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Summary
Biomass has received growing interest in heat and power production due to it being a renewable and
CO2 neutral alternative to coal. A promising technology for the utilization of biomass is fluidized bed
combustion, offering fuel flexibility and high combustion efficiency. However, the nitrogen content
in different biomass varies considerably and can reach up to several weight percent, possibly higher
than coal. This may lead to increased emissions of nitrogen oxides, i.e. NOX (NO and NO2) and N2O,
which have a detrimental impact on the environment, as NOX lead to the formation of acid rain and
photochemical smog, while N2O is a greenhouse gas and ozone depleter. In combination with the
tightening regulations on NOX emissions from solid fuel combustion, the understanding of the
mechanism of NOX and N2O emissions from fluidized bed biomass combustion and the development
of effective countermeasures are of essential importance.
The formation and reduction of NOX and N2O in fluidized bed combustion of biomass has been
investigated in this PhD project. Continuous combustion experiments were performed in a lab scale
fluidized bed reactor to elucidate the influence of co-combustion, fuel properties (nitrogen and ash
forming element content), and operating conditions (air staging, temperature, and gas phase
composition) on NOX emissions. Based on the results, an additive-based technique for the
simultaneous reduction of NOX emissions and bed agglomeration was proposed and examined. In
addition, the formation and reduction of NO and N2O during biomass/waste char combustion were
studied in a lab scale fixed bed reactor at conditions resembling that of fluidized bed combustion.
Fluidized bed mono- and co-combustion of biomass were conducted at air staged and un-staged
conditions, from which effluent and local gas composition data were obtained. The investigated fuels
included pine wood, beech wood, straw, sunflower husk, sewage sludge, and sunflower seed. The
results reveal that from fluidized bed mono-combustion of biomass under un-staged conditions, the
fuel bound nitrogen (fuel-N) to NO conversion decreased with an increase in the fuel-N content. This
may be related to the larger release of nitrogen species such as NH3 with the volatiles thereby
facilitating thermal DeNOX reactions. At un-staged conditions, a synergy effect was observed during
straw-sewage sludge and straw-sunflower seed co-combustion, while straw-sunflower husk cocombustion was additive. The interaction during straw-sewage sludge co-combustion was elucidated,
showing that at a low ash content in the bed (2-25 g), the NH3 released from sewage sludge facilitated
thermal DeNOX reactions leading to a low NO emission. As more ash accumulated in the bed, the
oxidation of NH3 catalyzed by sewage sludge ash increased the NO emission. The catalytic effect of
sewage sludge ash on NO forming reactions during straw combustion increased with a lower ash
preparation temperature and a better mixing of the ash with straw. In straw-sunflower seed
combustion, the effluent NO concentration was approximated well by the weighted average of the
individual fuels, while the NH3 and NO concentrations above the bed were significantly higher than
the weighted values. Air staging proved to be an efficient method for minimizing NO emission from

mono- and co-combustion. In addition, the influence of sewage sludge ash on NO forming oxidation
reactions was less pronounced at air staged conditions.
The influence of fuel properties and operating conditions on NOX emissions was investigated during
fluidized bed combustion. Batch fluidized bed combustion experiments of pine wood, beech wood,
straw, sunflower husk, sewage sludge, and sunflower seed revealed that similar to continuous
combustion, the fuel-N to NO conversion decreased with an increase in fuel-N content. The volatileNO was generally the main contributor to the total NO, while in the case of beech wood, up to 55%
of the NO was released during char combustion. Continuous fluidized bed combustion of pine wood,
straw, washed straw, and potassium (KCl, K2CO3, and KOH) doped pine wood and washed straw
were conducted. Washing of straw resulted in a higher fuel-N to NO conversion and lower CO
emission. All three K-compounds increased CO emission when doped to washed straw. KCl and
KOH further decreased the fuel-N to NO conversion, while K2CO3 had a negligible influence. For
pine wood, KCl doping increased CO emission without affecting fuel-N to NO conversion, while the
other K-compounds did not change the measurements. The increased CO and decreased NO
emissions by KCl addition were more pronounced at air staged (primary to total air ratio (λ1/λ) of
0.04) compared to un-staged (λ1/λ = 1) conditions. This may be attributed to the radical recombination
property of KCl. In addition, the influence of air staging was investigated during continuous straw
and sunflower husk combustion, indicating a minimum in NO emission and fuel-N to NO conversion
for λ1/λ values between 0.5 and 0.75. Moreover, the fuel-N to NO conversion increased slightly with
increasing temperature for straw combustion, while the fuel-N to NO conversion for KCl-doped
washed straw combustion increased and levelled off with temperature. This was related to the inverse
trend in the effluent CO concentration. Furthermore, the fuel-N to NO conversion and CO emission
were unaffected by replacing the bed partially with kaolin and CaO, or completely with CaO at λ1/λ
= 1, or by changing the primary gas from N2 to CO2 at λ1/λ = 0 and 0.04 during straw combustion
The use of additives for the simultaneous reduction of NOX emissions and bed agglomeration during
fluidized bed combustion of straw was investigated. Other parameters, such as fuel type, additive
particle size and introduction method, and air staging, were additionally examined. During straw
combustion, kaolin, CaO, and MgCO3 prevented defluidization without changing the fuel-N to NO
conversion, while urea decreased the fuel-N to NO conversion without affecting the defluidization
tendency. To reduce NOX, the NH-functionality was a necessity. NH4MgPO4 and AlNH4(SO4)2
prevented defluidization while reducing the fuel-N to NO conversion by 40% in straw and 30% in
sunflower husk combustion. Local gas composition measurements revealed that the NH-based
additives released NH3 above the fuel inlet and/or the bubbling bed. Some additives (urea, (NH4)2SO4,
NH4MgPO4, and AlNH4(SO4)2) favored the reduction of NO by thermal DeNOX, while additives that
contained Fe ((NH4)2Fe(SO4)2, NH4Fe(SO4)2, and (NH4)3[Fe(C2O4)3]) or facilitated bed
agglomeration, i.e. induced poor mixing, ((NH4)2HPO4) increased NO emission near the bed and led
to negligible differences in the effluent NO measurements relative to raw straw combustion. When
premixing additive and fuel, the larger particles of (NH4)2SO4 dropped to the bed, increasing the NH3
release above the fluidized bed and prolonging the time for defluidization. In comparison, no
significant differences in the fuel-N to NO conversion and defluidization tendency were observed
when batch adding pellets compared to premixing, possibly related to differences in release

mechanism and location. In addition, air staging (λ1/λ = 0.5) resulted in a 40% reduction of the fuelN to NO conversion during straw combustion, while the use of NH4MgPO4 and AlNH4(SO4)2 under
air staged conditions slightly increased the fuel-N to NO conversion. This was related to the increased
oxidation of NH3 in the secondary air jet. The accumulation of sunflower husk ash increased NO and
decreased NH3 concentrations above the bed. In addition, the temporal variations were dampened at
higher ash content in the bed. This was attributed to the incipient defluidization leading to poorer
mixing and the catalytic effect of ash on the nitrogen chemistry.
The formation of NO and N2O during raw and demineralized biomass (pine wood, straw, waste wood,
bran, sunflower seed, and dried distillers grains with solubles) char combustion was investigated in a
fixed bed reactor. The results reveal that the conversion of char-N to NO decreased with an increase
in char-N content. As this trend did not correlate with the NO reduction reactivity of the chars, a
contributing factor may be the higher yield of N2O from high-N chars. The presence of ash forming
elements largely dominated the NO reduction reactivity, showing a reasonable correlation between
the NO reduction reactivity and the (K+Ca)/C molar ratio for the chars with a low P content. Chars
with high char-P did not follow the correlation, possibly due to the formation of less catalytically
active species such as KPO3. The NO reduction reactivity of the raw and demineralized chars did not
correlate with the initial porosity, surface area, char-N content, or nitrogen and oxygen functionality
or content. The surface of the chars were enriched with (-CN) and/or (-CO) species during NO
treatment. The accumulated (-CN) species may exhibit a different reactivity towards NO reduction
compared to inherent (-CN) sites.
The conversion of char-N during sewage sludge, refuse derived fuel (RDF), and straw char
combustion, and the reactivity of these chars towards NO were investigated in a fixed bed reactor.
The reactivity of the sewage sludge and RDF chars were an order of magnitude and six-fold higher
than that of straw, respectively. This was attributed to the larger Ca and Fe content in the waste based
chars. The initial reactivity of the employed chars correlated well with the (K+Fe+Ca)/C molar ratio.
As fractional order or random pore model expressions did not yield any obvious advantages, a simple
concentration-averaged, first order reaction expression was used to describe the char-NO reaction.
The simplified expression was used in a one-dimensional, transient, heterogeneous reactor model,
which predicted reasonably well the conversion of char-N to NO during combustion. The reactivities
of the waste chars exceeded those of selected coal and biomass char found in literature.
This work provides an improved understanding of the conversion of nitrogen during fluidized
combustion of biomass. The observed trends may be extrapolated to practical fluidized bed
combustion systems for improvement of design and operation to minimize NOX emissions.

Dansk resumé
Som et potentielt CO2-neutralt brændsel er biomasse interessant til varme- og energiproduktion. Fluid
bed forbrænding er grundet brændselsfleksibilitet samt høj forbrændingseffektivitet en lovende
teknologi til anvendelse af biomasse. Imidlertid er nitrogenindholdet i forskellige biomasser variabelt
og kan nå op til flere vægtprocent. Dette kan føre til væsentlig emission af nitrogenoxider, NOX (NO
og NO2) og N2O, som har skadelige virkninger på miljøet. NOX fører til dannelsen af syreregn og
fotokemisk smog, mens N2O nedbryder ozonlaget og er en drivhusgas. I forbindelse med stramningen
af lovgivningen for NOX emission fra fast brændselsfyrede krafttværker er forståelsen af mekanismen
for NOX og N2O emission fra fluid bed biomasseforbrænding samt udviklingen af effektive
modforanstaltninger af væsentlig betydning.
I dette ph.d. projekt blev dannelse og reduktion af NOX og N2O under fluid bed forbrænding af
biomasse undersøgt. Kontinuerlige forbrændingseksperimenter blev udført i en laboratorieskala fluid
bed reaktor for at belyse påvirkningen af samfyring, brændselsegenskaber (nitrogen og
mineralindhold) og driftsbetingelser (trinvis forbrænding, temperatur og gasfasesammensætning) på
NOX emission. Med udgangspunkt i de opnåede resultater blev en additiv-baseret teknik til samtidig
reduktion af NOX emission og bed agglomerering udviklet samt undersøgt. Derudover blev dannelse
og reduktion af NOX og N2O under forbrænding af biomasse/affaldskoks i en laboratorieskala fixed
bed reaktor undersøgt ved forhold tilsvarende fluid bed forbrænding.
Fluid bed enkelt- og samfyring af biomasse blev udført med og uden brug af trinvis lufttilsætning.
Gassammensætningen blev målt igennem reaktoren og ved udgang. De undersøgte brændsler
inkluderede fyrretræ, bøgetræ, hvedehalm, solsikkefrøskal, spildevandsslam og solsikkefrø.
Resultaterne afslører, at omdannelsen af brændstofbundet nitrogen (brændsel-N) til NO faldt med en
stigning i N-indholdet ved forbrænding i et enkelt trin. Dette kan være relateret til den større frigivelse
af reducerende nitrogenforbindelser såsom NH3 til gasfasen, hvormed termiske DeNOX reaktioner
blev fremmet. En synergieffekt blev observeret under halm-spildevandsslam og halm-solsikkefrø
samfyring under enkelt trins forbrænding, mens halm-solsikkefrøskal samfyring var additiv.
Mekanismen af interaktionen under samfyring af halm og spildevandsslam blev belyst, hvilket viste,
at ved et lavt indhold af aske i reaktoren (2-25 g) blev NH3, frigivet fra spildevandsslam, i større grad
brugt til at reducere NO. Efterhånden som asken fra spildevandsslam ophobede sig i reaktoren, steg
NO emissionen på grund af katalytisk oxidation af NH3 til NO. Under halmforbrænding steg den
katalytiske effekt af spildevandsslamaske på NO dannende reaktioner med en lavere
fremstillingstemperatur af asken og en bedre blanding af asken med halm. Under halm-solsikkefrø
samfyring var udløbskoncentrationen af NO godt beskrevet fra det vægtede gennemsnit af de rene
brændsler, mens NH3 og NO koncentrationerne over beden var signifikant højere end de vægtede
værdier. Trinvis lufttilsætning viste sig at være en effektiv metode til at minimere NO emission fra
enkelt- og samfyring af biomasse. Derudover havde aske fra spildevandsslam kun lille effekt på NOX
dannelse ved trinvis lufttilsætning.

Påvirkningen af brændselsegenskaber og driftsbetingelser på NOX emission blev undersøgt ved fluid
bed forbrænding. Batch-forbrændingseksperimenter af fyrretræ, bøgetræ, hvedehalm,
solsikkefrøskal, spildevandsslam og solsikkefrø afslørede, at omdannelsen af brændsel-N til NO faldt
med stigende N-indhold tilsvarende observationerne fra kontinuerlig forbrænding. NO dannet ved
flygtig gas forbrænding var generelt den største bidrager til den samlede NO emission. Dog blev op
til 55% af NO dannet ved koksforbrænding for bøgetræ. Kontinuerlig fluid bed forbrænding af
fyrretræ, halm, vasket halm samt kaliumberiget (KCl, K2CO3, and KOH) fyrretræ og vasket halm
blev udført. Brændsel-N til NO omdannelsen var højere og CO emissionen lavere for vasket halm.
Dosering af alle tre K-forbindelser til vasket halm øgede CO emissionen. KCl og KOH reducerede
yderligere brændsel-N til NO, mens K2CO3 havde en ubetydelig indflydelse. Dosering af KCl til
fyrretræ øgede CO emissionen uden at påvirke brændsel-N til NO, mens de andre K-forbindelser
havde en ubetydelig effekt på de målte data. Den øgede CO og reducerede NO emission ved tilsætning
af KCl var mere udtalt under trinvis lufttilsætning (forholdet mellem primærluft og total luft (λ1/λ)
lig 0,04) sammenlignet med forbrænding i et enkelt trin (λ1/λ = 1). Grunden til dette blev tilskrevet
KCl’s evne til at nedbringe radikalkoncentrationen. Herudover blev påvirkningen af trinvis
forbrænding undersøgt under kontinuerlig forbrænding af halm og solsikkefrøskal. Resultaterne viste
et minimum i NO emissionen og brændsel-N til NO omdannelsen for λ1/λ værdier mellem 0,5 og
0,75. Desuden steg brændsel-N til NO med stigende temperatur for halmforbrænding, mens brændselN til NO under KCl beriget vasket halmforbrænding steg og udjævnes med temperaturen. Tilsvarende
blev den omvendte tendens i CO observeret. Brændsel-N til NO omdannelsen og CO emissionen var
ikke påvirket af ændringer i bedsammensætningen (kvartssand, CaO og kaolin) ved λ1/λ = 1 og
primærgassammensætningen (N2 og CO2) ved λ1/λ = 0 og 0,04 under halmforbrænding.
Anvendelsen af additiver til samtidig reduktion af NOX emission og bed agglomerering blev
undersøgt under fluid bed forbrænding af halm. Andre parametre, såsom brændselstype, additiv
partikelstørrelse samt infødningsmetode og trinvis luftintroduktion, blev også studeret. Kaolin, CaO
og MgCO3 forhindrede defluidisering uden at ændre brændsel-N til NO omdannelsen under
halmforbrænding, mens urea reducerede brændsel-N til NO uden at ændre defluidiseringstendensen.
En NH-funktionalitet i additivet var nødvendig for at reducere NOX emissionen. NH4MgPO4 og
AlNH4(SO4)2 forhindrede defluidisering, mens brændsel-N til NO blev reduceret med 40% i halmog 30% i solsikkefrøskalforbrænding. Den lokale gassammensætning afslørede, at NH-holdige
additiver frigav NH3 over brændselsindløbet og/eller fluid beden. Nogle additiver (urea, (NH4)2SO4,
NH4MgPO4 og AlNH4(SO4)2) favoriserede reduktionen af NO ved termisk DeNOX, mens additiver,
der indeholdt Fe ((NH4)2Fe(SO4)2, NH4Fe(SO4)2, og (NH4)3[Fe(C2O4)3]) eller fremskyndte
defluidiseringen, dvs. inducerede dårlig opblanding ((NH4)2HPO4), førte til øget NO emission over
fluid beden og dermed en ubetydelig ændring i NO udløbskoncentrationen relativt til rent halmfyring.
Ved forbrænding af halm og (NH4)2SO4 faldt større partikler af (NH4)2SO4 til beden, hvilket øgede
koncentrationen af NH3 over fluid beden og forlængede tiden før defluidisering. Til sammenligning
var det ubetydeligt for brændsel-N til NO og defludiseringstendensen om additivet blev introduceret
separat i pilleform eller forblandet med halm, hvilket muligvis er relateret til forskelle i
frigørelsesmekanisme og -lokation. Derudover resulterede trinvis lufttilsætning (λ1/λ = 0.5) i en 40%
reduktion af brændsel-N til NO omdannelsen fra halmforbrænding, mens anvendelsen af additiver

under trinvis lufttilsætning øgede brændsel-N til NO omdannelsen en smule. Dette var forårsaget af
den øgede oxidation af NH3 i den sekundære luftstrøm. Akkumuleringen af solsikkefrøskalaske øgede
NO og mindskede NH3 koncentrationen over beden. Derudover blev de tidsafhængige
koncentrationsvariationer dæmpet ved et højere askeindhold i beden. Dette blev tilskrevet den
katalytiske effekt af asken på nitrogenkemien og den begyndende defluidisering af beden, som ledte
til dårlig opblanding.
Dannelsen af NO og N2O under forbrænding af koks fra rå og demineraliseret biomasse (fyrretræ,
hvedehalm, affaldstræ, klid, solsikkefrø og bærme) blev undersøgt i en fixed bed reaktor. Det blev
observeret, at omdannelsen af koks-N til NO faldt med en stigning i koks-N indhold. Da koks-N til
NO ikke udviste nogen sammenhæng til NO reduktionsreaktiviteten af det undersøgte koks, blev det
højere udbytte af N2O for koks med højt N-indhold tilskrevet en medvirkende effekt. Indholdet af
mineraler dominerede NO reduktionsreaktiviteten, hvilket korrelerede lineært med (K+Ca)/C
molforholdet for koks med et lavt P indhold. Koks med et højt P indhold fulgte ikke korrelation
muligvis på grund af dannelsen af mindre katalytiske aktive forbindelser såsom KPO3. NO
reduktionsreaktiviteten af de rå og demineraliserede koks korrelerede ikke med det indledende
overfladeareal, porøsitet, koks-N indhold eller overfladefunktionalitet samt –indhold af nitrogen og
oxygen. Under NO behandling blev overfladen af de undersøgte koks beriget med (-CN) og/eller (CO) arter. Reaktiviteten af de akkumulerede (-CN) forbindelser mod NO reduktion kunne være
anderledes sammenlignet med de allerede eksisterende (-CN) arter.
Omdannelsen af nitrogen under forbrænding af koks fra spildevandsslam, affaldsafledt brændsel
(RDF) og halm, samt reaktionen mellem NO og disse koks blev undersøgt i en fixed bed reaktor.
Reaktiviteten af spildevandsslam- og RDF-koks var henholdsvis en størrelsesorden og seks gange
højere end halmkoks. Grunden til dette blev tilskrevet det større indhold af Ca og Fe i de
affaldsbaserede koks. Den indledende reaktivitet af de anvendte koks korrelerede godt med
(K+Fe+Ca)/C molforholdet. Reaktionen mellem koks og NO blev beskrevet ved et simpelt,
koncentrationsvægtet første ordens udtryk. Dette blev brugt i en en-dimensionel, tidsafhængig,
heterogen reaktor model, hvilket forudsagde omdannelsen af koks-N til NO under koksforbrænding
med en rimelig præcision. NO reduktionsreaktiviteten af spildevandsslam- og RDF-koks oversteg
reaktiviteterne af udvalgte kul- og biomasse koks fundet i litteraturen.
Dette studie har resulteret i en udvidet forståelse af omdannelsen af nitrogen under fluid bed
forbrænding af biomasse. De observerede tendenser kan muligvis ekstrapoleres til praktiske
forbrændingssystemer for at optimere design og operation til minimering af NOX emission.
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Introduction
Introduction

Biomass as a renewable fuel does not contribute to a net increase in the CO2 emission, which is one
of the main reasons why it is highly desired to increase the share of biomass in heat and power
production. However, the emission of nitrogen oxides, i.e. NOX (NO and NO2) and N2O, is one of the
major environmental concerns for biomass-fired heat and power plants, which may become especially
troublesome for high-nitrogen biomass fuels. NO and NO2 have been shown to contribute to the
formation of acid rain and photochemical smog, while N2O is a greenhouse gas and additionally leads
to ozone depletion [1,2]. Moreover, exposure to NO2 has been shown to have a harmful effect on
human health [3]. As a result of the adverse effects of nitrogen oxides, rigorous and stringent
environmental laws and regulations have been implemented for controlling their emissions [4]. The
legislation in the European Union is to be further tightened in stationary combustion of coal and
biomass, based on the reference documents for Best Available Techniques (BAT) [5,6]. For existing
100-300 MWth combustion plants, the daily average NOX emissions are to be limited from 250
mg/Nm3 to 50-150 mg/Nm3 for waste combustion and from 250 mg/Nm3 to 100-220 mg/Nm3 for
biomass combustion [6–8].
Fluidized bed combustion offers a promising technology for biomass combustion with high fuel
flexibility and energy efficiency [9]. The temperature in fluidized bed combustion is typically around
800-900ºC, lower than other combustion technologies such as pulverized fuel combustion [9,10]. The
lower temperatures and presence of fuel-bound nitrogen (fuel-N) implies that the emitted NOX is
formed primarily from fuel-N, i.e. fuel NOX, and the contribution of the thermal and prompt NOX
mechanisms is negligible [10–15]. While the fuel NOX chemistry in combustion has been widely
studied [16,17], several areas still contain unknowns and uncertainties.
The influence of ash forming elements on NOX emissions are predominantly conducted under wellcontrolled conditions; consequently, data from practical systems, such as fluidized bed combustion
of biomass are scarce. Moreover, contradictory results have been observed on the presence of a
synergy effect on NOX emissions during co-combustion. Studies on co-combustion mainly focus on
the co-combustion of coal and biomass, and little work has been done on NOX emissions in cocombustion of different biomass in fluidized beds. In most combustion studies, the information of
NOX emissions is obtained by measuring the outlet flue gas composition. Thus, the effect of local
conditions on the N-chemistry is lacking. Hence, it is desirable to obtain an improved understanding
of the NOX chemistry during mono and co-combustion by local gas composition measurements.
Based on the results, possible countermeasures may be proposed. The countermeasures for NOX
emissions generally target this area specifically, thereby opening up possibilities for novel techniques
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such as the use of multifunctional additives to reduce NOX emissions and bed agglomeration
simultaneously.
While the gaseous nitrogen chemistry is fairly well established [17,18], the conversion of char-N to
NO and N2O is less understood, especially in the case of high-nitrogen biomass. Consequently,
fundamental knowledge of NO and N2O formation and reduction during biomass char combustion is
lacking.

1.1

Project objectives

This PhD project aims at improving the current understanding of NOX emissions from fluidized bed
combustion of biomass. Specifically, this work focuses on
-

the interaction effect on NOX emissions during fluidized bed co-combustion of biomass.

-

the influence of ash forming elements and operating conditions on NOX and N2O emissions
in fluidized bed combustion of biomass.

-

the effect of multifunctional additives on NOX emissions and bed agglomeration in fluidized
bed combustion of biomass.

-

the formation and reduction of NOX and N2O during biomass and waste char combustion.

1.2

Structure of this thesis

Including the introduction, this thesis is divided into eight chapters.
Chapter 2: Background
This chapter provides an overview of the nitrogen conversion during combustion, including the fate
of nitrogen during biomass pyrolysis, and the mechanisms of NOX and N2O formation and reduction
during solid fuel combustion. NOX and N2O emissions from fluidized bed combustion of biomass
were reviewed, summarizing the effects of fuel properties and operating conditions. In addition,
techniques for control of NOX emissions are introduced.
Chapter 3: NOX emissions from fluidized bed mono- and co-combustion of biomass
This chapter presents experimental results from laboratory scale fluidized bed mono- and cocombustion of biomass. The investigated fuels include various types of biomass with a wide range of
nitrogen contents, pine wood, beech wood, straw, sunflower husk, sewage sludge, and sunflower
seed. The presence of a synergy effect between the fuels during co-combustion was investigated,
along with the influence of air staging on the NOX and N2O emissions. The obtained results were
described based on a more thorough investigation of the formation and reduction of NOX and N2O
within the reactor.
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Chapter 4: Influence of fuel properties and operating conditions on NOX emissions
This chapter summarizes the experimental results on the influence of fuel properties and operating
conditions on NOX emissions during fluidized bed combustion. Batch fluidized bed combustion
experiments were conducted to separate NOX from volatile and char combustion. In addition, the
influence of ash forming elements were investigated by continuous fluidized bed combustion of
washed and potassium doped biomass. The studied fuels included pine wood, raw and washed straw,
and potassium (KCl, KOH, K2CO3) doped pine wood and washed straw. Moreover, the influence of
air-staging, temperature, gas phase composition, and type of bed material on the NOX emissions from
raw fuel combustion was investigated.
Chapter 5: Additives against NOX emissions and bed agglomeration
This chapter summarizes the experimental results on the influence of solid additives on NOX
emissions and bed agglomeration. The employed additives were divided in three categories based on
their hypothesized effect, namely de-agglomeration (kaolin, coal fly ash, CaO, MgCO3, clay), NOX
reduction (urea), and multifunctional (NH4MgPO4, (NH4)2HPO4, (NH4)2SO4, (NH4)2Fe(SO4)2,
NH4Fe(SO4)2, AlNH4(SO4)2, (NH4)3[Fe(C2O4)3]). The performance of the additives were investigated
during air un-staged straw combustion. The most effective additives against bed agglomeration and
NOX emissions were additionally investigated during air staged straw and un-staged sunflower husk
combustion.
Chapter 6: Formation of NO and N2O during raw and demineralized biomass char combustion
This chapter describes the conversion of char nitrogen during biomass char combustion in a fixed bed
reactor. The fuels included pine wood, straw, waste wood, bran, sunflower seed, and DDGS.
Demineralization was performed to investigate the influence of ash forming elements. The formation
of nitrogen combustion products and the reduction of NO over char were investigated.
Chapter 7: Reactivity of sewage sludge, RDF, and straw chars towards NO
This chapter presents the experimental result on the reduction of NO over biomass and waste chars.
Demineralization was employed to describe the influence of ash forming elements on the NO
reduction reactivity, which was correlated to the char chemical and physical properties. The obtained
NO reduction reactivity was used in a simplified, one-dimensional, transient packed bed reactor
model to predict the conversion of char nitrogen to NO. Lastly, a discussion of the reaction rate
expression and a comparison of the obtained results with those in literature were made.
Chapter 8: Concluding remarks and future work
In this chapter, a summary of the main conclusions from this PhD and suggestions for future work
are presented.
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Background

This chapter provides an overview of the nitrogen conversion in fluidized bed combustion of biomass.
The partitioning of nitrogen during biomass pyrolysis, and the formation and reduction mechanisms
of NOX and N2O in combustion are reviewed, along with the influence of fuel properties and operating
conditions on NOX and N2O emissions in fluidized bed combustion. Moreover, several techniques
for NOX reduction are described.

