Experimental apparatus and procedures
2.1. The multi-fuel reactor

The experiments were carried out in an electrically heated high
temperature multi-fuel reactor. Its schematic drawing is presented
in Fig. 2. The reactor has a ceramic inner tube with a diameter of
100 mm. The altogether 2 m high vertical tube consists of two such
ceramic tubes, each 1 m long, which are connected with a ceramic
socket. The ceramic tubes are made of non-porous and non-
catalytic alumina.

The reaction section, located above the grate, is 1.6 m long,
while the section below the grate is 0.4 m long. The reactor heating
system is fitted inside the insulation shell and consists of four sep-
arate 0.5 m high heating zones of 4 kW each (16 kW in total) that
enclose the ceramic tube.

The inlet air is preheated to the reactor temperature in external
pre-heaters. The primary air is added under the grate (underfire
air) and the secondary air is added above the grate (overfire air).
The air flow is controlled by two high-precision digital mass flow
controllers.

In addition, the combustion process on the grate can be ob-
served through an inspection hole. The top and bottom of the reac-
tor are insulated, but not heated, and both include detachable and
insulated plates. The lower part of the multi-fuel reactor is the sec-
tion containing the grate, which has two levels (10 cm apart), a pri-
mary grate and a final burnout grate, and an ash collection system
with an ash bin. Both grates and the ash bin are made of Inconel.
The two level design of the grate gives a potential fuel staging
effect.

2.2. Experimental procedures

Two types of experiments are carried out: (1) experiments with
air staging and (2) experiments without air staging. Only isother-
mal experiments were performed with a reactor temperature of
850 °C. The primary air and secondary air were also preheated to
the same temperature. The total excess air ratio was about 1.6,
and the primary excess air ratio was about 0.8 in the air staging
experiments. The air flow has been held constant during the exper-
iments. However, since the fuel was fed as pellets of different sizes
and the position of the pellets on the grate after feeding varied,
natural variations in primary and secondary excess air ratios are
achieved. Consequently, the mentioned situation makes it possible
to experimentally derive the effect of primary excess air ratio on
the NO, reduction potential by staged air combustion. It should
be noted that data treatment has been carried out in a cautious
manner to avoid non-reliable data. Significant transient effects
are effectively eliminated by a filtering procedure while treating
the experimental data.

Pellets are fed from a rotating battery of fuel containers using a
water-cooled piston. The piston swiftly moves the fuel into the
reactor where it falls onto the grate. Thereafter, the piston quickly
returns to its starting position and the process is repeated. The
feeding frequency was set to ensure a feeding rate of 400 g/h.

The pellets are mainly combusted on the upper (primary) grate.
The pellets are gradually moved from the fuel-feeding inlet to a
slot leading to the second (final burnout) grate by rotating blades.

Each grate has two rotating blades with a rotational speed of 3 min.
Final burnout takes place on the second grate before the ash is
moved by the rotating blades to a slot from where it falls into
the ash bin. At the bottom of the ash bin another rotating blade
is placing the ash into an ash tube. The gas residence time between
the grate levels is in the range of 1-2 s. The residence time of the
fuel in the reactor is high due to the low inlet air flow velocity
(ca. 0.04-0.07 m/s). According to the given dimensions and flow
velocity, the total gas residence time in the primary zone (90 cm)
and the secondary zone (60 cm) is about 19-35s.

2.3. Gas sampling and analysis

Both the reactor flue gas composition and the composition of
the fuel gas in the primary zone as well as the particle emission
size distribution are continuously monitored. A schematic diagram
of the sampling lines is shown in Fig. 3.

For gas analysis in the primary zone, a Varian CP-4900 microgas
chromatograph (GC) is used. A stainless steel probe with an outer
diameter (OD) of 10 mm and an inner diameter (ID) of 8 mm is
used for the gas sampling. The sampled gas passes first through a
tar, water, and particle ice-cooled trap consisting of a steel con-
tainer filled with glass wool and with a glass microfiber paper fil-
ter. The sampling gas flow rate is about 1L/min. The GC is

Table 1
Proximate analysis of pellets (wt.%).
Pellets Ash Volatile Fixed Moisture HHV (M]/
(dry (dry carbon (dry (as kg, dry
basis) basis) basis) received) basis)
Wood (WP) 0.2 85.43 14.37 6.5 20.63
Demolition  3.73 77.27 19 8.1 20.54
wood
(DW)

Coffee 5.8 76.17 18.07 17.53 22.20
waste
(cw)

Mixtures of pellets (calculated, except for moisture)

1/2 WP-1/2  1.97 81.35 16.69 6.78 20.62
DW

1/2 WP-1/2  3.00 80.80 16.22 8.76 21.36

cw

1/2DW-1/2 4.77 76.72 18.54 12.72 21.24

cw

2/3 WP-1/3  2.07 82.34 15.60 11.35 21.08

cw

1/3 WP-2/3  3.93 79.26 16.84 8.02 21.55

cw

1/3WP-1/3  3.24 79.62 17.15 24.53 21.04

DW-1/3
cw
Table 2
Ultimate analysis of pellets (wt.% dry ash free basis).

Pellets C H (6] N S Cl

Wood (WP) 5122 6.07 4254 014 0.03 0.02

Demolition wood (DW) 5059 6.09 4165 159 0.075 0.113

Coffee waste (CW) 52.9 6.47 3764 28 0.187  0.038

Mixtures of pellets (calculated)

1/2 WP-1/2 DW 5091 6.08 42.11 085 0.052 0.065

1/2 WP-1/2 CW 5198 6.25 4033 134 0.101 0.028

1/2 DW-1/2 CW 5201 6.06 3921 258 0.137 0.085

2/3 WP-1/3 CW 5193 6.06 40.8 1.14 0.08 0.027

1/3 WP-2/3 CW 52.79 6.04 3868 235 0.141 0.036

1/3 WP-1/3DW-1/3CW  51.72 6.07 4045 167 0.097 0.061
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equipped with two TCDs (Thermal Conductivity Detector) with a
detection limit of 1 ppm, and double injectors, each connected to
a separate column. The first column is a 10 m long PoraPLOT Q
type, with an inner diameter of 0.25 mm, and 10 pm film thickness
produced by Varian Inc., and uses helium as carrier gas. This col-
umn is used for the separation of CO,, CH,4 CH,+ C,Hy and
C,He. The second column is a 20 m long CP-Molsieve 5A PLOT, with
an inner diameter of 0.25 mm and 30 pm film thickness produced
by Varian Inc., and uses argon as carrier gas in order to be able to
detect H,. This column is able to quantify Hy, O,, N3, CH4, and CO.
The GC has a sampling time of approximately 2 min.

The exhaust gases are quantified online with two Fourier trans-
form infrared (FTIR) analyzers: a Bomem 9100 and a Gasmet DX-
4000. The FTIRs are used to quantify H,O, CO,, CO, NO, N,0, NO,,
SO,, NHs, HCI, HF, CH4, CoHg, CoHy, C3Hg, CgH14, CHOH, HCN, and
0, (Gasmet) and CO, NO, NO,, N,0, SO,, NHs, HCl, HF, CHy4, C;Hg,
C3Hg, C4Hqo, H0, and CO, (Bomem). Extracted gases are passing
through heated filters and heated lines, before reaching the FTIRs.
Stainless steel probes with an OD of 10 mm and an ID of 8 mm are
used for sampling. Sampling positions are located in the stack.

140+
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The Bomem 9100 FTIR has two cells which operate at 176 °C.
Only the larger cell is used; it has an optical path length of 6.4 m
and is equipped with a TGS (Triglycine Sulfate) detector with a
maximum resolution of 1 cm™'.

The Gasmet DX-4000 FTIR has an integrated zirconia O, ana-
lyzer. The instrument is equipped with a cooled MCT detector
(Mercury Cadmium Telluride, liquid-N, cooled) and has a maxi-
mum resolution of 4 cm~!. The sampling line and cell are heated
at 180 °C. The cell volume is 0.4 L and the optical path length is
5m.

Some flue gas is also extracted through a sampling point near
the top of the reactor. An Inconel probe with a 6 mm OD and a
4 mm ID is used for sampling. The gas first passes through silica
gel and is thereafter led to a HORIBA analyzer using a vacuum
pump. The sampling rate is 0.4 L/min. The HORIBA PG-250 is a por-
table stack gas analyzer that can simultaneously measure up to five
separate gas components. The HORIBA PG-250 uses non-dispersive
infrared (NDIR) absorption to quantify CO, SO,, and CO,, cross-
modulation ordinary pressure chemiluminescence to measure
NO,, and a galvanized Zr cell for O, measurements. The sampling

0.5

1.5 25

Excess air ratio

Fig. 4. Typical CO and hydrocarbons (CH,) emission trends as a function of total excess air ratio (results from non-staged DW combustion).
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unit comprises a filter, a mist catcher, a pump, an electronic cool-
ing unit, and a NO, to NO converter.

Bottom ash sampling and analysis were also carried out. These
measurements and results are in this work only used for carbon
burnout control and will not be further explained or discussed
here.

Temperature is measured in the reactor at several heights. Fur-
thermore, additional thermocouples are used to control and pro-
tect the heating elements of the reactor from overheating. Six
(logging) + four (control) + four (protection) type S thermocouples
are installed in the reactor furnaces. The preheating units have sep-
arate control systems. The temperatures are also monitored in the
flue gas channel with four type K thermocouples. Two are situated
on the outer channel surface, between the insulation and the out-
side wall of the channel, and two inside the channel.

The experimental setup with its advanced monitoring and con-
trol systems as well as the online and offline analytical methods
gives a good picture of the thermal process and its products.

2.4. Biomass characteristics and experimental matrix

Staged and non-staged experiments are carried out with four
kinds of pellets: (1) wood (WP), (2) demolition wood (DW), (3) cof-
fee waste (CW), and (4) six mixtures of these fuels. The proximate

+ CO2 calculated (vol%, dry) = CO2 measured (vol%, dry)
18

16 .
14 | :
12 |

10 |

analysis of the pellet samples are shown in Table 1. Moisture, VM,
and ash content are measured using ASTM E871 (50 g, 103 + 2 °C,
24 h), ASTM E872 (1g, 950°C, 7 min), and ASTM D1102 (2 g,
580-600 °C, 4 h) standards, respectively, and the fixed carbon is
calculated by difference to 100%. Three samples are analyzed from
different parts of the pellets to get repeatable analyses, showing
that the fuel was homogenous. The ultimate analyses of the pellets
are shown in Table 2, where the nitrogen content in the fuel will be
important in the following discussion. For ultimate analysis, all the
samples have been dried in a vacuum exsiccator over phosphorus
pentoxide prior to analysis. The determination of C/H/N/S is per-
formed using the “EA 1108 CHNS-O” method provided by the Carlo
Erba Instruments elemental analyzer. The method is adjusted for
sample amounts of 2-10 mg and performs with an uncertainty
within 0.3 wt.% as required for confirmation of assumed chemical
composition. The operation range covers the content from 100 to
0.1 wt.%; sulfur determination is in the concentration range of
1.0-0.01 wt.% and the uncertainty is estimated to be 0.02 wt.%
for C/N/S/CL The heating value is calculated based on the elemental
composition.

Pellets were obtained as cylindrical extrudates, with a
fixed diameter of 6 mm and a variable length of 5-15 mm and
they were only air-dried before they were used for experiments.

4 CO2 deviation (vol%, dry) — Linear (CO2 deviation (vol%, dry))

2 ] .

4

+ H20 calculated (vol%, wet) = H20 measured (vol%, wet) a4 H20 deviation (vol%, wet) —— Linear (H20 deviation (vol%, wet))

14 .

12 A

10 A

4
A a
44

A a

a4 A
A AAA A A
0 L s A sghh A atmag b

£,

2 ]

4 |

Excess air ratio

Fig. 5. Carbon and hydrogen balance check (results from non-staged DW combustion).
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3. Results and discussion

3.1. Combustion quality, measurement accuracy, and experimental
reproducibility

Because of the relatively long reactor residence time (19-35s)
and the chosen reactor temperature (850 °C), the amount of un-
burnt gases was low (typically below 50 ppm CO at 11% O, in
dry flue gas). However, an initial stabilization period and fuel feed-
ing fluctuations during close to constant operating conditions
introduced also periods with significantly lower excess air ratios
than the target value of 1.6, where the CO emission level increased
to typically 200 ppm at 11% O, in dry flue gas. Fig. 4 shows the CO
and C,H, emission levels as a function of total excess air ratio for
the non-staged experiment with demolition wood pellets. As
shown in the upper graph of Fig. 4, at low total excess air ratios,
the probability of CO emission is high while at total excess air ra-
tios greater than about 1.6, the CO emission is negligible. The ex-
plained behavior was typical for all the experiments regardless of
fuel. The combined emission levels of hydrocarbons, C;H,, were
typically below 5 ppm at 11% O, in dry flue gas, with the highest
values found at the highest total excess air ratios, as shown in
Fig. 4. The increasing trend of C;H, emission with total excess air
ratio here is again typical for all fuels. The increase in CH, emis-
sions can in principle originate from several sources. Affecting
parameters on the hydrocarbons emissions from a reactor are not
only temperature, but also residence time, mixing condition and
excess air ratio. In many cases, there exists an optimum excess

300

air ratio at a sufficient temperature to minimize hydrocarbon emis-
sions. The increased C,H,, emissions with increasing excess air ratio
are most probably related to a combination of decreased local com-
bustion temperature and residence time on the fuel bed. Addition-
ally, a high level of air could result in the quenching of combustion
reactions and hence increases the hydrocarbon emissions [11].
Levels of NH3, HCN, and HF were within the measurement uncer-
tainty level of the two FTIR analyzers, and will not be considered
further.

All essential gas species for this study could be measured with
good measurement accuracy. The two FTIR analyzers also showed
good correspondence with regards to all essential gas species for
this study.

The experimental reproducibility was tested by reruns of the
wood pellets and the demolition wood pellets experiments with
and without air staging, showing good reproducibility capability
of the experimental setup, including the NO, and the N,O emission
levels.

All experiments were checked with respect to carbon and
hydrogen balance using both the Horiba analyzer and the Gasmet
FTIR. Data points which (1) did not satisfy a maximum deviation
between the calculated and measured levels of CO, and (2) were
clearly influenced by fast transient conditions were removed from
the results. This is because these data points were not reliable or
not representative respectively for a close to continuous and con-
stant combustion process. Fig. 5 shows the carbon and hydrogen
balance as a function of total excess air ratio for the non-staged
experiment with demolition wood pellets.
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Fig. 6. Mean, minimum, and maximum NO, emissions and NO,/Fuel-N for staged and non-staged combustion (mixture fractions and fuel-N content (daf) in brackets).
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3.2. NO, emissions - staged versus non-staged

Mean, minimum, and maximum NO, emissions as a function of
the fuel-N content (ppm at 11% O, in dry flue gas) are shown in
Fig. 6 for both staged and non-staged combustion. The NO, fraction
of the NO, was found to be insignificant at all conditions. A large
NO, reduction potential can be seen for staged combustion. An
average NO, reduction of 20-56% was found for the different fuels
and fuel mixtures. The optimum NO, reduction is significantly
higher, at the optimum primary excess air ratio, as will be dis-
cussed in Sections 3.6 and 3.7. In addition, the fuel-N to NO, con-
version factor is shown in Fig. 6. A clear trend can be seen in this
figure which shows considerable decrease in the total fuel-N con-
version factor toward NO, with increased fuel-N content. The low-
er conversion of fuel nitrogen in the fuels with higher amount of
nitrogen (e.g., coffee waste) can be explained by formation and
reduction of NO, precursors. NHs is preliminary formed from the
conversion of volatile nitrogen. Afterwards, the formed NH; radi-
cals (NHs, NH;, or NH) can be oxidized to form NO or react with
NO (which is also created in the conversion of volatile nitrogen)
to form molecular nitrogen, N,. It should be noted that the latter
reaction is the reaction which happens in staged combustion tech-
nology and SNCR to reduce NO,. The same procedure can happen
for HCN as the second NO, precursor. Combustion of fuels with
high nitrogen content, results in high concentrations of NH3 and
HCN [12,13]. This environment will strengthen the second reaction
path (i.e., reaction of precursors with NO) and hence higher fuel-N
conversion to Ny, which corresponds to a lower NO,/Fuel-N ratio.
On the other side, heterogeneous reactions in the conversion of
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char nitrogen to NO should be taken into account, even though it
has less effect on the total NO,.

3.3. N,O emissions - staged versus non-staged

Mean, minimum, and maximum N,O emissions as a function of
the fuel-N content (ppm at 11% O, in dry flue gas) are shown in
Fig. 7 for both staged and non-staged combustion. As in the previ-
ous case, the fuel-N to N,O conversion factor is also shown. For
N,O, no emission reduction potential can be seen for staged com-
bustion. On the contrary, an increase in the N,O emission level
was observed. An average N,O increase of 18-288% was found
for the different fuels and fuel mixtures. The increase in N,O at
optimum NO, reduction conditions (optimum primary excess air
ratio) is significantly higher, as will also be discussed in Sections
3.7 and 3.8. The N,0 formation and reduction in biomass combus-
tors are discussed and investigated earlier [12,14-16]. The major
global reaction pathways for fuel nitrogen conversion toward NO
and N,O depend on operating conditions [17,18].