2.1

Biomass fuels

Biomass is a complex heterogeneous material composed of organic and inorganic matter. The organic
combustible fraction is mainly composed of cellulose, hemicellulose, and lignin, whereas the
inorganics can be present as mineral species (e.g., phosphates, silicates, chlorides) or organically
bound ions (e.g., Ca-Mg-K-Na oxalates) [19]. Biomass wastes may additionally contain other
polymeric constituents such as plastics, textiles, etc. [20,21]. In most biomass, the nitrogen and sulfur
are predominantly bound in proteins and amino acids [22–28]. In addition, some nitrogen exist in
DNA, RNA, alkaloids, porphyrin, and chlorophyll [22]. In general, protein nitrogen accounts for 50100% of the total nitrogen in biomass [29,30]. The elemental composition of biomass is variable and
depends on external factors such as climate, growth, and harvest conditions. Biomass fuels can
commonly be classified into several categories listed below, separated by their biological diversity,
source, and origin [19]. The typical composition and variability of selected biomass fuels from each
category is summarized in Table 2.1.
-

Wood and woody biomass, e.g., bark, wood chips, sawdust

-

Herbaceous and agricultural biomass, e.g., bamboo, straw, sunflower seed

-

Aquatic biomass, e.g., algae, seaweed

-

Biomass wastes


Animal and human biomass wastes, e.g., chicken litter, manures



Industrial wastes, e.g., refuse derived fuel, waste wood, sewage sludge
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Table 2.1: Properties and composition of different biomass. The data were compiled from multiple sources [29,31–38].
Wood
Mean
Moisture [wt% w.b.]

Variation

Cereal straw
Mean

Variation

Dried algae
Mean

Dried sewage sludge

Variation

Mean

Variation

45

20-60

14

8-23

6.32

5.3-7.1

10.9

3.6-19

19.3

18.3-20.3

17.8

17.2-18.1

14.26

5.5-19.5

11.9

10-13

Volatiles [wt% d.b.]

81

70-85

78

75-81

67.8

42-75

51.2

45-57

Ash [wt% d.b.]

1.0

0.3-6

4.5

2-7

27.16

16-66

39.3

19-51

C

50

49-52

47.5

47-48

36.44

15-48

29.3

24-33

H

5.8

5.2-6.1

5.9

5.4-6.4

5.3

3.1-6.5

4.2

3.8-4.6

N

0.3

0.1-0.8

0.7

0.3-1.5

4.9

1.24-11.0

4

3.5-4.4

O

43.3

40-46

43.0

41.0-45.0

42-48

35-55

22.1

12-38

S

0.05

<0.1

0.15

0.1-0.2

0.8

0.17-1.44

1.1

0.9-1.3

Cl

0.02

<0.1

0.4

0.1-1.1

0.9

0.4-2.0

0.07

<0.2

Si

0.1

<0.1

0.8

0.1-1.5

1.9

0.35-6.4

6.4

4.5-8.5

Al

0.015

<0.1

0.005

<0.03

1.8

0.01-2.5

2.4

1.8-3.4

Fe

0.015

<0.1

0.01

<0.03

0.6

0.06-2.7

4.7

1.0-8.5

Ca

0.2

0.1-0.9

0.4

0.2-0.5

1.6

0.26-3.3

3.7

1.8-6.3

Mg

0.04

<0.1

0.07

0.04-0.13

0.9

0.6-1.19

0.5

0.3-0.8

P

0.02

<0.1

0.08

0.03-0.2

0.5

0.2-0.8

3.4

2.2-4.0

Na

0.015

<0.1

0.05

<0.03

0.6

0.2-1.5

0.4

0.2-0.8

K

0.1

0.05-0.4

1.0

0.2-1.9

1.2

0.8-2.1

0.6

0.4-0.9

LHV [MJ/kg d.b.]

Chemical composition, wt% d.b.

As shown in Table 2.1, the nitrogen content in different biomass can vary significantly, from 0.1wt%
in woody fuels to several wt% in agricultural, aquatic, and waste biomass. In Figure 2.1, the range of
nitrogen on the basis of the lower heating value is given for selected biomass fuels and coal. The
nitrogen content in the wood is lower than while the straw is comparable to that of coal. However,
some agricultural, aquatic, and waste biomass can exhibit nitrogen contents much higher than that of
coal. In combination with the tightening emission regulations, the emissions of NOX and N2O from
biomass combustion could be significant, thereby highlighting the importance of understanding and
improving NOX and N2O emission control.
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Figure 2.1: Fuel nitrogen content (mg N/kg fuel) over lower heating value (MJ/kg fuel). The data for wood chips, cereal
straw, algae, and sewage sludge were calculated from Table 2.1, while coal and sunflower husk data were extracted from
[34] and [39], respectively.

2.2

Thermal conversion behavior of biomass-N

When exposed to high temperatures, the nitrogen in biomass (biomass-N) is partitioned between the
volatile (volatile-N) and char (char-N), simplistically demonstrated in Figure 2.2. The volatile-N
consists mainly of light gas-N (NH3, HCN, and HNCO) and tar-N. Tar-N and char-N can further
decompose, forming light nitrogen species and aliphatic side chains, while the solid matrix undergoes
ring condensation. In the presence of oxygen, the nitrogen in the light gases, soot, and char participate
in a series of oxidation and reduction reactions, thereby forming nitrogen products such as NO, NO2,
N2O, and N2 [16]. The following sections focus on the conversion of biomass-N to NOX precursors
during pyrolysis along with the functionality of the precursors in the volatile and char phases.
Volatile-N

Tar-N

Soot-N

Light gas-N

NH3
HNCO
HCN

Biomass-N

Soot-N
O2

NOX
Char-N

O2

Char
NH3
HCN
HNCO
CXHY

Figure 2.2: Simplified diagram showing the thermal conversion of biomass nitrogen. Inspired by [40].
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Figure 2.3a shows the fraction of fuel nitrogen retained in the char after devolatilization of biomass
using a variety of techniques [26,41–45]. In general, the release of volatile-N from biomass initiated
at 200-300°C. At low temperatures, nitrogen was preferentially retained in the char, while at higher
temperatures, nitrogen was released due to the increased rate of bond breakage. At 600°C, as much
as 60-90% of fuel nitrogen was released as volatile-N. In selected cases, an increase in the char-N
retention was observed at temperatures above 800°C. This was especially prominent for low-nitrogen
chars and attributed to the uptake of purge N2 and volatile-N by char in a high temperature and inert
atmosphere. The char-N from N2-recapture exhibited a higher propensity for forming NO during
combustion [42]. The capture of N2 by char has further been supported by density functional theory
calculations, showing a possible pathway for this process [46]. However, additional studies are
necessary to elucidate the relevance, possibility, and mechanism behind N2 uptake by char. In addition
to fuel type and temperature, nitrogen was preferentially retained in the char from solid fuel pyrolysis
at short particle residence time [47–50] and low heating rate [42,51,52]. While a short residence time
would reduce the extent of reaction, several explanations have been suggested for the influence of
heating rate. A low heating rate may favor the formation pathway for char-N formation over volatileN [42,53] or increase the importance of nitrogen recapture by char within the particle [16]. A low
heating rate would result in longer gas residence time in the particle, thereby enhancing char-N
formation by recombination of the volatile-N to the solid phase. This would additionally explain the
increasing char-N retention at higher pressures and for larger particles [51,54,55]. Of the ash forming
elements, Ca increased the nitrogen retention in char by inhibiting protein decomposition, while Na
enhanced protein decomposition [56]. While K may promote char formation [57], the char-N
retention decreased by the addition of KOH to coal [58] and straw [59].

Figure 2.3: Retention of nitrogen in char of different biomass fuels at varying pyrolysis temperatures (a). Data compiled
from [26,41–45]. Conditions: heating rate: 0.2-103 K/s, particle size: <150 µm-4 mm, residence time: 4-300 min. Fraction
of volatile nitrogen against fraction of volatile carbon for different biomass fuels (b). Data compiled from [42,60–62].
Conditions: heating rate: 0.3-100 K/s, particle size: 200 µm-3 mm, residence time: 10-25 min.

As observed from Figure 2.3b, the release of nitrogen from biomass, i.e. fraction of volatile-N, is
fairly well correlated with the release of carbon, as both elements participate in char stabilization. In
addition, the presence [63,64] and absence [55] of a correlation between the fraction of volatile-N
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and the total volatile matter of the fuels have been reported. These discrepancies may arise due to the
differences in O and H content of fuels, since these elements predominantly release as volatiles [55].
2.2.1

Light gas-N from model compound pyrolysis

The release and speciation of nitrogen in the light gaseous phase during biomass pyrolysis is
conceivably related to the functionalities of nitrogen in the fuel. Consequently, proteins and amino
acids have been employed in model compound pyrolysis studies to gain insight into the pyrolysis
behavior of biomass. During protein and amino acid decomposition a large number of reactions may
occur simultaneously. Some of the most important reactions are presented in the simplified scheme
in Figure 2.4 [29,30,65,66]. The primary pathways for amino acid/protein decomposition are
decarboxylation and dehydration. The product of decarboxylation is an amine, while dehydration
forms cyclic amides, the most common being 2,5-diketopiperazine (DKP). In comparison to
decarboxylation and dehydration, the contribution from deamination was small [29]. Consequently,
it has been suggested that NH3, HCN, and HNCO are not primary but instead secondary products of
amino acid/protein pyrolysis [29,67]. Numerous pathways exist for the secondary decomposition of
DKP, which may form nitriles, imines, pyrolline, hydantoins, and α-lactam [29]. The final product
from DKP decomposition is HCN, but also some NH3 and HNCO may be formed. The cracking of
amines and amides presumably forms NH3. In addition, cross-linking reactions provide important
pathways for the stabilization of the residue from protein pyrolysis and thereby favor char formation.
One of the products of cross-linking reactions is 5-substituted-2,4-imidazolidinediones (IZD), which
may further decompose to HCN and HNCO. Char formation was favored for polar amino acid side
chains compared to nonpolar side chains, due to enhanced cross-linking reactions in the former
[22,30].
Amino acid / Protein

Deamination

R-CH2-CH2-COOH
R-CH2-CH(O)CO

Homolysis

Cross-linking

R· + RCH2·

Dehydration

IZD + char

DKP

HNCO

HCN

Cross-linking

Decarboxylation

Acetamide + char

R-CH2-CH2-NH2

NH3

Figure 2.4: Simplified diagram of some amino acid/protein decomposition pathways during pyrolysis. Figure was
inspired by [29,30,65,66].

Several studies have investigated the nitrogen product distribution from model compound pyrolysis.
Different compounds favor distinct decomposition pathways and thereby differ in the nitrogen
product distribution from pyrolysis. Some amino acids and proteins predominantly decomposed to
NH3, while in other cases HCN was the major product [22,23,68,69]. The NH3/HCN and HNCO/HCN
9
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ratios decreased with increasing temperature, due to the facilitation of thermal cracking reactions
leading to HCN [23]. The presence of cellulose, hemicellulose, and lignin changed the preferred
decomposition pathway and thereby affected the NH3/HCN ratio from model compounds pyrolysis
[70,71]. In the case of proline and glutamic acid, the presence of hemicellulose inhibited, while lignin
promoted the conversion of nitrogen to NH3 [71]. In addition, mineral matter may influence the
decomposition pathway of different model compounds differently [72]. Ca increased the HCN yield
at the expense of NH3 during DKP and leucine pyrolysis, while it promoted both NH3 and HCN in
phenylalanine and aspartic acid pyrolysis [72,73]. The presence of K favored NH3 during aspartic
acid pyrolysis and HCN during leucine pyrolysis [72]. Fe [74] and red mud [75] decreased the yield
of NH3 by catalyzing the thermal decomposition to N2. Moreover, zeolite catalysts increased the
formation of NH3 by altering the preferred reaction pathway during pyrolysis [76,77]. The presence
of O2 during pyrolysis promoted thermal decomposition reactions, thereby increasing the formation
of NO, HNCO, and to some extent HCN. CO2 decreased the yields of HNCO and HCN, presumed to
be due to the suppression of DKP formation [29,78]. In fluidized bed pyrolysis of various model
compounds, the presence of a OH functionality was noted to increase the formation of NH3, most
likely by the hydrogenation of HCN by R2.1, favored at low oxygen concentrations [79,80].
+OH

HCN →
2.2.2

+H

+H,H2 O

HNCO → NH2 →

NH3

R2.1

Light gas-N from biomass devolatilization

The light gas-N species from biomass pyrolysis generally consists of HCN, NH3, HNCO, and N2
[68,75,81]. Besides these, trace amounts of NOX have been reported, due to the high content of
oxygen in biomass [40,55,82]. The NH3/HCN ratio from high heating rate pyrolysis of different
biomass is summarized in Figure 2.5 [23,24,88–90,43,63,82–87]. It has been widely accepted that the
NH3/HCN ratio from biomass pyrolysis is higher than that of coal [18]. However, in several studies
HCN was the dominant nitrogen species in the gas phase. Hence, it is difficult to predict the speciation
of nitrogen in the gas phase without experimentation. The ratio of NH3/HCN generally decreased
with temperature, which was attributed to the relative increase in the rate of thermal cracking reactions
forming HCN [91] and the thermal decomposition of NH3 to N2 and H2 [92]. Moreover, lower heating
rates and larger particle sizes favored NH3 over HCN, in consequence of the enhanced hydrogenation
of HCN on the char surface as it diffuses out of the particle (R2.1) [16,85,91,93]. Additionally, the
NH3/HCN ratio was suggested to depend on the fuel-O/fuel-N [84,94] and fuel-H/fuel-N ratio [95].
In contrast to the elemental ratios, it was suggested that the functionality of nitrogen is determining
for NH3/HCN ratio [23]. At batch conditions resembling that of grate combustion, the NH3/HCN ratio
correlated reasonably well with the fuel-N content [32]. In comparison to NH3 and HCN, HNCO was
a minor product of biomass pyrolysis, which became increasingly important at lower temperatures
[22,23,68] and possibly at lower H2O concentration [85]. In terms of gas atmosphere, O2 increased
HCN and HNCO, and decreased NH3 formation, in consequence of the facilitation of thermal
cracking of heterocyclic structures by O2. The presence of CO2 suppressed HNCO formation while
decreasing the HCN and increasing the NH3 yield. This was explained by an increase in H radicals
and the consumption of HCN-producing (-CN) sites during gasification of H-rich char [78]. H2O
10

2.2

Thermal conversion behavior of biomass-N

increased NH3 while decreasing HCN yield, explained by the promotion of hydrogenation of volatileN and char-N compounds [96–98]. In addition, the presence of acetone decreased NH3 yield, as
acetone reacts with NH3 to produce binary clusters or amine [56]. Ash forming elements can
additionally affect the speciation of nitrogen during solid fuel pyrolysis either by gas-solid and/or
solid phase reactions [16], the effect of which seems to be temperature dependent. At temperatures
between 500-600ºC, sewage sludge ash increased the retention of nitrogen in the char compared to
demineralized sewage sludge, while at 600-800ºC, more volatile nitrogen was released in which HCN
was suppressed and NH3 promoted [99]. Ca and K increased NH3 and N2 formation at the expense of
char-N, tar-N, and HCN [58,100–102]. Fe promoted N2 formation at the expense of nitrogen in the
light gases, char, and tar [103–105]. Si and Al additionally suppressed the conversion of fuel-N to
HCN, HNCO, and NH3, possibly due to a higher yield of N2 [104]. Moreover, in high heating rate
co-pyrolysis, a synergy effect of the nitrogen speciation and release was reported [106]. At lower
heating rate, the synergy effect was only prominent in few cases containing a large content of ash
forming elements [107].

Figure 2.5: The NH3/HCN ratio from pyrolysis woody (a), herbaceous (b), aquatic (c), and biomass waste (d) at varying
temperatures using methods ensuring a high heating rate. The data were compiled from [23,24,88–90,43,63,82–87].
Conditions: heating rate: high heating rates, i.e., sample pushed into hot reactor or heated foil reactor, particle size: <300
µm-4 mm, residence time: 10 s-30 min.
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2.2.3

Biomass char-N

During pyrolysis, cross-linking reactions stabilize the residual solid thereby forming char. The
nitrogen functionalities present in both biomass and coal char are similar [26,56,62,108–113]. In
general, the N-functionalities in char are amine/amide, pyrridinic (N-6), pyrrolic (N-5), quartenary
(N-Q), and oxidic (N-X) nitrogen, exemplified in Figure 2.6 [114]. The relative abundance of N-6
and N-Q in chars increased with the severity of heat treatment, i.e., temperature and holding time,
due to the thermal stabilities of these compounds [109,114,115]. During combustion by O2 or
gasification by CO2, the functionality distribution changed such that N-Q decreased due to bond
cleavage, while N-6 and N-5 functionalities increased [114]. Demineralization of coal chars postpyrolysis showed little influence on the nitrogen distribution in the chars [110], while a slight change
in the functionality was observed when demineralizing straw prior to charring [62].

Figure 2.6: Illustration showing the nitrogen functionalities in char [114].

2.2.4

Biomass Tar-N and soot-N

The term tar-nitrogen encompasses a large number of aliphatic and aromatic compounds containing
nitrogen. The nitrogen in biomass tar generally exhibit similar functionalities as the char, i.e. amine,
nitrile, and heterocyclic bound nitrogen [69,90]. The functionalities of biomass tar-N seem to be
similar to that of coal tar with differences in the relative distribution of these compounds [116,117].
During the secondary stage of pyrolysis, the tar decomposes thereby releasing a majority of its
nitrogen in the form of soot-N, NH3, and HCN, depending on the preferred decomposition pathway
[16]. As a result of thermal cracking, soot particles generally consist of smaller chemical compounds,
e.g. various polyaromatic hydrocarbons, alkanes, furans, benzofurans, nitrils and more, some of
which are demonstrated in Figure 2.7 along with possible tar-N constituents [118]. Once formed, the
soot-N can participate in NOX reduction, be oxidized to NOX, or escape the reactor with the flue gas
[16]. Depending on the pyrolysis technique, the amount of tar-N could be considerable, e.g. in
pyrolysis employing high heating rate and short gas residence time at temperatures around 400-600ºC
[119,120]. At temperatures above 500-600 ºC and long gas residence times, the thermal cracking
reactions of tar are promoted, thereby increasing soot-N and light gas-N [30]. Hence, the yield of tarN may exhibit a maximum as a function of temperature [93,121,122]. In addition, the yield of tar was
lower for larger particles, due to the intraparticle conversion of tar [16]. At higher heating rates
12
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depending on the Biot number, the propensity for dehydration and other cross-linking reactions,
leading to char formation and stabilization, was diminished, thereby increasing the yield of tar [123–
125]. However, the influence of the heating rate is not always consistent [24].

Figure 2.7: Selected nitrogen containing aromatic and aliphatic compounds, possibly formed during combustion [16].
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2.3
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The final NOX and N2O emissions from combustion are determined by the competing NOX and N2O
formation and reduction reactions. Three pathways exist for the formation of NOX in combustion
processes, termed thermal, prompt, and fuel NOX. The major steps in the production of NOX from
each of these mechanisms are demonstrated in the simplified reaction path diagram shown in Figure
2.8. The thermal NO or Zeldovich mechanism involves the attack of an oxygen atom on the triple
bond of N2. Thermal NO requires high temperatures (>1300ºC) and is important in high temperature
gas or pulverized fuel combustion [17]. Prompt NO is initiated by the attack of CHi radicals on N2,
thereby forming intermediates that can further be oxidized to NO. In solid fuel combustion, this
mechanism could be of importance for high-volatile fuels with low nitrogen content [16,126–128].
The third mechanism involves the formation of NO from fuel-N by volatile and char oxidation.
Exposed to high temperatures, the nitrogen in the fuel is converted into intermediates (NHi, NCO,
and CN), which by oxidation form NO, N2O, or N2. Due to the lower temperatures and
presence/abundance of fuel-N in fluidized bed combustion of solid fuels, the general consensus is
that thermal and prompt NOX can be neglected; hence, the major contributor to NO is from fuel-N
[10–15]. The following review focuses on the formation of NO and N2O from fuel-N and their
simultaneous reduction by gas phase or gas-solid reactions. The gas phase reactivity is described by
radical chemistry, the importance of which in fluidized bed combustion has previously been described
[94,129].

Figure 2.8: Simplified scheme showing the formation of NO by the thermal, prompt and fuel NO X mechanisms [17].
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Light gas-N oxidation

2.3.1.1 NH3 oxidation
The major products of NH3 oxidation are NO and N2 with a lesser amount of N2O [130,131],
demonstrated by the reaction pathway diagram in Figure 2.9. NH3 initially undergoes H abstraction
by the O/H radical pool producing NH2, which may undergo further H abstraction forming NH and
N. The pathway for hydrogen abstraction becomes of increasing importance at higher temperatures.
The NHi radicals can subsequently react with O, OH, or O2 forming NO, or with NO leading to the
formation of N2 and possibly N2O. The competition between these reactions determines the selectivity
for forming NO or N2 from NH3 oxidation [17]. The oxidation of CH4 doped with NH3 showed that
the stoichiometry had a strong impact on the NO formation. At fuel-rich conditions, NH3 oxidation
was initiated at 850 ºC, but the reaction rate was slow, and preferentially formed N2. At fuel-lean
conditions, NH3 was depleted around 775 ºC with an increasing amount of NO being formed as
temperature increased. The presence of CH4 provided additional pathways during NH3 oxidation
[132]. Moreover, the presence of NO desensitized the initiation of NH3 oxidation which commenced
at around 775 ºC [17].

Figure 2.9: Diagram of the reaction pathways during NH3 oxidation [17].

2.3.1.2 HCN oxidation
The main nitrogen products of HCN oxidation are NO, N2O, and N2 [130,131]. Figure 2.10 illustrates
the reaction pathway diagram of HCN at fuel-lean conditions. The reaction of HCN with the O/H
radical pool forms NCO either directly or through CN. The subsequent reactions of NCO determines
the selectivity of the nitrogen products. In the absence of CO and abundance of O2 and H2O, OH
becomes the dominant chain carrier by the branching sequences demonstrated in R2.2-R2.3.
Consequently, HCN is initially converted to CN followed by the production NCO. At lower
temperatures, NCO reacts with H2O to form HNCO, while at higher temperatures the production of
NCO from HNCO and the oxidation of NCO to NO becomes of increasing importance. In the
presence of combustibles such as CO, the sequence R2.4 to R2.2 becomes a source of radicals, thereby
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shifting the HCN oxidation chemistry to lower temperatures, while suppressing HNCO formation.
As CO reacts rapidly with OH, the importance of reactions involving the OH radical decreases. The
increasing O-radical concentration increases the relative importance of the reactions of this with HCN
and NCO thus forming a large quantity of NO from NCO. At high temperature, fuel-rich conditions,
HCN is quickly equilibrated with HNC and partially equilibrated with CN. Once produced the HNC
accounts for the majority of HCN consumption by reacting with OH, forming HNCO, which is then
rapidly fed to the amine pool, finally forming NH3 (R2.5-R2.8). Under fuel-lean conditions, the
importance of HNC is smaller [17,133].

Figure 2.10: Reaction path diagram showing the oxidation pathways of HCN under fuel-lean conditions [17].

H + O2 → O + OH

R2.2

O + H2 O → OH + OH

R2.3

CO + OH → CO2 + H

R2.4

HCN + M or H ⇄ HNC + M or H

R2.5

HNC + OH → HNCO + H

R2.6

HNCO + H ⇄ NH2 + CO

R2.7

NH2 + H2

⇄ NH3 + H

R2.8

2.3.1.3 HNCO oxidation
The products of HNCO oxidation are NO, N2O, and N2. In the absence of CO, the oxidation of HNCO
is slow at temperatures below 1030ºC. In the presence of CO, the replenishment of the radical pool
by chain branching, enhances the rate of HNCO oxidation, the mechanism of which is shown in
Figure 2.11. HNCO is primarily consumed by OH forming NCO, which then participates in a similar
oxidation scheme as HCN. In addition, HNCO can react with H, O, H2O or O2 thus adding into the
amine pool [17].
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Figure 2.11: Reaction pathway diagram showing the oxidation of HNCO in fuel-lean conditions [17].

2.3.2

Char-N oxidation

A wide range of nitrogen products have been reported from biomass char combustion, including NO,
N2O, N2, HCN, NH3, and HNCO [16]. Of these, NO and N2 were the major products from char-N
oxidation [16,134], while N2O increased in importance for high-nitrogen chars [62,135] and at lower
temperatures [16]. The emissions of NO and N2O from char-N combustion are determined by the
simultaneous formation and reduction reactions. Both homogeneous and heterogeneous mechanisms
have been reported for the formation of NO and N2O during char combustion. The relative importance
of these pathways has yet to be elucidated [136]. The heterogeneous formation of NO and N2O by
reaction of organically bound nitrogen with O2 is demonstrated by R2.9-R2.12.
O2 + (-C) + (-CN) → (-CO) + (-CNO)
(-CNO) → NO + (-C)

R2.9
R2.10

(-CN) + (-CNO) → N2 O + 2 (-C)

R2.11

NO + (-CNO) → N2 O + (-C)

R2.12

Here, (-CX) denotes a carbon surface complex of either nitrogen or oxygen, while (-C) is a free carbon
active site. In the homogeneous mechanism, HCN or HNCO is released during char oxidation, the
reactions of which were described in Section 2.3.1.2 and 2.3.1.3, respectively. The fractional
conversion of char-N to NO increased with increasing temperature up to 800-1000 ºC, above which
the char-N to NO conversion decreased [16]. This trend was attributed to the relative effect of
temperature on NO formation (char + O2) and reduction (char + NO). At lower temperature, the
formation and selectivity of NO was higher, while at higher temperatures and for larger particles the
reduction of NO (R2.23-R2.30) was favored due to diffusion limitations of the reaction between char
and O2 [16,137]. At temperatures relevant for fluidized bed combustion (800-900 ºC), an increase in
O2 decreased the char-N to NO conversion [138], while a negligible effect was observed at higher
temperatures [16]. This has additionally been attributed to the increasing importance of diffusion
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[138] or changes in preferred pathways [16] at higher temperatures. However, the importance of O2
at fluidized bed combustion temperatures is not always prominent [139–141]. In comparison, the
conversion of char-N to N2O decreased with an increase in O2 and temperature [16,140]. At 1200ºC,
the conversion of coal char-N to NO was between 70-80% at fuel-lean conditions and 30-40% at fuelrich conditions [131,142]. During combustion of small, highly devolatilized char particles at single
particle conditions, the coal char-N to NO conversion was between 75-100%, while that of biomass
was between 25-75%, implying a significant reduction of NO during biomass char combustion [143].
2.3.3

Tar-N and soot-N oxidation

Homogeneous and heterogeneous secondary tar reactions such as cracking, partial oxidation, and
polymerization determine the fate of tar-N [144]. Studies on tar-N and soot-N collected from biomass
pyrolysis are scarce. Consequently, the conversion of tar-N and soot-N is evaluated from the
oxidation of model compounds of pyridinic, pyrollic, and amino functionalities, from which the main
combustion products were NO, N2O, and N2 [16,79,145,146]. In some studies, the influence of the
nitrogen functionality on the NO and N2O formation was negligible [145], while in others a clear
influence was observed. Aromatic nitrogen such as nitrobenzene and to some extent aniline exhibited
a higher conversion to NO compared to that of amine and heterocyclic nitrogen [146].
2.3.4

NO reactions

2.3.4.1 Homogeneous reactions
NO formed during combustion can be reduced in the gas phase by amine or cyanide compounds. The
selective non-catalytic reduction (SNCR) of NO using NH3 as reducing agent is commonly termed
Thermal DeNOX. NH2, formed from H abstraction of NH3, may react with NO either directly or
through the NNH intermediate to yield N2 and possibly N2O, demonstrated by R2.13-R2.18. The
contribution of other NHi radicals to the NH3 oxidation reactions increases with increasing
temperature. Figure 2.12 demonstrates the NO, NH3, N2O, and NO2 concentrations against
temperature at variable concentrations of CO, H2O, and NH3 using the detailed chemical kinetic
model of Glarborg et al. [17]. The capability of the model to capture qualitative and quantitative
trends in experimental data has been shown in the referred paper. Hence, purely modeling results are
presented here to illustrate the gas phase chemistry interactions. At lower temperatures, no
considerable reaction takes place due to the low residence time and reaction rate. At moderate
temperatures, the reduction of NO dominates, while the oxidation of NH3 becomes of increasing
importance at higher temperatures. The presence of H2O slightly shifts the reaction to higher
temperatures due to its high collider efficiency (H + O2 + M → HO2 + M) [17]. In a separate study,
H2O increased the NO removal efficiency during SNCR without shifting the optimum temperature
range [147]. A higher concentration of NH3 widens the window of NO reduction as the availability
of NHi increases, while CO narrows and shifts it to lower temperatures due to its influence on the
radical pool by R2.2-R2.4. A similar shift in the NO reduction window to lower temperatures was
observed for CXHYOZ additives (CH4, C2H6, C2H4, C2H2, CH3OH, and C2H5OH) [148]. Moreover,
alkali (Na and K) additives above 50 ppmv increased the NO removal efficiency during SNCR, and
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additionally exhibited a synergetic effect on NO reduction when mixed with coal fly ash collected
from a circulating fluidized bed boiler [147].
NH2 + NO ⇄ NNH + OH

R2.13

NNH ⇄ N2 + H

R2.14

NH2 + NO ⇄ N2 + H2 O

R2.15

⇄ N2 O + H2

R2.16

NH2 + NO2

NH + NO ⇄ N2 O + H

R2.17

NNH + O ⇄ N2 O + H

R2.18

Figure 2.12: Flow reactor modeling predictions for the reduction of NO by NH3: effect of CO, H2O, and NH3. The varied
initial concentrations are specified in the legend. Persistent initial concentrations: 4.0% O 2, 300 ppm NO, balance N2.
Pressure is 1.1 atm. Residence time (s) = 188.56(s/K) / T(K). Reactor surface/volume ratio was 4.4 cm-1.

In addition to NH3, the introduction of cyanuric acid (RapReNOX [149]) or urea (NOXout [150])
results in SNCR of NO by HNCO in a certain temperature range. The key reactions for NO removal
by HNCO are that between NCO and NO, demonstrated in R2.19-R2.20. In the presence of H2O, the
window for NO removal shifts towards lower temperatures, due to the change from O to OH as the
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main chain carrier. CO additionally shifts the reduction window to lower temperatures [17,93].
Similar to NO removal by NH3, the presence of Na2CO3 promoted the NO reduction by urea
especially at low O2 concentration and temperature [151].
NCO + NO ⇄ N2 O + CO

R2.19

NCO + NO ⇄ N2 + CO2

R2.20

In hydrocarbon radical (CXHY) rich regions, NO may react to form cyanides and possibly NH3. The
subsequent conversion of these species to N2 and NO may lead to a net reduction in NO. Using the
detailed model of Glarborg et al. [17], the concentration of NO and total reactive nitrogen species
(NO, NO2, N2O, NH3, HCN, HNCO) against the ratio of the actual O2 concentration over the
stoichiometric O2 concentration (O2/O2,stoichiometric) is shown in Figure 2.13. A significant reduction in
the NO and total reactive nitrogen concentrations are observed at fluidized bed combustion
temperatures under fuel-rich conditions. The reduction of NO by CH4 was promoted by K and Na
additives at low excess air ratios, while it did not promote and to some extent inhibited NO reduction
at high excess air ratios [152].

Figure 2.13: Flow reactor modeling predictions for the reduction of NO during reburning. Dashed lines show the NO
concentration, while the solid refers to the sum of NO, NO 2, N2O, NH3, HCN, and HNCO. The varied initial
concentrations of CXHY-species are specified in the legend. Persistent initial concentrations: 1000 ppm NO, 5% H2O, 2%
CO, varying O2, balance N2. Pressure is 1.1 atm. Reactor temperature = 850ºC. Residence time = 250 ms. Reactor
surface/volume ratio was 4.4 cm-1.

Moreover, NO may be oxidized to NO2 by HO2 radicals in the combustion zone or by O2 in the postcombustion zone, shown by R2.21 [93] and R2.22 [153], respectively. In atmospheric fluidized bed
combustion with temperatures around 800-900ºC, R2.21 is limited by a low equilibrium
concentration [131].
NO + HO2

⇄ NO2 + OH

2 NO + O2 → 2 NO2
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2.3.4.2 NO reduction by char
The reduction mechanism for NO in an O2/N2 system during char combustion is summarized in
R2.23-R2.30 [61,98,154–156]. In the initial step (R2.23), NO undergoes dissociative adsorption on
an active carbon free site, followed by reduction via R2.24 and R2.25. The active site is regenerated
by the desorption of CO or CO2 (R2.29-R2.30). The presence of CO has been shown to reduce NO
by the non-elementary R2.26 catalyzed by char or possibly other ash forming elements such as CaO
or coal ash [131,157]. In addition, the presence of ash forming elements (M) such as Na [158], K
[159,160], Mg [161], Ca, and Fe [162] have been shown to promote the NO reduction reactivity of
char, presumably by R2.27-R2.28. The surface area, and pore availability and size have also been
shown to influence the NO reduction reactivity [163,164].
NO + 2 (-C) → (-CO) + (-CN)

R2.23

2 (-CN) → N2 + 2 (-C)

R2.24

(-CN) + NO → N2 + (-CO)

R2.25

2 NO + 2 CO → N2 + 2 CO2

(over char)

(-MX OY ) + (-C) + NO → (-MX OY+1 ) + (-CN)
(-MX OY+1 ) + (-C) → (-MX OY ) + (-CO)
(-CO) → CO + (-C)

R2.27
R2.28
R2.29

(-CO) + CO → CO2 + (-C)
2.3.5

R2.26

R2.30

N2O reduction

In the temperature conditions of fluidized bed combustion (800-900 ºC), the main gaseous reduction
pathway for N2O reduction to N2 is by reaction with OH (R2.31) [131]. In addition, thermal
decomposition of N2O at higher temperatures form N2 according to R2.32-R2.34 [165]. The
decomposition can occur with and without the presence of a catalyst, e.g., zeolites or CaO [9].
Moreover, N2O can be reduced over char with and without the presence of CO, demonstrated by
R2.35-R2.36 [135,136].
R2.31

N2 O + OH → N2 + HO2
N2 O + M → N2 + O + M

R2.32

N2 O + O → N2 + O2

R2.33

N2 O + O → 2 NO

R2.34

N2 O + (-C) → N2 + (-CO)
N2 O + CO → N2 + CO2
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Fluidized bed reactors are widely used in gasification and combustion applications for power and heat
production. The advantages of fluidized bed reactors are fuel flexibility, high combustion efficiency,
good heat transfer, and low temperature [9,10]. The two most common types of fluidized bed boilers
are bubbling and circulating fluidized bed combustors, illustrated in Figure 2.14 [10]. In both systems,
a bed of particles (most often silica sand) is fluidized by primary combustion air, introduced through
an air distributor at the bottom of the reactor. The main difference between circulating and bubbling
boilers is the gas velocity. In bubbling fluidized bed combustion, the velocity is kept relatively low
to minimize elutriation of fuel and bed particles. In circulating boilers, the gas velocity is much higher,
necessitating the use of solid recirculation. In both combustors, secondary and tertiary air or fuel
introduction can be used for emission control. Depending on the fuel reactivity, size, and crushability,
over- and under-bed fuel feeding systems may be employed. The temperature in the bed is generally
kept between 800 and 900°C [9]. While Section 2.3 described the fundamental aspects of NOX
formation and reduction in combustion, the following sections mainly summarize results on NOX
emissions from bubbling fluidized bed combustion of biomass.

Figure 2.14: Schematic showing the working principle of circulating (left) and bubbling (right) fluidized bed combustors
[10].

2.4.1

Effect of fuel properties on NOX

Several parameters have been recommended to predict the NO and N2O emissions from fluid bed
combustion, e.g. CH/N [166], fixed carbon/volatile matter content [167], and O/N ratio [84,168].
Multivariate data analysis methods have also been used to describe the conversion of fuel-N to NOX
in gas turbines [169]. However, no universally accepted parameter or correlation were identified,
most likely due to the influence of other parameters during combustion, as the NOX emissions are a
complex function of mixing, temperature, fluid dynamics, and chemistry [170].
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2.4.1.1 Nitrogen and volatile content
In comparison to stoichiometry and nitrogen content, the speciation of the gas phase has been shown
to be of lesser importance for the NO emission at high temperatures, while the distribution of nitrogen
between NH3, HCN, and char-N may determine the NO emission at lower temperatures, i.e., in
fluidized bed combustors [146,171]. However, from model compound combustion studies under fuellean conditions, the conversion of nitrogen to NO showed no correlation to the functionality and
instead decreased with increasing fuel-N content and decreasing O2 concentration [79,145].
Konttinen et al. [172] attempted to characterize the conversion of fuel-N to NO under air un-staged,
fluidized bed combustion conditions. Their results along with that of other studies are summarized in
Figure 2.15 [84,95,172–175]. They noted that the conversion of fuel-N to NO decreased with an
increase in fuel-N content, explained by the facilitation of thermal DeNOx reactions in the presence
of a higher gas phase nitrogen concentration (NHi radicals) [95,172,174,176]. Moreover, the
conversion of volatile-N and char-N to NO decreased with an increase in volatile-N and char-N
content, respectively. The former was attributed to the facilitation of thermal DeNOX reactions, while
the influence of char-N was presumed to be caused by the larger reduction of NO over char due to
high local concentrations of NO [155,172]. A similar influence of the fuel-N content on the
conversion of fuel-N to NO was observed under staged conditions [175]. In addition to volatile-N,
the conversion of fuel-N to NO and N2O generally decreased with an increase in fuel volatile content
in lab scale fluidized bed combustion [13,177,178].

Figure 2.15: Fuel-N to NO conversion as a function of the fuel-N content. The results are from fixed bed combustion
[173], single particle combustion in a single particle reactor [174] and un-staged fluidized bed [95,172], dilute suspension
combustion in an entrained flow reactor [84], batch combustion of a particle size distribution of biomass in a fluidized
bed reactor (cf. Chapter 4), continuous air staged fluid bed biomass combustion [175], and continuous air un-staged fluid
bed biomass combustion (cf. Chapter 3). Conditions: Temperature: 800-850ºC, stoichiometry: fuel lean.

2.4.1.2 Fuel particle size and moisture content
NOX emissions generally decreased with an increase in coal particle size, explained by differences in
particle heating rate and peak temperature, which affect the devolatilization rate. In addition, larger
particles provide higher propensity for reduction within the particle during combustion [179,180]. In
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fluidized bed combustion, too small particle sizes may result in the elutriation of char particles, and
thereby potentially an increase in NOX emissions depending on the relative influence of the char-NO
reaction [181]. The NOX emissions from vortexing fluidized bed combustion increased with
increasing particle size. This was attributed to the inverse trend in CO, caused by the limited residence
time of the smaller particles [182].
The inherent moisture content of the fuel influences the devolatilization time, and could thereby affect
the NOX emissions by local concentration and temperature differences within the combustor [183].
In addition, H2O could affect the radical pool and thereby combustion chemistry further described in
Section 2.4.2.3. NOX emissions decreased with increasing inherent moisture content in bubbling
[36,184] and swirling fluidized bed combustion [185]. This decrease was attributed to the facilitation
of NOX reducing reactions, i.e. by CO or NH3, and a decrease in temperature in the presence of high
H2O concentrations.
2.4.1.3 Influence of ash forming elements
Ash forming elements in the biomass may either directly or indirectly influence the NO emission
during combustion. The parameters affected by the inorganics are volatile-N product distribution and
amount (Section 2.2.2), reactivity of the char towards NO reduction (Section 2.3.4.2), and interaction
between ash forming elements and gaseous species. The latter describes the catalytic effect of ash,
e.g. the enhancement of NH3 oxidation by sewage sludge ash [167], and the interaction between ash
forming elements and the radical pool, e.g. surface radical recombination [129]. While it was
previously stated that Fe enhanced the formation of N2 in the absence of O2, it has been reported to
enhance the formation of NO and to lesser extent N2O from NH3 and HCN in the presence of O2
[167,186]. In addition, the NOX emissions increased and N2O decreased in the presence of Ca [187–
189]. These observations were caused by the increased NOX selectivity over N2O and N2 from
heterogeneous oxidation [63,93], while the decrease in N2O may also be related to the decreased
release of HCN during pyrolysis (cf. Section 2.2.2). Employing a bed consisting of alumina sand
increased the conversion of fuel-N to NO, caused by a decreased concentration of CO and CXHY
species [190].
In the gas phase, trace species from combustion such as alkali metals and halogens may affect the
concentration of pollutants through mechanisms AJ (chain-branching, i.e. promoting), AJ '
(terminating, i.e. inhibiting), and BJ (propagating, sensitizing; if radical goes from less to more
reactive, then promoting).
AJ :

J + XY → JX + Y
JX (+M) → J + X(+M)

R2.37
R2.38

AJ ':

J + X(+M) → JX(+M)
JX + Y → J + XY

R2.39
R2.40

BJ :

J + RO2 → JO + RO
JO + R → J + RO

R2.41
R2.42
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Here, J is trace species, and X and Y may be H, O, or OH. In AJ, two radicals X and Y are formed
each cycle, while the trace species are regenerated thereby acting as a catalyst. AJ ' is the reverse
sequence of AJ. In sequence BJ, the lesser reactive peroxide radical (RO2) is converted to a more
reactive radical (RO) [171]. Alkali metals generally inhibit fuel oxidation by recombination of OH
and H radicals through AJ ', most prominent at reducing conditions [171,191]. At higher
concentrations of K a saturation effect was observed [192]. At low radical levels, alkali metals may
promote fuel oxidation through the A cycle [171]. The influence of alkali metals on the NOX
chemistry is most likely indirect rather than a direct interaction between alkali and N-species [171].
The presence of halogens F, Cl, Br, and I generally inhibit fuel oxidation by recombination of most
likely OH [171,193–195]. The effect of halides on the radical pool in decreasing order is I, Br, Cl,
and F [196]. In entrained flow reactor combustion at fluidized bed combustion temperatures and
circulating fluidized bed combustion, the introduction of HCl and CaBr2·½ H2O increased CO and
decreased NOX concentrations in the flue gas, while not affecting the N2O emission [197,198].
Similar to alkali metals, the influence of halogens on the NOX chemistry is most likely indirect by
recombination of OH, H, and O [171,198,199].
2.4.2

Effect of operating conditions on NOX

2.4.2.1 Bed particle size and height, and gas velocity
NOX emissions increased [200] or were unchanged [201,202] by an increase in bed particle size.
Through modelling of pressurized fluidized bed coal combustion [181,203], the NOX emissions were
shown to increase with particle size followed by a plateau. For coarser particles, the flow of gas
through the dense phase could increase, providing more oxidizing conditions and consequently lower
concentrations of CO and char. In addition, the major gaseous constituents and temperature were
unchanged [184,204,205] or increased [206] with increasing bed height. The increase was attributed
local temperature and concentration gradients and higher surface area for surface catalytic reactions.
Moreover, keeping a constant overall excess air, the emission of NOX slightly increased [207] or
decreased [208] with an increase in fluidization velocity during coal combustion. The increase may
be attributed to the more intense mixing in the bed as it was in the fast fluidization regime [209],
while the decrease was most likely related to the higher concentration of CO, due to a decrease in gas
residence time. The differences in operating conditions such as bed particle size and height may be
related to differences in fuel feeding method. In under-bed-fired bubbling fluidized bed combustion,
the fuel is fed directly to the bed, thereby increasing the importance of bed chemistry. In overfired
systems, the fuel is fed above the bubbling bed, thereby leading to the possibility of low turn-over of
fuel particles, and consequently low importance of bed chemistry. In over-bed-fired systems, the bed
particle size and height were deemed unimportant [184,201,202,204,205].
2.4.2.2 Temperature and overall excess air
The general consensus in literature is that the conversion of fuel-N to NO increases and that to N2O
decreases with an increase in temperature [182,185,210,211]. The increase in NO was attributed to
the lower concentrations of CO and char at higher temperatures [210], and differences in activation
energy of the ongoing reactions [93]. The latter explanation and the enhanced thermal decomposition
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of N2O at higher temperatures explains the decreasing tendency of this with temperature [210]. The
influence of temperature on the NO emission is not always prominent, as in some cases NO was
unaffected by changes in temperature [212]. In addition, the emissions of NO and N2O generally
increase when increasing the overall excess air during combustion [9,173,175,182,213]. This is again
related to the CO and char contents in the reactor and the enhanced rate of oxidation of nitrogenous
intermediates, e.g. NHi, NCO, and (-CN).
2.4.2.3 Gas phase composition
Flow reactor experiments revealed that a high CO2 concentration enhanced NO formation from NH3
at fuel-rich conditions, whereas it inhibited NO formation at stoichiometric and fuel-lean conditions.
The influence of CO2 on the gaseous nitrogen chemistry was indirect and attributed to the enhanced
CO concentration and alterations in the amount and partitioning of O/H radicals [132,214,215]. In
addition, during CO2 gasification of char, nitrogen was primarily released as N2 and to lesser extent
NO [216]. Moreover, SO2 was shown to participate in radical recombination reactions, thereby
increasing CO and N2O, and decreasing NO from fluidized bed combustion of coal [217].
Furthermore, the fuel-N to NO conversion decreased with the addition of water vapor or alcohols to
model compound [145] and antibiotic mycelial residue [218] combustion. However, at higher
concentrations of O2 in combustion of distilled spirit lees in a lab scale fluidized bed combustor, H2O
increased the conversion of fuel-N to NO [219]. The reducing property at low O2 concentration was
attributed to the dilution of O2, thereby creating a comparably more reducing atmosphere with higher
concentrations of H2, CO, and H (R.2.43, R2.44, and R2.4). At higher O2 concentration, the H2O
would decompose to OH by the radical branching R2.3, thereby increasing the oxidation capability
of the combustion atmosphere, which would lower CO and char concentrations. In addition, the CO
and NO levels were inherently related in fluidized bed combustion, showing a decrease in NO with
an increase in CO [220] and char loading [221], the latter of which was in the case of circulating
fluidized bed combustion.
H2 O → H + OH
OH + H2 → H + H2 O
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Primary and secondary measures are commonly applied to control NOX emissions in fluidized bed
combustion. The primary measures are based on combustion modifications, i.e. take place within the
combustion zone, while secondary measures are applied to the post-combustion effluent.
2.5.1

Primary measures

Primary measures employed for NOX emission control in fluidized bed combustion are air staging
[213,222], temperature adjustment [9,223], SNCR [224], lowering excess air [9], reburning (fuel
staging) [225,226], flue gas recirculation [227], and fuel blending [63]. Hybrid systems such as SNCR
and air staging [224], and reburning and SNCR (advanced reburning) [228,229] have additionally
been used for NOX reduction from combustion. The working principles of air staging, reburning,
SNCR, and selective high temperature reduction (SHTR) are illustrated in Figure 2.16, along with
typical NOX removal efficiency ranges in boilers based on [230–233]. In air and fuel staging, the
combustion is divided into several zones in which the excess air ratio (λ) is manipulated in such a
way as to minimize NOX emissions. In air staging, part of the combustion air is supplied to the bed,
which is kept at sub-stoichiometric conditions. The remaining air is introduced upstream to achieve
high combustion efficiencies. In fuel staging, the primary fuel is fed to the reactor and combusted
under fuel-lean conditions. Upstream a secondary fuel is introduced to create a fuel-rich region in
which the formed NOX is reduced. Further upstream, air is introduced to remove combustibles. The
NOX reduction efficiency in staged combustion depends on the residence time, temperature, and
excess air ratio in the reduction zone [234–236]. The concept of SNCR was described in Section
2.3.4.1. The introduction of NH3 to the combustion system may reduce NO depending on the
temperature and stoichiometry. In the SHTR process, SNCR occurs in the sub-stoichiometric zone of
air-staged combustion. In fluidized bed combustion, staged combustion may lead to a decreased N2O
emission [237,238], while in pulverized fuel combustion little change was observed, possibly due to
the importance of N2O decomposition at higher temperatures [35]. In addition, NOX reduction by
NH3 resulted in increased [237,239] or unaffected N2O emission [237]. The increased N2O emission
was predominant at high NH3/NO ratios or temperatures. Moreover, using cyanuric acid or urea for
NO reduction increased N2O emissions [240].
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Air staging

Fuel staging

SNCR

SHTR

NOX removal:
30-60%

NOX removal:
35-65%

NOX removal:
30-85%

NOX removal:
45-60%

λ>1

λ>1

λ>1

Air

Air

λ<1
λ<1

NH3

λ>1

Fuel

NH3

λ>1

Fuel + Air

Air

Fuel + Air

Fuel + Air

λ<1

Fuel + Air

Figure 2.16: Simplified illustration showing the working principle of some primary NO X reduction measures. The excess
air ratio (λ) refers to the available air compared to that of stoichiometric combustion. SNCR: selective non-catalytic
reduction, SHTR: selective high temperature reduction (combination of air staging and SNCR). The typical NOX removal
ranges were extracted from [230–233]. This figure was inspired by [232].