3.4. Fuel influence on NO, and N,0 emission levels

As Figs. 6 and 7 show, there is a significant fuel influence on the
NO, and N,O emission levels and the conversion factor for fuel-N to
NO, and N,0, both for staged and non-staged combustion. This is at
otherwise similar conditions mainly due to the N-content in the
fuel. Increasing fuel-N content will increase the NO, emission level.
However, the conversion factor for fuel-N to NO, will decrease with
increasing fuel-N content, as shown in Fig. 8. This effect is due to gas
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Fig. 9. Simplified diagram of fuel-N conversion (NO formation and reduction).

phase chemical kinetics, i.e., the reduction of fuel-NO, precursors
mainly through reaction between two intermediate nitrogen spe-
cies, forming molecular nitrogen [19]. A simplified reaction path
diagram for NO, formation and reduction in biomass combustion
is presented in Fig. 9. The N,O emission level is also significantly

dependent on the fuel-N content, as also can be seen in Fig. 8. The
shape of the curves means that NO, emissions increase, but not lin-
early, with increasing fuel-N content. An example is the first and
second point for non-staged combustion where the fuel-N content
increases from 0.14 to 0.85 (6 times), while NO,/Fuel-N decrease
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from about 0.24 to 0.10 (about 2.4 times). For higher fuel-N content,
the decrease becomes less exponential.

3.5. Fuel mixing effect on NO, and N,O emission levels and fuel-N
conversion factors

Fuel mixing has a positive influence on the NO, and N,O emis-
sion levels (ppm), but a negative influence on the overall conver-
sion factor for fuel-N to NO, and N,O. The average conversion
factor for fuel-N to NO, and N,O trends shown in Figs. 6 and 7,
respectively, can be modeled by simple exponential functions,
as a function of the fuel-N content. From these trends one can
estimate the NO, and N,O conversion factors for various fuel mix-
tures. A mixture of e.g., wood and coffee waste will get an in-
creased conversion factor compared to the fuel with the highest
fuel-N content (coffee waste), while it will be lowered even more
for the fuel with the lowest fuel-N content (wood). However,
when comparing the option of combusting the fuels in separate
boilers compared to mixing them in one boiler, the total NO,
and N,O emission level (kg) will theoretically always increase
in the case of fuel mixing because of the exponential increase
in the fuel-N to NO, and N,0 conversion factors with decreasing
fuel-N content.

3.6. Temperature influence on NO, and N,0 emission levels

The experiments were run at constant reactor temperature.
However, earlier experiments in a similar reactor [20] showed no
significant temperature dependency on the NO, emission level
for non-staged conditions in the temperature range 750-900 °C,
but as expected a strong temperature dependency on the N,O
emission level, with maximum N,O emission levels at about
850 °C. Hence, the N,O emission levels reported in this study can
be expected to be close to the maximum values, considering the
temperature influence.

3.7. Primary excess air ratio influence on NO, and N0 emission levels

Fig. 10 shows the primary excess air ratio, represented by the O,
need of the measured unburnt primary gas species (H,, CO, CHy,
C,H,, CoHy, and CyHg) for stoichiometric combustion, influence
on NO, and N,O emission levels for staged combustion of CW.
Clearly, there is a correlation between the amount of unburnt pri-
mary gas species and the conversion of fuel-N to NO,. Decreasing
0, need until a certain point gives a decreasing fuel-N to NO, con-
version factor. Hence, these results show that there must exist an
optimum primary excess air ratio for minimum conversion of
fuel-N to NO,. This optimum is related to chemical kinetics effects,
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Fig. 11. Total excess air ratio influence on NO, and N,O emission levels for staged and non-staged combustion of CW.

i.e., the radical pool in the primary gas zone [7,19] which is also
dependent on the mixing conditions. For perfectly stirred reactor
conditions, the optimum primary excess air ratio will be close to
unity, while for plug flow reactor conditions, the optimum
primary excess air ratio will be significantly lower than unity [7].
At the optimum primary excess air ratio, the highest conversion
of fuel-N to N,O is also found. However, the increased N,O emis-
sion level does not significantly influence the optimum primary ex-
cess air ratio for minimum conversion of fuel-N to fixed nitrogen
species.

3.8. Total excess air ratio influence on NO, and N,O emission levels

Fig. 11 shows the typical total excess air ratio influence on NO,
and N,O emission levels for staged and non-staged combustion,
for coffee waste pellets. The corresponding primary excess air ra-
tio is also shown for staged air combustion. As stated above, there
exists an optimum overall/primary excess air ratio for minimum
conversion of fuel-N to NO,, which is directly visible also in
Fig. 11. The residence time in such generic studies is not relevant
once the reactor design and the experimental conditions yield
sufficiently long residence times for NO, reduction [7]. In this
work the highest possible NO, reduction is positively reached.
The direct influence of the total excess air ratio is clearly seen
in the non-staged experiments, with increasing NO, emission le-
vel with increasing total excess air ratio. Increasing NO, with
increasing excess air ratio in conventional burners (non-staged
combustion) is due to the higher availability of oxygen at higher
excess air ratios. This promotes the reaction of nitrogen contain-
ing species with O, and O and OH radicals and hence formation of
NO. The effect on N,O0 is less clear, but with a trend of increasing

N,O emission levels with increasing total excess air ratio. The
N,O emission levels are significantly higher for the staged
experiments.

Fig. 12 shows the optimum NO, reduction potential of staged
combustion compared to the non-staged combustion, at the opti-
mum primary/total excess air ratio for staged combustion. It can
be explained as follows: In the first stage, primary air is added
for devolatilization of the volatile fraction of the fuel, resulting in
a fuel gas consisting mainly of CO, H,, C,H,, H,0, CO; and N. In
addition to the major species, small amounts of NHs;, HCN and
NO will be formed from the fuel-N content. The key factor here
is the distribution of nitrogen containing species, which is regu-
lated by the level of oxygen in the primary zone, and a sufficient
residence time in the primary (reduction) zone. In the second
stage, sufficient secondary air is supplied to ensure a good burnout
and low emission levels from incomplete combustion. If the pri-
mary excess air ratio is very low, i.e., very low availability of oxy-
gen, just HCN and NH; will appear in the first stage and NO will not
be formed, i.e., little reduction will take place in the primary zone.
Therefore HCN and NH; will react with added O, in the second
stage to produce NO,. On the other hand, a very high primary ex-
cess air ratio will result in the oxidation of all pyrolysis gases
due to high O, concentration. Therefore, much more NO will ap-
pear while no NH; exist in the primary stage to go through the
reduction path. As can be seen, a NO, reduction of 54-91% is
achieved for staged combustion. These are very good NO, emission
reduction results, and is a result of air staging and potentially to
some extent fuel staging due to the two level design of the grate.
However, at the optimum primary excess air ratio for NO, reduc-
tion, emissions of N,O are adversely affected, increasing the N,O
emission levels with 138-635%.
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Fig. 12. Optimum NO, reduction potential for staged combustion compared to non-staged combustion, and the adverse effect on N,O emissions at the optimum primary

excess air ratio for NO, reduction.

4. Conclusions

NO,, and N,0, emissions have been investigated for different
biomass fuels and fuel mixtures thereof as pellets both with and
without air staging in a grate fired multi-fuel reactor at a constant
reactor set point temperature of 850 °C. The fuels investigated are
wood, demolition wood, and coffee waste, and selected mixtures of
these. A large NO, reduction potential, up to 91% and correspond-
ing to less than 20 ppm NO, at 11% O, for a fuel containing about
3 wt.% fuel-N, using air staging was found at the optimum primary
excess air ratio. The effect on N,O, however, is adverse at the se-
lected set point temperature and optimum primary excess air ratio
for NO, reduction, with an increase in the N,O emission level of up
to 635%. The NO, emission level increases with increasing fuel-N
content, while the conversion factor for fuel-N to NO, decreases
with increasing fuel-N content. Fuel mixing has a positive influence
on the NO, emission level, but a negative influence on the overall
conversion factor for fuel-N to NO, and N,O.
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ABSTRACT: The combustion of biomass, in this case demolition wood, has been investigated in a grate combustion multifuel
reactor. In this work a temperature range of 850—1000 °C is applied both for staged air combustion and nonstaged combustion
of biomass to investigate the effects of these parameters on the emission levels of NOx, N,O, CO, hydrocarbons (CJ{y) and
different other components. The composition of the flue gas is measured by four advanced continuous gas analyzers including
gas chromatograph (GC), two Fourier transform infrared (FTIR) analyzers, and a conventional multispecies gas analyzer with
fast response time. The experiments show the effects of staged air combustion, compared to nonstaged combustion, on the
emission levels clearly. ANOx reduction of up to 85% is reached with staged air combustion. An optimum primary excess air ratio of
0.8—0.95 is found as a minimizing parameter for the NOx emissions for staged air combustion. Air staging has, however, a negative
effect on N, O emissions. Even though the trends show a very small reduction in the NOx level as temperature increases in nonstaged
combustion, the effect of temperature is not significant for NOx and C.H,, neither in staged air combustion or nonstaged
combustion, while it has a great influence on the N,O and CO emissions, with decreasing levels with increasing temperature.

1. INTRODUCTION

Because of environmental problems and a significant decrease
in the reserves of fossil fuels, the interest in using renewable energy
carriers has become more and more widespread in recent decades.
Figure 1 shows the share of different energy resources used by end
users in the world in 2008." Biomass, which is almost a CO,-
neutral carbon-based renewable energy source, is cheaper to utilize
compared to the other sources of renewable energy, especially in
the case of cofiring and combined heat and power (CHP)
applications.” Thermal conversion of biomass, including combus-
tion, gasification, and pyrolysis, is the most common method of
extracting energy from biomass. Among the three mentioned
technologies, combustion, which has been used for along time asa
source of heat for residential purposes, remains the leading
technology also in recent years.

Life cycle analyses show that the most important environmental
issue regarding emissions from wood combustion is NOx,
contributing to almost 40% of the total emissions, including
NOx, PM10, CO,, SOy, NH;, CH,, nonmethane volatile organic
compounds (NMVOC), residues, and others.> The basis for this
comparison is in relation to expected environmental impact points
(EIP) of the specific emission according to the ecological scarcity
method, applied for heating with wood chips. However, it is evident
that the given data from any LCA analysis depends strongly on the
valuation of the greenhouse gas effect since the ranking changes
significantly as a result of the different CO, impacts of the fuels.” In
this respect, much effort has been done to characterize biomass and
reduce NOx emissions from the combustion of biomass and other
solid fuels.”® Two major approaches exist for NOx reduction,
primary measures and secondary measures. The main difference is
that primary measures prevent formation of NOx emissions,

V ACS PUbllCatlonS ©2011 American Chemical Society

while secondary measures clean these emissions after their forma-
tion. Modifications to fuel properties and the combustion
chamber and improvements to combustion technologies are
examples of primary measures. One of the most important and
widely used measures to reduce NOx in solid fuels combustion is
staged combustion. Staged combustion, including staged air
combustion and staged fuel combustion, can give a NOx reduc-
tion in the range of 50—80%.*”7'° The purpose of staged air
combustion is to add primary air at a less than stoichiometric
ratio, in order to devolatilize the volatile fraction of the fuel,
resulting in a fuel gas consisting mainly of CO, H,, C,H,, H,0,
CO,, and N, and also small amounts of NH;, HCN, and NOx
from the fuel nitrogen content. If sufficient oxygen exists in the
first stage, the fuel nitrogen intermediates will be converted to
NOx (mainly NO), but shortage of oxygen will cause NO to act
as an oxidant for CO, CH4, HCN, and NH; (withi=0, 1,2,3) in
the reduction zone, hence to reduce the nitrogen in NO and NH;
to molecular nitrogen, i.e,, N,, in reactions such as NO + NH, =
N, + H,0 or NO + CO = CO, + 0.5N,.*"' "3 NH, and HCN
form in the pyrolysis stage of combustion depending on the
temperature and fuel type, where ammonia is believed to be the
most important N-species in the combustion of biomass, while
HCN is more important for high-rank coals."*~ 16 Ammonia that
is formed in this stage is converted to radicals of NH;. At high
temperatures and fuel lean combustion, these radicals will be
converted to NO, while at fuel rich conditions, N, will be the
main product. '7 Thereafter sufficient air is added in the second
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Figure 1. Renewable energy share of global final energy consumption, 2008.".

stage to ensure a good burnout and low emission levels from
incomplete combustion.

The effect of excess air ratio, residence time, and temperature
has previously been studied for a single wood particle in batch
combustion, showing dependency of the NO level with excess air
ratio and temperature simultaneously.’ ¢ Also, previous work
showed the effect of fuel type and cocombustion of biomass
with natural ga.s on NO emissions when using two-stage
combustion.'® Fuel-N content and the conversion rate of NOx
precursors (NH; and HCN) to NOx have been experimentally
and numerically investigated for dlﬂ%rent solid biomass.”* >

Combined staged (CS) technology is a method of NOx re-
duction including reburning, staged air combustion (AS), staged
fuel combustion (FS), and selective noncatalytic reduction
(SNCR).**2% Combined staged technology starts to reduce
NOx emissions where the other methods are not sufficient.
Studies showed that CS is more effective for NOx reduction,
especially in the temperature range of 1000—1400 °C." For
temperatures below 850 °C, higher N, O, lower NOx, and slightly
higher CO emissions are reported for cocombustion of coal and
woody biomass.”” Another technique of primary measures for
NOx reduction in biomass combustion is flue gas recirculation
(FGR) which basically increases the total mass flux of the gases
and decreases the temperature and the partial pressure of oxygen
in the mixture.”® It is proposed that in fixed-bed combustion of
straw, the effect of FGR on NO reduction could be considerable.”

The present study aims to investigate the effect of tempera-
ture on the emission level, especially NOx, for a selected type of
biomass, demolition wood (DW). Combustion of DW as a type
of wood residue represents a large source of alternative energy,
in addition to the fact that a waste disposal problem will also be
solved. DW originates from many sources; therefore, it contains
normally different undesirable components such as metals,
paints, plastics, etc., which will raise the environmental impact
of DW. Especially, the high nitrogen content, compared to
wood, is the focus in this study. A series of experiments have
been carried out for conventional combustion (nonstaged) and
staged air combustion to study the effect of temperature
variations, combustion technology, and excess air ratio. The
work is a part of a wider study which has been carried out in the
same reactor, investigating different operating parameters and
fuels.>®

In the next section a brief explanation of the experimental
setup and test procedures is presented and the sampling devices
and methodologies are described. Thereafter, the results are
presented and discussed with respect to different variables, and
finally conclusions are given.
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Figure 2. Schematic drawing of the reactor (the sizes are given in

millimeters).

2. EXPERIMENTAL SECTION

2.1. Reactor Specifications. The reactor is shown in Figure 2.
The reactor is installed vertically and has a total height of 2 m. The inner
diameter is 100 mm. The reactor is made of ceramic material (alumina
based) and has two reactor tube sections, each 1 m high. A rotating grate,
with two grate levels, is placed 0.4 m from the bottom of the reactor,
which means that the combustion zone is 1.6 m high. The two grate
levels are 10 cm apart and there are rotating blades on each level that
moves the unburnt fuel particles on the grates and from the upper grate
to the second grate and from the second grate to the ash bin through a
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Figure 3. Design of two grates and ash bin.

Slot to remove ash
durmg an expeniment

slot in the grates. The rotational speed of the blades is about 3 min per
revolution, which means that the residence time of each pellet on the
grates isup to about 6 min, totally. This ensures complete burnout of the
particles/char at the lower grate and that the ashes can be collected in
the bottom of the reactor, i.e., in the ash bin. The grates and the ash bin
are shown in Figure 3. A view glass is located just above of the upper
grate to be able to see the combustion zone from the outside. The
residence time of the fuel in the reactor is high, and the gas in the reactor
has very low flow velocity (0.04—0.07 m/s). The secondary combustion
zone ensures a residence time of several seconds and is hence in fact
comparable to conventional combustion systems. According to the
given reactor dimensions and velocity, the residence time for the primary
zone (90 cm) is 13—23 s and for the secondary zone (70 cm) 10—18 s,
giving a total residence time of 23—41 s. The outer surface of the reactor
is insulated, and the reactor heating system has an effect of 16 kW,
composed of four identical electric heaters with a height of 0.5 m.

The reactor can be heated up to 1300 °C, and the fuel feeding rate
can be up to 0.5 kg/h. A pneumatic-vibration based feeding system is
installed to ensure automatic fuel feeding at a set rate. Pellets are fed by a
water-cooled moving piston into the reactor and immediately fall down
on the upper grate. Air can be fed to the reactor in three stages (below
the lower grate, above the upper grate (two inlets), and at one level
higher up (two inlets)), up to 120 NL/min, totally. Five preheaters are
installed, one for each air inlet stream, to heat the feeding air to the
reactor temperature before entering the reactor. The air flow rate is
controlled by mass flow controllers via a PC.