2.5.2

Secondary measures

Depending on the location of NH3 injection, SNCR may additionally be classified as a secondary
technique to treat the flue gas from combustion. The reduction of NO by NH3 can be enhanced in the
presence of heterogeneous catalysts in a process termed selective catalytic reduction (SCR). In the
presence of O2 and at a temperature of 250-400ºC, the presence of catalysts such as vanadium and
titanium oxides promote the NO reduction, leading to NO removal efficiencies of up to 80-90% [230].
The most important reactions for the removal of NOX from the post-combustion flue gas are
summarized in R2.45-R2.46. Main factors affecting SCR performance are temperature, NH3/NOX
ratio, O2 concentration, and catalyst loading and type [233]. Similar to SNCR, N2O may be a
byproduct (R2.47) of the NO removal, the selectivity of which depends on the SCR system [241,242].
4 NO + 4 NH3 + O2 → 4 N2 + 6 H2 O
6 NO2 + 8 NH3 → 7 N2 + 12 H2 O
4 NO + 4 NH3 + 3 O2

→ 4 N2 O + 6 H2 O
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Biomass is a CO2 neutral feedstock with nitrogen contents varying from 0.01wt% to several wt%.
Consequently, high NOX and N2O emissions from biomass combustion may be possible. Upon
heating, the nitrogen in biomass is partitioned between the volatile and char. Decreasing temperature,
particle residence time, and heating rate, and increasing particle size and pressure favored the
retention of nitrogen in the char. Ca increased char-N retention, while Na and K promoted the
formation of volatile-N. The functionality of nitrogen in the light gas during biomass pyrolysis was
predominantly HCN, NH3, HNCO, and N2. The NH3/HCN ratio decreased with increasing
temperature and heating rate, and decreasing particle size. The gas atmosphere and mineral content
additionally affected the speciation of the light gases. While a qualitative understanding of the
nitrogen release from biomass has been established, a quantitative description of the observed trends
is not possible. Therefore, the amount and functionality of nitrogen released from biomass pyrolysis
cannot be known prior to experimentation.
The oxidation of fuel-N is the major contributor to NOX and N2O emissions from fluidized bed
combustion. Numerous reactions occur within the combustor, which can be simplified to competing
NOX and N2O formation and reduction reactions. The net emissions of these compounds are
consequently determined by the relative rates of these. The gaseous nitrogen chemistry is fairly well
established and can be described reasonably well with existing models. In comparison, the conversion
of char-N to NO and N2O is less understood, especially in the case of high-nitrogen biomass.
Fundamental studies are necessary to understand the underlying mechanisms of NO and N2O
formation and reduction during char oxidation.
The influence of several process parameters on the conversion of fuel-N to NO and N2O in fluidized
bed combustion of biomass are qualitatively summarized in Table 2.2. In addition to these, other
operating conditions such as bed particle diameter and height, and fluidization velocity, and fuel
properties such as particle size, moisture and mineral content, and presence of trace elements may
affect NOX and N2O emissions. While higher fuel-N may lead to lower conversion of fuel-N to NO
and N2O, the total emissions may increase with an increase in fuel-N. For several of the process
parameters, contradicting results have been obtained, which may be related to differences in
experimental setup. In addition, conclusions are often drawn based on the outlet gas concentrations,
which may hide interactions during combustion due to differences in local conditions. Therefore,
local gas composition data would be of interest for the study of the NOX chemistry. Moreover, the
influence of ash forming elements on NOX emissions is commonly studied under well-controlled
conditions, and data from fluidized bed systems are lacking.
Several primary and secondary countermeasures exist to solely minimize NOX emissions. Studies on
multifunctional countermeasures tackling both NOX emissions and other operational issues such as
bed agglomeration are lacking.
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Table 2.2: Influence of several process parameters on fuel-N to NO and N2O conversion in bubbling fluidized bed
combustion.
Increasing parameter

Fuel-N to N2O

Fuel-N to NO

Temperature

↓

↑, -

Fuel-N content

↓

Fuel volatile content

↓

↓

Excess air

↑

↑

Air staging

↓

↓

Fuel staging (reburning)

↓

↓

SNCR – NH3

↑, -

↓

SNCR – urea

↑

↓

SCR

↑, -

↓
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Abstract: NOX emissions from mono- and co-combustion of biomass at air staged and un-staged
conditions were investigated in a continuous lab-scale bubbling fluidized bed reactor by effluent and
local gas composition measurements. The biomass fuels were pine wood, beech wood, straw,
sunflower husk, sewage sludge, and sunflower seed. The results show that the conversion of fuel-N
to NO decreased with an increase in fuel-N content, predominantly related to the higher concentration
of nitrogen intermediates, such as NH3, which facilitated NO reduction by thermal DeNOX. Cocombustion of straw and sewage sludge revealed a synergy effect, showing that the NO emission was
higher than the weighted values. The main cause of this was the presence of sewage sludge ash, which
could catalyze the formation of NO from NH3 and HCN. The catalytic effect of the ash increased
with lower ash preparation temperature and better mixing of the ash with straw. During straw-sewage
sludge co-combustion, the NH3 released from sewage sludge initially reduced the formed NO, while
at a higher content of ash in the bed, the NO emission was significantly higher. Local concentration
measurements during straw-sunflower seed co-combustion indicated an interaction in the nitrogen
chemistry of the two fuels, which was otherwise unnoticeable in the effluent concentration of NO.
Air staging was an efficient way of reducing NOX emissions and the influence of sewage sludge ash.

3.1

Introduction

Many studies have investigated NOX emissions from co-combustion of coal and biomass in bubbling
[63,167,243–245] or circulating [209,246–249] fluidized bed combustors, pulverized fuel burners
[35,170,250,251], and fixed bed reactors [37,173,252,253]. In bubbling fluidized bed combustors,
NOX emissions decreased with an increase in the fuel volatile content [63,244], concentration of NHi
radicals [63,243], and char NO reduction reactivity [244]. Moreover, the presence of ash forming
elements such as Fe and Ca may increase or decrease NOX emissions depending on their relative
impact on NOX formation and reduction reactions [167,244]. However, several co-combustion studies
showed the absence of interaction between fuel particles of different origin at well-controlled
conditions, indicating that NOX emissions from co-combustion are additive and therefore described
by the propensity of the individual fuels for forming NOX [245,251]. The observed interaction was
consequently attributed to changes in fluid mechanics and temperature [63,251]. The lack of
consensus on the existence of an interaction effect during co-combustion along with the scarcity of
fluidized bed biomass co-combustion studies in the literature provide the motivation for this work.
This study investigates the emissions of NOX during mono- and co-combustion of biomass in a lab
scale bubbling fluidized bed reactor. Continuous combustion experiments were performed at air
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staged and un-staged conditions. Effluent and local gas concentration data were measured, thereby
providing a deeper understanding of the nitrogen conversion during biomass co-combustion. Special
emphasis was placed on the co-combustion using sewage sludge, due to its distinct interaction with
other fuels.

3.2

Experimental section

3.2.1

Materials

The chemical composition of the investigated biomass, pine wood, beech wood, wheat straw,
sunflower husk, sewage sludge, and sunflower seed, are shown in Table 3.1. The nitrogen contents
varied from 0.1-6.1 wt%, thereby covering a wide range of nitrogen contents in biomass. Wheat straw,
sunflower husk, and sunflower seed pellets were grinded and sieved to a size range of 0.6-4 mm,
while sewage sludge (0.5-2 mm), pine wood (1-3 mm), and beech wood (0.6-1 mm) were used as
received. These particle size ranges allowed for continuous sample admission, while minimizing fuel
elutriation. Mixtures of fuels were prepared in a mechanical mixer for several hours prior to
combustion. Silica sand was used as bed material in the fluidized bed (D50 273 µm, Geldart B).
Table 3.1: Fuel chemical composition.
Unit

Pine wood

Beech wood

Wheat straw

Sunfl. husk

Sew. slu.

Sunfl. seed

% w.b.

7.1

8.4

12.5

9.1

10.8

8.7

VM

85.6

77.1

76.5

75.8

49.3

-

Ash

0.43

2.7

4.6

3.2

50.2

14

C

49.5

51.2

48.7

51.7

29

40.5

6.1

5.7

5.8

5.7

3.8

5.7

<0.1

0.20

0.69

0.80

3.8

6.1

S

0.006

0.0027

0.08

0.14

0.96

0.23

Cl

0.02

0.017

0.18

0.04

0.05

-

O

43.8

40.2

40.0

38.4

12.2

33.5

Al

90

310

230

55

18000

3095

Ca

950

4600

3600

3700

37000

3095

Fe

53

1600

180

94

85000

7328

K

507

4600

8000

9600

6300

18416

94

830

630

2100

4300

6724

Na

15

280

280

21

2400

410

P

35

230

750

660

34000

12810

Si

299

1700

11000

290

75000

640

Ti

-

34

17

<5

2200

49

Moisture

H
N

Mg

% d.b.

mg/kg d.b.
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Sewage sludge ash and char preparation

Sewage sludge ash was prepared at three different temperatures (550, 850, 1000ºC) in a muffle
furnace with continuous air supply (around 200 mL/min). The holding times at 550 ºC, 850 ºC, and
1000ºC were 5 h, 4 h, and 1 h, respectively, to ensure complete combustion. The absence of
combustibles were confirmed by CHNS analysis of the prepared ash.
Sewage sludge char was prepared in a horizontal oven at 850ºC with a N2 flow of 2.5 NL/min. An
alumina crucible containing approximately 10-20 g of sewage sludge was pushed into the preheated
oven and kept there for 10 min. After 10 min, the crucible was withdrawn to a water cooled section.
The chemical composition and BET surface area of the sewage sludge char are summarized in Table
3.2.
Table 3.2: Chemical composition and BET surface area of sewage sludge char. The char yield refers to the ash and fixed
carbon content.
m2/g

wt% d.b.
Sew. slu. char

3.2.3

C

H

N

S

O

Ash

Char yield

BET surface area

14.51

0.46

1.48

0.16

0.51

82.9

54.6

53.1

Lab scale fluidized bed reactor

Continuous combustion experiments were performed in a stainless steel fluidized bed reactor
illustrated in Figure 3.1. The setup consists of three sections, preheater (ID 100 mm), main reaction
chamber (ID 61 mm), and upper freeboard (ID 100 mm). The fluidizing gas was heated in the
preheating section and fed to the main chamber through an air distributor. Biomass was continuously
introduced to the main chamber above the dense bed (300 mm above the air distributor) using a screw
feeder (K-Tron K-ML-KT20). To maintain stable fuel feeding and to prevent fuel pipe blockage,
secondary gas was fed together with fuel. The composition of the secondary gas varied and in the
case air was used, the fuel feeding pipe was considered as the secondary air injection point. The outlet
gas was led through a cyclone and two filters to remove elutriated particles. One part of the exhaust
gas was led to the gas analyzers (NGA2000, Fischer-Rosemount) to determine the flue gas
concentrations of CO2, CO, O2, NO, and SO2, while the other part was sent to the ventilation. In
selected cases, the total NOx (NO and NO2) was quantized (Eco Physics CLD 700 EL). As NO2
accounted for less than 5% of the total NOX in the flue gas (Appendix A.1), it was not further
considered in this study.
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To ventilation
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P2

T1
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CO O2 SO2 NO

Preheating

Compressed air

Figure 3.1: Schematic of the bubbling fluidized bed reactor.

3.2.4

Experimental procedure

Approximately 0.5 kg of sand was used in each run, which corresponds to a static bed height of 10
cm. The bed temperature was kept at 850°C in all experiments by varying the degree of external
heating while ensuring a constant outlet O2 concentration (Qreactor = Qheating element + Qcombustion). The
set points for the external heating depended on the biomass properties and the extent of combustion
taking place in the bed. Upon reaching the set point temperature, fuel feeding was initiated. The fuel
feeding rate was varied between 1.6 and 2.6 g/min, depending on the fuel to keep a constant excess
34

3.2

Experimental section

air ratio (λ). The total amount of air supplied to the system was 11.5 NL/min, corresponding to λ =
1.4. At air un-staged conditions, all the air was introduced as primary gas (λ1/λ = 1), while 15.5
NL/min of N2 was fed through the fuel feeding pipe to facilitate the biomass feeding. In air staged
experiments, half of the primary air was replaced with N2 and the corresponding amount of air was
supplied through the feeding pipe as secondary air (λ1/λ = 0.5). Hence the total flow of gas in the
system was kept constant, leading to an operation velocity of 4 times minimum fluidization velocity
(ug/umf = 4) [254].
Figure 3.2 demonstrates the flue gas composition (a), and bed temperature and pressure drop (b)
during air un-staged combustion of straw. Notably, the flue gas composition data were corrected for
the dilution by secondary gas, i.e. N2. Following an initial phase, a steady state was reached in the
flue gas composition, and bed temperature and pressure. The combustion experiments were continued
at steady state for 1-3 h. For sunflower husk and straw combustion, the experiments were performed
until the point of defluidization, demonstrated by a sudden increase (cake formation) or decrease
(channeling) in the bed pressure drop.

Figure 3.2: Flue gas concentration (a), and bed pressure drop and temperature (b) during combustion of straw. Conditions:
Tbed = 850ºC; λ = 1.4; λ1/λ = 1.

3.2.5

Local gas composition and temperature measurements

The axial temperature profile in the reactor was measured by insertion of a movable thermocouple
(T4 in Figure 3.1) from the top. The gas composition within the reactor was measured using a water
cooled stainless steel probe inserted vertically from the top of the reactor. The design and working
principle of the probe is shown in Appendix A.2, along with the commissioning of this and procedure
for local concentration measurements. The sample gas was sent to a Fourier Transform Infrared
spectrometer (FTIR) (Multigas 2030 FTIR, MKS instruments) from which the concentration of a
variety of species, e.g. NH3, CO, HNCO, NO, NO2, CH4 etc., were determined. As no calibration for
HCN was available, this was not measured. The repeatability of the local concentration measurements
from straw combustion at air staged and un-staged conditions was reasonable as demonstrated in
Appendix A.3. In some cases, the maximum range of the calibration in the FTIR was exceeded.
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Hence, caution must be taken since additional error may appear from the extrapolation of the
calibration curves. The ranges of the most relevant measured species are summarized in Table 3.3.
Table 3.3: Maximum range of FTIR calibration of selected compounds.

Maximum range

3.2.6

NO

N2O

NH3

HNCO

CO

CH4

3000 ppmv

300 ppmv

3000 ppmv

300 ppmv

1%

3000 ppmv

Estimation of bed height

While the fluidized bed height fluctuates with time, an absolute value was estimated to provide an
overview of the local gas and temperature measurements. The bed height was estimated from the bed
pressure measurement in the experiments employing the probe. When the probe reached the top of
the bed, the bed pressure would increase as demonstrated in Figure 3.3. The bed height was thus
estimated to be 125 mm above the air distributor.

Figure 3.3: Bed pressure versus time during fluidized bed sunflower husk combustion. The point at which the bed
pressure increases corresponds to a height 125 mm above the air distributor. Conditions: Tbed = 850ºC; λ = 1.4; λ1/λ = 1.
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Effluent data treatment

The conversion of fuel-N to NO was calculated from the ratio between the total amount of NO emitted
and the total amount of N fed to the reactor, both expressed in mole. The relevant equations are
demonstrated in Eq. 3.1-3.4. In the calculations, only the steady state combustion region, determined
by the O2 and CO2 outlet concentrations, was included.
t2

IA,NO = ∫ NO(t) dt

Eq. 3.1

t1

nNO = IA,NO ∙10-6 ∙Vg ∙

P
Nm3 mol
[=] molfrac NO∙s∙
[=] mol NO
∙
Rg ∙T
s Nm3

nN,fuel = mfuel ∙wN /MN [=] mol N
fuel-N to NO =

nNO
nN,fuel

Eq. 3.2
Eq. 3.3
Eq. 3.4

Here, IA,NO (ppmv·s) is the integrated area from t1 to t2 of the steady state section of the NO
concentration plot, nNO (mol) is the amount of NO formed from combustion, Vg (Nm3/s) is the gas
volumetric flow rate, nN,fuel (mol) is the amount of fuel nitrogen fed from t1 to t2, mfuel (kg fuel) is the
mass of fuel fed from t1 to t2, wN (kg N/kg fuel) is the nitrogen weight fraction in the fuel, and MN
(kg/mol) is the molar weight of nitrogen.
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3.3

Results and discussion

3.3.1

Un-staged mono-combustion of biomass

Figure 3.4a-d summarize the experimental results obtained from fluidized bed combustion of
biomass. The NO effluent concentration during steady stage combustion was constant for most
biomass with the only exception being sewage sludge. In sewage sludge combustion, relatively large
fluctuations and an increase in the NO signal were observed. The fluctuations may be caused by the
presence of smaller fuel particles, system inherent fluctuations, and oscillations in the feeding rate.
The increase in NO concentration was most likely caused by the catalytic effect of accumulated
sewage sludge ash on NH3 and HCN oxidation [167,189,248]. In fluidized bed combustion, the NO
concentration is largely influenced by the CO concentration and temperature [220]. The results here
indicate that the temperature and averaged CO concentration were comparable between experiments.
Therefore, the observed reduction in fuel-N conversion to NO with an increase in fuel-N content was
primarily caused by differences in the preferred oxidation pathway of fuel-N. These results are in
agreement with previous studies [172,174], in which the explanation of the decreasing NO selectivity
with increasing fuel-N content was attributed to the facilitation of thermal DeNOX reactions in the
presence of higher concentrations of NHi radicals. For a single fuel, the effluent CO and NO
concentration may be correlated, as the former is an indication of reducing conditions and/or extent
of mixing in the reactor. A brief investigation of this is summarized in Appendix A.4, showing that
in some cases an inversely proportional relationship was observed for NO and CO, while in other
cases a correlation was lacking. Moreover, as the NO emission from wood combustion was relatively
low, a concern was raised to the contribution of prompt NOX. The general consensus is that prompt
NOX can be neglected and that the major contributor to NO in fluidized bed combustion is from fuelN [10–13]. However, some studies have reported the importance of prompt NOX at fluidized bed
conditions [255], e.g. lean CH4 combustion in a fluidized bed combustor (few to 10 ppm NO from
prompt NOX) [256].
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Figure 3.4: Effluent NO concentration (a), conversion of fuel-N to NO (b), axial temperature profile (c), and average CO
concentration (d) during steady state fluidized bed mono-combustion of biomass. The error bars on straw and sunflower
seed were determined from several repetitions. Conditions: T bed = 850ºC; λ = 1.4; λ1/λ = 1.
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3.3.1.1 Local gas composition measurements
Figure 3.5 displays the axial concentration profiles of NO, N2O, NH3, HNCO, and CO during straw,
sunflower husk, sewage sludge, and sunflower seed combustion. The profiles of the distinct fuels are
in qualitative agreement, showing that the combustion reactions predominantly occurred between the
top of the bed and fuel inlet. For sewage sludge combustion, the peaks of each species was shifted to
a higher point in the reactor, most likely caused by the increase in bed height due to ash accumulation.
During combustion, the relatively large fuel particles drop down to the bed surface from which they
are rapidly heated, thereby undergoing drying, devolatilization, and later char combustion. The
concentration of gaseous species in the bed was inhomogeneous, indicating that the turnover of fuel
may be relatively low. Consequently, the gaseous species directly entered the freeboard from which
NO was formed from volatile-N oxidation. The peak of NH3 preceded that of NO, indicating that this
may be an important contributor to NO formation. As the NO concentration is determined by the
relative rates of formation and reduction, the NO reduction rate became dominant following the NO
concentration peak. The reduction of NO may predominantly be ascribed to the presence of NH3,
HNCO, char, CXHY compounds, and CO (cf. Chapter 2, Section 2.3.4). For the high-nitrogen fuels,
considerably higher concentrations of NH3 were observed, which may lead to a large reduction of
NO by thermal deNOX reactions. The profiles of important CXHY compounds such as CH4 and C2H4
were similar to that of CO as demonstrated in Appendix A.5. Therefore, reburning type reduction
reactions could additionally destroy the formed NO above the bed surface. HNCO peaked at a similar
location as CO and NO, indicating that this may be formed from secondary cracking reactions. The
HNCO, NH3, and CO concentrations exceeded the maximum range of the FTIR. Consequently, errors
induced by extrapolation may obscure the absolute values of the concentration, while the qualitative
trend is clear. Especially for HNCO, previous studies on urea decomposition showed that
extrapolation above the maximum range of the FTIR would generally lead to an overestimation of
the actual concentration [257]. Therefore, while the presence of the compound is undeniable, results
above the maximum range (300 ppmv) must be viewed with care. The observed trends in Figure 3.5
are in qualitative agreement with that of other studies, showing a maximum in the CO and NO
concentration profiles in the splash zone during bubbling fluidized bed combustion [185,258]. In
addition, the emission of N2O was relatively low in the case of straw and sunflower husk combustion,
while considerably higher for sunflower seed and sewage sludge combustion. In sunflower seed
combustion, N2O was formed above the bed with slight change throughout the reactor. In the case of
sewage sludge, N2O was primarily formed in the gaseous phase by oxidation of NH3 or possibly
HCN, or partial reduction of NO, as negligible amounts of HNCO was observed above the fuel inlet.
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Figure 3.5: Axial NO (a), N2O (b), NH3 (c), HNCO (d), and CO (e) profiles during fluidized bed mono-combustion of
selected biomass. The error bars indicate temporal fluctuations in the concentration. Conditions: T bed = 850ºC; λ = 1.4;
λ1/λ = 1.

41

NOX emissions from fluidized bed mono- and co-combustion of biomass

Although the local concentration of CO2 could be measured in the FTIR, the raw data exhibited large
fluctuations that necessitated comprehensive signal pre-treatment in order to obtain a concentration
profile. The treatment of the CO2 signal for the relevant fuels is demonstrated in Appendix A.6, and
the resulting CO2 and O2 axial concentration is shown in Figure 3.6. The O2 profile was obtained
from the CO2, NO, and CO data by Eq. 3.5 calculated at each height. It should be noted that due to
the large error in the CO2 measurement and the use of several signal processing techniques, the
usability and credibility of the obtained data would be limited. However, with a priori knowledge of
the CO and CXHY profiles, a simplified expectation profile was constructed for CO2 and O2,
additionally shown in Figure 3.6. The treated data qualitatively exhibit a similar tendency as the
expectation, in which most of the combustion takes place in the top of the bed and freeboard sections.
Although prone to error, the results here may be useful in the case of future modelling studies.
O2 = 21 - CO2 -

1
1
CO - NO
2
2

Eq. 3.5

Figure 3.6: Axial CO2 (a) and O2 (b) profiles during fluidized bed mono-combustion of selected biomass. Conditions:
Tbed = 850ºC; λ = 1.4; λ1/λ = 1.
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Un-staged co-combustion of selected biomass

Figure 3.7a-d summarize the experimental results from fluidized bed co-combustion. The averaged
effluent NO concentration data indicate that straw-sunflower husk and straw-sunflower seed cocombustion were additive, as the NO concentration followed the linear trend line. In contrast to this,
the NO emission from straw-sewage sludge co-combustion exhibited a strong promoting effect. A
similar synergy effect was observed in sunflower seed-sewage sludge co-combustion, demonstrated
in Appendix A.7. These observations were additionally visible from the fuel-N to NO conversion, in
which the trend lines were calculated from the propensity of the pure fuels for forming NO,
demonstrated in Eq. 3.6-3.7.
NOmix = fsf NOsf + (1-fsf ) NOS
ηmix =

fsf wN,sf ηsf + (1-fsf ) wN,S ηS
fsf wN,sf + (1-fsf ) wN,S

Eq. 3.6
Eq. 3.7

Here, fsf is the fraction of secondary fuel, NOsf and NOS are the NO emissions (ppmv) during monocombustion of the secondary fuel and straw, respectively, NOmix is the NO emission (ppmv) during
straw-secondary fuel co-combustion, wsf and wS are the nitrogen contents (kg N/kg fuel) in the
secondary fuel and straw respectively, ηsf and ηS are the conversions of fuel-N to NO during monocombustion of secondary fuel and straw respectively, and ηmix is the conversion of fuel-N to NO
during straw-secondary fuel co-combustion based on the propensities of the individual fuels for
forming NO.
The temperature during co-combustion was reasonably constant, while the CO concentration from
sewage sludge co-combustion exhibited a minimum. The decrease in CO with increasing sewage
sludge share from 0 to 50% may be caused by the catalytic effect of sewage sludge ash on CO
oxidation [259] and/or by the capture of KCl from the gas phase. With an increase in the straw share,
the concentration of KCl in the gas phase is expected to increase, which could inhibit CO oxidation
(cf. Chapter 4, Section 4.3.2.1). As sewage sludge is rich in Al and Si, the produced ash may act as a
sink for gas phase potassium [260,261], thereby lowering the CO emission indirectly. Above a sewage
sludge fraction of 50%, the CO increased most likely due to the presence of smaller sewage sludge
particles. Sewage sludge particles are brittle and may break upon feeding to the reactor, leading to
fuel particle elutriation and incomplete combustion. The lower CO concentration along with the
catalytic effect of sewage sludge ash on HCN and NH3 oxidation could explain the increased emission
of NO during straw-sewage sludge co-combustion [167,189,220,248]. The influence of sewage
sludge ash on the nitrogen conversion during co-combustion was further investigated using model
compounds, fuel fractionation, and local concentration measurements.
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Figure 3.7: Averaged effluent NO concentration (a), conversion of fuel-N to NO (b), axial temperature profile (c), and
averaged effluent CO concentration (d) during steady state, air un-staged fluidized bed co-combustion of biomass.
Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 1.
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3.3.2.1 Influence of sewage sludge ash
To investigate the catalytic effect of the sewage sludge ash, pellets of model compounds, urea and
alanine, were fed batch wise to the fluid bed reactor before and after a combustion experiment. The
bed before an experiment consisted of silica sand, while that after would additionally contain ash.
Figure 3.8a and b show the conversion of model compound nitrogen to NO against the mass of sewage
sludge ash theoretically added the reactor during combustion. At high heating rate, the decomposition
of urea mainly yielded NH3 and HNCO [262], while the major nitrogen product from alanine
decomposition was NH3 with a lesser amount of CH3CH2NH2 [263–265]. The presence of ash
increased the conversion to NO for both model compounds. In addition, no significant differences
were observed for the ash from straw-sewage sludge and straw-sunflower seed. This was most likely
due to the much larger ash content of sewage sludge (50.2 wt% d.b.) compared to that of straw (4.6
wt% d.b.) and sunflower seed (14 wt% d.b.). The influence of ash levelled off with the amount of ash
added to the reactor.

Figure 3.8: Conversion of nitrogen to NO during combustion of urea (a) and alanine (b) before and after continuous
combustion experiments. No ash refers to a fluidized sand bed. The x-axis was calculated from the theoretical amount of
sewage sludge ash added during experiments. Conditions: T bed = 850ºC.

Figure 3.9a-d illustrates the results from combustion of straw with sewage sludge ash. The ash
particles were added either batch wise from the top of the reactor or premixed with the fuel. The
presence of sewage sludge ash increased the NO emission and consequently fuel-N to NO conversion
during combustion. The influence of ash was highest when the ash was premixed with the fuel and
prepared at lower temperatures. The explanation of the effect of ash preparation temperature could
be related to physical and/or chemical differences. Consequently, the BET surface area and XRD
spectra of the different ash were determined, shown in Appendix A.8. The surface area decreased
with the severity of heat treatment due to the enhanced sintering, while the crystal structure of the ash
prepared at 550ºC was different from the higher temperature ash. These differences may explain the
lower catalytic effect of high temperature sewage sludge ash. However, while a lower surface area
conceivably reduces the propensity for reaction, a deeper investigation into the effect of the crystalline
composition of the ash on the catalytic properties should be performed. Besides ash preparation
temperature, the ash introduction method was also of importance, as premixed ash increased the NO
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emissions to a larger extent. Premixing would lead to a closer contact between the fuel and ash,
thereby facilitating the catalytic conversion of fuel-N to NO. In addition, premixing led to lower CO
emissions, which could additionally increase NO emission. This may again be attributed to the
catalytic effect of sewage sludge ash on CO oxidation [259] or to the capture of KCl by sewage sludge
ash [260,261]. Similar to the model compound study, the influence of ash on the NO emission reached
a plateau after the introduction of a certain amount of ash, which in this case was approximately 1020 g.

Figure 3.9: Effluent NO concentration (a), conversion of fuel-N to NO (b), axial temperature profile (c), and average CO
concentration (d) during fluidized bed combustion of straw and sewage sludge ash. The ash was added either batch wise
or premixed with the fuel, described in the legend. Conditions: T bed = 850ºC; λ = 1.4; λ1/ λ = 1.
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3.3.2.2 Influence of sewage sludge volatiles, char, and ash
Figure 3.10 displays the effluent NO emission against the theoretical amount of sewage sludge ash
added to the reactor during co-combustion of straw with sewage sludge and its derivatives, i.e., ash
and char. The fraction of char in the premixed fuel was calculated to ensure a constant sewage sludge
ash feeding rate during experiment (around 29 wt% d.b. of char). The combustion of straw with
sewage sludge char and ash reached steady state after the addition of approximately 10 g of sewage
sludge ash. The NO emissions were clearly higher due to the catalytic effect of ash and the oxidation
of sewage sludge char-N. In contrast to this, the NO emission during co-combustion of the two fuels
exhibited a transient behavior showing initially a low NO emission followed by an increase with the
addition of sewage sludge ash until reaching a plateau. It was therefore speculated that, at low
concentrations of sewage sludge ash in the bed, the presence of volatiles, mainly a high concentration
of NH3 based on Figure 3.5, reduced the NO emission by thermal DeNOX. With the accumulation of
ash, the NO emission increased significantly, as the ash catalyzed the formation of NO from NH3
originating from sewage sludge devolatilization. This in turn indicates that the interaction in the
nitrogen chemistry during co-combustion occurred both by homogeneous gas phase reactions and
heterogeneous gas-solid reactions. However, based on the effluent NO concentration and fuel-N to
NO conversion during co-combustion (Figure 3.7a and b), no significant interaction was observed
during straw-sunflower seed co-combustion, even though a large concentration of NH3 was measured
during sunflower seed mono-combustion. This was further investigated by determining the NO
reduction reactivity of the fuels along with measurements of the local gas composition.

Figure 3.10: NO emission from straw combustion and co-combustion of straw with sewage sludge fuel, char, and ash. In
the case of co-combustion, 50% straw and 50% sewage sludge was used. Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 1.

47

NOX emissions from fluidized bed mono- and co-combustion of biomass

3.3.2.3 NO reduction reactivity
To investigate the reduction reactivity of the fuels and thereby gain insight into the fate of NO within
the reactor, combustion experiments were performed with the introduction of NO with the primary
gas. The raw and smoothened concentration measurements of NO in the outlet are demonstrated in
Figure 3.11, along with the NO emission from combustion without external NO for comparison. The
smoothened data were determined for the stable combustion regions, found from the outlet O2 and
CO2 profiles. In the case of sunflower seed alone, the concentration of external NO was changed
during experiment. The results show that the net reduction of NO was favored, as the outlet
concentration of NO was lower than the sum of the NO introduced with the primary gas and that from
combustion. This is similarly observed in NOX minimization by flue gas recirculation, in which the
reduction product from recirculation was generally N2 with a lesser amount of N2O [227,266]. During
straw and sunflower seed combustion, the NO concentrations with and without external NO were
more or less stable. In the case of sewage sludge and straw-sewage sludge combustion with and
without external NO, the NO concentration increased with ash accumulation and time.

Figure 3.11: Effluent NO concentration during sunflower seed (a), straw (b), sewage sludge (c), and straw-sewage sludge
combustion (d) with and without the addition of external NO with the primary gas. In the case of co-combustion, 50%
straw and 50% sewage sludge was used. Note that the experiments including sewage sludge are plotted against the amount
of ash added to the reactor. Conditions: T bed = 850ºC; λ = 1.4; λ1/ λ = 1.
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The fractional reduction of the external NO (RNO) was quantified by Eq. 3.8 [227,266,267]. Here,
NOin (ppmv) is the initial concentration of NO, NOb (ppmv) is the concentration of NO formed during
combustion without external NO, and NOout (ppmv) is the concentration of NO in the effluent.
RNO =

NOin + NOb - NOout
NOin

Eq. 3.8

Figure 3.12a demonstrates RNO against time for sunflower seed and straw, and against the amount of
added sewage sludge ash for the experiments involving sewage sludge. The NO reduction reactivity
of straw and sunflower seed was stable in the steady state combustion region. Sunflower seed showed
the highest reduction reactivity, most likely due to the large concentration of NH3 during its
combustion (cf. Figure 3.5). In contrast to this, the fractional reduction of NO decreased for sewage
sludge and showed a maximum during co-combustion. Consequently, the reduction propensity was
higher in the reactor (bed and freeboard) at the early stages of combustion, i.e. lower ash content. The
relevant NO reduction mechanisms are by char, combustibles (CO and CXHY), and NH3 or other Ncontaining light gaseous species. At low concentrations of ash in the reactor, the NH3 (and possibly
HCN) may favor the reduction of NO, thereby explaining the higher reduction reactivity. With the
accumulation of ash, the light gaseous N-species are oxidized to NO under the catalysis of sewage
sludge ash. The ash could possibly also influence the concentration of combustibles, e.g. by
catalyzing oxidation reactions of CH4 and CO [259], the presence of which could affect the NO
reduction indirectly (change in thermal DeNOX) or directly (reburning mechanism). After around 40
g of ash introduced to the reactor, the fractional reduction from sewage sludge and straw-sewage
sludge combustion was similar. From Figure 3.12b, showing RNO against the NO inlet concentration
for sunflower seed combustion, RNO decreased with an increase in NO inlet concentration, suggesting
a concentration dependency of RNO. Previous studies on flue gas recirculation revealed a negligible
change in RNO for different NO inlet concentrations [227,266]. Further study is necessary to elucidate
the influence of NO concentration on RNO.

Figure 3.12: Fractional reduction of the fuels against time for sunflower seed and straw, and against sewage sludge ash
added for experiments involving sewage sludge (a). Fractional reduction of the sunflower seed against NO inlet
concentration (b). Conditions: T bed = 850ºC; λ = 1.4; λ1/ λ = 1.
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3.3.2.4 Local gas composition measurements
Figure 3.13 illustrates the NO, N2O, NH3, HNCO, and CO axial concentration profiles during
combustion of straw, sewage sludge, and straw-sewage sludge. For the co-combustion, measurements
were taken at the initial stages of combustion, corresponding to 2 – 25 g of sewage sludge ash added,
while the late measurements were taken from 40 – 80 g sewage sludge ash added. The maximum in
the NO, NH3, and CO profiles shifted with the accumulation of ash, which was previously attributed
to the increase in bed height during experiment. At low levels of ash in the reactor, a significantly
larger amount of NH3 and correspondingly lower concentration of NO were detected at the top of the
bed. With ash accumulation, the formation of NO increased due to the catalytic activity of ash, thereby
leading to higher emission of NO, comparable to that of the pure sewage sludge. Correspondingly,
the concentration of NH3 decreased along with the potential for thermal DeNOx. The effect of sewage
sludge ash accumulation on CXHY species in co-combustion are summarized in Appendix A.9 (Figure
A.22), showing that the accumulation of ash shifted the concentration profiles without significantly
altering the magnitudes. In the initial stages of co-combustion, some HNCO was detected in the
freeboard which was not present at later stages, most likely due to the catalytic effect of the sewage
sludge ash on the HNCO reactions. The N2O concentration decreased with ash accumulation, possibly
due to the increased selectivity for forming NO and the ash-catalyzed destruction of N2O (cf. Chapter
2, Section 2.3.5).
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Figure 3.13: Axial NO (a), N2O (b), NH3 (c), HNCO (d), and CO (e) profiles during fluidized bed combustion of straw,
sewage sludge, and straw-sewage sludge (50-50% d.b.). For the co-combustion, measurements were performed at the
initial stages of combustion (init, corresponding to the addition of 2-25 g of ash to the reactor) and later stages (late,
corresponding to the addition of 40-80 g of ash to the). Conditions: T bed = 850ºC; λ = 1.4; λ1/ λ = 1.
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Figure 3.14 shows the NO, N2O, NH3, HNCO, and CO axial concentration profiles during combustion
of straw, sunflower seed, and straw-sunflower seed. Based on the outlet NO measurements of strawsunflower seed co-combustion (cf. Figure 3.7a and b), it was hypothesized that no interaction
occurred during co-combustion. However, in Figure 3.14, although the NO concentration in the outlet
was close to the weighted average of the pure fuels, the concentration near the top of the bed was
significantly higher than expected. In addition, a high concentration of NH3 was observed at the top
of the bed, which conceivably interacted with the nitrogen from straw. A large reduction of the formed
NO occurred in the freeboard due to the high concentration of NH3 released from sunflower seed and
possibly due to the direct or indirect reduction by combustibles. Furthermore, the N2O emission from
co-combustion was significantly higher than that of the weighted average, additionally indicating that
an interaction effect was prominent during straw-sunflower seed combustion. No HNCO was detected
from the co-combustion, the explanation of which remains unknown. The CO concentration profiles
in Figure 3.14e as well as the profiles of major CXHY species such as CH4 and C2H4 in Appendix
A.10 from straw, sunflower seed, and straw-sunflower seed combustion were comparable.
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Figure 3.14: Axial NO (a), N2O (b), NH3 (c), HNCO, and CO (d) profiles during fluidized bed combustion of straw,
sunflower seed, and straw-sunflower seed (50-50% d.b.). Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 1.
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3.3.3

Air staged combustion of straw, sewage sludge, and their mixture

Figure 3.15a-d show the results from combustion of straw, sewage sludge, and the mixtures of these
at air staged and un-staged conditions. The average NO concentration demonstrates the changes with
time as calculated from Eq. 3.9. At air un-staged conditions, the NO concentration changed
significantly with time. In comparison, the change was much less pronounced at air staged conditions,
most likely due to the lower concentration of O2 and thereby lower importance of NO forming
reactions near the bed and freeboard. Air staging led to a significant reduction in the NO emission
and thereby conversion of fuel-N to NO. The temperature profiles from air staged and un-staged
combustion were similar, while the CO concentration in air staged combustion was slightly higher.
In both cases, a minimum in the CO concentration was observed, explained in Section 3.3.2.
k

Average NO(from 0 s to (1200∙i) s) = ∑
i=1

NO(from 0 s to (1200∙i) s)
1200∙i + 1

Eq. 3.9

Figure 3.15: Averaged effluent NO concentration (a), conversion of fuel-N to NO (b), axial temperature profile (c), and
averaged effluent CO concentration (d) during combustion of straw, sewage sludge, and mixtures at staged and un-staged
conditions. Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 0.5 and 1.
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3.3.3.1 Local gas composition measurements
The NO, N2O, NH3, HNCO, and CO axial concentration profiles during combustion of straw and
straw-sewage sludge are depicted in Figure 3.16 and Figure 3.17, respectively, at air staged and unstaged conditions. The results indicate that the trends in both experiments were comparable. As the
bottom section of the fluidized bed was kept under reducing conditions, the CO concentration was
generally higher, while the NO concentration lower. The NH3 and HNCO concentrations were higher
at air staged conditions near the bed in consequence of the lower concentration of O2. At the
conditions of low O2 and high H2O concentrations, any formed HCN may additionally be hydrolyzed
to NH3 [183]. The high NH3 and HNCO, and low O2 concentrations in turn favored the reduction of
NO over formation, leading to a lower concentration of NO in the effluent. While N2O was lower at
air staged conditions below the fuel inlet, the introduction of secondary air resulted in a negligible
change in the outlet concentration. Similar trends were observed for sewage sludge combustion,
demonstrated in Appendix A.11 (Figure A.26). In addition, the CXHY and CH2O profiles from air
staged and un-staged combustion of straw and sewage sludge are shown in Appendix A.12, showing
that the trends in the combustibles were similar to that of CO, i.e. generally higher in the reduction
zone.
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Figure 3.16: Axial NO (a), N2O (b), NH3 (c), HNCO (d), and CO (e) profiles during air staged and un-staged fluidized
bed combustion of straw. Conditions: T bed = 850ºC; λ = 1.4; λ1/ λ = 1 and 0.5.
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Figure 3.17: Axial NO (a), N2O (b), NH3 (c), HNCO (d), and CO (e) profiles during air staged and un-staged fluidized
bed combustion of straw-sewage sludge (50-50% d.b.). Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 1 and 0.5. For the unstaged co-combustion, measurements were performed at the initial stages of combustion (init, corresponding to the
addition of 2-25 g of ash to the reactor) and later stages (late, corresponding to the addition of 40-80 g of ash to the).
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3.4

Conclusions

In combustion of pine wood, beech wood, straw, sunflower husk, sewage sludge, and sunflower seed,
the fuel-N to NO conversion decreased with an increase in fuel-N content, attributed to the larger
release of nitrogen species (NH3) thereby facilitating NO reduction by thermal DeNOX.
A synergy effect was observed from the effluent NO concentration in straw-sewage sludge
combustion, showing that the NO emission was higher than the weighted values. This was primarily
caused by the promotional effect of sewage sludge ash on NO formation from NH3 and HCN. The
selectivity and reactivity of the ash towards NO formation increased with lower ash preparation
temperature and a better mixing of ash with straw. This was attributed to the higher surface area of
the low temperature ash and possibly to differences in the crystal composition as determined by XRD.
The NO emission from straw-sewage sludge combustion changed with time and ash accumulation.
In the initial stages of combustion, the NH3 released by sewage sludge reduced the NO emission,
while at higher concentration of ash in the bed, the NH3 was predominantly oxidized to NO. In the
case of straw-sunflower seed combustion, although the effluent data did not reveal an interaction
between the fuels, the local concentration measurements showed a synergy effect during combustion.
Air-staging significantly reduced the NO emissions from mono- and co-combustion. In addition, the
interaction effect between straw-sewage sludge was less pronounced at air staged conditions. This
was attributed to the lower concentration of O2 near the bed and thereby lower importance of NO
forming reactions.
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Abstract: The nitrogen conversion behavior of pine wood, beech wood, straw, sunflower husk,
sewage sludge, and sunflower seed was investigated by batch fluidized bed combustion and compared
to results obtained from continuous combustion. In addition, the influence of ash forming elements,
herein especially KCl, KOH, K2CO3, and KCl/K2CO3, on the NO emission was investigated during
continuous combustion. Moreover, the effect of air staging (primary to total air ratio (λ1/λ) from 0 to
1), temperature, type of bed material (CaO and kaolin), and gas phase composition (N2 or CO2) on
the NO emission was examined. The fuel-N to NO conversion decreased with increasing fuel-N
content and was lower in continuous combustion compared to batch combustion. Volatile-NO was
generally the major contributor (45-75%) to NOX emissions. Washing off ash forming elements from
straw increased the fuel-N to NO conversion and decreased CO emission. KCl and KOH doping the
washed straw increased CO emission, while lowering fuel-N to NO conversion. K2CO3 doping had a
negligible effect on the fuel-N to NO conversion, while it increased CO emission. Compared to pine
wood, KCl-doped pine wood increased the CO emission and did not change the fuel-N to NO
conversion considerably. Batch addition of KCl during straw combustion led to increased CO and
decreased NO emissions, which were more pronounced at air staged (λ1/λ = 0.04) compared to unstaged (λ1/λ = 1) conditions. The combustion of straw and sunflower husk showed a minimum in the
NO emission and fuel-N to NO conversion in the range of λ1/λ = 0.5-0.75. Increasing temperature
increased the fuel-N to NO conversion for straw, while for KCl-doped washed straw, the fuel-N to
NO conversion increased and levelled off, explained by the inverse trend in CO. Furthermore, the
fuel-N to NO conversion and CO emission were unaffected by replacing the bed partially with kaolin
and CaO, or complete by CaO at λ1/λ = 1, or by changing the primary gas from N2 to CO2 at λ1/λ = 0
and 0.04 during straw combustion

4.1

Introduction

NO emission from fluidized bed combustion is influenced by the fuel properties and operating
conditions, summarized in Chapter 2, Section 2.4.1 and 2.4.2. Knowledge on the nitrogen chemistry
during solid fuel combustion, i.e. fuel-N to NO conversion, and volatile- and char-NO contribution,
is important for developing strategies for NOX minimization. The existing studies typically involve a
clear distinction of volatile and char combustion, and are predominantly performed for single particles
or a narrow particle size range [84,95,172,174]. However, biomass used in fluidized bed combustors
has a wide particle size range [9]. Insight into the conversion of biomass-N to NO and the relative
contribution of volatile- and char-NO for a particle size distribution is desired.
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Several studies have compared the combustion of raw and washed biomass [268–272]. These were
mainly focused on the agglomeration and deposition behaviour. However, ash forming elements may
affect the fuel-N conversion by interacting with gaseous species, or by changing the pyrolysis
behaviour and char reactivity (cf. Chapter 2). The influence of ash forming elements on the nitrogen
behaviour is predominantly studied under well controlled conditions (cf. Chapter 2, Section 2.4.1.3).
Consequently, information from fluidized bed combustion of biomass is scarce.
In terms of operating conditions, no consensus exists on the importance of the bed temperature (cf.
Chapter 2, Section 2.4.2.2). Moreover, alternative bed material and changing gas phase composition
contain unexplored areas in terms of NO emission. While air staging has shown to be an effective
technique for reducing NO emission [213,222,273–275], studies generally do not investigate
secondary air ratios above 50%.
This study summarizes the results of an experimental study on the influence of fuel properties and
operating conditions on NOX emissions. Fundamental knowledge on the batch combustion behavior
(fuel-N to NO conversion, and volatile- and char-NO contribution) of a particle size range of biomass
was obtained using a methodology inspired by Konttinen et al. [172]. Moreover, the influence of ash
forming elements was investigated by continuous combustion of straw, washed straw, pine wood,
and potassium (KCl, KOH, K2CO3, and KCl/ K2CO3) doped pine wood and washed straw. In addition,
the influence of temperature, air staging, type of bed material, and gas phase composition on the NO
emission was examined during fluidized bed combustion of biomass.

4.2

Experimental section

Continuous and batch fluidized bed combustion of biomass was performed in the reactor described
in Chapter 3, Section 3.2.3. The NO2 concentration was insignificant in the continuous combustion
experiments and was therefore not further investigated.
4.2.1

Fuels and their pre-treatment

The chemical composition and size range of the biomass used in the batch combustion experiments
(pine wood, beech wood, straw, sunflower husk, sewage sludge, and sunflower seed) were shown in
Table 3.1 (Chapter 3, Section 3.2.1).
Washing and K-doping of biomass were performed as described in [254]. Straw was washed with
water in a pilot scale mixer using 20 mL water per gram of straw. The straw-water slurry was mixed
for 24 h, after which the water was removed and the remaining straw filtered. The washed straw was
dried in a vacuum oven for 24 h at 105ºC. After drying, the washed straw was sieved to a size range
of 0.6-4 mm. Pine wood and washed straw were doped with KCl, KOH, K2CO3, and KCl/K2CO3 with
a purity exceeding 99.9%. For water washed straw, it was assumed that 90% of the K was washed off
and a similar amount of K was compensated for by the K model compounds. For pine wood, the
amount of K model compound added was similar as in the case of washed straw. K-doping was
performed by mixing model compounds with 4-6 g of water per gram of biomass, thereby forming a
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slurry, which was stirred for 24 h. Subsequently, the doped biomass was dried at 70ºC for 24 h
followed by 105ºC for 24 h and sieved to a size range of 0.6-4 mm. The chemical composition of the
pine wood, straw, washed straw, and KCl doped pine wood and washed straw, determined by ICPOES, are summarized in Table 4.1. The K-content of the KCl-doped fuels were reasonably close to
the raw straw. Similarly, the K-content of the K2CO3 and KOH doped pine wood and washed straw
were assumed to be in a similar range as the raw straw.
Table 4.1: Chemical composition of pine wood, straw, water washed straw, and KCl-doped pine wood and washed straw.
Unit

Pine wood

% wb

7.1

VM

KCl-doped

KCl-doped washed

Straw

Washed straw

0.9

12.5

4.0

5.0

85.6

79.0

76.5

81.2

77.9

Ash

0.43

1.9

4.6

3.3

3.8

C

49.5

49.8

48.7

47.1

47.0

H

6.1

6.1

5.8

5.9

5.7

<0.1

0.1

0.69

0.6

0.5

S

0.006

< 0.005

0.08

0.042

0.046

Cl

0.02

0.66

0.18

0.021

0.58

O

43.8

42.1

40.0

43.1

42.8

Al

90

11

230

180

150

Ca

950

770

3600

3700

3500

Fe

53

12

180

130

110

507

8300

8000

990

7700

94

130

630

530

500

Na

15

57

280

230

210

P

35

25

750

320

300

Si

299

57

11000

9500

8900

Ti

-

<3

17

13

10

Moisture

N

% db

K
Mg

4.2.2

mg/kg db

pine wood

straw

Batch combustion of a particle size range of biomass

Batch combustion experiments of the raw biomass were performed using the methodology illustrated
in Figure 4.1, inspired by the work of Konttinen et al. [172]. The bed was fluidized by N2 (6.2
NL/min), while air (10.1 NL/min) and N2 (0.6 NL/min) were fed through the fuel feeding tube.
Biomass (300-400 mg) was introduced to the pre-heated reactor at a stable O2 outlet concentration
(~12.5%). After biomass introduction, volatile combustion took place until the O2 concentration
reached its initial value. At this point, the introduction of air through the feeding tube was stopped
and the concentration of O2 in the outlet was monitored. When the O2 outlet concentration was below
around 0.5%, air was fed with the fluidizing gas, thereby commencing char combustion. The outlet
concentrations of CO, CO2, O2, and NO (NGA2000, Fischer-Rosemount), and NO2 (Eco Physics
CLD 700 EL) were monitored with a sampling frequency of 0.5 Hz. The carbon closures, calculated
from the outlet CO and CO2 concentrations, ranged from 85-110% indicating a sufficient closure of
the material balance of the system.
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To gas conditioning and
analyzers

Air – 10.1 NL/min (only during vol. combustion)
N2 – 0.6 NL/min

N2
6.2 NL/min

Feeding tube
Fluidized bed

Fluidizing gas

Vent

Air (only during char combustion)
10.1 NL/min

Figure 4.1: Setup of the batch combustion experiments.

Figure 4.2 depicts the axial temperature profile in the reactor without combustion at the conditions
used in volatile and char combustion. For comparison, the temperature profile from continuous straw
combustion is additionally shown, revealing that the profiles during volatile and char combustion
were comparable to the continuous experiment. Optimally, the temperature profiles during volatile
and char combustion would be similar and constant until the point of the last heating element, i.e.
around 45 cm above the air distributor. However, the temperature in the freeboard during volatile
combustion was lower, thereby slightly distorting the temperature at which volatile and char
combustion occured. In future work, this should be optimized by varying the extent of external
heating and by using pure O2 to lower the total flow rate from the feeding tube.
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Figure 4.2: Axial temperature profile during volatile and char combustion configurations. For comparison, the profile
from continuous straw combustion is additionally shown. The measurements were obtained without biomass introduction.

Figure 4.3 demonstrates the outlet concentrations of CO, CO2, O2, NO, and NO2 from batch
combustion of sunflower seed. The volatile and char combustion stages are separated by the dashed
black line, showing a clear distinction between these two stages. The time difference between the
onset of char combustion and the corresponding change in gas composition was caused by the delay
in the gas analysis system. The outlet O2 concentration did not decrease considerably during volatile
combustion, indicating that the overall conditions in the reactor were oxidizing. However, some CO
was formed during volatile combustion, which may be due to inadequate mixing and/or gas residence
time, i.e. local redox conditions. Some NO2 was measured in sunflower seed combustion, most likely
formed in the gas analysis system downstream of the reactor. As high-nitrogen fuels release more NO
and low-nitrogen fuels are sensitive towards small changes in NOX concentration, the presence of
NO2 may be important for these two extremes.

Figure 4.3: CO, CO2, O2 (a), NO, and NO2 (b) concentration profiles during batch combustion of sunflower seed (323
mg). The separation between volatile and char combustion is illustrated by the dashed black line.
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4.3

Results and discussion

4.3.1

Batch combustion of biomass

Figure 4.4 demonstrates the conversion of fuel-N to NOX from batch and continuous fluidized bed
combustion of biomass. The data from continuous combustion were described in Chapter 3, Section
3.3.1. The results show that the conversion of fuel-N to NOX decreased with an increase in fuel-N
content, explained by the higher concentration of N-intermediates released from high-nitrogen
biomass, thereby leading to a larger reduction of NO [172]. The trends observed for batch combustion
of biomass particles seem to resemble the data from single particle combustion studies [172,174]. In
addition, the fuel-N to NO conversion was slightly higher during batch combustion compared to
continuous combustion. As the temperature in the reactor during volatile and char combustion were
comparable to the continuous experiments, the explanation for higher fuel-N to NOX conversion is
possibly due to more oxidizing conditions in the reactor during batch combustion, thereby
suppressing the reduction of NO.