2.2.Sampling and Measurements. As shown in Figure 4, gas is
extracted in four places to carry out analysis and further measurements.
The flue gas composition is measured by means of three gas analyzers. In
case of staged air combustion, a gas chromatograph (GC) is used to
measure the gases in the primary section. The GC is sampling between
the first and the second combustion stage and is a Varian CP-4900
Micro-GC. Sampling for the GC is made through an 8 mm diameter
stainless steel probe, and the gas is passed through an ice bath to ensure
removal of water, particles, and tars, in addition to reducing the
temperature to an acceptable level for the GC. The sampling condition

J
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Heated line Heated line O
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Figure 4. Schematic diagram of the sampling line.

is noncondensing gas of 0—40 °C and the maximum sample pressure is
200 kPa. The GC is equipped with two dual-channel micromachined
thermal conductivity detectors (TCD), with a detection limit of
1 ppm for WCOT (wall-coated open-tubular) columns. The WCOT
column is a column in which the liquid stationary phase is coated on the
essentially unmodified smooth inner wall of the tube. The sample flow
rate is 1 L/min and the sampling time interval is 2 min. Argon and
helium are used in two columns, 10 and 20 m long, respectively. The first
column measures CH,, CO,, C,H, + C,H,, and C,Hg while the second
column measures H,, O, N, CH,, and CO.

A Horiba multispecies gas analyzer PG-250 is sampling from the top
of the reactor. It is capable of measuring five components, NOx, SO,
CO, CO, and O, with the same methods used by a permanent
continuous emissions monitoring system (CEMS). These include
pneumatic nondispersive infrared (NDIR) for CO and SO,, pyrosensor
NDIR for CO,, chemiluminescence (crossflow modulation) for NOx,
and a galvanic cell for O, measurements. A vacuum pump is used to
extract the sample gas at a flow rate of 0.4 L/min from the top of the
reactor and passes it through a silica gel box and a filter to remove
moisture and particles. The response time (Tyq) of the analyzer is less
than 45 s for NOx, CO, O,, and CO, and less than 240 s for SO,. The
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Horiba analyzer is equipped with a drain separator unit (DS-200) and an
electronic cooler unit.

Two Fourier transform infrared spectroscopy (FTIR) analyzers are
also used to measure the gas composition in the exhaust gas. They do
sampling at the same point, which allows for comparing different
measurements for these species: H,0, CO,, CO, NO, N,O, NO,,
S0,, NH;, HCl, HF, CH,, C-Hg, and C3Hg The Gasmet DX-4000
FTIR analyzer incorporates a spectrometer, a temperature controlled
sample cell, and signal processing electronics. The sample cell is heated
up to 180 °C which ensures that the sample stays in the gaseous phase
even with high concentrations of condensable hydrocarbons. The
measurement time is typically 60 s and the spectrometer resolution is
4cm ™ atascan frequency of 10 scans/s. The sample cell has a multipass
fixed path length of S m and a volume of 0.4 L. To measure O,, an
optional oxygen sensor, based ona ZrO, cell, is attached to the analyzer.
In total it can measure C,H,, CsH,4, CHOH, HCN, and O, in addition
to the above-mentioned 13 gases.

A Bomem MB 9100 FTIR analyzer is also used to measure common
mutual species and C4H,o. The measurement time is typically 80 s. A
large cell, operating at 176 °C and equipped with a 1 em™! spectral
resolution detector, was handling the analyses. Generally FTIR mea-
surements of NO may introduce significant uncertainties. However, the
NOx emissions reported in the results part are based on the Horiba
analyzer, which is using the chemiluminescence technique. The N,O
measurements were made by the FTIR analyzers, and the reported
values were measured by the Gasmet FTIR. The Bomem FTIR showed
N, O values close to the values measured by the Gasmet FTIR.

The temperatures at different levels in the reactor are measured by
means of thermocouples and are monitored continuously to control and
protect the furnace operation. These thermocouples are used to set and
control the temperatures of the air preheaters and the reactor wall
heaters during heat-up and during the experiment.

2.3. Experimental Procedures. Experiments are performed for
nonstaged and staged air combustion. Four different temperatures are
selected, 850, 900, 950, and 1000 °C. During each experiment, the
temperature is kept constant for the reactor, primary air, and secondary
air at the mentioned values. All the sampling devices are calibrated each
day, before starting the experiments. Also the Gasmet FTIR calibration
was performed daily by means of background spectra.

Pellets with a diameter of 6 mm and a length of 10—15 mm are fed by
the automatic feeding system. The fuel feeding rate is set to 400 g/h. To
have a precise composition of the fuel, during each run, three different
samples at three different times are taken from the fuel feeding system to
analyze the moisture content.

The total excess air ratio for nonstaged combustion is set to 1.6;
however, the variation in the fuel feeding rate allows capturing a total
excess air ratio range of 1.2—3, making it possible to see emission trends
as a function of total excess air ratio. Each experiment has been carried
out for at least 2 h at stable operating conditions.

For the staged air combustion experiments, the total excess air ratio is
also set to 1.6, while the primary excess air ratio is set to 0.8, which means
that 50% of the total air is fed at each stage. The air flow has been held
constant during the experiments. However the variations in the fuel
feeding rate cause natural variations in primary and secondary excess air
ratios, since the fuel was fed as pellets and, depending on the length of
the pellets and the position of the pellets on the grate after feeding,
natural variations in the excess air ratio occurred. Therefore the
mentioned situation makes it possible to experimentally derive the effect
of variations in the primary excess air ratio on the NOx reduction
potential by staged air combustion. Data treatment has been carried out
in a cautious manner to avoid nonreliable data. Significant transient
effects are effectively eliminated by a filtering procedure while treating
the experimental data. This filtering procedure requires that the change

in the excess air ratio per second is less than 0.01; otherwise, the

Table 1. Proximate Analysis of DW Pellets (wt %)

ash volatile fixed carbon moisture
pellets (drybasis) (drybasis) (drybasis) (wet basis)

demolition wood (DW) 249 7597 21.54 9.68—14.97

Table 2. Ultimate Analysis of DW Pellets (wt % Dry Ash Free
Basis)

pellets C H O N s a

demolition wood (DW) 4845 637 4411 106 002 005

complete measured data set at the current time is omitted in the final
results.

2.4, Fuel Characteristics. The biomass that has been used for the
present work is classified as demolition wood (DW). The received
biomass is pelletized with a pellet machine to get a similar shape and
composition for all the experimental runs. To ensure a homogeneous
distribution, a large volume of demolition wood was shredded to
sawdust size, followed by thorough mixing. Pellets were then made
from these fine pieces. Hence, variation in the N-content is not regarded
as a challenge in these experiments. The type of biomass, the origin of it,
and the pretreatment technology applied to it are important parameters
influencing the ultimate and proximate analysis of the biomass. For
example, drying can reduce the moisture content from 65% in virgin
wood down to below 10% in wood pellets. The proximate analysis of the
present fuel is shown in Table 1, where the moisture content is measured
during each experimental run. Moisture, VM, and ash content are
measured using ASTM E871 (50 g, 103 £ 2 °C, 24 h), ASTM E872
(1 g 950 °C, 7 min), and ASTM D1102 (2 g 580—600 °C, 4 h)
standards, respectively, and the fixed carbon is calculated by the
difference to 100%. Three samples are analyzed from different parts of
the pellets to get repeatable analyses, showing that the fuel was homo-
geneous. Volatile matters for wood chips, bark, and straw are normally in
therange of 76 —86, 70—77,and 70—81 wt %, respectively,"‘l while for the
DW it was 75.97%, as shown in Table 1.

Table 2 shows the DW ultimate analysis (dry ash free). All the
samples have been dried in a vacuum exsiccator over phosphorus
pentoxide prior to analysis. The determination of C/H/N/S is per-
formed using the “EA 1108 CHNS-O” by Carlo Erba Instruments
elemental analyzer. The method is adjusted for sample amounts of 2— 10 mg
and performs with an uncertainty within 0.3 wt % as required for
confirmation of assumed chemical composition. The operation range
covers the content from 100 to 0.1 wt %; sulfur determination is in the
concentration range of 1.0 down to 0.01 wt % and the uncertainty is
estimated to be 0.02 wt % for C/N/S/Cl. The nitrogen content, which
is the most important element in this study is 1.06%, while for wood,
straw, peat, sewage sludge, and coal it is 0.03—1, 0.3—15, 0.5-2.5,
2.5—6.5, and 0.5—2.5 wt %, respectively."‘2

3. RESULTS AND DISCUSSION

3.1. Accuracy of the Results and Combustion Quality. In
order to establish the accuracy of the measured results, the total
carbon balance is needed to quantify the measured values
compared to expected analytical values. The carbon balance for
one of the experiments, at 1000 °C for staged air combustion, is
shown in Figure 5. This figure shows the results from the start
time until the end of the experiment. However, it should be noted
that the first and very last section of the data has not been
considered in the final data for further treatment, since these
parts are typical transient periods, outside of the stable run
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period. The calculated values for CO,, based on the carbon
content in the fuel and the measured volume percentage of
oxygen and CO in the flue gas, is very close to the measured
values for CO, for each sampling interval and hence the deviation
is sufficiently close to zero. In the case of a large deviation
between measured and calculated values, the data set is removed
from further treatment, since it could be from an unstable or
transient period. Therefore the carbon balance for the presented

° CO2 calculated
(vol%, dry)

= CO2 measured
(vol%, dry)

+  CO2 deviation
(vol%, dry)

= Linear (CO2
deviation (vol%,
dry}))

Time (min)

Figure 5. CO, deviation based on calculated and measured values from
the Horiba gas analyzer for one set of the experiments; 1000 °C, staged
air combustion.

set of results is in good order. All the experiments at the different
temperatures, with and without staging air, show the same good
results for the CO, deviation. Emission level of C,H, and CO for
both staged and nonstaged combustion is shown in Figure 6. For
C.H,, both staged air combustion and nonstaged combustion
show the same emission level, typically below 4 ppm at 11% O, in
dry flue gas. Here low values for C,H, and CO emissions,
respectively, below 5 and 50 ppm shows good mixing conditions
and residence times in line with modern industrial scale boilers.>®
Emissions of gaseous hydrocarbon compounds and CO are a
result of incomplete combustion. Favorable combustion leads to
small emissions of hydrocarbons because the organic material
burns out. Large emissions of hydrocarbons indicate unsatisfac-
tory combustion conditions and probably soot emissions. Large
boilers are generally operated at an appropriate oxygen concen-
tration, temperature, and residence time and consequently are
under favorable combustion conditions. Particles originating
from incomplete combustion are few or none and can be
decreased in modern boiler types by 180 times,”*** and in
the advanced wood furnaces, CO emissions of 10—20 mg/m3
can be reached, depending on the temperature and selection of
the optimum excess air ratio.* At 900 and 950 °C, some values up
to 10 ppm C,H, are visible for nonstaged combustion, which
originate from the sets of data from the period where the actual
stable experiment had not been started, which means that in the
stable run, the C,H, for both 900 and 950 °Cstill is 1 to 3 ppm.
The C,H, emission level is slowly increasing with excess air ratio
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Figure 6. (Left) C,H, as ppm corrected to 11% O, in dry flue gas for staged air combustion and nonstaged combustion asa function of excess air ratio at
the different temperature levels. (Right) Average, minimum, and maximum value of CO as ppm corrected to 11% O in dry flue gas for staged air
combustion (S) and nonstaged combustion (NS) at the different temperature levels.
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for both staged air combustion and nonstaged combustion. The
influence of excess air ratio is small, but the C,H, emission level is
a direct function of the excess air ratio, and the minimum C,H,
emission is taking place at the lowest total excess air ratio.

For nonstaged combustion, the temperature has an inverse
effect on the C,H, emission levels. The lowest emissions occur at
850 °C, while at 900, 950, and 1000 °C the temperature has no
effect. For staged air combustion, the effect of temperature is
more visible than for nonstaged combustion. Here the effect of
temperature is still low, but it is clearly possible to observe an
increase in emission levels with increasing temperature in the
lower graph. The observed increase of C,H, may be due to a
higher release of gaseous hydrocarbons from the fuel at higher
temperatures, where the pyrolysis process is intensified by
temperature and the formation of hydrocarbons are increased.®
Detailed experimental and thermodynamic studies on particulate
emissions from this multifuel reactor to investigate particle size
distribution and chemical composition of fly/bottom ash is
extensively discussed recently.’’* The effect of temperature
on CO is the same as for N,O. As shown in Figure 6, increasing
temperature decreases the CO level, while staged air combustion
has a negative effect on CO. The former effect is due to a more
complete oxidation of CO, forming CO,. However, with air
staging, the low stoichiometric ratio in the first stage cause the
oxidation route to be less effective, so the emission of CO rises.
The staged air combustion results indicate an increase of
99—482% for CO for staged air combustion, while the mean
CO levels are about a factor of two increased.

Emissions of gaseous hydrocarbon compounds and CO are a
result of incomplete combustion. Large emissions of CO indicate
unsatisfactory combustion conditions. In the present case, higher
excess air ratio (more oxygen available) will lead to an almost
complete combustion (heated reactor, i.e., temperature not influ-
enced by the excess air ratio). Consequently, the maximum CO
level corresponds to the lowest excess air ratio or the more fuel rich
condition. In the staged combustion experiments, because of the
under-stoichiometric condition in the first stage, a large amount of
unburnt species (including CO) will be formed in the primary
stage. The burnout of the unburnt species should take place in the
second stage. If necessary air is available in the burnout zone, the
CO level will be very low; if not the CO level will be high. So the
higher deviation for CO emission in the staged combustion is a
result of the variations in secondary excess air ratio, where more
fuel rich conditions in the secondary stage can, combined with not
perfect mixing of fuel gas and secondary air, cause higher fluctua-
tions in the CO level.

3.2. NOx Emissions: Effect of Excess Air Ratio and Air
Staging. Skreiberg et al.>? showed that the fuel-N conversion to
NOx is strongly dependent on the excess air ratio and that it
increases with increasing excess air. However, in this study we
investigate further the effect of temperature on this dependency.
Figure 7 shows the effect of temperature on the NOx emission
level (ppm at 11% O, in dry flue gas) for both staged air
combustion and nonstaged combustion of DW at 850, 900,
950, and 1000 °C. NO, was typically below 1 ppm for the staged
and nonstaged experiments which is within the measurement
error ranges for the analyzers (Gasmet and Bomem FTIRs) for
NO,, except for one case at 900 °C for staged-air combustion,
where a NO, level of up to 3 ppm is measured. Consequently, we
have not found any clear relation between NO; and temperature
in the investigated temperature range. The upper graph for
nonstaged combustion shows an increasing trend for NOx when

the excess air ratio is increasing. This corresponds with the
findings of Skreiberg et al.>® The NOx level for these cases, at all
temperatures, varies from 75 to 200 ppm at 11% O, in dry flue
gas. However, this graph also indicates that temperature varia-
tions have almost no effect on the NOx emission level. All the
data for the different temperatures are included, showing that
they are in the same range for the same excess air ratio and
temperature. This indicates that the temperatures are, as ex-
pected, too low for thermal NOx formation. According to the
literature, thermal N Ox formation in different biomass combus-
tion systems starts at temperatures above 1400 oC 540

The lower graph, which shows the same information for staged
air combustion of DW, is distinctively different from that of
nonstaged combustion. Here an optimum excess air ratio exists
for each combustion temperature. The NOx results are here
plotted as a function of overall excess air ratio while the
corresponding primary excess air ratio (half of the overall excess
air ratio ) is given on the upper x-axis for staged combustion. GC
measurements were carried out to analyze the composition of the
primary gas, but they can only provide an indicative value for the
primary excess air ratio and not with a sufficient time resolution.
The main point s to use total excess air ratio as an indicative value
to show the effect of variations in the primary excess air ratio on
the NOx reduction degree, and this was effectively achieved with
the experimental setup, the measurements carried out, and the
data treatment procedures employed. The NOx emission level is
ranging from 25 to 120 ppm at 11% O, in dry flue gas. This range
points out that the emission level by staged air combustion of
DW decreases by a factor of 2—4, corresponding to 50—75%
NOx reduction compared to nonstaged combustion. In the
optimum case, ie., at an excess air ratio of 1.6—1.9, the NOx
reduction is 85%. This corresponds to an optimum primary
excess air ratio of 0.8—0.95. Again, the effect of temperature is
very low, as was the case for nonstaged combustion, and all
temperatures show the same trend. First an increase occurs in the
NOx level with an increasing excess air ratio up to approximately
1.5, and from this point the NOx level is decreasing until the
excess air ratio approaches 2. A further increase in the excess air
ratio will cause the NOx level to start increasing again. This effect
is due to the increase of available air both in the primary and
secondary zone, which causes the first stage not to be in a fuel-
rich condition, as was explained in the Introduction. This will
increase the TFN/Fuel-N ratio, hence lowering the NOx reduc-
tion potential, where total fixed nitrogen (TFN) is the total mass
of nitrogen in the flue gas (all N containing gases coming out
from the reactor except for N,), and Fuel-N is the total mass of
nitrogen in the fuel.*' The concentration of NH; and HCN was
very lowin the flue gas after a long residence time, typically below
1 ppm, which was within the measurement error range of the
analyzers for these species.

Figure 8 shows the effect of temperature on N>O emissions at
different excess air ratios. The upper graph clearly shows that in
the case of nonstaged combustion, the N,O emission level is not
a function of the excess air ratio. However, the effect of
temperature on the N,O emission level is significant in non-
staged combustion. The maximum N,O emission level is seen at
the lowest temperature, ie., 850 °C. Increasing the temperature
with just 50 °C will decrease N,O from 4.8 to 0.9 ppm (mean
value), which corresponds to 80% reduction. The same trend has
been found for N, O formation for temperatures above 750 °C in
the literature, where reduction of NO has a significant effect on
the production of N,0.** The production of N,O is mainly
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Figure 7. NOxas ppm corrected to 11% O, in the dry flue gas for staged air combustion and nonstaged combustion as a function of excess air ratio at the

different temperature levels.

from the reaction of NO + NCO and NO + NH, so N,O is
mainly reduced by thermal decomposition. HCN and NH; either
can reduce to N,O and N, or oxidize to NO. At the higher
temperature, the oxidation route becomes more dominant;
therefore, having a low amount of N,O is predicted.""*> The
staged air combustion experiments show higher values of N,O
for the same conditions. At the optimum excess air ratio for NOx

reduction, the increase in N,O emission compared to nonstaged
combustion is almost 120%.

3.3. Temperature Influence on NOx and N,O Emission
Levels. As discussed in sections 3.2 and 3.3, the effect of
temperature on the NOx emission level is small in the investi-
gated temperature range of 850—1000 °C. However, with the
extraction of the maximum and minimum levels for each
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temperature, some important trends can be established. Figure 9
shows mean, maximum, and minimum NOx emission level (ppm
at 11% O, in dry flue gas) for nonstaged (NS) and staged air (S)
combustion of DW in the mentioned temperature range. The
average (mean value for different excess air ratios over a period of
time) is remaining constant at the different temperatures, at
almost 150 ppm for nonstaged combustion. The maximum,
mean, and minimum values are at the highest level for 900 °C
in the nonstaged experiments. NOx at staged air combustion
seems not to be a function of temperature either. The average
value is on the order of 80 ppm at 11% O, in dry flue gas and the
highest mean value is seen at 900 and 950 °C. It is interesting to

note that in both cases the spread between the highest and lowest
values are higher in the lower end of the temperature range. The
lower amount of NOx at 1000 °C needs more clarification.
Considering the optimum primary excess air ratio as the key point
for minimizing the NOx emission, we can see that at 1000 °C most
of the time the reactor was running in the optimum excess air ratio
range (see Figure 7). This resulted in a lower average NOx value
(for a complete run). At 900 and 950 °C, in spite of our efforts to
operate at optimum conditions, the primary excess air ratio has
also been slightly lower than the optimum range (0.8—0.95) for
the experiment. Hence, the higher average value at 900 and 950 °C
corresponds to a lower average primary excess air ratio.
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N,O has a different behavior in relation to temperature,
showing similar values for staged air combustion and nonstaged
combustion. However, temperature has a great influence on mean,
maximum, and minimum N, O levels, shown in Figure 10. They
decrease significantly with increasing temperature, and for high
temperatures the N,O level is almost negligible. Yet again the
spread between maximum and minimum values are higher in the
lower end of the temperature range. Previous studies shows that

the main precursor for N,O formation is HCN oxidation,'>**
while N,O destruction is mainly by the reaction of NO + H=N,
+ OH.® At the high temperatures, the destruction reaction with
H radicals is faster and also the HCN oxidation reaction tends to
NO formation instead of N,O. This mechanism causes the N,O
level to be very low at higher temperatures.

3.4. Effect of Stoichiometry, Temperature, and Residence
Time on TFN/Fuel-N. In addition to the reactor temperature,
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primary excess air ratio, fuel-N content, differences in residence
times, and mixing conditions may also have an effect on the fuel
nitrogen conversion. The optimum condition for maximum
conversion of fuel-N to molecular nitrogen, N, is highly affected
by the mentioned parameters. However, since only one fuel was
tested, the primary excess air ratio is the only important variable
in addition to the potential temperature effect regarding the NOx
emission level. The NOx/Fuel-N and TFN/Fuel-N ratios, as

shown in Figure 11, were checked and showed good consistency,
always well below unity,® since the values for TEN (TFN =NO +
NO, + 2N,O + HCN + NH;) is calculated after complete
burnout where the residence time has been several seconds.
Residence time in the reduction zone is of importance for
nitrogen conversion, however up to a certain value, beyond
which it does not significantly influence TFN/Fuel-N."** In this
work, the residence time is well above the expected needed time
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(below 2 s) and, hence, the results are not influenced by the resi-
dence time. After the reduction zone, the combustion is com-
pleted by injection of the secondary air. Of course, good mixing
of secondary air and the combustible gases are important. In
average, a large amount of the TFN is composed of NOx (96%)
and is varying between 81 and 100% depending on the tempera-
ture and the combustion scenario. Therefore the mentioned
values in the last figure, Figure 11, can be regarded as approx-
imate values for NOx/Fuel-N.

4. CONCLUSIONS

From the experimental studies carried outin the present work,
using demolition wood pellets as fuel, the following conclusions
can be drawn: The primary excess air ratio is the most important
parameter which can be optimized for maximum conversion of
fuel-N to N, hence reducing the NOx level. The effect of two-
stage combustion of biomass is significant for reduction of NOx
emission levels. Staged air combustion, in this case, can reduce
the emission level by 50—75% and even up to 85% at the
optimum conditions. The maximum NOx reduction happens
when the primary air is injected at a primary excess air ratio of
0.8—0.95 and the total excess air ratio is 1.6—1.9 for staged air
combustion. The experiments show that also the total excess air
ratio has an important effect on the NOx emission.

The N,O level has an inverse effect for staged air combustion,
ie., increasing for staged air combustion. The average N,O level
increase for the different temperatures is 75—1660% but with a
low amount of N,O at high temperatures.

However, the experimental results show that the NOx emis-
sion level is not affected significantly by temperature neither in
nonstaged or staged air combustion when temperatures are kept
below 1000 °C in the reactor. Yet, the effect of temperature
on the N,O level is considerable. This study shows, as expected,
that at high temperatures, N>O emissions almost disappear.
The results point to that the effects of temperature and staged
air combustion are counteractive for N,O, meaning a negative
influence on N,O for staged air combustion and a desirable
N,O reduction effect with increasing temperature. Therefore to

minimize N,O emissions and reduce emissions of unburnt,
temperatures of above 900 °C are beneficial.

Hydrocarbons emission, C,H,, is almost independent of the
combustion condition whether it is staged air combustion or
nonstaged combustion. In both cases, the emission levels of
hydrocarbons are below 4 ppm at 11% O, in dry flue gas. CO
emissions increase for staged air combustion compared to non-
staged combustion by a factor of about 1.5 at a given temperature.
Increasing temperature decreases the CO emission level in the
whole temperature range of 850—1000 °C.
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The fate of selected elements (with focus on the important players in corrosion i.e. Na, K,
Pb, Zn, Cl and S) are investigated for three biomasses (wood, demolition wood and coffee
waste) and six mixtures of these as pellets both with and without air staging in a laboratory
reactor. In order to get a complete overview of the combustion products, both online and
offline analytical methods are used. Information is collected about: flue gas composition,
particle (fly ash) size distribution and composition, bottom ash composition and melting
properties. The main findings are: (1) complex interactions are taking place between the
mixed fuels during combustion; (2) the mode of occurrence of an element as well as the
overall structure of the fuel are important for speciation; (3) the pelletisation process, by
bringing chemical elements into intimate contact, may affect partitioning and speciation;
(4) staging and mixing might simultaneously have positive and negative effects on oper-

Alkalis ation; (5) staging affects the governing mechanisms of fly ash (aerosols) formation.

Fly ash © 2012 Elsevier Ltd. All rights reserved.
Aerosols

1. Introduction [3]. The majority of heat and electricity from biomass is

produced in thermal systems using combustion. However,

The European Council has set two key targets for the EU
energy strategy: (1) a reduction of at least 20% in GHG emis-
sions by 2020 and (2) a 20% share of renewable energies in EU
energy consumption by 2020 [1]. In 2007, the EU met 8.5% of its
final energy consumption by renewable energy [2]. Biomass is
accounting for 2 thirds of renewable energy sources in Europe
and the current trends seem to confirm this predominant
position. This means that a considerable growth is to be
expected in this sector to meet the EU goals.

Less than 3% of the biomass are converted to produce
transport biofuels while respectively 2 thirds and 1 third of the
remaining biomass are used to produce heat and electricity

* Corresponding author. Tel.: +47 73 59 29 11; fax: +47 73 59 28 89.

E-mail address: michael.becidan@sintef.no (M. Becidan).

this is not without challenges with corrosion, deposit build-
up, slagging/fouling, polluting emissions (NOx, SOx, trace
metals) being amongst the major issues. Many of these
problems are ash-related and a variety of methods exist to
mitigate them including use of corrosion-resistant alloys and
coatings, improved design, improved combustion process and
control, better cleaning methods and the use of additives.
Additives are chemicals that can mitigate corrosion and
deposition. Extensive tests, both lab- and full-scale, and
calculations have been performed on several classes of
chemicals, especially AlSi-, Ca-, S- and P-containing
substances [4—10]. Some additives are part of patented

0961-9534/$ — see front matter © 2012 Elsevier Ltd. All rights reserved.
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systems [11], however, it is a disputed field because of often
inconclusive or installation-specific results. Furthermore,
even though some additives show good abilities, far from
everything is understood about their action.

Corrosion is mainly associated with alkali (Na, K) and Cl but
also Pb and Zn [12]. Rather than using expensive additives,
wastes or by-products containing high enough concentrations
of corrosion-fighting chemical elements can be added. These
materials are cheaper than standard additives and it can allow
the combustion of an otherwise low-quality and/or unused
fuel. A possible problem is that, contrary to dedicated chem-
icals, these materials have a complex chemical make-up
which may include chemical elements interfering with and
diluting the action of the corrosion-fighting elements. One
example is the reaction of Ca with S which would otherwise
prevent the formation of corrosive alkali chlorides by forming
alkali sulphates. They may contain problematic elements
(trace metals) when it comes to final disposal. On the other
hand, the complex structure of these fuels might also lead to
synergy effects. The literature concerning “additional” fuels
focuses on three materials: coal [8,13], ash [14] and sludge
[14—16].

The reactions involved are complex and only partly iden-
tified but a general consensus is that three mechanisms may
take place (M is Na or K) [4,5,10,17,18]:

Chemical sorption: Al,03.xSiO; + 2 MCl

Physical sorption: Cl and alkalis are bound to Al,03.xSiO, by
Van der Waals forces

Chemical reaction: MCl + S (as sulphate or dioxide) — M,SO4

Experimental studies have shown that the predominating
mechanism is dependent on the additive but also on
temperature [4,5,10,17,18]. During chemical sorption, the
alkali is strongly associated to the aluminosilicate while Cl is
released as harmless HCl. The strong association means that
the aluminosilicate cannot be recycled and reused but also
that there is no risk of the alkali to be released because of, for
example, concentrations or temperature variations as might
happen with physical adsorption. However, physical adsorp-
tion has a higher capture capacity (several layers of alkali
chlorides may be captured) and the additive may be reused
after washing.

Combustion air staging is a common practice used to
reduce NOx emissions [19,20]. Combustion air is separated
into primary air and secondary air. Typically 70—90% of the
stoichiometric air ratio is added in the primary combustion
zone producing a fuel-rich environment with low tempera-
tures followed by an oxygen-rich secondary combustion zone
to complete oxidation. The main goal is to reduce oxygen
availability in areas critical to NOx formation. However,
reducing conditions may also affect the ash components
speciation and partitioning and therewith corrosion and
deposition. Little attention has been given to alkalis and
reducing conditions in thermal systems, except for a few
theoretical results [21,22]. Trace metals have been studied to

a larger extent [23—28]. These studies show that advanced air
distribution can modify the phase distribution and speciation
of chemical elements [29,30].

This study is focusing on experiments in a lab-scale reactor
with a good control and overview of the operational parame-
ters (temperature, feedstock and air inputs) and the combus-
tion products (flue gas, fly and bottom ash) in order to study
the influence of (a) the mixing of biomass fuels in pellets; (b)
air staging. Seven parameters have been chosen to evaluate
the effects of mixing and staging: (1) HCl & SO, emissions; (2)
fly ash size distribution; (3) bottom ash composition; (4)
bottom ash fusion properties; (5) fly ash composition; (6) Cl-
conversion; (7) S-conversion.

2. Materials and methods

The reactor used has a ceramic inner tube with a diameter of
100 mm. The altogether 2 m high vertical tube consists of two
such ceramic tubes, each 1 m long, which are connected with
a ceramic socket. The ceramic tubes are made of non-porous
and non-catalytic alumina.

The reaction section, located above the grate, is 1.6 m long,
while the section below the grate is 0.4 m long. The inlet air is
preheated to the reactor temperature. The primary air is
added under the grate and the secondary air is added above
the grate.

Two types of experiments are carried out: (1) experiments
with air staging and (2) experiments without air staging. Only
isothermal experiments were performed with a reactor
temperature of 850 °C. The primary air and secondary air were
also preheated to this temperature. The total excess air ratio
was about 1.6, and the primary excess air ratio was about 0.8
in the staged air experiments. Pellets are fed from a rotating
battery of fuel containers using a water-cooled piston at
a feeding rate of 400 gh 2.

The experimental set-up with its advanced monitoring
and control systems as well as the online and offline analyt-
ical methods gives a very accurate picture of the thermal
process and all its products. Gas analysis was carried out
using GC and FTIR. Particle size distribution and concentra-
tion in the flue gas were measured online by an ELPI in
a particle size range of 0.03—10 pm. Speciation in the ELPI
samples is estimated with the help of SEM-EDX using a series
of assumptions described in detail by Rainer et al. [31]. The
chemical composition of the bottom ash is determined by ICP-
AES and ICP-SFMS.

Staged and non-staged experiments are carried out with
four kinds of pellets: (1) wood (WP), (2) demolition wood (DW),
(3) coffee waste (CW) and (4) six mixtures of these.

The WP is a Norwegian mixed timber of pine and spruce
obtained through Felleskjgpet, Norway. DW is from houses/
buildings in Sweden (obtained through Vattenfall, Sweden).
CW was received from Kjeldsberg Kaffe, Norway. This
substance consists of skin, silverskin, pulp, parchment, and
broken beans that are lost during the roasting process. The
beans used were almost exclusively from Brazil. All the
samples were collected in 2009—-2010.

The pellets are cylindrical extrudates, with a fixed diam-
eter of 6 mm and a length of 5-15 mm and are air-dried before
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the experiments. The proximate analysis of the pellet samples
are shown in Table 1.

The ultimate analyses of the pellets, including ashes, are
shown in Table 2. The fuels also have different chemical
structures [32]. CW has the highest ash content but it is still
relatively low (58 g kg~ * on dry basis). DW has the highest Cl-
content while CW has the highest S-content. DW has the
highest Si and Al but also Na contents. CW has both the
highest Ca and K concentrations.

3. Results and discussion
3.1. HCI & SO, emission levels

For pure biomass fuels, staging leads to a reduction in HCl
emissions while no clear trend is observed for the mixtures
(three are unaffected, two display increasing emissions and
one a decrease). This might be due to accuracy issues as HCl is
difficult to quantify. However the somewhat consistent
results (all pure fuels exhibit a decrease in HCl while mixtures
exhibit varying trends) might reveal complex synergies
between mixed fuels.

The experimental results (both staged and non-staged)
show that increasing fuel-Cl lead to increasing HCI emis-
sions during combustion. The resulting emissions for the
mixtures indicate an unexpected effect of mixing on HCI
emissions: in most cases, the resulting emissions are lower
than the average of the pure biomass emissions, including
for the ternary mixtures. No explanation can be given
except synergy effects between the mixed fuels. Such
complex (i.e. non-linear) interactions between chemical
elements are actually not uncommon in biomass combus-
tion [33].

Increasing S-fuel is leading to increasing SO, emissions.
Contrary to HCl, the mixing effect can generally be described
“as expected” with the resulting mixtures emissions in
between those of the involved pure biomass samples. For DW
and DW/WP (WP has a very low S concentration) no effect
from staging is visible while the other fuels and mixtures
show a little increase of SO, with staging.

The opposite effects of mixing and staging on the chem-
istries of S and Cl show that the same methods cannot be used
to reduce the circulation of both S and CL

3.2. Particle (fly ash) size distribution

The particles formed during fixed bed biomass incineration
are of two groups [34]: (a) coarse fly ash particles with
a diameter between 1 and 250 um; (b) aerosols with
a diameter below 1 um. The fly ash size distribution from
fixed bed combustion of biomass is therefore bimodal.
While the large particles are physically entrained from the
bed by the flue gas and mainly made of Ca, Al and Si, the
aerosols are originating from the release of volatile
compounds (such as alkali chlorides) followed by nucleation
and condensation of these vapours and subsequent coagu-
lation of particles [34]. Other processes (condensation of
vapours onto large particles) may also occur. The release
behaviour and governing mechanisms are not well known
yet and are affected by a variety of operating and feedstock
parameters [34].