Figure 4.4: Fuel-N to NOX conversion from batch and continuous combustion of biomass. The continuous combustion
data were described in Chapter 3, Section 3.3.1. Conditions during continuous combustion: Conditions: T bed = 850ºC; λ
= 1.4; λ1/ λ = 1.
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Figure 4.5 summarizes the relative contribution of volatile and char combustion to the total NO (a)
and carbon (b). The volatile-NO contribution ranged from 45-75% for the investigated biomass. This
indicates that volatile-NO was generally the major contributor to NOX at temperatures relevant to
fluidized bed combustion. However, char-NO may be of significance as well, as in the case of beech
wood, showing that 55% of the NO was formed during char combustion. In contrast to this, most of
the carbon was released during volatile combustion for all of the fuels, similar to single particle
combustion studies [95,174].

Figure 4.5: Relative contribution of volatile- and char-NO (a) and carbon partitioning between volatile and char (b).
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4.3.2

Influence of ash forming elements on NO and CO emission

Figure 4.6 depicts the results from fluidized bed combustion of raw, washed, and K-doped washed
straw, and raw and K-doped pine wood. Of the straw fuels, the conversion of fuel-N to NO was lowest
for raw straw and highest for washed straw. KCl and KOH doping of washed straw decreased the
fuel-N to NO conversion and increased the average CO emission. K2CO3 doping did not alter the
fuel-N to NO conversion significantly, while also increasing the CO emission. For the pine wood, all
K-compounds had a lesser effect on the fuel-N to NO conversion. The CO emission from KCl doped
pine wood combustion was higher than the raw pine wood. However, caution must be taken when
interpreting the presented results, as the axial temperature profiles were affected by the pre-treatment.
A higher temperature near the fuel inlet was prominent for washed and KCl doped washed straw, due
to the sticking of fuel particles to the reactor walls, which was confirmed visually. The influence of
KCl on the combustion chemistry is further investigated in the following section.

Figure 4.6: Fuel-N to NO conversion (a) and average CO concentration (b) during fluidized bed combustion of raw,
washed, and K-doped washed straw, and raw and K-doped pine wood. Axial temperature profile (c) during combustion
of raw, washed, and K-doped straw. Conditions: T bed = 850ºC; λ = 1.4; λ1/ λ = 1.
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4.3.2.1 Impact of KCl on NO emission
During continuous straw combustion at two different air staging configurations, 1.07 g of KCl (180355 µm) was dropped into the reactor from the top. The effluent NO and CO concentrations are shown
in Figure 4.7. When all the air was introduced as primary gas (λ1/λ = 1), the CO concentration slightly
increased and the NO concentration was unaffected by the addition of KCl. The influence of KCl was
more pronounced when employing air staging. At λ1/λ of 0.04, a significant increase in CO and
decrease in NO was observed. Studies under well controlled conditions show that alkali metals could
inhibit CO oxidation at reducing and to some extent at oxidizing conditions by radical recombination
[171]. The inhibitory effect of KCl on CO oxidation at reducing conditions increased and levelled off
with increasing KCl concentration [191]. The radical recombination effect of alkali species may
additionally affect the nitrogen chemistry depending on the radical levels [147,152]. Projecting these
results to those obtained in Figure 4.7 indicates that the CO oxidation was inhibited as KCl lowered
the radical concentration in the reactor. The change in nitrogen combustion chemistry by radical
recombination and the stronger reducing conditions caused a reduction in NO outlet concentration
from KCl addition.

Figure 4.7: NO and CO effluent concentrations during straw combustion with batch addition of KCl at two air staging
conditions, λ1/λ = 1.0 (a) and 0.04 (b). Conditions: T bed = 850ºC; λ = 1.4; λ1/ λ = 1 (a) and 0.04 (b).
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4.3.3

Influence of air staging and temperature on NO emission

Figure 4.8 depicts the averaged effluent CO concentration (a) during straw and sunflower seed
combustion, and the axial temperature profile (b) during straw combustion at different air staging
configurations. The CO concentration of straw exhibited a maximum, while no clear trend was
observed in sunflower husk combustion. Previous studies show that the CO concentration generally
increases with higher secondary air ratio in consequence of the lower gas residence time in the
oxidizing zone [222]. However, this may not always be the case as the CO concentration is a complex
function of residence time, temperature, and excess air ratio in the reducing and oxidizing zones
[213,234,274]. In addition, deviations in the feeding rate during and between experiments may
influence the CO emission. The axial temperature profiles were comparable for λ1/λ = 0.5-1.0. At λ1/λ
< 0.5, the temperature near the fuel inlet increased as a larger extent of combustion occurred around
this point.

Figure 4.8: Averaged effluent CO concentration (a) during steady state combustion of straw and sunflower husk at
different air staging configurations. Axial temperature profile during steady state straw combustion at different air staging
configurations (b).

Figure 4.9 illustrates the averaged NO concentration (a) and fuel-N to NO conversion (b) during straw
and sunflower husk combustion at different air staging configurations. The averaged NO
concentrations were obtained from the steady state combustion region. In the case of λ1/λ = 0 and
0.04, a considerable amount of char-N accumulated in the bed. Consequently, the fuel-N to NO
conversion for these cases included the char-N combustion after the fuel feeding was stopped. The
averaged NO concentration and fuel-N to NO conversion exhibited minima for both straw and
sunflower husk combustion at λ1/λ = 0.5-0.75. Air staging has been shown to be an efficient way of
reducing NO emission in different combustors [213,222,273–275], some of which report the
existence of an optimum secondary air ratio [222,235]. Studies on air staging rarely examine the
extreme cases below λ1/λ < 0.5. The results here indicate that the NO emission and fuel-N to NO
conversion would increase when operating under these extreme cases, the reasoning of which requires
further study.
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Figure 4.9: Averaged effluent NO concentration (a) and fuel-N to NO conversion (b) during continuous combustion of
straw and sunflower husk at different air staging configurations. The averaged NO concentrations were obtained during
steady combustion, while the fuel-N to NO conversion for λ1/λ = 0 and 0.04 included the char combustion after the fuel
feeding was stopped. Conditions: T bed = 850ºC; λ = 1.4; λ1/ λ = 0-1.

Figure 4.10 shows the impact of bed temperature on the fuel-N to NO conversion (a) and averaged
CO concentration (b) during fluidized bed combustion of straw and KCl-doped washed straw. For
raw straw, the fuel-N to NO exhibited a slight increasing trend in the investigated temperature range.
In the case of KCl doped washed straw, the fuel-N to NO conversion increased significantly from
650 to 770°C, while the difference from 810 to 850°C was negligible. The reasoning for this may be
explained by the CO concentration, showing a large decrease from 650 to 770°C, while the difference
from 810 to 850°C was less pronounced. Previous studies indicate similarly that NO emission
increased or was unchanged by an increase in temperature (cf. Chapter 2, Section 2.4.2.2).

Figure 4.10: Fuel-N to NO conversion (a) and averaged effluent CO concentration (b) during combustion of straw and
KCl doped washed straw at different bed temperatures. Conditions: Tbed = 650, 770, 810, and 850ºC; λ = 1.4; λ1/ λ = 1.
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The temperature profiles from fluid bed combustion at different bed temperatures are illustrated in
Figure 4.11. The temperature profiles below the fuel inlet were different, whereas the profiles above
the fuel inlet were similar, due to safety issues caused by high CO concentrations. The temperature
profile of the KCl doped straw was different below 850°C as less biomass stuck to the sides of the
reactor, presumably related to the melting point of KCl, 771ºC [254].

Figure 4.11: Axial temperature profile during combustion of straw and KCl doped washed straw at different bed
temperatures (Tb). Conditions: Tbed = 650, 770, 810, and 850ºC; λ = 1.4; λ1/ λ = 1.
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Influence of bed material and gas atmosphere on NO emission

The influence of bed material on the NO emission was investigated by partially or completely
replacing the silica sand bed with kaolin or CaO. The resulting fuel-N to NO conversion (a) and
averaged effluent CO concentration (b) are demonstrated in Figure 4.12. While Ca has been shown
to increase fuel-N to NO conversion in fluid bed combustion (cf. Chapter 2, Section 2.4.1.3), the
change in fuel-N to NO conversion with the addition of CaO to the bed was negligible. This may be
explained by the lower importance of the bed chemistry as most of the combustion occurred above
the bed during straw combustion (cf. Chapter 3, Section 3.3.1.1). In addition, kaolin did not alter the
fuel-N to NO conversion significantly. The influence of the bed material on the CO emission was
also negligible with the only exception being for 10%CaO-90%SiO2. Here a slightly higher CO
emission was observed, presumably due to a comparatively higher fuel feeding rate. The temperature
profiles from the different experiments were comparable, demonstrated in Appendix B.1 (Figure B.1).

Figure 4.12: Fuel-N to NO conversion (a) and averaged effluent CO concentration (b) during combustion of straw with
different bed material. The base case employed 100% silica sand. Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 1.

To investigate the influence of gas composition, the balance gas of the primary gas was changed
between N2 and CO2 at λ1/λ = 0 and 0.04. This means that at λ1/λ = 0 and 0.04, besides the necessary
amount of air, either N2 or CO2 was fed as primary gas, thereby forming CO2/O2/N2 or O2/N2 systems.
The fuel-N to NO conversion and averaged effluent CO concertation are demonstrated in Figure 4.13.
A slightly lower fuel-N to NO conversion may be possible when using CO2 at λ1/λ = 0; however, the
difference was small. In addition, no significant change was observed in the effluent CO
concentration in the two systems. A high concentration of CO2 may affect both the volatile- and charN oxidation chemistry (cf. Chapter 2, Section 2.4.2.3). However, based on the conditions and results
in this study, no obvious change was observed. The temperature profiles from the combustion tests
at λ1/λ = 0 were comparable, demonstrated in Appendix B.1 (Figure B.2).
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Figure 4.13: Fuel-N to NO conversion (a) and averaged effluent CO concentration (b) during combustion of straw with
different primary gas composition at air staged conditions. Conditions: T bed = 850ºC; λ = 1.4; λ1/ λ = 0 and 0.04.

72

4.4

4.4

Conclusions

Conclusions

The fuel-N to NO conversion decreased with an increase in fuel-N content during batch and
continuous fluidized bed combustion of biomass particles with size ranges from 0.5-4 mm. The fuelN to NO conversion was higher in the batch combustion experiments, due to the more oxidizing
conditions. While volatile-NO (45-75%) was the major contributor for most biomass, char-NO could
be of significance for some biomass. For beech wood, up to 55% of the NO was formed during char
combustion.
The fuel-N to NO conversion increased and the averaged CO emission decreased when combusting
washed straw. Doping washed straw with KCl, KOH, and K2CO3 increased CO emission. KCl and
KOH doping decreased the fuel-N to NO conversion, while K2CO3 doping did not alter the fuel-N to
NO conversion significantly. Compared to raw pine wood, KCl-doped pine wood significantly
increased the CO emission, while having a negligible influence on the fuel-N to NO conversion. The
effect of KCl on the CO and NO emissions was more pronounced during air staged (λ1/λ = 0.04)
compared to un-staged (λ1/λ = 1) combustion. Batch addition of KCl during straw combustion at air
staged conditions resulted in increased CO and decreased NO emissions, presumably due to the
reduction of the radical concentration by recombination reactions.
By varying the primary air ratio (λ1/λ) from 0 to 1, a minimum was observed for the NO emission
and fuel-N to NO conversion during straw and sunflower husk combustion at λ1/λ = 0.5-0.75. The
CO concentration from straw combustion exhibited a maximum at λ1/λ = 0.75, while no clear trend
was observed for the CO concentration from sunflower husk combustion at the investigated
conditions. Moreover, the fuel-N to NO conversion increased with temperature during straw
combustion. For KCl-doped washed straw, the fuel-N to NO conversion increased first then levelled
off with increasing temperature, explained by the inverse trend in the CO emission.
Replacing the bed partly with kaolin and CaO, or completely by CaO resulted in a negligible effect
on the fuel-N to NO conversion and CO emission during straw combustion. In addition, changing the
primary gas from N2 to CO2 had a negligible effect on the fuel-N to NO conversion and CO emission
at λ1/λ = 0 and 0.04.
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Abstract: The influence of additives on NOX emissions and bed agglomeration was investigated
during continuous fluidized bed combustion of straw. The investigated additives included CaO,
kaolin, MgCO3, coal fly ash, clay, (NH4)2Fe(SO4)2, NH4Fe(SO4)2, (NH4)2SO4, NH4MgPO4,
AlNH4(SO4)2, (NH4)2HPO4, (NH4)3[Fe(C2O4)3], and urea. The most effective additives were
additionally employed in air staged straw combustion and un-staged sunflower husk combustion.
Moreover, the influence of (NH4)2SO4 particle size (<35 µm and <106 µm) and introduction method
(batch addition or premixing with fuel) was investigated during straw combustion, while the effect of
ash accumulation and bed agglomeration was studied during sunflower husk combustion. The results
show that kaolin, CaO, MgCO3, (NH4)2Fe(SO4)2, NH4Fe(SO4)2, AlNH4(SO4)2, and NH4MgPO4
prevented defluidization during straw combustion. Of these, AlNH4(SO4)2, and NH4MgPO4 reduced
the fuel-N to NO conversion by 40%. The mechanism of reduction was related to the facilitation of
thermal DeNOX reactions by introduction of NH3-releasing additives. However, the NH-based
additives resulted in higher emissions of N2O. The combustion behavior of straw was unaffected by
the presence of additives, demonstrated by local CO concentration and temperature measurements.
The larger particle size range of (NH4)2SO4 increased the time before defluidization, while slightly
increasing NO and lowering N2O emissions, related to the different decomposition locations of
(NH4)2SO4. Larger particles tended to drop to the bed, while smaller particles would be elutriated
and/or decompose upon introduction to the reactor. Moreover, no significant differences in the fuelN to NO conversion and defluidization tendency were observed between the two additive introduction
methods, possibly caused by differences in the release mechanism and location of (NH4)2SO4. Air
staging resulted in a 40% reduction of the fuel-N to NO conversion during straw combustion. The
use of NH4MgPO4 and AlNH4(SO4)2 under air staged conditions increased the NO emission slightly.
This was predominantly caused by the combustion of NH3 by the secondary air jet. In the case of unstaged sunflower husk combustion, NH4MgPO4 and AlNH4(SO4)2 prevented defluidization, while
reducing the conversion of fuel-N to NO by 30%. The behavior of the additives during sunflower
husk combustion was similar to that of straw. The accumulation of ash increased NO and decreased
NH3 above the bed. This was related to the poorer mixing as the bed approached defluidization and
to the catalytic effect of ash forming elements on the oxidation of NH3 to NO.
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5.1

Introduction

Two major operational issues in fluidized combustion of biomass are bed defluidization and increased
NOX emissions. The mechanisms of NOX formation in fluidized bed combustion were described in
Section 2.3. Bed agglomeration is generally caused by the interaction between the ash forming
elements and bed material, leading to the formation of a molten viscous glassy phase such as Ksilicates on bed particles. This sticky molten phase increases the propensity of bed particles to stick
and form agglomerates, which ultimately leads to bed defluidization [276]. Measures for NOX
reduction were summarized in Section 2.5, while countermeasures against bed agglomeration include
the use of alternative bed materials [276–278], additives [279,280], co-combustion [276,281], and
biomass pre-treatment [269,282]. Techniques for overcoming these two issues mainly target each
area independently. Hence, alternative methods aiming at reducing both NOX emissions and bed
agglomeration have, to the knowledge of the authors, not been studied.
This study investigates the impact of additives on NOX emissions and bed agglomeration during
fluidized bed combustion of straw. The additives are summarized in Figure 5.1 in three categories
based on their hypothesized impact; de-agglomeration, de-NOX, and multifunctional. The influence
of additive particle size and additive introduction method was additionally examined in the case of
(NH4)2SO4. Selected additives were also used in air staged straw and un-staged sunflower husk
combustion. Moreover, the impact of ash accumulation on NOX emissions was investigated during
un-staged sunflower husk combustion, as the defluidization time was longer for this fuel than for
straw, which allowed measurements at the initial and later stages of combustion. While overall results
of the influence of additives on bed agglomeration are presented in the following sections, the focal
point of this work is on the NOX emissions. A more thorough examination of the effect of kaolin,
CaO, MgCO3, clay, coal fly ash, and (NH4)2SO4 addition on bed agglomeration can be found in [254].
De-agglomeration

Multifunctional

CaO
Kaolin

(NH4)2Fe(SO4)2
(NH4)2SO4

MgCO3

De-NOX

NH4Fe(SO4)2
NH4MgPO4
AlNH4(SO4)2

(NH4)2HPO4

Urea

Coal fly ash
Clay

(NH4)3[Fe(C2O4)3]

Figure 5.1: Illustration showing the three classes of additives employed in this study; de-agglomeration, de-NOX, and
multifunctional.
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Experimental section

The chemical composition of the investigated biomass, wheat straw and sunflower husk, was shown
in Table 3.1 in Section 3.2.1. The biomass particles were grinded and sieved to a size range of 0.6-4
mm to minimize fuel particle elutriation and ensure continuous feeding. Silica sand was used as bed
material in the fluidized bed (D50 273 µm, Geldart B). The particle size and crystalline phases of the
additives are demonstrated in Table 5.1. Some of the additives were used as received, explaining the
small differences in the used size ranges. Generally, smaller particles were chosen to ensure adequate
adhesion to the biomass particles. Two different particle sizes (<35 and <106 µm) and additive
introduction methods (batch addition or premixed with fuel) of (NH4)2SO4 were investigated. The
chemical composition of the additives are summarized in Table 5.2. All the compositional data for
the de-agglomeration additives were extracted from [254]. Prior to combustion experiments, the
additives were mixed with the fuel using a rotational mixer. For the de-agglomeration additives
approximately 4.7 g additive was added per 100 g of biomass based on the potassium capture
capability of kaolin [261,283]. For the additives with NH-functionality, the NH3/fuel-N molar ratio
was kept at 1.5. It was assumed that the one mol of NH4 or urea released one mol of NH3 [262].
Table 5.1: Particle size and crystalline phases of the additives. a: determined by XRD [254], b: determined from label.
Additive

Particle size [µm]

Crystalline phases

< 85

Al2Si2O5(OH)4, SiO2

< 32

2Al2O3·SiO2, SiO2

< 35

CaCO3, SiO2, Al2SiO5

< 25

MgCO3, MgO

< 50

CaO

< 35 and < 106

(NH4)2SO4

< 106

(NH4)2HPO4

< 106

(NH4)2Fe(SO4)2·6 H2O

NH4Fe(SO4)2 b

< 106

NH4Fe(SO4)2·12 H2O

NH4MgPO4 b

< 106

NH4MgPO4·6 H2O

< 106

AlNH4(SO4)2·12 H2O

(NH4)3[Fe(C2O4)3] b

< 106

(NH4)3[Fe(C2O4)3]·3 H2O

Urea b

< 106

CH4N2O

Kaolin

a

Coal fly ash

a

Clay a
MgCO3
CaO

a

a

(NH4)2SO4 a
(NH4)2HPO4

b

(NH4)2Fe(SO4)2

AlNH4(SO4)2

b

b

77

Additives against NOX emissions and bed agglomeration

Table 5.2: Chemical composition of the additives. a: oxygen determined by calculation while remaining elements from
ICP-OES [254], b: calculated from the crystalline structure in Table 5.1.
wt% d.b.
Additives

O

Si

Al

Fe

Ca

Mg

Na

K

P

S

N

Kaolin a

56.9

22.0

19.0

0.47

0.10

0.14

0.10

1.10

0.05

0.02

-

Coal fly ash a

46.6

22.0

14.0

2.90

4.50

0.97

0.27

0.87

0.64

0.26

-

54.4

28.0

4.2

1.8

8.4

0.45

0.84

1.9

0.05

-

-

50.3

-

-

-

-

41.1

-

-

-

-

-

31.0

-

-

-

69.0

-

-

-

-

-

-

48.5

-

-

-

-

-

-

-

-

24.2

27.3

48.5

-

-

-

-

-

-

-

23.5

-

21.2

Clay

a

MgCO3
CaO

a

a

(NH4)2SO4

a

(NH4)2HPO4

b

(NH4)2Fe(SO4)2

b

57.1

-

-

14.2

-

-

-

-

-

16.4

7.1

NH4Fe(SO4)2 b

66.4

-

-

11.2

-

-

-

-

-

13.3

2.9

NH4MgPO4 b

65.2

-

-

-

-

9.9

-

-

12.6

AlNH4(SO4)2 b

70.6

-

6.0

-

-

-

-

-

-

14.1

3.1

(NH4)3[Fe(C2O4)3] b

56.1

-

-

13.0

-

-

-

-

-

-

9.8

Urea b

26.6

-

-

-

-

-

-

-

-

-

46.6

5.2.2

5.7

Fluidized bed combustion of biomass and additives

Continuous fluidized bed combustion experiments were performed in the reactor described in Chapter
3, Section 3.2.3. As NO2 was not detected in significant amounts, this was not further considered.
The experimental procedure was similar to that described in Chapter 3, Section 3.2.4. 0.5 kg of silica
sand (10 cm static bed height) was used in each test. The temperature in the bed was kept at 850ºC
and two different air staging configurations (λ1/λ = 0.5 and 1) were examined for selected cases.
Continuous combustion experiments were performed until the point of defluidization or until all the
prepared fuel was burned out (0.3 kg for straw and 0.5 kg for sunflower husk). Stable combustion
was achieved in most cases, observed from the temperature measurements, and O2 and CO2 effluent
concentrations. However, the adhesion force of the additives complicated the fuel feeding. In one
case (sunflower husk-NH4Al(SO4)2), this led to pipe blockage and premature stop of the experiment.
The repeatability of the straw-(NH4)2SO4 combustion was examined showing a reasonable
repeatability (Appendix C.1).
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Thermogravimetric analyses (TGA) of additives

The decomposition of additives was investigated in a thermogravimetric analyzer (NETZSCH STA
449 F1). Approximately 2.5 mg of sample was heated from ambient temperature to 40 ºC and kept
there for 20 min to remove moisture. A relative low temperature was chosen to remove moisture to
avoid thermal decomposition of the additives. Following this, the sample was heated at 5 ºC/min to
1100 ºC. All the additives were tested under inert conditions (50 NmL/min of N2). Additionally, the
influence of (NH4)2SO4 particle size on the mass loss behavior was investigated, while the effect of
O2 (20%) was examined for NH4MgPO4 and AlNH4(SO4)2. The gaseous decomposition products
were characterized during NH4MgPO4 and AlNH4(SO4)2 decomposition in inert and oxidizing
atmospheres by mass spectrometry.
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Results and discussion

5.3.1

TGA results

Figure 5.2a-d summarize the weight loss data from TGA of the additives. The decomposition onset
temperature varied for the additives, from around 70ºC for (NH4)3[Fe(C2O4)3] and AlNH4(SO4)2 to
around 250ºC for (NH4)2SO4. Several of the additives exhibited plateaus indicating the formation of
decomposition byproducts. From Figure 5.2c and d, the results show that the particle size and gas
atmosphere were insignificant for the weight loss. In the case of NH4MgPO4 and AlNH4(SO4)2, the
decomposition products from TG experiments were analyzed by mass spectrometry, demonstrated in
Appendix C.2. These show that the nitrogen in the additives were predominantly released as NH3
with and without the presence of air. In addition, some NO and N2O was observed for AlNH4(SO4)2
under oxidizing conditions.

Figure 5.2: Weight loss data from TGA of additives in inert (a,b) atmosphere. Weight loss data from TGA of two different
sizes of (NH4)2SO4 under inert conditions (c). Weight loss data from TGA of NH4MgPO4 and AlNH4(SO4)2 under inert
and oxidizing conditions (d).
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Straw-additives combustion

Figure 5.3 describes the conversion of fuel-N to NO (a) and the defluidization tendency (b) during
straw combustion with additives. For the de-agglomeration additives, the results indicate that the fuelN to NO conversion slightly increased when using CaO and MgCO3, while coal fly ash, clay, and
kaolin did not have a significant influence. CaO and possibly MgO have been suggested to increase
NO emission in fluidized bed combustion by catalyzing the oxidation of NH3 and HCN [167,187].
Of the NH-based additives, urea, NH4(SO4)2, AlNH4(SO4)2, and NH4MgPO4 decreased the fuel-N to
NO conversion, while (NH4)2HPO4, (NH4)3[Fe(C2O4)3], (NH4)2Fe(SO4)2, and NH4Fe(SO4)2 had a
negligible impact. The results show that the presence of a NH-functionality in the additives was
necessary to reduce NO emission. In terms of defluidization tendency, kaolin, CaO, and MgCO3
prevented defluidization, while coal fly ash and clay slightly prolonged the defluidization time. A
deeper investigation of these is provided in [254], showing that kaolin captured fuel-K, preventing
the formation of low melting K-silicates, whereas CaO and MgCO3 increased the viscosity the melt,
thereby decreasing the propensity for agglomerate formation. Urea had a negligible impact on the
defluidization behaviour, since the decomposition products of urea (HNCO and NH3 [262]) are not
expected to alter the ash chemistry significantly. For the multifunctional additives, defluidization was
prevented by (NH4)2Fe(SO4)2, NH4Fe(SO4)2, AlNH4(SO4)2, and NH4MgPO4, prolonged by
NH4(SO4)2 and (NH4)3[Fe(C2O4)3], and accelerated by (NH4)2HPO4. Generally, phosphates have
been shown to decrease the defluidization tendency by forming crystalline K-Ca/Mg-phosphates;
however, at a high concentration, low-temperature-melting phosphates may promote defluidization
[284–286]. The presence of S during combustion may convert the fuel-K to less harmful species such
as K2SO4 [287]. In addition, Al and Fe may increase the melting point of the compounds leading to
agglomeration [288]. Of the examined additives, AlNH4(SO4)2, and NH4MgPO4 were capable of
reducing NO emission (approximately 40% reduction) while preventing defluidization.