Fig. 1 presents the particle size distribution of the fly ash up
to 10 um (which is the most corrosive fraction) for the pure
fuels and mixtures for non-staged and staged experiments.
The curves are an average of all experiments as the same
trend is observed for all fuels and mixtures. It is clear that
staging leads to a displacement towards larger particles from
less than 0.1 um to over 0.1 um (but under 1 um) indicating
a change in release behaviour and mechanisms. The total
number of particles emitted appears little affected by staging
meaning that the total weight of particles emitted is increased
by staging.

3.3. Bottom ash composition

The main bottom ash constituents for all fuels are Si, Al, Ca,
Fe, K and Mg. The main components of fly ash are K, S, Cl and
Na but also significant levels of Pb and Zn (see also 3.5). K in
the bottom ash is most certainly forming (alumino)silicates
[35] or is already part of non-volatile structures.

The most interesting result concerning the effect of staging
is that K is (relatively) more retained in the bottom ash than
Na when stagingis used with pure biomass fuels while staging
has no measurable effect on Na and K chemistries in
mixtures. This strongly infers that mixed fuels in pellets
interact together and that these interactions lead to non-
linear effects on overall chemistry. This is not uncommon as
indicated in 3.1 and [33].

Table 1 — Proximate analysis and heating value of pellets (g kg~ ?, dry basis).

Ash Volatile Fixed C Moisture HHV (MJ kg™ 1)
Wood (WP) 21 854.3 143.7 65.1 20.63
Demolition wood (DW) 37.3 772.7 190.0 81.2 20.54
Coffee waste (CW) 58.2 761.7 180.7 175.3 22.20
1/2 WP-1/2 DW*? 19.7 813.5 166.9 67.8 20.62
1/2 WP-1/2 CW? 30.0 808.0 162.2 87.6 21.36
1/2 DW-1/2 CW? 47.7 767.2 185.4 127.2 21.24
2/3 WP-1/3 CW? 20.7 823.4 156.0 113.5 21.08
1/3 WP-2/3 CW? 39.3 792.6 168.4 80.2 21.55
1/3 WP-1/3 DW-1/3 CW? 324 796.2 171.5 245.3 21.04

a Calculated except moisture.
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Table 2 — Ultimate analysis of pellets, including ash elements (g kg™, dry basis).

C H O N S Cl

Wood (WP) 512.2 60.7 425.4 14 0.30 0.2
Demolition wood (DW) 505.9 60.9 416.5 15.9 0.75 1.13
Coffee waste (CW) 529.0 64.7 376.4 28.2 1.87 0.38
1/2 WP-1/2 DW 509.1 60.8 421.1 8.5 0.52 0.65
1/2 WP-1/2 CW 519.8 62.5 403.3 13.4 1.01 0.28
1/2 DW-1/2 CW 520.1 60.6 392.1 25.8 1.37 0.85
2/3 WP-1/3 CW 519.3 60.6 408.1 114 0.81 0.27
1/3 WP-2/3 CW 527.9 60.4 386.8 235 1.41 0.36
1/3 WP-1/3 DW-1/3 CW 517.2 60.7 404.5 16.7 0.97 0.61

WP DW CW  WP/DW WP/CW DW/CW  WP(2/3)/CW(1/3)  WP(1/3)/CW(2/3)  WP/DW/CW
Si 0.394 12.33 1.93 8.96 0.831 17.05 3.58 6.98 7.97
Al 0.085 1.94 0.80 1.13 0.399 4.16 2.14 4.85 2.91
Ca 1.195 7.00 16.37 3.99 8.080 10.22 4.61 8.19 6.57
Fe 0.064 5.49 1.26 2.96 1.222 5.04 2.09 7.50 5.32
K 0.579 1.13 19.80 0.89 9.474 14.61 9.48 20.11 10.00
Mg 0.251 1.11 6.45 0.68 3.083 3.82 2.19 443 2.52
Mn 0135 0.14 0.10 0.14 0.114 0.14 0.14 0.14 0.14
Na 0.093 1.32 0.17 0.69 0.112 0.91 0.14 0.15 0.58
P 0.120 0.37 2.03 0.24 0.986 1.73 1.09 2.27 1.22
Ti 0.003 223 0.08 1.22 0.029 1.96 0.33 0.70 1.22

3.4. Bottom ash fusion properties For the non-staged experiments, the IDT of the pure fuels

The four ash fusion temperatures represent transitional states
between solid and fluid ash. These temperatures give an
indication of the softening and melting behaviour of the ash.
Despite the shortcomings inherent to this empirical method
and a relatively weak record of correlation with slagging and
fouling (especially for fuels other than coal), fusion tempera-
tures are valuable guides to the high temperature behaviour of
the fuel inorganic elements and can give useful information
regarding the fouling and slagging propensities of ashes [36].
The initial deformation temperature (IDT) is for example
a guidance criterion for the prevention of severe superheater
fouling: plant design should limit the temperature of the flue
gas entering the superheater section to a value below IDT. The
fusion temperatures are related to the composition but also
structure of the ashes.
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Fig. 1 — Particle (fly ash) size distribution. Average for all
fuels and mixtures.

are all around 1100 °C (+/-50 °C). This is also true for the
mixtures except for WP(1/3)/CW(2/3) and the ternary mixture.
Wood pellets (WP) and demolition wood pellets (DW) fusion
temperatures are almost not affected by staging, while CW
fusion temperatures are increasing from under 1100 to
over 1200 °C. The four transitional temperatures are very close
for DW.

No obvious trends concerning the influence of mixing and
staging are observed as presented in Fig. 2.

However, two main behaviours may be envisioned: (a)
there are interactions between the chemical elements of the
fuels (as suggested in 3.3) during incineration therewith
forming an ash with a new structure and with properties
difficult to predict and/or correlate; this might be promoted by
pellets, more compact and denser than loose biomass, in
which ash compounds are more intimately in contact; (b) the
resulting ash might be a mixture of the two pure fuels ash (no
interactions).

3.5. Fly ash composition

The method used to estimate speciation and concentrations is
described by [31]. The main components in the fly ash areX, S,
Cl and Na (see Fig. 3(a) and (b)).

In average 700 g kg™! of the O-free samples (excluding C
and Al) consisted of these elements. Zn and Pb represent on
average 200 g kg ! whereas the portion of the inert oxide
forming elements Si, Ca, Fe, P, Mg and Cr is 100 g kg™*. P and
Mg compositions are low in all samples.

The portion of inert metals is generally higher in the bigger
particle size fractions than in the smaller fractions, indicating
that the compounds of these metals (oxides) originate from
the original fuel ash and have not been vaporized during
combustion.
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various fuels and fuel mixtures.

Pb and Zn are partly in oxide form, partly in salt form. The
oxides are most probably ZnO and PbO. The salt part is made
of sulphate and chloride of K, Na, Zn and Pb.

The Cl content of the salt part of the WP sample is
50—200 gkg ' with the staged samples showing slightly higher
values than the non-staged samples. The DW sample has
500—600 g kg~! Cl in both non-staged and staged samples,
whereas the CW samples have no Cl.

CW composition shows no trends as a function of particle
size. K constitutes some 700 g kg~ of the metals, Zn 250 gkg *
and Na 50 g kg™ *. Non-staged and staged samples are similar
except for significantly higher Zn in the staged samples.

In WP, K decreases with increasing particles size. Zn is low
in the smaller fractions and higher in the bigger ones. The
staged samples have higher Na than the non-staged.

The DW samples show significant trends in the metal
content as a function of particle size. In the staged runs, K
decreases from 400 gkg ™' in the 0.1 ym sample to 200 gkg ' in
the 1.5 um sample. In the non-staged sample, K is 200 gkg~ ' in
the small particles and 150 g kg™? in the larger ones. Zn
increases correspondingly from smaller to bigger particles. Pb
shows a slight decrease. There is significantly higher Na in the
non-staged samples, but in neither runs Na showed any trend
as a function of particle size.

The salt part of WP/DW consists of 600 gkg * Clboth in non-
staged and staged runs. Some 500 g kg™* of the metals are Zn
and Pb with a slightincrease of Zn as a function of particle size.

The WP/CW samples show small amounts of Cl, almost no
in the non-staged samples and below 100 g kg~* in the staged
samples. K is the dominating metal with 700 gkg™" in the non-
staged samples and around 500 g kg~ * in the staged ones. In
staged samples, Zn increases with the particle size while there
are no trends in composition of the non-staged samples.

The DW/CW samples contain very small amounts of Cl,
slightly more in the non-staged samples. In the staged run, K
shows a small decreasing trend with particle size and Zn

a corresponding increase. This trend is not seen in the non-
staged run.

The samples from runs with mixtures of WP and CW
(2/3WP+1/3CW) and (1/3WP+2/3CW) are very similar. The
non-staged samples show no compositional changes as
a function of particle size, while K is decreasing and Zn is
increasing in the two air-staged runs. Na shows no trend as
function of particle size.

The samples from the run with mixture WP/DW/CW show
higher Cl-content than the other ones. The staged samples
have some 100 g kg-1 and the non-staged some 50 g kg~* CL
The Zn content is somewhat higher in the staged samples and
increases in bigger particles. K shows a corresponding
decrease. Na is, again, not affected by particle size.

3.6. Cl-chemistry

Fig. 4 presents the phase distribution of Cl in the three
biomass samples and six biomass mixtures both for non-
staged and staged combustion experiments. Experimental
challenges make it difficult to reach satisfying mass balances
in some experiments but the interpretation of the overall
trends, i.e. qualitative rather than quantitative results, still
brings valuable knowledge.

The three biomass samples (non-staged combustion
experiments) can be said to belong to two groups: (1) fuels in
which most of Clis converted to HCl represented here by wood
pellets (WP); (2) fuels in which Clis distributed equally in both
phases. Such grouping has also been reported in thermody-
namic equilibrium calculations for waste fractions (including
biomass) [37].

Staging has the same effect on all fuels but with different
strengths: it displaces CI from the gas to the solid phase. The
differences in the magnitude of the effect may be partly
attributable to the fuel-Cl content but the chemical make
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Fig. 4 — Cl-phase distribution (conversion factors) for
staged (s) and non-staged (ns) combustion conditions.
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up of the fuels (modes of occurrence) is most probably another
important factor.

When looking at the (non-staged) results for the three 50/
50 mixtures (see Fig. 4), it appears that the resulting retention
in the bottom ash is at the high end of the values of the
respective mixed fuels. This behaviour can not be explained
but seems to prove that complex interactions between the
mixed fuels are occurring. Air staging does not have a signifi-
cant effect for WP/DW and WP/CW.

Mixtures in which one fuel is dominating (WP(2/3)/CW(1/3)
and WP(1/3)/CW(2/3)) offer clearer trends when it comes to Cl-
distribution (for non-staged experiments): increasing the
share of CW increases the share of Cl in bottom ash. This
result is in good correlation with the results for the single-fuel
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pellets. As observed previously, the effect of air staging is
almost non-existent in mixtures.

3.7. S-chemistry

Fig. 5 shows the phase distribution of S in the three pure
biomass fuels and the mixtures. S partitioning is between the
gas phase (as SO,) and the solid phase (bottom ash). Experi-
mental challenges make it difficult to reach satisfying mass
balances in some experiments but the interpretation of the
overall trends, i.e. qualitative rather than quantitative results,
still brings valuable knowledge.

In non-staged experiments, it appears that for all fuels and
fuel mixtures studied, about half of S is found in the bottom
ash. The distribution does not seem to be affected by S
concentration or its modes of occurrence which most
certainly vary in the different fuels. This is in good accordance
with both experimental results [28], where it is measured that
from about one fourth to one half of biomass-S is released to
the gas phase from 500 °C for woody biomass, and with
thermodynamic calculations [37] which predict that about
half of biomass-S is released to the gas phase (average at
600—1200 °C). Staging does not appear to have an influence on
S-phase distribution.

4, Conclusions

The fate of selected ash elements are investigated for three
biomasses (wood, demolition wood and coffee waste) and six
mixtures of these as pellets both with and without air staging
in a grate fired laboratory reactor. Data is collected about: flue
gas composition, fly ash size distribution and composition,
bottom ash composition and melting properties.

A very large quantity of data is presented and discussed.
The main overall findings are: (1) experimental results (see the
effect of staging on Na and K in bottom ash) indicate that
complex interactions are taking place between the mixed
fuels; (2) the same ash-forming element may react differently
to staging and/or mixing in different fuels, indicating the
importance of the mode of the overall structure of the fuel; (3)
several results infer that pelletisation, by bringing chemical

elements into more intimate contact than in loose biomass,
affects their overall chemistry (partitioning and speciation);
(4) staging and mixing might simultaneously have positive
and negative effects; (5) staging affects the governing mech-
anisms of fly ash (aerosols) formation. The central practical
implications of the aforementioned findings may be sum-
marised as such: (1) mixing of different biomass may be an
efficient method to affect the overall chemistry of specific
chemical elements and therewith operational challenges
such as fouling, deposition or slagging; (2) pelletisation may
enhance the chemical effects of mixing; (3) staging, by influ-
encing aerosols formation, may be a promising way of
reducing the problems associated with them, especially
corrosion.
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Combustion experiments were performed in a multi-fuel reactor with continuous feed of pellets by applying staged
air combustion. Total characterization of the elemental composition of the fuel, the bottom ash and some particle
size stages of fly ash was performed. This was done in order to follow the fate of some of the problematic compounds
in demolition wood as a function of peat-ash addition and other combustion related parameters, A method was
developed to estimate the composition and speciation of the salt part of aerosols based on SEM/EDX analysis. The
results show that the concentrations of zinc and lead account for 40-50% of the salts produced for the small particles

mﬁ:ﬁzn wood (0.093 pm) and up to 90% for the larger particles (1.59 um). A considerable part of these metals are chemically
Combustion bound to chlorides and sulfates together with potassium and sodium indicating extensive volatilization of zinc and
Peat ash additive lead. The experiments show that the reactions of potassium, zinc and lead are the most affected. This gives rise to
Bottom ash higher concentrations of zinc and lead in the aerosols, The chloride content in the aerosols decreases with increased
Fly ash peat ash addition. This will have an inhibiting effect on corrosion, but the higher Zn and especially Pb concentrations
5:3 will lead to a lower first melting point of the aerosol particles. This may promote deposition and cause corrosion.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

One of the purposes for biomass utilization, besides the sustain-
ability aspects, is to replace fossil fuel and decrease the greenhouse
gas emission from the energy conversion. The increased biomass
consumption has resulted in higher prices of virgin wood up to a
range where it is no longer profitable to operate power stations based
on combustion of wood alone [1]. This has lead toincreased utilization
of alternative fuels that are cheaper but have different properties
compared to virgin wood, which can make combustion more
problematic. This is also true for small power units that usually rely
on indigenous fuel supply delivered at a minimal transport costs.
Alternative fuels that are solely combusted or co-combusted such as
peat, agricultural waste, different grass types and fast growing species
all have one thing in common, a high ash content compared to wood.
The higher ash content in such fuels may cause severe problems
resulting in unscheduled and expensive shutdown periods in power
plants. In fixed bed combustors, the alkali metals in particular can
become volatile and stick on heat transfer surfaces downstream in the
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process. This process has been found in many cases to be accelerated
by the presence of zinc and lead in the fuel, which both are even more
volatile than alkali metal compounds. Such depositions are difficult to
remove and cause lower efficiencies due to a decrease in heat transfer.
They can also bridge between the tubes and cause flue gas flow
restriction which results in higher pressure drops. The deposits
themselves have a composition which make them quite aggressive
resulting in attacks on the metallic surface of the heating tubes. For
example, the chlorine in the ash facilitates the mobility of alkalis and
trace metals, forming chlorides which have a low melting tempera-
ture. During combustion of fuels with high alkali content, the mobility
of present chlorine is greatly enhanced. These alkali-chlorine
compounds leave the bottom ash as different gaseous volatiles
passing through the process along with the reacting gas and finally
the flue gas. However, the capture of alkalis (and/or alkali chlorides in
some cases) through the use of additives has helped lowering the
alkali chlorides concentration in the flue gas and by that decreasing
substantially corrosion in boilers. Similar possibilities to capture zinc
and lead are highly interesting. When additives are used, chlorine is
usually released as HC, a compound that is corrosive on its own but
lacks the sticky property that metal chlorides have. In addition, HCl is
easily cleaned from the flue gas in a post-combustion stage by
scrubbing it with lime stone or by dry-sorption with Ca(OH), [2].
Additives can be either mixed with the fuels prior to combustion, they
can be added to the bed material in case of fluidized bed or they can be
sprayed at critical stages directly into the flue gas. Depending on their
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elemental composition, additives can be separated into groups
containing calcium, phosphorous, sulfur, aluminum or aluminum-
silicate [3]. For liquid-based additives, the so-called ChlorOut system
developed by Vattenfall has shown good results in substantially
decreasing the alkali chlorides and possibly also trace metal chlorides
in the flue gas [4,5]. ChlorOut is based on spraying a solution of
ammonium sulfate prior to the superheater section in the boiler.
Other sulfate solutions like aluminum and ferric sulfates have also
shown to have a similar effect to the ChlorOut system [6]. Additives in
the form of solid particles can also be mixed with the bio-fuel prior to
combustion. Sulfur rich additives such as peat or pure sulfur are
expected to chemically react with potassium, sodium, zinc and lead to
form MxSO,. Sulfur addition to agricultural waste has shown
promising results in decreasing the potential of corrosion in boilers
[7.8]. Calcium—-phosphorous and Aluminum-silicate based additives
were tested in a full scale straw pellet boiler at the Amager power
station in Denmark [9]. Among the tested additives were sand,
dicalciumfosfat, chalk and bentonite. In addition, kaolin as an additive
is studied in a related experimental work [10].

A special group is addition of fuel ash from other fuels or by
co-combustion [11,12]. Dedicated chemicals are not the only
possible additives, other materials/fuels such as biomass, sludge,
coal or coal ash may also have a positive effect on alkali chemistry.
For example, fly ash from peat may potentially absorb alkali and
possibly some trace elements (Pb, Zn). The chemistry of peat ash is
complicated due to its complex and varying composition. Many
studies, mainly from co-combustion of peat with problematic fuels
show the many possible reactions between peat ash and other ash
constituents [13-16]. Peat also contains inert ash components like
silicate and oxides which do not interact chemically with other
components. The physical effect of this inert ash may, however, be
significant. It has been shown to have a cleaning effect on
superheater deposits by mechanical wearing effects. Part of the
oxide ash has been found to have an alkali absorbing ability and
high calcium content may promote formation of Ca-compounds
which dissolve potassium and possibly also zinc and lead. Peat is
also relatively rich in sulfur and promotes the formation of alkali
sulfates instead of chlorides, which lowers both deposition and
corrosion risks.

The objective of this study is to investigate which influence peat
fly ash has on the distribution of ash components in biomass com-
bustion. Demolition wood is used as the main fuel. Demolition wood
has high contents of zinc and lead and has been shown to be quite
problematic from a corrosion point of view. In the present work, the
first attempts are made to determine which chemical effects of peat
ash addition in demolition wood combustion are detectable on the
bottom ash, fly ash and gas composition in carefully controlled com-
bustion experiments.

2. Materials and methods

Demolition wood was provided by Vattenfall from the combustion
plant at Nykdping, Sweden. The proximate analysis of the sample was
carried out according to the ASTM standards ASTM E871, ASTM E872
and ASTM D1102, respectively for the moisture content, volatile
matter and ashes. The fixed carbon was calculated by difference to
100%. The results of both the proximate and ultimate analysis are
presented in Table 1. A chemical analysis of the ash content of the
primary fuel and all the blends was determined by the ICP-AES
(inductive coupled plasma equipped with an atomic emission
spectrometry analyzer) and ICP-SFMS (inductive coupled plasma
equipped a mass spectrometry analyzer) methods. The metal
composition of the ash for the different fuel mixtures are presented
in Table 2 recalculated on dry fuel basis.

The experiments were carried out in an electrically heated high
temperature multi-fuel reactor. The reaction section, located above

Table 1
Ultimate and proximate analysis of the demolition wood wt.%, db.

Proximate analysis

Volatiles Fixed carbon Ash Moisture
(dry basis) (dry basis) (dry basis) (as received)
77.13 15.00 3.87 7.98
Ultimate Analysis (oxygen calculated by difference)

C H N 0 S cl
5053 6.09 1.59 41.60 0.08 on

the grate is 1.6 mlong, while the section below the grate is 0.4 m long.
The reactor heating system is fitted inside the insulation shell and
consists of four separate 0.5 m high heating zones of 4 kW each
(16 kW in total) that enclose the ceramic tube. The combustion air is
preheated to the reactor temperature in external pre-heaters. The
primary air is added under the grate and the secondary air is added
above the grate. The lower part of the multi-fuel reactor is the section
containing 2-grate system (10 cm apart): a primary grate and a final
burnout grate and an ash collection system. Both the reactor flue gas
composition and the composition of the fuel gas after the primary
zone as well as the particle emission size distribution were
continuously monitored.

For gas analysis in the primary zone a Varian CP-4900 micro gas
chromatograph (GC) was used. The exhaust gases were quantified
online with two different FTIRs, a Bomem 9100 and a Gasmet
DX-4000. In order to detect instabilities during combustion a gas
analyzer with a fast response time (HORIBA PG-250) was used.

The fly ash samples measured by means of a 13 stage low-pressure
impactor where collected on aluminum plates [17]. The plates were
covered by a thin layer of Vaseline to provide a sticky surface. The
chemical analysis of the samples was made by energy-dispersive
X-ray analysis connected to a scanning electron microscope, SEM/EDX

Table 2
Chemical composition of the ash of demolition wood and the generated mixtures
recalculated on wt.% dry fuel basis.

Peat ash % 0 1 5 10
Ash content [%] 39 52 89 13.4
Si [%] 12 19 2.4 36
Al [%] 02 03 0.3 0.5
Ca[%] 0.7 1.1 1.7 3.7
Fe [%] 05 04 25 12
K[%] 0.1 0.1 0.1 0.1
Mg [%] 0.1 03 0.7 18
Mn [%] 0.01 0.02 0.03 0.03
Na [%] 0.1 0.1 0.1 0.1
P[%] 0.04 0.05 0.05 0.10
Ti [%] 02 03 02 02
As [mg/kg] 4 3 4 5
Ba [mg/kg] 319 367 274 379
Be [mg/kg] 0.04 0.06 013 0.25
Cd [mg/kg] 131 1.02 097 0.55
Co [mg/kg] 1.36 221 137 1.46
Cr [mg/kg] 59 50 55 96
Cu [mg/kg] 166 275 29 29
Mo [mg/kg] 0.89 1.43 0.82 2.56
Nb [mg/kg] 0.60 0.68 0.60 0.90
Ni [mg/kg] 2.7 23 3.1 2.8
Pb [mg/kg] 426 447 637 258
Sc [mg/kg] 0.11 0.19 021 054
Sn [mg/kg] 1.89 299 5.40 211
St [mg/kg] 25 30 28 45

V [mg/kg] 157 212 3.14 357
W [mg/kg] 12 75 12 15

Y [mg/kg] 0.49 1.05 211 5.10
Zn [mg/kg] 679 606 421 346
Zr [mg/kg] 9 12 10 13
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Fig. 1. SEM image of the pattern on particles collected on the ELPI-plates.

[18]. The particles on each plate formed a pattern of piles as seen
in Fig. 1. The total mass of the particles on each plate was around
10-100 pg. For each run, four plates with the particle sizes (D50%)
0.093, 0.26, 0.611 and 1.59 um were chosen for SEM/EDX analysis.
Five EDX spot analyzes were taken from different locations on each
plate (see Fig. 1). After standard ZAF-correction the analysis was
normalized to 100% by weight. The analysis of the aluminum plates
was made directly on the foil. The signals for carbon, oxygen and
aluminum cannot be used for quantitative information due to several
reasons. The carbon signal can originate from possible unburned
residue in the samples, but also from the adhering Vaseline. The
oxygen signal can come from, besides the particles, from the Vaseline
and from the oxide layer covering the aluminum plate. The aluminum
signal comes mainly from the plate beneath the samples. It was seen
that the aluminum signal was stronger for bigger particles, probably
due a lower coverage of the aluminum than with small particles. Peat
ash contains aluminum so the effect of those additions on the fly ash
could not be studied.

All experiments in this work were carried out with demolition
wood and demolition wood with peat ash employing staged air
combustion. The peat ash originates from the combustion plant
owned by Vattenfall in Uppsala. The peat ash was mixed with lime
from the plant's deSO stage. The lime addition was unavoidable since
it is part of the gas cleaning system at the Vattenfall plant in Uppsala.
Only isothermal experiments were performed, the reactor was
preheated to the required temperature which was held constant
during the experiment. The total excess air ratio was about 1.6, and

30 =1

25 m2

m3

" 201 g4
E 15
10 4

K Ca Cr Fe Zn Pb

NaMgSi P S CI

the primary air stoichiometry was about 0.8 for most of the
experiments but was also varied in order to study the effect of lean
0, condition in the primary zone on the volatility of chlorine and
other alkali compounds. The reference experiment was run at a
reactor temperature of 850 °C and with no addition of peat ash. Three
other experiments were run at the same operational conditions with
the exception of the peat ash addition of respectively 1, 5 and 10% to
the demolition wood. Another two were run with 5% peat ash addition
at different reactor temperatures of 800 and 900 °C. And finally two
experiments were performed with lower (marked as LP) and higher
(HP) air supply to the primary zone compared to the reference
experiment. The secondary air combustion was changed respectively
in order to obtain a total air excess ratio of 1.6.

3. Assumptions made for aerosol characterization

The first step of the data treatment was to recalculate the analysis to
100 wt.% discarding C, O and Al-signals. The variation among the five
analyses of each plate was fairly small, indicating that the particles in the
piles are homogeneous. This is illustrated in Fig. 2 which shows the
normalized analyzes for the smallest (0.1 um) and the biggest (1.6 pm)
particle fraction analyzed. Note the significantly higher concentrations
of Si, Ca and Fe in the bigger fractions. In the following calculations
arithmetical average for the five analyzes are used. The second step of
the data treatment was to estimate in which compounds the elements
studied are in the samples. This consideration is based on several
recently published studies on aerosol formation in combustion, as well
as on thermodynamic considerations and own field experience. The
following assumptions regarding the speciation are made: (i) Potassium
and sodium are as chlorides or sulfates, (ii) Silicon, calcium, iron,
magnesium and chromium are as oxides, (iii) Zinc and lead can be both
as oxides and/or chlorides and sulfates. The first assumption is well
established for fuels containing sulfur and chlorine. Alkali is volatilized
as hydroxides or chlorides. Some of the alkali is sulfated at high
temperatures and the first aerosol particles to form are sulfate. At lower
temperatures alkali chlorides start to condense, probably mainly by a
heterogeneous nucleation mechanism on sulfate or other submicron
particles. The second assumption is based on the fact that Si, Ca, Fe, Mg
and Cr are non-volatile. All these elements, except Ca, do not form
sulfates or chlorides at higher temperatures. Thus they are transported
downstream mainly as particles with a somewhat uncertain formation
mechanism. Some of them may act as seed particles for alkali compound
nucleation. Ca forms easily sulfate, but in the present case the calcium
content in the samples are so low that this formation is not critical.
Probably the non-sulfated part of Ca is in the form of carbonate at lower
temperatures. Ca can also form phosphates at high temperatures,
usually calcium hydroxyapatite. However, the content of P is so low
in the present samples that this reaction can be neglected. The third

30+

P S Cl KCaCrFeZnPb

Na Mg Si

Fig. 2. Normalized concentrations (wt.%) calculated from C-0-Al free SEM/EDX analyzes of the five spots of the ELPI-samples for the reference run with demolition wood at 850 °C.

Left: 0.1 pm plate. Right: 1.6 um plate.
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assumption is the most critical one. In combustion conditions zinc and
lead are partly volatile depending on the local chlorine content. These
metals do not have similar chemistry although they are often treated
together. Lead is much more volatile than zinc, but mainly in the form of
gaseous PbO, which condensates at temperatures around 400 °C. Partly
the oxide can react with chlorine and condensates as PbCl, at
temperatures below 300 °C. At higher SO, concentrations lead can
condensate as sulfates or as oxy-sulfate. Several sulfate-oxide com-
pounds are possible. Solid zinc oxide is very stable in combustion
conditions, but at lower temperatures both chlorides and sulfate can
form. Probably zinc oxide is transported as small solid particles. It has
been suggested that zinc inside the reducing fuel particle can form Zn
gas which rapidly oxidizes to ZnO particles when it reaches oxygen rich
location in an around the burmning fuel particle [19,20]. This can explain
the submicron size of the ZnO particles. We define two chemical
different fractions in the fly ash samples: an “inert” part which
constitutes of Si0-, Ca0, Fe;03, Mg0, P,0s, Cr,0s, ZnO and PbO, and a
“salt” part consisting of sulfates and chlorides of potassium, sodium, zinc
and lead. The inert part is assumed not to chemically interact with the
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Fig. 5. Lead and zinc concentrations in the bottom ash samples (LP/HP; Low High
primary air amounts compared to the reference experiment).

salt part. It consists of high melting oxides and may be silicates as well as
free oxides. The portion of the inert part increases with particles size
indicating that these particles have their origin in the fuel ash. The salt
part can be denoted (K, Na, Zn, Pb)(Cl, SO4) and all its constituents are
probably formed via the gas phase in a condensation/sublimation
process. In this chemical system both solid and liquid solubility can exist
between the components. Potassium and sodium chloride can form a
solid solution, as can the sulfates of the two metals. Several double salts
exist, both Zn and Pb form compounds with potassium chlorides. All
four metals form a common chloride and sulfate melt with its lowest
first melting point at around 200°C [21]. The definition “salt” is
somewhat inaccurate, but refers here to a low-melting water soluble
fraction in contrast to the high melting insoluble inert oxide fraction.
The salt fraction is the one causing deposition problems in the
superheater area of steam boilers. The submicron particles which are
transported to the heat transfer surfaces by thermophoresis can both
initiate and further promote deposit build up if they contain a molten
fractions above 15 wt-% [21]. The water solubility as such is not
important for the deposition mechanisms, but it indicates an important
property that can be used to determine the portion of Zn and Pb present

DW ash
m350_0%
W350_1%
m3850_5%
m350_10%
m300_5%
m900_5%
1850_5%LP
=850_5% HP
" Peat ash

Mn Na P Ti S Cl

Fig. 4. Major composition of bottom ash from all experiments of 5i, Al, Ca, Fe, K, Mg, Mn, Na, P, Ti, S and Cl using ICP-AES. Recalculated ondry ash. Oxygen not included in the analysis.

First column gives the demolition wood ash (DW), the last one the peat ash.
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in the salt part. It is evident that the salt part must have a balance
between cations and anions. Thus, because we know, based on the
chemical analysis of the fly-ash samples, the amount of (1, S (as 50,), K
and Na, we can determine by difference the portion of Zn and Pb. It is not
possible to distinguish in which form the specific metals are (chloride or
sulfate), only the sum of metals can be balanced against the sum of
anions. Fig. 3 shows as plot of the equivalent cations vs. equivalent
anions (molar basis) for fly-ash samples from a run with kaolin addition.
The notation K5, Na; and Cl; are used for consistency with ZnCl; and
Pb(ly. “S” should be read as “SO4". It can be seen that the amount of K3
and Na, cannot fill up all sulfate and chloride in the samples. Thus, a part
of Zn and Pb are expected to be present as sulfate and chloride, too.
Subsequently a diagram with normalized equivalent fractions of the
cations and anions are used to compare the compositions of the salt part
of fly-ash samples taken in different running conditions.

4. Results and discussion
4.1. Bottom ash analysis

To determine the fate of some of the ash elements during
combustion and the effect of peat ash, the chemical composition of
the bottom ash was determined by the ICP-AES and ICP-SFMS
methods. The concentrations of the main elements for all the
experiments are shown graphically in Fig. 4. The figure shows that
the peat ash is richer in calcium and magnesium than the demolition
wood (DW) ash, which, hold more silicon, potassium, sodium, alumi-
num and titanium. The ash content of DW is around 4%, i.e. an addition
of 5% peat ash would approximately double the amount of incoming
ash. The results show a clear trend of decreasing Si, K, Na, Al and Ti with
increasing peat ash addition as expected. Similarly Ca and Mg increase
with peat ash addition. No clear trends are seen between the samples
for the other major elements. Differences between the samples at dif-
ferent temperatures (800-900 °C) are small, as are they for the samples
taken during different air staging at 850 °C and 5% peat ash addition. As
seen in Fig. 5, the concentration of both lead and zinc decrease linearly
with peat ash addition. The decrease corresponds fairly well with the
dilution effect due to added peat ash. It was not possible to close the
mass balance for lead and zinc accurately enough to determine if there is
an enrichment or depletion of these metals in the bottom ash due to
peat ash addition. On the other hand, a clear trend for both lead and zinc
can be seen in the samples at different temperatures with 5% peat ash
addition. The concentration of both metals decrease as a function of
temperature indicating higher devolatilization at higher temperatures.
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4.2, Aerosol size distribution

The particle size distribution in the flue gas was monitored with an
ELPI for the aerosols in the range of 0.03—10 pm. It is acknowledged
by the authors that larger particles belonging to the coarse fly ash
range might exist in addition to the size range discussed in this study.
It is however believed that these particles are most likely found in
moderate quantities because of a low probability of entrained
particles. This is due to the straight reactor geometry and the
extremely low flow velocity (0.03-0.07 m/s). The results of the
particle size distribution are shown in Figs. 6-8. There is not a clear
trend showing how increasing addition of peat ash influences the
particle size distribution (Fig. 6). In the reference sample without ash
addition, the amount of smaller particles are considerably higher than
in the experiments with peat ash addition, which show a slight
increase of particles smaller than 0.2 um with increased peat ash
addition. For larger particles a decrease in the amount of particles is
seen. Higher temperatures give increased amount of all particle
fractions (Fig. 7). The load of 0.04 um particles is exceptionally high at
900 °C. For the other size fractions the amount of particles is 50-100%
higher at 900 °C that at 800 °C. The results indicate that a low level
primary air-staging give higher particle loads, especially for smaller
particles (Fig. 8), whereas the high level air-staging seems to promote
formation of particles in the range 0.3-1.2 pym.
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as a function of peat ash + lime addition.