Figure 5.3: Fuel-N to NO conversion (a) and defluidization tendency, expressed in mass of straw combusted, (b) during
straw combustion with additives. Nomenclature: dlf: defluidization, no dfl: no defluidization. Conditions: T bed = 850ºC;
λ = 1.4; λ1/ λ = 1.
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5.3.2.1 Local gas composition and temperature measurements
Figure 5.4a-f illustrate the NO, NH3, and HNCO axial concentration profiles from fluidized bed
combustion of straw with additives. The figures on the left, i.e. a, c, and e, include the additives that
led to a decrease in the fuel-N to NO conversion, while the figures on the right, i.e. b, d, and f, include
the additives that had no significant influence the fuel-N to NO conversion (cf. Figure 5.3a). The NH3
concentration in the reactor was significantly higher due to the decomposition of additives, which
occurred predominantly above the fuel inlet and/or at the top of the fluid bed. The location of highest
NH3 concentration cannot be correlated to the decomposition onset temperatures determined in
Section 5.3.1. This was most likely due to differences in heating rate and gas-particle flow for the
two different reactors. In addition, the adhesion of the additives to the fuel particle may be important
for the release location. While the outlet NO data of the Fe-based additives were comparable to that
of raw straw, the local concentration measurements reveal a significantly higher concentration of NO
near the bed. This was caused by the catalytic effect of Fe on the oxidation of NH 3 to NO [167].
Moreover, the combustion with (NH4)2HPO4 increased the NO emission near the bed compared to
straw combustion. While phosphorous may affect the combustion chemistry, the reasoning for the
higher NO emission was presumably due to the poorer mixing as the bed approached defluidization,
further explained in Section 5.3.5.1. The results indicate that the additives which did not substantially
increase the NO concentration near the bed were capable of reducing NO emission relative to pure
straw combustion. This was caused by the facilitation of thermal DeNOX reactions due to a higher
concentration of NH3 in the reactor, i.e. R5.1 > R5.2. The HNCO peak location was similar to that of
NO, i.e., in the freeboard, indicating that HNCO was most likely formed from primary combustion
products. For the Fe and Al-based additives no HNCO was observed during combustion, possibly
due to the catalytic effect of these on the HNCO reactions [289]. Similar to the measurements in
Section 3.3.1.1, while the presence and qualitative trend in HNCO are clear, the quantitative data
must be viewed with care. Within the reactor, the presence of HNCO, NH3, CO, and CXHY in the
freeboard accounted for the reduction observed in NO.
1
3
O2 → N2 + H2 O
4
2
5
3
NH3 + O2 → NO + H2 O
4
2

NH3 + NO +
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Figure 5.4: Axial NO (a,b), NH3 (c,d), and HNCO (e,f) profiles during fluidized bed combustion of straw with different
additives. For comparison the pure straw combustion profile is shown. The figures on the left (a,c,e) include the additives
that led to a decrease in the fuel-N to NO conversion, while the figures on the right (b,d,f) include additives that did not
alter fuel-N to NO conversion significantly (cf. Figure 5.3a). The error bars indicate the fluctuations in the measured
concentrations. Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 1.
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Figure 5.5a-d illustrate the N2O and CO axial concentration profiles from fluidized bed combustion
of straw with additives. The figures on the left, i.e. a and c, include the additives that led to a decrease
in the fuel-N to NO conversion, while the figures on the right, i.e. b and d, include the additives that
had no significant influence the fuel-N to NO conversion (cf. Figure 5.3a). All the additives increased
the N2O concentration within the reactor. The highest N2O emission was observed for urea, most
likely due to the release and combustion of HNCO. The higher N2O emission for the other additives
was predominantly related to the larger concentration of NH3 in the reactor, which may form N2O by
R5.3 and R5.4. Moreover, the presence of inorganic material such as Fe and Al may affect the
selectivity for forming NO, N2O, and N2. The CO profiles in Figure 5.5, and the CXHY and CH2O
profiles in Appendix C.3 from straw-additive combustion were comparable, indicating that the
additives had small influence on the combustion properties of straw.
NH2 + NO2 → N2 O + H2 O
NH + NO → N2 O+H

R5.3
R5.4

Figure 5.5: Axial N2O (a,b) and CO (c,d) profiles during fluidized bed combustion of straw with different additives. The
figures on the left (a,c) include the additives that led to a decrease in the fuel-N to NO conversion, while the figures on
the right (b,d) include additives that did not alter fuel-N to NO conversion significantly (cf. Figure 5.3a). Conditions: Tbed
= 850ºC; λ = 1.4; λ1/ λ = 1.
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Figure 5.6 shows the temperature profile within the reactor during air un-staged fluidized bed
combustion of straw with additives. The qualitative and quantitative trend in the data were similar
between experiments. This again confirms that the combustion behavior of straw was not significantly
affected by the presence of additives, and the observed differences in NO emission was predominantly
related to the nitrogen chemistry.

Figure 5.6: Temperature profile in air un-staged fluidized bed combustion of straw with different additives. Conditions:
Tbed = 850ºC; λ = 1.4; λ1/ λ = 1.
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5.3.3

Influence of (NH4)2SO4 particle size and introduction method

Figure 5.7 summarizes the local concentration measurements during the combustion of straw with
two different sizes of (NH4)2SO4. No significant difference was measured in the effluent
concentrations of NO and CO during combustion. However, slight differences are prominent from
the local concentration data. For the smaller additive particle size range, more NH3 was released
above the fuel inlet, while for the larger range, NH3 was released to a greater extent near the bed. The
high NH3 concentration above the fuel inlet led to a larger reduction of NO and higher concentration
of N2O for the smaller size range. In addition, the HNCO profiles of the two sizes of additive were
similar and exhibited a maximum in the freeboard above the top of the bed. As the additives had a
negligible influence on the combustion of straw, no significant changes were noted in the CO
measurements. In terms of defluidization tendency, complete defluidization was observed after
combustion of 0.23 kg and 0.20 kg of straw for the (NH4)2SO4 size ranges <106 µm and <35 µm,
respectively. As the slight increase in mass of fuel burned was higher than that of the standard
deviation of several repetitions (±0.13 kg straw), the difference may be related to the larger proportion
of additive reaching the bed. The concentrations of SO2 and H2SO4 were similar in the reactor for the
two additive size ranges, while a slightly higher SO3 concentration was observed using the larger
particle size range, seen in Appendix C.4. However, the differences are small and caution must be
taken as fluctuations in the feeding rate may affect the results.
To investigate the influence of (NH4)2SO4 addition method, (NH4)2SO4 was added as pellets during
straw combustion or premixed with straw. The results are summarized in Table 5.3, showing that the
fuel-N to NO conversion, average CO concentration, and defluidization tendency were within the
uncertainty determined from several repetition. Consequently, no significant differences were
observed from the two addition methods. Based on the results in the previous paragraph, a larger
particle size, in this case a pellet, would ensure that most of the (NH4)2SO4 decomposed in the bed.
Therefore, the amount of straw burned before defluidization would be expected to increase. The
reason for the negligible difference between the two additive methods may be related to distinct
additive decomposition locations and/or mechanisms. The premixed smaller particles adhere to the
fuel thereby achieving a closer contact with ash and gas components produced from combustion. In
comparison, in the case of the pellet, the contact with the fuel and release mechanism differ, which
may lower the influence of the additive on the defluidization tendency. Further investigation would
be necessary to elucidate the mechanisms of the two addition methods. For both addition methods, a
reduction in fuel-N to NO conversion and increase in time before defluidization was observed relative
to straw combustion.
Table 5.3: The influence of (NH4)SO4 addition method on the fuel-N to NO, average CO concentration, and defluidization
tendency during straw combustion. For the premixed data, the (NH4)SO4 size was <35 µm.
Addition method

Fuel-N to NO

Average CO

Defluidization tendency

[-]

[vol%, d.b.]

[kg straw d.b]

Batch (pellets)

0.0965

0.593

0.190

Premixed with straw

0.107 (± 0.0123)

0.801 (±0.261)

0.20 (± 0.13)
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Figure 5.7: Axial NO (a), N2O (b), NH3 (c), HNCO (d), and CO (e) profiles during fluidized bed combustion of straw
with two different sizes of (NH4)2SO4. Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 1.
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5.3.4

Influence of air staging

Figure 5.8 describes the conversion of fuel-N to NO (a) and the defluidization tendency (b) during
straw combustion with additives under different air staging configurations. The results show that air
staging is an effective way of reducing the fuel-N to NO conversion (40% reduction) during straw
combustion. No synergy effect was observed during staged combustion with additives. On the
contrary, a slightly higher fuel-N to NO conversion was observed during air staged combustion with
AlNH4(SO4)2. For both additives, no defluidization was observed during air staged and un-staged
straw combustion. The axial temperature profiles of selected experiments are demonstrated in
Appendix C.5 (Figure C.8), showing no significant influence of staging on the combustion properties.

Figure 5.8: Fuel-N to NO conversion (a) and defluidization tendency, expressed in mass of straw combusted, (b) during
straw combustion with additives with different staging configurations. Nomenclature: dlf: defluidization, no dfl: no
defluidization. Conditions: T bed = 850ºC; λ = 1.4; λ1/ λ = 0.5 and 1.

Figure 5.9 depicts the local concentration measurements during combustion of straw-NH4MgPO4 at
air staged (λ1/λ = 0.5) and un-staged (λ1/λ = 1) conditions. The results show that during air staged
combustion, the NO concentration was lower than the un-staged experiment below the secondary air
injection point (fuel inlet). This was due to the facilitation of NO reducing reactions in a reducing
atmosphere, indicated by the high CO concentration. Above the secondary air injection point, a
comparable concentration of NH3 was released to the freeboard. The fate of the NH3 was determined
by the mixing and O2 concentration in the secondary jet. In air-staged combustion, the reduction of
NO was less favored than in un-staged combustion. Consequently, the NO outlet concentration during
air staged combustion with NH4MgPO4 surpassed the concentration from un-staged combustion. A
similar trend was additionally observed for the N2O emission, while the HNCO trends were more or
less similar. The outlet CO concentration was higher in the air staged experiments, as the mixing and
residence time in the reactor were inadequate for complete combustion. The results from strawAlNH4(SO4)2 combustion are illustrated in Appendix C.6, showing a similar trend in the observed
results.
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Figure 5.9: Axial NO (a), N2O (b), NH3 (c), HNCO (d), and CO (e) profiles during fluidized bed combustion of strawNH4MgPO4 under air staged and un-staged conditions. Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 0.5 and 1.
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5.3.5

Sunflower husk-additives combustion

Figure 5.10 depicts the conversion of fuel-N to NO (a) and the defluidization tendency (b) during
sunflower husk combustion with additives. The de-agglomeration additives slightly increased the
fuel-N to NO conversion, while the multifunctional additives reduced the fuel-N to NO conversion
by 30%. Most additives prevented defluidization under the investigated conditions. In the case of
AlNH4(SO4)2, the experiment was stopped prematurely due to recurring blockage of the feeding pipe.
However, it is suspected that AlNH4(SO4)2 could prevent defluidization during sunflower husk
combustion as well. The axial temperature profiles of selected experiments are demonstrated in
Appendix C.5 (Figure C.9), showing no significant influence of the additives on the combustion of
sunflower husk.

Figure 5.10: Fuel-N to NO conversion (a) and defluidization tendency, expressed in mass of sunflower husk combusted,
(b) during sunflower husk combustion with additives. Experiment with AlNH 4(SO4)2 stopped prematurely due to feeding
pipe blockage. Nomenclature: dlf: defluidization, no dfl: no defluidization. Conditions: T bed = 850ºC; λ = 1.4; λ1/ λ = 1.

Figure 5.11 illustrates the results of the local concentration measurements during combustion of
sunflower husk with additives. The release location of NH3 of the additives was similar to the
experiments with straw, showing that NH4MgPO4 released a larger quantity of NH3 above the fuel
inlet, while AlNH4(SO4)2 predominantly released NH3 at the top of the bed. Consequently, the
reduction of NO above the fuel inlet was more prominent for NH4MgPO4, while the NO concentration
near the bed region was lower for AlNH4(SO4)2. The presence of HNCO during sunflower husk
combustion was again prominent. However, similar to the straw combustion experiments, no HNCO
was detected in the experiment with AlNH4(SO4)2, possibly due to the catalytic effect of Al on the
HNCO chemistry [289]. This may to some extent explain the higher N2O concentration using
AlNH4(SO4)2. The CO profiles were comparable between experiments and to that of straw
combustion in Figure 5.5, indicating similar combustion behavior of the fuels.
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Figure 5.11: Axial NO (a), N2O (b), NH3 (c), HNCO (d), and CO (e) profiles during fluidized bed combustion of
sunflower husk with NH4MgPO4 and AlNH4(SO4)2. Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 1.
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5.3.5.1 Influence of ash accumulation
The influence of ash accumulation and thereby bed agglomeration on the gaseous chemistry was
investigated during sunflower husk combustion. Sunflower husk was chosen for this investigation, as
it allowed measurements at the initial and late stages of combustion, since the time before
defluidization was significantly longer than in straw combustion. The local concentration
measurements are demonstrated in Figure 5.12. The initial stage (init) measurements were conducted
during the feeding of 0.04-0.15 kg d.b. sunflower husk (1.3-4.8 g ash), whereas the late stage (late)
measurements were performed between 0.23-0.30 kg d.b. sunflower husk (7.4-9.6 g ash). While the
overall trend in NO was similar, a slightly higher concentration of NO above the fuel bed was
prominent at later stages of combustion. This was to some extent reflected in a slightly lower
concentration of NH3 and HNCO at later stages of combustion. These differences may be attributed
to the catalytic influence of ash on the NH3 and HNCO oxidation and/or to mixing limitations. While
the former was described in Chapter 2, Section 2.4.1.3, mixing limitations in the bed may be caused
by the formation of a sticky molten layer and agglomerates in consequence of ash accumulation. This
molten phase changes the fluid dynamics and thereby the extent of fluidization during combustion.
This is to some extent reflected in the standard deviations of the concentration measurements near
the top of the bed. In the early stages of combustion, larger temporal variations in the data (high
standard deviation) were observed due to the burst of bubbles at the top of the bed. As the bed started
to agglomerate and the fluid dynamics change, bubble bursting became less pronounced thereby
dampening the temporal variation in the concentration measurements. Two mechanisms could
explain the observed trends. Agglomerates formed during combustion could segregate and settle at
the bottom of the bed [290], thereby effectively minimizing the bed height and ultimately diminishing
bubble size [291]. This could reduce the fluctuations caused by bubble bursting above the bed.
Alternatively, viewing the sand bed as a continuous fluid, ash accumulation would increase the
viscosity of the fluid, thereby slowly and continuously shifting the gas flow behavior from bubbling
fluidization to plug flow, i.e. changing from complete mixing to plug flow behavior. A similar
reasoning, i.e. poor mixing, may explain the increased NO emission near the bed when employing
(NH4)2HPO4, described in Section 5.3.2.1. In addition, the accumulation of sunflower husk ash had a
negligible influence on the major CXHY species, demonstrated in Appendix C.7.
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Figure 5.12: Axial NO (a), N2O (b), NH3 (c), HNCO (d), and CO (e) profiles during fluidized bed combustion of
sunflower husk. Measurements were performed initial (init: 0.04-0.15 kg d.b. sunfl. husk) and late (init: 0.23-0.30 kg d.b.
sunfl. husk) stages of combustion. Conditions: T bed = 850ºC; λ = 1.4; λ1/ λ = 1.
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5.4

Conclusions

The impact of a wide range of additives on NOX emissions and bed agglomeration during continuous
fluidized bed combustion of straw was investigated. Kaolin, CaO, and MgCO3 addition prevented
defluidization without reducing NOX emissions. To reduce NO by additives, the NH-functionality
was a necessity. Of the investigated additives, NH4MgPO4 and AlNH4(SO4)2 prevented defluidization
while reducing fuel-N to NO conversion by 40%.
Local gas composition measurements revealed that the NH-based additives released NH3 above the
fuel inlet and/or bubbling bed. Some additives favored the reduction of NO by thermal DeNOX while
others increased NO emission near the bed either due to the catalytic oxidation of NH3 (Fe-based
additives) or by inducing poor mixing conditions caused by the ash chemistry ((NH4)2HPO4). All
NH-based additives increased N2O emission possibly by oxidation of NH3 and HNCO. The
combustion of straw was unaffected by the mixing of additive to the fuel, notable from the local CO
and CXHY concentrations, and temperature measurements.
Larger particles of (NH4)2SO4 dropped to the bed, increasing the NH3 release above the fuel bed and
prolonging the time for defluidization. For smaller particles, the concentration of NH3 and N2O was
higher and that of NO was lower above the fuel inlet. In addition, no significant differences in the
fuel-N to NO conversion, effluent CO concentration, and defluidization tendency were observed
when introducing (NH4)2SO4 as pellets dropped batch wise during combustion or as smaller particles
premixed with fuel. This may be caused by differences in the release location and mechanism of
(NH4)2SO4.
Air staging was an effective way of reducing the fuel-N to NO conversion (40% reduction) during
straw combustion. The use of NH4MgPO4 and AlNH4(SO4)2 under air staged conditions did not lead
to a further decrease in NO; instead, the NO emission slightly increased when employing these
additives with air staging. The introduction of secondary air favored the oxidation of NH3 to NO to a
larger degree than in un-staged combustion. In addition, N2O and CO effluent concentrations
increased, while the local concentration of HNCO was unaffected by air staging.
NH4MgPO4 and AlNH4(SO4)2 prevented defluidization during un-staged sunflower husk combustion
while lowering the fuel-N to NO conversion by 30%. The behavior of NH4MgPO4 and AlNH4(SO4)2
during combustion with sunflower husk was similar to that of straw. The accumulation of ash
increased NO and decreased NH3 concentration above the bed, presumably caused by the incipient
defluidization leading to poorer mixing and the catalytic effect of ash forming elements on the
nitrogen chemistry.
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This chapter has been written in a manuscript format. A slightly modified version has been published
in the peer-reviewed journal Energy & Fuels as,
Ulusoy B., Lin W., Karlström O., Li S., Song W., Glarborg P., Dam-Johansen K., Wu H., Formation
of NO and N2O during Raw and Demineralized Biomass Char Combustion, Energy & Fuels
2019;33:5304-15. doi: 10.1021/acs.energyfuels.9b00622

Abstract: The formation of nitrogen oxides (NO and N2O) during raw and demineralized biomass
char combustion and the reduction of NO over biomass char were investigated. The biomass fuels
were pine wood, straw, waste wood, bran, dried distillers grains with solubles (DDGS), and sunflower
seed. Fixed bed combustion experiments were performed at 800°C in 10vol% O2, while NO reduction
experiments were conducted at temperatures from 800 to 900°C and NO inlet concentrations from
400 to 1500 ppmv. The chars were characterized by means of ICP-OES, BET, SEM-EDX, and XPS.
The conversion of char-N to NO decreased with an increase in the initial char-N content, partly
explained by the increased inherent conversion of char-N to N2O. The reduction of NO over char
exhibited no correlation to the surface functionalities and content of nitrogen and oxygen at the
investigated conditions. The NO reduction reactivity was strongly dominated by the content and
association of ash forming elements in the chars. The NO reduction reactivity of pine wood, waste
wood, and straw chars correlated reasonably well with the (K+Ca)/C molar ratio, while the chars with
a high phosphorous content, i.e., bran, DDGS, and sunflower seed chars, differed by showing a
significantly lower reactivity. The inhibition effect of phosphorous on NO reduction reactivity was
likely caused by the formation of less catalytically active potassium species (such as KPO3) in
biomass char.

6.1

Introduction

Minimizing NOX emissions from industrial solid fuel combustion is important due to the harmful
environmental impact and strict emission regulations. In fluidized bed combustion, NOX primarily
stems from the fuel bound nitrogen through volatile and char oxidation. While the gaseous nitrogen
chemistry is fairly well established [17,18], the conversion of char-N to NO is less understood,
especially in the case of high-nitrogen biomass fuels. During char combustion, NO is simultaneously
formed from and reduced by char. The final emission of NOX is determined by the competing NOX
formation and reduction reactions [131].
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The products of char nitrogen combustion include primarily NO, N2O, and N2 [16]. During fixed bed
coal char combustion at single particle conditions, the conversion of char-N to NO ranged from 75100% [16,139]. Similar experiments employing biomass chars yielded char-N to NO conversions in
a range of 25-75%, implying a significant reduction of NO during biomass char combustion [143].
The fractional conversion of char-N depends on the operating conditions (such as temperature and
gas composition) and the fuel properties [16].
The proposed mechanism for the formation and reduction of NO during char combustion in an O2/N2
system is summarized in R6.1-R6.2 and R6.3-R6.9, respectively [61,98,154–156]. Here, (-CX)
denotes a carbon surface complex of either nitrogen or oxygen, while (-C) is a free carbon active site
and M is a catalytically active ash forming element. The dissociative chemisorption of NO occurs in
R6.3 and R6.7 followed by reduction through R6.4 and R6.5, and active site regeneration by R6.8
and R6.9. Additionally, the presence of CO has been reported to enhance the reduction reaction [159],
presumably by reaction with NO catalyzed by char, demonstrated by the non-elementary R6.6.
Ultimately, the (-CO) is released to the gas phase as CO or CO2, and a free active site is formed.
Several reviews dealing with the reduction reaction between NO and coal char have been reported
[16,131,136,292,293]. Compared to coal, biomass chars generally exhibit a higher reactivity towards
NO reduction [155,159,294,295]. This has been attributed the higher potassium content and larger
surface area of biomass chars. Besides these, other factors such as increased amounts of sodium [158],
magnesium [161], calcium, and iron [162], and more effective porosity [163,296] have been shown
to enhance the NO reduction reactivity.
O2 + (-C) + (-CN)

→

(-CO) + (-CNO)

R6.1

(-CNO)

→

NO + (-C)

R6.2

NO + 2 (-C)

→

(-CO) + (-CN)

R6.3

2 (-CN)

→

N2 + 2 (-C)

R6.4

(-CN) + NO

→

N2 + (-CO)

R6.5

2 NO + 2 CO

→

N2 + 2 CO2

(-MxOy) + (-C) + NO

→

(-MxOy+1) + (-CN)

R6.7

(-MxOy+1) + (-C)

→

(-MxOy) + (-CO)

R6.8

(-CO)

→

CO + (-C)

R6.9

(over char)

R6.6

Studies have shown that the conversion of char-N to NO decreased with an increase in char-N content
and external NO concentration [155,172,297]. This effect was more pronounced with demineralized
biomass, wherein the influence of the inorganics was minimized [155]. These results indicate that the
formation and reduction of NO are related to the initial char-N content and gas phase NO
concentration. The reaction rate between char and NO was suggested to be proportionally correlated
to the instantaneous NO and C(N) concentrations [154]. R6.3-R6.9 are indicative that higher contents
of char-N and ash forming elements would lead to higher NO reduction rates. Consequently, the
reactivity of high-nitrogen chars towards NO could conceivably be enhanced by the initial char-N
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content. In addition, although the influence of the ash forming elements on the char NO reactivity has
been well documented [155,159], the importance of their association in the raw biomass is still
unclear.
To obtain an improved understanding of the declining tendency in char-N conversion to NO with an
increase in char-N content, a thorough study of the NO formation and reduction during raw and
demineralized biomass char combustion was conducted in a fixed bed reactor at conditions relevant
to fluidized bed combustion. The product distribution from char-N oxidation was characterized and
its dependency on the chemical composition of the chars was investigated. The NO reduction
reactivity of the chars was examined at different temperatures and NO inlet concentrations. The
results were interpreted based on analyses of the surface area, char-N content, nitrogen and oxygen
surface functionality, and ash forming element content and association in biomass chars.

6.2

Experimental section

6.2.1

Fuels and their demineralization

Six types of biomass, pine wood, straw, waste wood, bran, dried distillers grains with solubles
(DDGS), and sunflower seed, were employed in the experiments. Table 6.1 shows the composition
of selected elements in the raw fuels. The complete compositions are given in Appendix D.1 (Table
D.1). The nitrogen contents ranged from 0.2 to 6.14 wt%, thereby covering a wide range of nitrogen
contents in biomass fuels.
Table 6.1: Chemical composition of the six biomass
[wt% d.b]
Fuel

[mg/kg d.b.]