4.3. Chemical composition of particles

The composition of the salt part of the samples collected in the ELPI
measurements are given in Figs. 9-11. The samples are dominated by
Zn and Pb. In average 50 wt.% of the oxygen-free samples (excluding
carbon and aluminum) consisted of these elements. The portion of K,
S, Cland Na where in average 35 wt.%, whereas the portion of the inert
oxide forming elements Si, Ca, Fe, P, Mg and Cr was 15 wt.%. P and Mg
were very low in all samples. The portion of inert metals was generally
higher in the bigger particle size fractions than in the smaller
fractions, indicating that the compounds of these metals (oxides)
originate from the original fuel ash and have not been devolatilized.
Lead and zinc are partly in oxide form, partly in salt form. The oxides
are most probably ZnO and PbO. The salt part constitutes of sulfate
and chloride of K, Na, Zn and Pb. For peat ash addition at 850 °C
(Fig. 9), the salt part was richest in chloride for the reference run
(50%) and decreased at peat ash addition to 20-30% chloride at 1%,

and to 5-10% chloride at 5 and 10% ash addition, respectively, the
latter two being very similar in composition. Potassium decreased
significantly with increasing peat ash addition, being 40-50% in the
reference run and 5-10% at 10% ash addition. A corresponding
decrease in the Na content is not observed. Zinc increased with
increasing ash addition, indicating formation of zinc sulfate. The zinc
content was higher in big particles compared to smaller particles.
Lead, again, showed the opposite trend decreasing with particle size.
The composition of the salt part for the different temperatures is very
similar for the runs at 800 °C and 850 °C, chloride being some 20% in
all samples (Fig. 10). At all three temperatures the zinc content is
dominating. The concentrations of zinc (and lead) account for about
40-50% of the salts produced for the small particles (0.093 pm) and up
to 90% for the larger particles (1.59 um). It shows an increasing trend
with increasing particle size. In contrast, both potassium and lead
decrease with particle size while the trends in sodium content are
weak. No clear trend can be seen in the composition of the salt part as
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a function of primary air level (Fig. 11). Low and normal primary air
are very similar. They have a chloride content of 10-20% and show all
an increase of zinc and decrease of potassium and lead with increasing
particle size. The high primary air sample has slightly higher chloride
content (20-40%) for all size fractions. To sum up, lower alkali
chloride concentrations could have an inhibiting effect on corrosion,
but high Zn and especially Pb concentrations may lead to a lower first
melting point of the aerosol particles. This, again, may promote
deposition on heat transfer surfaces in the flue gas channel.

4.4. The fate of chlorine

The chlorine distribution between the bottom ash and the gas
phase relative to the chlorine input in the fuel is shown in Fig. 12. Note
that bottom ash analysis could not be made for the sample with 1%
peat ash addition. The figure does not include the chlorine in the fly
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Fig. 12. Distribution of chlorine between gas phase (as measured HCl) and bottom ash.

ash because not all of the impactor stages were chemically analyzed.
However, the chlorine in the fly ash is assumed to have a minor
influence on the total mass balance due to the relatively small
amounts of fly ash compared to bottom ash. It can be noticed that the
chlorine distribution is somewhat unbalanced probably due to
uncertainties in the chemical analysis of the raw fuel, the bottom
ash and measurements in the gas phase. However, some interesting
trends can be extracted from the results. Generally, the portion of
chlorine in the bottom ash is 40-50% of total chlorine. This is a high
value, which may be due to the relatively high amount of unburned
char in the bottom ash samples. It is expected based on thermody-
namic considerations and experience that the chlorine is in the form
of alkali chlorides in completely burned ash fractions. Some chlorine
can probably dissolve into molten silicates but the amount of this is
expected to be low compared to alkali chlorides. The chlorine in the
bottom ash seems to increase with increased peat ash addition.
Comparing the 5% and 10% additions at 850 °C, show considerably
higher Cl in the bottom ash at 10% addition. This indicates that the
retention of Cl is strongly affected by the presence of peat ash in the
fuel pellet. The calcium content of the peat ash used is rather high,
which could promote CaCl; formation, but taking into consideration
the high sulfur content in the bottom ash, the stable form of calcium
notbound to silicate, should be calcium sulfate. The peat ash seems to
be facilitating chlorine mobility at higher temperatures. A slight trend
in seen for the different reactor temperatures with less chlorine in the
bottom ash at higher temperatures, However, a clear corresponding
increase of HCl is not seen in these samples. No clear trends on the
Cl-distribution of different air-staging could be detected.

4.5. The fate of sulfur

The distribution of sulfur between bottom ash and SO, in the gas is
shown in Fig. 13. The ratios for sulfur in gas to total sulfur and the ratio
in bottom ash to total sulfur are rather near to unity, indicating that
the mass balance for sulfur is fairly well closed based on these two
fractions. Thus, the amount of sulfur of the fly ash is small compared to
the total amount. Some 60-80% of the total sulfur is found in the
bottom ash for all samples. No clear trends can be detected between
the different running conditions indicating that the sulfur chemistry
for the demolition wood is not significantly affected by the ash
addition. This could be expected due to the rather low sulfur content
in the peat ash used.



R. Backman et al. [ Fuel Processing Technology 105 (2013) 20-27 27

1.6 7 B S in bottom ash/S in fuel feed

OSinthe flue gas as SO2/S in fuel feed
141

124
10
0.8 -
0.6 -
0.4 -

0.2 1

0.0 4

850 C 0%
850 C1%
850 C5%
850 C 10%
800 C5%
850 C5%
900 C 5%
850 C5%LP
850 C5%
850 C5%
HP

Fig. 13. Distribution of sulfur between gas phase (as measured S0,) and bottom ash.

5. Conclusions

Experiments were made to understand how an addition of peat
ash affects the composition of ash fractions and gas in combustion of
demolition wood with variations in reactor temperature, combustion
air distribution and amount of peat ash addition. The gas phase was
monitored with several gas analyzers both in the primary zone and in
the stack. Complete characterization of the raw fuel and the bottom
ash was performed for all the experiments. The fly ash particle size
distribution was monitored and in addition a chemical analysis of the
fly ash from four impactor stages was performed. The following
conclusions were made base on the interpretations of the measured
data:

« The bottom ash composition changed as peat ash was added.
Enrichment of the main elements more abundant in the peatash (Ca
and Mg) was observed indicating that the added ash generally
followed the bottom ash.
Zinc and lead which originate from the demolition wood showed
the same behavior, ie. their concentration in the bottom ash
decreased with peat ash addition. As a function of temperature Zn
and Pb decrease in the bottom ash indicating more extensive
mobility of these metals at higher temperatures. 60-80% of the total
sulfur and 40-50% of the total chlorine retain in the bottom ash.

+« A method was developed to estimate the composition and
speciation of the salt part of fly ash samples based on SEM/EDX
analysis. The results show that the concentrations of zinc and lead
are very high in the fly ash samples. A considerable part of these
metals are chemically bound to chlorides and sulfates together with
potassium and sodium indicating extensive volatilization of both
zinc and lead.

« Potassium volatilization decreased with peat ash addition, which
may be due to reactions between peat ash and alkali. The zinc
content was higher in big particles (0.4-13 um) compared to
smaller particles. Lead, again, showed the opposite trend decreasing
with particle size.

« Although it was not possible to determine quantitatively the effect
of peat addition, the experiments show that the inorganic reactions
are influenced in several ways. Potassium, zinc and lead are the
metals most affected. Probably an absorption effect of potassium
gives rise to higher concentrations of zinc and lead in the aerosols.
Simultaneously the chloride content in the aerosols decreases with
increased peat ash addition.
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Abstract

In an attempt to look at means for reduction of corrosion in boilers, combustion experiments are performed on demolition wood with
kaolin as additive. The experiments were performed in a multi-fuel reactor with continuous feed of pellets and by applying staged air
combustion. A total characterization of the elemental composition of the fuel, the bottom ash and some particle size stages of fly ash
was performed. This was done in order to follow the fate of some of the problematic compounds in demolition wood as a function of
kaolin addition and other combustion-related parameters. In particular chlorine and potassium distribution between the gas phase, the
bottom ash and the fly ash is reported as a function of increased kaolin addition, reactor temperature and air staging. Kaolin addition
of 5 and 10% were found to give the least aerosol load in the fly ash. In addition, the chlorine concentration in aerosol particles was
at its lowest levels for the same addition of kaolin, although the difference between 5 and 10% addition was minimal. The reactor

temperature was found to have a minimal effect on both the fly ash and bottom ash properties.
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Introduction

Biomass is receiving increased interest from decision makers
which has resulted in more utilization over recent years. Different
final products originating from biomass are produced nowadays
and include biofuel for the transport sector, chemicals, power and
heat. The purpose of biomass utilization is to replace fossil fuel
and thereby decrease greenhouse gas emissions which are contrib-
uting to global warming. The increased biomass consumption has
resulted in higher prices of virgin wood up to a range at which it
is no longer profitable to operate power stations based on combus-
tion of wood alone (Baxter et al., 1998). This has resulted in the
increased utilization of alternative fuels that are less expensive to
acquire but have different properties in comparison with virgin
wood, which makes combustion more problematic. This also
holds true for small power units that usually rely on indigenous
fuel supply delivered at minimal transport costs. Alternative fuels
such as peat, agricultural waste, different grass types and fast-
growing species, which are solely combusted or co-combusted, all
have one thing in common, namely a high ash content. The higher
ash content in such fuels may cause severe problems resulting in
unscheduled and expensive shutdown periods in power plants. In
fixed bed combustors, the alkali metals in particular can become
volatile and stick on heat transfer surfaces downstream in the pro-
cess. Such deposits are difficult to remove and cause lower

D from wmr.

efficiencies due to a decrease in heat transfer and a higher flue gas
temperature. They can also bridge between the tubes and restrict
flue gas flow which results in higher pressure drops. The deposits
themselves have a composition which make them quite aggres-
sive resulting in attacks on the metallic surface of the heating
tubes. For example, the chlorine in the ash facilitates the mobility
of alkalis such as potassium, forming KCI which has a low melt-
ing temperature. During combustion there is not much one can do
to prevent chlorine compounds from leaving the bottom ash as
different gaseous volatiles passing through the process along with
the flue gas. However, the capture of alkalis through the use of
additives has helped to lower the alkali chlorides concentration in
the flue gas and thereby decrease corrosion in boilers substan-
tially. Chlorine having to compete for the alkalis during chemical
reactions is usually released as HCI, a compound that is corrosive
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on its own but lacks the sticky property that alkali chlorides have.
In addition, HCl is easily cleaned from the flue gas in a post-com-
bustion stage by scrubbing it with limestone or by dry-sorption
with Ca(OH), (Yin et al., 2008). In fluidized bed combustion sys-
tems, agglomeration can become a serious problem for fuels con-
taining high amounts of potassium oxides (K,0). The K,O and
other alkali oxides react with silicate (Si) found in the sand that is
usually used as bed material and form compounds with low melt-
ing points (760-875°C) (Werther et al., 2000). Furthermore, in
such cases the role of additives has been shown to have a positive
effect on abating agglomeration by forming compounds that can
withstand the high temperature environment (Bartels et al., 2008;
Davidsson et al., 2007, 2008; Khan et al., 2009; Llorente et al.,
2006; Pettersson et al., 2009; Vamvuka et al. 2008, 2008).
Additives can be either mixed with the fuels prior to combustion,
they can be added to the bed material in case of fluidized bed
combustor or they can be sprayed at critical stages directly into
the flue gas at an optimized gas temperature. Depending on their
elemental composition, additives can be separated into groups
containing calcium, phosphorous, sulfur, aluminium or alumin-
ium-silicate (Béfver et al., 2009). For liquid-based additives, the
so-called ChlorOut system developed by Vattenfall has shown
some promising results in substantially decreasing the alkali chlo-
rides in the flue gas (Brostrom et al., 2007; Henderson et al. 2006).
ChlorOut is based on spraying a solution of ammonium sulfate
prior to the superheater section in the boiler. Other sulfate solu-
tions such as aluminium and ferric sulfates have also shown to
have a similar effect to the ChlorOut system (Aho et al., 2008).
Additives in the form of solid particles can also be mixed with the
bio-fuel prior to combustion. Sulfur-rich additives such as peat or
pure sulfur are expected to chemically react with potassium and
sodium to form M,S0,, where M can be either K or Na. Sulfur
addition to agricultural waste has shown promising results in
decreasing the potential of corrosion in boilers (Aho and
Silvennoinen, 2004; Skrifvars et al., 2004). Calcium—phosphorous
and aluminium-silicate-based additives were tested in a full-scale
straw pellet boiler at the Amager power station in Denmark
(Tobiasen et al., 2007). Among the tested additives were sand,
dicalcium phosphate, chalk and bentonite. The work concluded by
picking sand and bentonite as having favourable properties for
combating deposits in the boiler.

In this study, kaolin was chosen as the additive to demolition
wood in order to study in detail its effectiveness in capturing the
alkalis from the gas phase. Kaolin reactivity with gaseous alkalis

has already been shown to be quite effective (Tran et al., 2004,
2005) and many publications applying kaolin as additive in full-
scale applications have shown good tendencies towards benefits
in preventing agglomeration, fouling and corrosion (Coda et al.,
2001; Davidsson et al., 2007; Vamvuka et al., 2008). However, in
this work a laboratory-scale reactor with good control over tem-
perature, fuel and air inputs in addition to gas and particle meas-
urement was used to study some parameter variations on the
reactivity of kaolin. The aluminium silicates in kaolin can react
with alkalis and form compounds with higher melting point
(Davidsson et al., 2008). The reactions between alkali chlorides
and aluminium silicates are expected to follow mechanisms pre-
sented in Equation (1) and Equation (2) (Coda et al., 2001).

A1203 * 2Si02 * ZHQO(J-) — A1203 * 2Si02(;) * 2H20(g) (1)

Al203 % 2Si02(5) + 2MClig) + 2H20(g) — M20 * Al2 O3
# 25i05(5) * 2HCl(,)

)

where M can be either K or Na.
As reactions in Equation (1) and (2) show the alkalis are cap-
tured by the kaolin while the chlorine is released as HCI.

Materials and methods

Demolition wood was provided by Vattenfall from the combus-
tion plant at Nykoéping, Sweden. The demolition wood was
ground in a mill to produce a maximum particle size of 2-3 mm.
The particles were then mixed with appropriate amounts of kao-
lin to produce fuels with 1, 5 and 10wt.% kaolin relative to the
fuel. The additives were mixed manually while spraying approx-
imately 8% water relative to the total mass into the blend. The
water was necessary in order to produce pellets of adequate
quality which was performed in a laboratory scale pellet
machine. The produced pellets had a diameter of 6 mm and a of
length 5-15mm and were air dried to an average moisture con-
tent of 12 wt.% before they were used in experiments. The proxi-
mate analysis of the sample was carried out according to the
ASTM standards ASTM E871, ASTM E872 and ASTM D1102,
respectively, for the moisture content, volatile matter and ashes.
The fixed carbon was calculated by difference to 100%. The
results of both the proximate and ultimate analysis are presented
in Table 1. A chemical analysis of the ash content of the primary

Table 1. Ultimate and proximate analysis of the demolition wood wt-% (db).

Proximate analysis

Volatiles (dry basis]) Fixed carbon (dry basis) Ash [dry basis) Moisture (as received)

77.13 19.00 3.87 7.98

Ultimate analysis (oxygen calculated by difference])

C H N 0 S Cl
50.53 6.09 1.59 41.60 0.08 0.1
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fuel and all the blends was determined by the inductive coupled
plasma equipped with an atomic emission spectrometry analyser
(ICP-AES) and inductive coupled plasma equipped a mass spec-
trometry analyser (ICP-SFMS) methods. The element composi-
tion of the ash for the different fuel mixtures are presented in
Table 2.

Experimental setup

The experiments were carried out in an electrically heated high-
temperature multi-fuel reactor. Its schematic drawing is presented
in Figure 1. The reaction section, located above the grate is 1.6m
long, while the section below the grate is 0.4 m long. The reactor
heating system is fitted inside the insulation shell and consists of
four separate 0.5m high heating zones of 4kW each (16kW in
total) that enclose the ceramic tube. The combustion air is pre-
heated to the reactor temperature in external pre-heaters. The pri-
mary air is added under the grate and the secondary air is added
above the grate. The lower part of the multi-fuel reactor is the
section containing two-grate system (10cm apart): a primary
grate and a final burnout grate and an ash collection system. Both

the reactor flue gas composition and the composition of the fuel
gas after the primary zone as well as the particle emission size
distribution were continuously monitored.

For gas analysis in the primary zone a Varian CP-4900 micro
gas chromatograph (GC) was used. The exhaust gases were
quantified online with two different Fourier transform infrared
spectrometers (FTIRs), a Bomem 9100 and a Gasmet DX-4000.
In order to detect instabilities during combustion a gas analyser
with a fast response time (HORIBA PG-250) was used. Particle
size distribution and concentration in the flue gas were measured
by an electrical low pressure impactor (ELPI). The ELPI meas-
ures airborne particle size distribution in a range of 0.03—10 um
with twelve stages and a time resolution of 2 to 3 s. The nominal
air flow is 10Lmin™' and the lowest stage pressure is 100 mbar.
The aerosol samples measured by means of a 13-stage low-pres-
sure impactor were collected on aluminium plates. The chemical
analyses of the samples were made by energy-dispersive X-ray
analysis connected to a scanning electron microscope (SEM/
EDX). The total mass of the particles on each plate was around
10 to 100 pg. For each run, four plates with the particle sizes
(Dsge) 0.093, 0.26, 0.611 and 1.59 um were chosen for analysis.

Table 2. Chemical composition (dry basis) of the ash of demolition wood and the generated mixtures.

Kaolin % 0 1 5 10 100
Ash content (%) 3.9 4.3 7.9 1.7 100
Si (%] 1.2 1.7 3.7 5.5 21.9
Al (%) 0.2 0.7 1.9 3.2 18.9
Ca (%) 0.7 0.7 0.7 0.7 0.07
Fe (%) 0.5 0.3 0.5 0.5 0.6
K (%) 0.1 0.1 0.2 0.2 1.3
Mg (%) 0.1 0.1 0.1 0.1 0.1
Mn (%) 0.01 0.01 0.01 0.01 0.005
Na (%) 0.1 0.1 0.1 0.1 0.04
P (%] 0.04 0.04 0.04 0.04 0.03
Ti (%) 0.2 0.2 0.3 0.3 0.3
CL (%) 0.1 0.12 0.1 0.09 -
S (%) 0.07 0.1 0.13 0.12 0.02
As (mgkg™) 4 4 10 3 -
Ba (mgkg) 319 332 285 336 192
Be (mgkg) 0.04 0.20 0.69 1.25 14
Cd (mgkg™) 1.31 0.78 1.22 0.88 0
Co (mgkg) 1.36 1.20 1.37 1.86 1.08
Cr (mgkg-') 59 33 39 56 34
Cu (mgkg) 166 358 40 81 7.82
Mo (mgkg-1) 0.89 0.70 0.67 0.94 0
Nb (mgkg) 0.60 0.90 2.47 3.38 37.4
Ni (mgkg-) 2.7 13.0 2.0 17 4.99
Pb (mgkg) 426 233 361 415 69.1
Sc (mgkg-) 0.1 0.14 0.35 0.57 417
Sn (mgkg) 1.89 1.81 1.76 2.20 10.3
Sr (mgkg-) 25 26 26 28 37.2
V [(mgkg-1) 1.57 1.93 3.35 4.86 39.3
W (mgkg-1) 12 21 11 55 0
Y (mgkg) 0.49 0.63 1.36 2.15 18.8
Zn (mgkg') 679 1030 333 908 34.1
Zr (mgkg-) 9 10 16 20 103
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Figure 1. Schematic drawing of the reactor.

Five EDX spot analyses were taken from different locations on
each plate. After standard ZAF-correction the analysis was nor-
malized to 100% by weight. The signals for carbon, oxygen and
aluminium cannot be used for quantitative information for several
reasons. The carbon signal can originate from possible unburned
residue in the samples, but also from the adhering Vaseline. These
same sources can also disturb the oxygen signal. The aluminium
signal comes mainly from the plate beneath the samples. As kao-
lin contains aluminium, the effect of those additions on the fly ash
could not be studied. The assumptions made for the data treatment
of the aerosol concentrations are explained elsewhere (Backman
et al., 2011). Temperature was measured in the reactor at several
heights and in the flue gas channel. All experiments in this work
were carried out with demolition wood and demolition wood with
kaolin employing staged air combustion and isothermal condi-
tions. The total excess air ratio was about 1.6, and the primary air
stoichiometry was about 0.8 for most of the experiments but was
also varied in order to study the effect on the volatility of chlorine
and other alkali compounds of a lean O, condition in the primary
zone. The reference experiment was run first at a reactor tempera-
ture of 850 °C and with no addition of kaolin. Three other experi-
ments were run under the same conditions with the exception of

D from wmr.

the kaolin addition of 1, 5 and 10% of weight, respectively, to the
demolition wood. Another two were run with 5% of kaolin addi-
tion but with different reactor temperatures of 800 and 900°C.
Finally two experiments were performed with lower (marked as
LP) and higher (HP) air supply to the primary zone in comparison
with the reference experiment. The secondary air combustion was
changed, respectively, in order to obtain a total air excess ratio of
1.6. The feeding frequency was set to ensure a feeding rate of
400gh™!. The pellets were primarily combusted on the upper
grate. The pellets were gradually moved from the fuel-feeding
inlet to a slot leading to the second grate by rotating blades. Each
grate had two rotating blades moving at a speed of 3min per
round. Final burnout took place on the second grate before the ash
was moved to a slot from where it fell into the ash bin. Due to
small variation in pellet size, it was not possible to feed the target
rate of 400gh™! exactly. Accordingly, the supply of primary air
could not be regulated accurately to attain the under stoichiomet-
ric condition of 0.8, although the variations were within an accept-
able range. The primary air supply was adjusted so that the CO
concentration from the primary zone was approximately 3%. The
combustion time for each experiment was dependent on which-
ever of the following two events occurred first: (i) minimum sta-
ble combustion conditions of 2h; or (ii) a 90% fill signal of
aerosols in the impactor.

Results

Due to the relatively long reactor residence time (30-60s) and
the high reactor temperature (800-900 °C), the amount of unburnt
gases were very low (typically below 50ppm CO at 11% O, in
dry flue gas). However, during an initial stabilization period and
short periods of high fluctuation in the fuel feeding, the air excess
ratio deviated from the target value of 1.6. During such periods
the CO emission level increased to typically 200 ppm at 11% O,
in dry flue gas. The combined emission levels of hydrocarbons
were typically below 5ppm at 11% O, in dry flue gas. The aver-
age concentration and standard deviation (in brackets) were 8.2%
(1.0), 28 ppm (30) and 11.5% (0.9), respectively, for O,, CO and
CO,. These are average values for all the measured data points
and for all the conducted experiments.

Bottom ash analysis

In order to be able to check the fate of some of the ash elements
during combustion and the effect of kaolin, the chemical compo-
sition of the bottom ash was determined by the ICP-AES and
ICP-SFMS methods. The concentrations of the most important
elements for all the experiments are shown graphically in Figure 2.
The increase of silicon and aluminium due to increased kaolin
content is noticeable in the bottom ash. The potassium and chlo-
rine also decrease as kaolin increases, although from this figure
alone it is difficult to conclude whether this is due to chemical
reactions or a dilution effect.
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The ash fusion temperature for the bottom ash was determined
in an oxidizing atmosphere in a carbolite ash fusion analyser
according to the international test standard (ISO 540:1995). The
ash samples from each experiment were shaped into three dupli-
cates of cube pellets with a size of 3 mm. The ash cubes were put
on a tile and placed inside the furnace that was programmed to
increase the temperature at a rate of 8 °C min~! and up to 1500 °C.
The changes of the shape of the ash cubes were recorded with a
high resolution video system. The initial deformation tempera-
ture (IDT), the softening temperature (ST), the hemisphere tem-
perature (HT), and the fluid temperature (FT) were determined
after a visual observation of the recorded video. The average val-
ues of the four characteristic temperatures are shown in Figure 3.
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As this method for determining the fusion characteristics for
ash depends on visual observation of the ash deformation, some
uncertainties can be expected due to the human error factor. With
the exception of the experiment with 10% kaolin, all the different
temperature characteristics seemed to increase with increasing
kaolin share in the bottom ash. Increasing kaolin share also
resulted in greater scatter among the different characteristics.
Some irregular tendencies were also found, mostly for the initial
deformation temperature and to some extent for the soften tem-
perature. These two ash temperature characteristics were the
most difficult to determine by visual observation. The results of
these temperatures could vary by a 100°C depending on the per-
son interpreting the deformation of ash cube pellets.

900°C 5% 850°C 5% 850°C 5%
LP HP

OSi BAl oCa OFe @K oMg eNa oP aTi @S oCl

Figure 2. Major composition of bottom ash from all experiments of Si, Al, Ca, Fe, K, Mg, Na, P, Ti, S, and Cl using ICP-AES.

Recalculated on dry ash. Oxygen not included in the analysis.
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Aerosol size distribution

The particle size distribution in the flue gas was monitored with
an ELPI for the aerosols in the range 0f 0.03—10 pum. It is acknowl-
edged by the authors that larger particles belonging to the coarse
fly ash range might exist in addition to the size range discussed in
this study. It is however believed that these particles are most
likely found in moderate quantities because of a low probability
of entrained particles. This is due to the straight reactor geometry
and the extremely low flow velocity (0.03-0.07 m/s). The results
of the particle size distribution are shown in Figures 4, 5 and 6.

In general, it can be concluded that the addition of kaolin to
demolition wood decreased the particle load in the flue gas (Figure
4). This holds true for all the particle size ranges with the excep-
tion of the range 0.07-0.12 um for which the trends were more or
less constant. In comparison with the work performed by Béfver
et al. (2009) on oat grain in a residential boiler with a kaolin addi-
tion of 2 and 4%, the particle size distribution range and shape
was quite similar to the ones shown in this study. The only excep-
tion was a higher particle load for the smallest particles for experi-
ments with kaolin. This difference could be attributed to totally
different reactor geometry and air flow pattern between the two
reactors. The influence of reactor temperature on the fly ash load
in the flue gas can be observed in Figure 5. For particles smaller
than 0.2 um the particle load was highest for a reactor temperature
of 850°C. For higher particle sizes, increasing temperature gave
increased particle load. The same trends can also be found for the
experiment with different primary air conditions (Figure 6). For
particles smaller than 0.31pum, the highest particle load was
obtained for a primary air stoichiometry of 0.8 after the primary
zone (the middle series). The load for larger particles increased
with increased combustion air through the primary zone.

Aerosol composition

The main components in the analysed particles were K, S, Cl and
Na. On average 50 wt.% of the oxygen-free samples (excluding
carbon and aluminium) consisted of these elements. Zn and Pb

Okaolin 0% 850°C
@kaolin 1% 850°C
Okaolin 5% 850°C
Okaolin 10% 850°C
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Figure 4. The particle size distribution of the fly ash for
increasing kaolin addition.
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constituted on average 35 wt.% whereas the portion of the inert
oxide forming elements Si, Ca, Fe, P, Mg and Cr was 15wt.%. P
and Mg were very low in all samples. The portion of inert metals
were generally higher in the larger particle size fractions than in
the smaller fractions, indicating that the compounds of these met-
als (oxides) originate from the original fuel ash and were not
devolatilized. Lead and zinc were partly in oxide form, partly in
salt form. The oxides were most probably ZnO and PbO. The salt
part was constituted by sulfate and chloride of K, Na, Zn and Pb
and calculated from the elemental composition according to the
following assumptions: (i) potassium and sodium are as chlorides
or sulfates; (ii) silicon, calcium, iron, magnesium and chromium
are as oxides; (iii) zinc and lead can be both as oxides and/or
chlorides and sulfates. Only the salt formation in the aerosols is
shown in Figures 7, 8 and 9. For kaolin addition at 850°C (Figure
T), the salt part was richer in chloride for the reference run and at
1% kaolin addition (30-40% as chloride) than for the runs with
higher kaolin addition (5-10% chloride), the rest being sulfate.
There is no big differences between smaller (0.1 um) and bigger
(1.6 um) particles. The ratio between sodium and potassium was
quite constant (1:2). However, in the reference sample the por-
tion of potassium decreased with increasing particle size and zinc
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Figure 5. The particle size distribution of the fly ash for
different reactor temperatures.
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Figure 6. The particle size distribution of the fly ash for
different primary air amounts.
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increases. A similar trend can be observed in the samples with 5
and 10% kaolin addition. The Pb content decreased slightly with
increasing particle size.

For the temperature effect at 5% kaolin addition (Figure 8),
the portion of chloride was higher at 900°C (20-50%) than at
800°C and 850°C (10-20%). A slight decrease in both Zn and Pb
was observed with increasing particle size. The results indicate
that the smaller particles had less chloride than the larger ones.

For primary air variations (Figure 9), no clear trends can be
seen in the composition of the salt part as a function of primary
air level. Low and normal primary air are very similar. They have
a chloride content of 5-10% and show a slight increase of zinc

and decrease of lead with increasing particle size. The high
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primary air sample has constant chloride content (10%) for all
size fractions.

The fate of chlorine

The chlorine distribution among the bottom ash phase and the
gas phase relative to the chlorine input in the fuel is shown in
Figure 10. This figure does not include the chlorine part found in
the fly ash because not all of the impactor stages were chemi-
cally analysed. However, the chlorine part belonging to the fly
ash was assumed to have a minor influence on the total mass
balance due to the relatively small amounts of fly ash compared
to bottom ash.
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Figure 7. The chemical composition impactor stages 3, 5, 7 and 9 corresponding to the sizes 0.093; 0.26; 0.611; 1.59pm of the
fly ash taken by the ELPI in the exhaust of the reactor as a function of kaolin addition.
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Figure 8. The chemical composition impactor stages 3, 5, 7 and 9 corresponding to the sizes 0.093; 0.26; 0.611; 1.59pm of the
fly ash taken by the ELPI in the exhaust of the reactor as a function of temperature.
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Figure 10. Distribution of chlorine between gas phase (as
measured HCL) and bottom ash.

From Figure 10 it can be seen that the chlorine distribution
was somewhat unbalanced due to uncertainties in the chemical
analysis of the raw fuel, the bottom ash and measurements in the
gas phase. Nevertheless, the figure gives important information
about trends that influence the chlorine distribution as a function
of'increased kaolin, temperature, and combustion air distribution.
The chlorine in the bottom ash decreased with increased kaolin
amounts and reactor temperature. Leaner conditions in the pri-
mary zone seem also to decrease the chlorine content in the bot-
tom ash. The kaolin seemed to be facilitating the chlorine
mobility although this was not detected as increased amounts in
the gas phase throughout the entire range of the kaolin addition.
The trends were clearer for the different reactor temperatures in
which less chlorine in the bottom ash, due to increased tempera-
ture, translated into more HCI release. As has been described ear-
lier (Equations (1) and (2)), the effect of kaolin on abating the
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chlorine release in the fly ash is done by capturing the potassium
and sodium in the bottom ash. This should translate into increased
potassium and sodium for increased amounts of the additive in
the raw fuel. However, this is not the case as a similar mass bal-
ance to that for chlorine shows that the ratios for K and Na (bot-
tom ash to input fuel) were close to unity for all experiments.

Conclusions

An experimental attempt was made to understand the behaviour
of the corrosive chlorine compounds for variations in reactor
temperature, combustion air distribution and kaolin addition. The
gas phase was monitored with several gas analysers in both the
primary zone and in the stack. A complete characterization of the
raw fuel and the bottom ash was also performed for all the experi-
ments. Kaolin was found to facilitate the mobility of chlorine by
decreasing its concentration in the bottom ash by 37, 74 and 78%,
respectively, for 1, 5, and 10% kaolin addition. The fly ash parti-
cle size distribution was also monitored and in addition a chemi-
cal analysis of the fly ash from four impactor stages was
performed. Kaolin was found to be effective at reducing the chlo-
rine concentration in the fly ash. The optimal addition was 5%
and a further increase to 10% did not result in a noticeable chlo-
rine reduction (Figure 7). The addition of 5% has almost elimi-
nated the chlorine content for the impactor stages 3 and 5. For
fuels with high chlorine content, one can conclude that an addi-
tion of 5% kaolin could lead to reduced corrosion potential due to
a significant reduction of chlorine in the fly ash. The effect of
reactor temperature was not clear in terms of the chlorine content
in the fly ash (Figure 8). This is probably because the reactor
temperature does not influence the temperature close to the com-
busting fuel greatly. On the other hand, leaner air conditions in
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the primary stage, which should mean lower temperature in the
reacting region between the solid and the gas phase, resulted in
decreased chlorine content in the fly ash (Figure 9). The addition
of kaolin clearly changed the composition of the bottom ash as
well. The chlorine content in the bottom ash decreased as kaolin
increased (Figure 10). Kaolin also influenced the melting behav-
iour of the bottom ash as can be seen in Figure 3 in which the
fusion temperature characteristics increased with increased addi-
tion of kaolin.
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