C

H

N

O

S

Ash

K

P

Mg

Ca

Fe

Na

Pine wood

51.5

6.20

<0.20

41.9

0.007

0.2

480

52

140

950

26

95

Straw

46.9

6.00

0.56

42.2

0.120

4.2

14,000

910

960

2,300

41

230

Waste wood

49.0

6.13

1.33

41.8

0.037

1.7

703

93

443

3,200

363

326

Bran

45.0

6.30

2.65

40.6

0.19

5.3

13,000

11,000

3,800

920

210

50

Sunfl. seed

40.5

5.73

6.14

33.4

0.23

14

18,416

12,810

6,724

7,328

1,730

410

DDGS

43.7

6.55

5.13

37.8

0.41

6.4

11,723

10,204

3,442

1,105

91

3,255

The biomass samples were demineralized (DM) following the work of Aho et al. [298] Biomass was
initially ground and sieved to a size range of 212-1000 µm and subsequently suspended in 500 mL
of HNO3 (Sigma Aldrich, CAS number: 7697-37-2) solution at pH 2 and heated to 60°C. The leaching
was continued for one hour at 60°C under stirring at 750 rpm. After one hour, the solids were collected
by filtration and the leaching process repeated. Then, the biomass was filtered with 250 mL
demineralized water until the permeate pH was above 6.0. The obtained demineralized biomass was
dried at 105°C for one day.
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A chemical fractionation method was used to separate the different groups of ash forming elements
in straw [299–302]. To eliminate the influence of water-soluble materials such as alkali sulfates,
carbonates, chlorides, and to a lesser extent organically bound metals, 30-35 g of straw was washed
in 500 mL deionized water at room temperature under stirring at 750 rpm for 24 h. Subsequently, the
liquid was removed by filtration, and the extraction process repeated. After the second leaching, the
suspended solids were washed several times with 250 mL deionized water until the permeate pH was
above 6.0. Following this, half of the water washed (WW) straw was dried at 105°C for one day,
while the other half was suspended in 150 mL 1 M ammonium acetate (Fluka Chemica, CAS number:
631-61-8) to remove ion-exchangeable cations in the form of organically bound metals. The
ammonium acetate treatment was continued for one day under stirring at 750 rpm, after which the
organic washed (OW) straw was washed using 100 mL, 1 M ammonium acetate for the first wash
and 250 mL deionized water for the subsequent washes until the permeate pH was above 6.0. The
filtered solids were dried at 105°C for one day.
6.2.2

Char preparation

Chars from raw and DM biomass were prepared in a horizontal oven at 800°C using a N2 flow of 2.5
NL/min. The pyrolysis temperature was monitored through a thermocouple placed in the middle of
the oven. Upon reaching the desired temperature, approximately 10-15 g of biomass was quickly
pushed into the reactor. The pyrolysis was continued for 10 minutes, after which the sample was
rapidly withdrawn to a water cooled section to ensure prompt cooling. The char samples were
withdrawn from the reactor below a temperature of approximately 150°C. The char yield was
determined from the biomass and char mass.
6.2.3

Experimental setup

Figure 6.1 illustrates the quartz fixed bed reactor used for char combustion and NO reduction
experiments. The temperature in the bed was kept uniform by three independent heating elements and
monitored by a thermocouple located 0.5 cm below the porous plate. Upon reaching the desired
conditions, a solid feeding device enabled the introduction of a char-sand sample. In all experiments,
1.75 g quartz sand with a size of 250-355 µm, pre-treated at 800ºC, was added together with the char
to facilitate sample admission and ensure a constant bed height. Blank tests confirmed that the sand
itself had no reactivity towards NO reduction. NO reduction experiments were conducted at three
temperatures (800, 850, 900 ºC) and NO inlet concentrations (400, 800, 1500 ppmv) using 20-50 mg
char with a size of 125-180 µm to diminish mass transport resistances. The influence of external and
internal mass transfer limitations during NO reduction over char were assessed based on the Maer
and Weisz-Prater criteria, respectively [303]. The results, summarized in Appendix D.1 (Table D.2)
for the most reactive biomass, straw, showed that the influence of mass transfer limitations was
negligible at the highest applied temperature. Following a reduction experiment, 10% O2 was
introduced the reactor to burn the NO treated char. In addition, separate combustion experiments
using 20 mg, 125-180 µm char were carried out at 800ºC in 10% O2. The temperature in the sample
bed was assumed constant during combustion in consequence of the low percentage of char in the
bed and the high heat capacity of sand. In all experiments, the total volumetric flow rate was 1 NL/min
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with the balance gas being N2. The CO, CO2, O2, and NO concentrations in the dry flue gas were
continuously monitored by a series of on-line gas analyzers (NGA2000, Fischer-Rosemount).
Moreover, a Fourier Transform Infrared spectrometer (FTIR) (Multigas 2030 FTIR, MKS
instruments) was employed in selected experiments to determine the distribution of nitrogen products
during combustion and NO reduction.
Sample input
Gas inlet
N2

To purge
Valve

Heating
element

Char-sand bed
Porous plate
Thermocouple

Gas inlet
N2, NO, O2

4
10
28

To analyzers

Figure 6.1: Schematic illustration of the fixed bed reactor.

A typical plot of the NO concentration versus time, depicting the complete steps in the NO reduction
experiments, is shown in Figure 6.2. Each experiment involved four steps (S1-S4), NO signal
stabilization (S1), char introduction and NO reduction (S2), NO cutoff and residual char combustion
in 10vol% O2 forming a NO concentration peak (S3), and NO signal stabilization (S4). The
experiment was stopped when the NO concentration in S4 equaled that in S1. Little to no reduction
of NO was observed over pure fuel ash.
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Figure 6.2: Example of a NO versus time curve, illustrating the steps during a reduction experiment. S1: stabilization of
the NO signal, S2: introduction of char and NO reduction commences, S3: NO feeding is stopped, and 10vol% O 2 is
introduced to burn residual char, and S4: stabilization of NO signal. The reduction was carried out at 800°C with an inlet
concentration of 400 ppm NO using straw char.

The reactivities of solid fuel chars towards NO are commonly evaluated from globalized first [304–
307] or fractional [159,308,309] order rate expressions, where the rate constant is most frequently
based on the instantaneous mass of carbon in the char. To compare the reactivities between chars, the
first order rate constant of the NO-char reaction was determined under the assumption of plug flow,
shown in Eq. 6.1.
- ln(1-XNO ) =

kNO ∙W
Vg

Eq. 6.1

Here, XNO (-) is the instantaneous conversion of NO, W (kg C) the instantaneous char carbon mass
in the bed, Vg (m3/s) the volumetric gas flowrate, and kNO (m3 s-1 kgC-1) the first order carbon mass
based rate constant. The instantaneous carbon mass was determined from the CO and CO 2
measurements during the reduction section, while the total C-content from a mass balance of the
entire experiment.
6.2.4

Characterization of chars

The specific Brunauer-Emmett-Teller (BET) surface area and the Barrett-Joyner-Halenda (BJH)
mesoporosity of the chars were determined from N2 adsorption at its boiling point (77 K) in the p/p0
range of 0.01-0.99 using a Quantachrome iO2 equipment. Prior to measurements, the samples were
vacuum degassed at 300°C for 5 h. Scanning electron microscopy and energy dispersive x-ray (SEMEDX) analysis was performed on a selected number of chars. In the pre-treatment, the chars were
coated with platinum, after which they were dried at 105°C for one day. X-ray photoelectron
spectroscopy (XPS) was conducted on selected chars to analyze the content and functionalities of
nitrogen and oxygen on the char surface. The C1s and N1s peaks were deconvolved using XPS PEAK
4.1 software by subtracting a Shirley type background and fitting Gaussian-Lorentzian mix functions.
The nitrogen functionality was determined from 395-408 eV, in which five distinct nitrogen peaks,
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pyridinic N-6 (398.7±0.3), pyrrolic N-5 (400.3±0.3), quartenary N-Q (401.4±0.5), oxides N-X1 and
N-X2 (402-405), were assigned [114]. The parameters used for the fitting were the peak width,
position, and full-width-half-maximum (FWHM). The Gaussian-Lorentzian (G/L) mix, describing
instrumental and metallic effects, was set at 0.7, i.e. 70% Gaussian and 30% Lorentzian for all
nitrogen functionalities.
The chemical composition of the chars was analysed with a Thermo Scientific Flash 2000 Organic
Elemental Analyser (Flash 2000) for the carbon, hydrogen, nitrogen, and sulphur content, while the
inorganic contents were determined by inductively coupled plasma emission spectroscopy (ICPOES).
Table 6.2 summarizes the chemical analyses of the chars, including selected ICP-OES results. The
demineralized chars exhibited a lower ash content in comparison with the raw chars. Straw, bran,
sunflower seed, and DDGS chars contained large amounts of potassium, which is presumably the
most active catalytic element in the char-NO reaction. In comparison, the demineralized chars were
largely depleted of elements presumed to have a catalytic effect on the NO reduction, i.e. potassium,
iron, calcium, sodium, and magnesium.
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Table 6.2: Elemental and proximate analyses of six raw and demineralized biomass chars
[wt% d.b.]
Char

[mg/kg d.b.]

C

H

N

O

S

Ash

Char yield

K

P

Mg

Ca

Fe

Na

Pine wood

85.7

1.48

0.11

9.12

0.0

3.59

20.5

1,083

210

515

4,008

223

373

Straw

71.2

1.18

0.50

8.42

0.0

18.7

25.8

43,642

2,789

2,329

4,459

<3

740

Waste wood

70.0

1.17

1.06

18.4

0.0

9.36

20.8

1,977

355

3,505

32,002

4,426

1,152

Bran

59.9

1.30

2.90

9.90

0.0

26.0

26.5

69,610

49,429

18,304

3,629

676

<120

Sunfl. seed

57.0

1.10

3.59

11.2

0.0

27.1

29.4

55,749

29,190

17,100

18,101

2,446

550

DDGS

59.0

1.30

5.36

13.2

0.0

21.1

26.9

31,430

31,355

11,779

3,758

443

11,697

DM pine wood

87.5

1.56

0.11

10.7

0.0

0.11

15.8

<20

<60

<0.2

90

442

<120

DM straw

82.2

1.53

0.83

7.04

0.0

8.40

16.9

76

450

<0.2

212

77

<120

DM waste wood

74.8

1.23

0.84

16.5

0.0

6.59

17.4

245

194

1,606

8,845

1,483

<120

DM bran

76.9

1.49

3.52

7.69

0.0

10.4

25.7

129

13,702

32

96

1,047

<120

DM sunfl. seed

71.7

1.24

4.50

8.26

0.0

14.3

25.0

874

14,327

485

1,400

2,275

<120

DM DDGS

73.3

1.35

6.92

9.58

0.0

8.85

23.8

<20

8,402

<0.2

87

540

<120
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Table 6.3 shows the physical properties of the chars. In general, the surface area and pore volume
were noted to increase due to demineralization. The only exception to this was in the case of pine
wood, where demineralized pine wood char showed a significantly lower surface area and pore
volume, the reasoning of which is unknown. The large pore volume in some chars was primarily due
to the formation of micropores in addition to mesopores during charring. A wide range of surface
areas and pore volumes are covered by the investigated chars.
Table 6.3: BET surface area (SA), pore volume (Vp), and mean pore diameter (dp,mean) of the chars
SA [m2/g]

VP [cm3/g]

dp,mean [nm]

405

0.18

1.076/3.377

25

2.4·10-2

3.404

91

5.8·10-2

4.275

Bran

4.5

6.1·10-3

3.054

Sunfl. seed

1.2

2.7·10-3

3.855

DDGS

1.0

1.2·10-3

3.087

DM pine wood

4.5

-3

6.5·10

3.059

DM straw

430

0.18

1.932/3.382

DM waste wood

415

0.18

1.178/3.383

3.0

3.1·10-3

3.379

135

6.8·10-2

3.374

4.6

4.7·10-3

3.440

Char
Pine wood
Straw
Waste wood

DM bran
DM sunfl. seed
DM DDGS
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6.3

Results

6.3.1

Conversion of char-N to NO

Figure 6.3 illustrates the conversion of char-N to NO during combustion of raw (a) and demineralized
(b) chars in 10 % O2, along with error bars depicting the deviations in the elemental analyses. The
results indicate that the conversion of char-N to NO decreased with an increase in char-N content, in
accordance with previous single particle combustion studies [155,172]. This trend was also observed
for the demineralized chars at both investigated temperatures. At higher temperature, a slight increase
in the conversion of char-N to NO was observed. Previous studies on coal chars showed that the effect
of temperature was negligible when increased from 800 to 900°C [310], while it could be more
pronounced when changing from 850 to 1150°C [139]. According to the mechanism shown in R6.1R6.9, the observed trends are conceivably related to the NO formation and/or reduction reactions. In
the demineralized chars, i.e., with a diminished impact of inorganic elements, it could be expected
that R6.4 and R6.5 occur more rapidly when high local concentrations (-CN) and NO are prominent.
Alternatively, nitrogen-rich compounds could form a higher concentration of alternative combustion
products such as N2O, N2, and NO2. Lastly, the lower conversion to NO could be caused by the
combustion atmosphere, e.g. simultaneous presence of high O2 and CO concentrations, thereby
increasing the importance of R6.6 and R6.9, respectively. In the following sections, the combustion
product distribution and NO reduction reactivity of the chars were examined to provide insight into
the decreasing conversion of char-N to NO.

Figure 6.3: Conversion of char-N to NO during combustion of 20 mg raw (a) and DM (b) biomass char at 800°C in
10vol% O2. The DM chars were additionally oxidized at 900°C. The measurement errors describe the deviations in the
elemental analysis. For comparison, the data of Karlström et al. [155] at 900°C in 3vol% O2 is shown.

6.3.2

Combustion product distribution of char-N

Figure 6.4 illustrates the FTIR determined nitrogen product distribution from raw and demineralized
char combustion at 800°C in 10% O2. The primary oxidation products were NO, N2O, and a residual
fraction, presumably consisting of N2 and to lesser extent HCN, as negligible amounts of NH 3,
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HNCO, and NO2 were detected. The HCN concentrations were not measured in the present study. In
a combustion atmosphere without the addition of radical quenching compounds, the presence of HCN
is expected to be low [297,311,312]. Consequently, the residual fraction is presumed to consist
predominantly of N2. The results show that a significant amount of N2O was formed during biomass
char combustion at 800°C, especially for the high-nitrogen chars. This is consistent with reported
coal char combustion studies [131,135]. In addition, a slightly higher conversion to N2O was observed
for the demineralized chars, presumably caused by the promoting effect of ash forming elements such
as potassium on the N2O reduction over char [313].

Figure 6.4: Distribution of nitrogen products from 20 mg char combustion at 800°C in 10vol% O 2.

Figure 6.5 illustrates the fractional conversion of char-N to NO and N2O, and the ratio of N2O to
(NO+N2O) during combustion of selected chars at varying char mass. By reducing the char mass, a
smaller degree of reduction of the formed nitrogen oxidation products by secondary char particles is
expected. The results show that high amounts of N2O were formed during char combustion; in one
case, as much as 25% of the char-N formed N2O. The conversion of char-N to NO and N2O generally
increased with a decrease in char mass. In addition, the N2O/(NO+N2O) ratio was higher for the highnitrogen DDGS chars and decreased with an increase in char mass, due to the faster decomposition
of N2O to N2 over char (R6.10 [135] and R6.11 [136]) compared to NO [314]. As the reduction of
reactive nitrogen combustion products by secondary char particles was small at low char mass, the
results indicate that the inherent conversion of char-N to N2O increased for a char size range of 125180 µm. For different char sizes, the reduction within the parent char particle could be affected [137].
Two mechanisms have been proposed for the formation of N2O during char combustion [16]. In the
homogeneous mechanism, HCN or HNCO is released during char combustion, followed by reaction
of the NCO radical with NO to form N2O (R6.12-R6.13) [237]. The heterogeneous mechanism
involves the dissociative adsorption of O2, followed by reaction of the surface complex (-CNO) with
a (-CN) site (R6.14) or NO molecule (R6.15). Negligible amounts of N2O was detected by the reaction
between NO and (-CN) without the presence of O2 [159,315,316]. This finding was additionally
verified by selected reduction experiments in this study. The relative importance of R6.12-R6.13 and
R6.14-R6.15 is yet unknown [136]. The larger amount of N2O formed from combustion of high105
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nitrogen chars could possibly be explained by the high local concentrations of HCN and NO, or NO,
(-CN), and (-CNO). Consequently, with an increase in char-N a higher fraction of char-N is inherently
converted to N2O, which is more readily reduced over char, thereby partly explaining the decrease in
char-N to NO conversion with increasing char-N content. Besides affecting NO formation, a higher
char-N content could conceivably enhance the NO reduction reactivity of the chars, which was further
examined.
N2O + (-C)

→

N2 + (-CO)

R6.10

N2O + CO

→

N2 + CO2

HCN + O, OH

→

NCO + H, H2O

R6.12

NCO + NO

→

N2O + CO

R6.13

(-CN) + (-CNO)

→

N2O + 2 (-C)

R6.14

NO + (-CNO)

→

N2O + (-CO)

R6.15

(over char)

R6.11

Figure 6.5: Conversion of char-N to NO and N2O during combustion of DDGS (a), DM DDGS (b), straw (c), and DM
straw (d) chars at varying mass at 800 ºC using 10vol% O2.
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Reduction of NO over raw and DM biomass chars

Figure 6.6 illustrates the conversion of 400 ppmv NO over the raw (a) and demineralized (b) biomass
chars at 800°C. Of the raw biomass chars, the conversion of NO is high for straw, waste wood, and
sunflower seed, while lower for bran, pine wood, and DDGS. The demineralized chars exhibited
lower reduction in comparison to the raw chars and less discrepancy between different fuel chars.
The maximum relative standard error between repetitions was determined to be 4%, demonstrated in
Appendix D.2 (Figure D.1). Based on the inherent nitrogen content of the chars in Table 6.2 and the
conversion of char-N to NO in Figure 6.3, it was suspected that the reduction reactivity of the
demineralized chars in decreasing order would be DM DDGS, DM sunflower seed, DM bran, DM
waste wood, DM straw, DM pine wood.

Figure 6.6: Conversion of NO over 50 mg raw (a) and DM (b) chars at 800°C using an NO inlet concentration of 400
ppmv NO. First order carbon mass based NO reduction rate constant (kNO) against time for raw (c) and DM (d) chars at
800°C and 400 ppmv NO.

Figure 6.6c and d present the reactivity on a carbon mass basis of the chars at 800°C using 400 ppmv
NO, calculated by Eq. 6.1. The difference in the raw chars was again more pronounced than that of
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the demineralized chars. For a majority of the chars, a high transient reactivity followed by a steady
state is observed. This has previously been attributed to thermal deactivation, initial accumulation of
NO on the char surface, or formation of thermally stable surface oxides [16,308]. In addition, mixing
and delay of the gas downstream of the reactor contribute to the duration of this phase. The straw
displayed the highest reactivity towards NO, presumably due to the large potassium content. Although
the potassium in bran exceeded that of the straw, their reactivities differed significantly; this is further
examined in the following sections. In addition, different transient behaviors of the chars was
observed. In some cases, a distinct steady state was observed, e.g. bran and pine wood, while for other
chars, e.g., from straw and waste wood, the reactivity significantly decreased with time. This in turn
suggests that some chars are more prone to deactivation, possibly related to the transformation of
catalytic inorganic species, which needs to be further studied. To correlate the observed trends in
reactivity with the physiochemical properties of the chars, the transient reactivity was defined as the
maximum rate constant. This reactivity was preferred over the steady state reactivity to minimize
effects from long term, high temperature exposure. However, the conclusions for the transient
reactivity also apply to the steady state reactivity. In addition, the influence of temperature and inlet
NO concentration on the NO reduction reactivity of the chars was investigated. The results are
generally in consensus with previous studies [16,159] and can be seen in Appendix D.2 (Figure D.2
and Figure D.3). Although the reactivities were dependent on the NO inlet concentrations, the first
order rate constant can be used as a qualitative comparison of the char reactivity under similar NO
concentration. For modelling purposes, other rate expressions such as fractional order, concentration
averaged, or mechanistic models may be used to capture the effect of NO inlet concentration.
6.3.4

Influence of initial surface area and char-N content on NO reduction

Figure 6.7 demonstrates the reactivity as a function of BET surface area. A direct correlation between
the reactivity and the initial BET surface area was not observed for any of the chars. As the surface
areas of the chars were prone to change during reaction either by thermal annealing or pore opening,
it may not be possible to rule out the effect of surface area on the NO reduction. Therefore, the relevant
or active instantaneous surface area could provide a better basis for reactivity especially for the noncatalytic, demineralized chars [317]. A previous study suggested that the reactivity of chars towards
NO correlated better with the specific surface area of the meso and macropores (>50 nm) determined
by mercury intrusion [163].
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Figure 6.7: First order, transient NO reduction reactivity of DM and raw biomass chars against the BET surface area
expressed in m2/g. The rate constants were determined at 800°C using an NO inlet concentration of 400 ppmv.

Figure 6.8 demonstrates the reactivity of the demineralized and raw chars against the initial char-N
content. No correlation was observed between the reactivity and the initial char-N content. In
addition, no correlation was observed between the reactivity, and the product and ratio of char-N
content and surface area, seen in Appendix D.3 (Figure D.4). For the raw chars, the reasoning for this
is most likely due to the stronger impact of catalytic elements. In comparison, the demineralized chars
showed a smaller discrepancy. The small differences in reactivity are presumably caused by distinct
physical or chemical properties, all of which are prone to change during experimentation. Possible
influential factors are the surface area, pore size distribution, and surface chemistry, the latter of which
includes elemental population and functionality. Based on the results on the conversion of char-N to
NO and the proposed reduction mechanism (R6.3-R6.9), it was hypothesized that a higher nitrogen
content (-CN) would lead to a higher reduction reactivity of the demineralized chars through R6.4
and R6.5. The results here show no direct correlation between reactivity and initial char-N content.
Although, the reactivities at 800°C are shown in Figure 6.7 and Figure 6.8, the conclusions drawn
here also apply at 900°C. Pevida et al. [318] reported a similar observation in their study, noting that
the reactivities of model chars with and without (-CN) were quite similar. Hence, they concluded that
the inherent nitrogen content had a small effect on the reduction reaction. The reduction reactivity of
the accumulated (-CN) sites could be different relative to the inherent (-CN) sites, thereby explaining
why no correlation to the inherent char-N content was observed. The buildup of (-CN) sites during
NO reduction was demonstrated in this study by the combustion of NO treated and untreated chars at
900ºC. From these experiments, it was noted that the conversion of char-N to NO systematically
increased with the concentration of NO during reduction experimentation, seen in Figure 6.9. The
systematic increase in conversion was most likely caused by surface enrichment of (-CN) and (-CO)
species during the NO reduction. Previous studies indicated a temperature dependent buildup of both
(-CN) and (-CO) species during the NO-char reaction, during which the accumulation of (-CN) was
greater than (-CO) at temperatures above 750°C [154,319]. An increase in (-CN) would increase the
amount of NO formed from combustion, while (-CO) could have a promoting or inhibiting effect on
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the NO reduction, depending on the bond strength. In the following section, the type and importance
of the inherent surface nitrogen functionality is discussed.

Figure 6.8: First order, transient NO reduction reactivity of DM and raw biomass chars against the initial nitrogen content.
The rate constants were determined at 800°C using an NO inlet concentration of 400 ppmv.

Figure 6.9: The conversion of char-N to NO (ηNO) from combustion of NO treated and untreated chars.
t
t
N
ηNO = ∫0 final NO dt/ [∫0 final CO+CO2 dt∙ ( ) ]. Conditions of combustion: 900°C, 10vol% O2. Conditions of NO treatment:
900°C, [400;1500] ppmv NO.

6.3.5

C char

Influence of char nitrogen and oxygen functionality on NO reduction

Figure 6.10 displays the nitrogen functionality as determined by XPS. All chars contained large
amounts of pyridinic (N6), pyrrolic (N5), and quartenary (NQ) nitrogen with differences in the
relative distributions of these. In general, the relative abundance of N6 and NQ in chars increases
with the severity of heat treatment, i.e., temperature and holding time, due to the thermal stabilities
of these compounds [109,114,115]. The results here show a small discrepancy between the
demineralized samples with the only exception being DM pine wood. Notably, the nitrogen content
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in this char was low, thereby raising question as to the usability of a deconvolution method for
extracting functionality data, seen in Appendix D.4 (Figure D.5). Nonetheless, the results are shown
here and treated critically in the correlation studies described below. In addition, the demineralization
changed the nitrogen functionalities in the resulting char in the case of straw, while a lesser impact
was observed for bran and sunflower seed. Previously, deashing of coals and their respective chars
using stronger acids such as HCl and HF showed little or no change in the nitrogen functionality
[110]. Thus, the change in nitrogen functionality for straw could therefore be due to the influence of
ash forming elements on the pyrolysis, rather than the demineralization process itself.

Figure 6.10: Surface nitrogen distribution as measured by XPS for selected raw and all demineralized chars.

Several studies have concluded that no correlation exists between the char-N functionality and NO
emission in an oxidizing atmosphere [112,136,141,320,321]. This has primarily been attributed to the
larger influence of other factors such as physical properties, catalytic effects, and NO reduction over
char [136]. This study also implies a lack of correlations between the surface nitrogen/oxygen
functionality and the measured NO formation and reduction properties, as shown in Appendix D.5
(Table D.3 and Table D.4, and Figure D.6 and Figure D.7). Instead the char-N content was again
determining for the fractional conversion to NO and N2O during char combustion (Appendix D.6,
Figure D.8), further explained in the discussion section.
6.3.6

Influence of ash forming element content and association on NO reduction

It was previously stated that potassium, calcium, iron, magnesium, and sodium can catalyze the
reduction of NO over char, most likely through reactions R6.7 and R6.8. Although, bran char
contained considerably higher amounts of potassium and magnesium, and comparable amounts of
calcium, iron, and sodium as straw char, the reactivity was significantly lower. A contributing factor
to this could be the much larger phosphorous content in bran, which could capture the potassium and
form presumably catalytically less active compounds, e.g. KPO3 [322]. A similar reasoning would
describe the observed differences between the high-phosphorous sunflower seed and DDGS chars,
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and low-phosphorous straw char. To investigate this hypothesis, the surface composition of catalytic
elements were examined using SEM-EDX measurements, illustrated in Figure 6.11 and Table 6.4.
The straw char contained a rougher surface structure compared to the smoother bran char, thus
explaining the smaller surface area of the latter. Both bran and straw char contained a large quantity
of potassium on the surface, while bran char additionally showed a large phosphorous content. The
ratio between these elements was approximately 1:1, thereby possibly indicating the presence of
KPO3 on the bran char surface, while the potassium in straw char was primarily present as organicK, KCl, and to lesser extent K2SO4 and higher order minerals. As the magnitude of the surface areas
of straw and bran char was comparable, the results here suggest that KPO3 in bran char caused the
lower NO reduction reactivity compared to straw char. However, further studies are necessary to
clarify the influence of phosphorous on the NO reduction reactivity of chars.

Figure 6.11: SEM-EDX measurements of straw (left) and bran (right)

Table 6.4: EDX results in connection to Figure 6.11.
[at%]
Char

K

P

Mg

Ca

Fe

Na

Cl

S

Straw 1

6.7

1.7

0.90

0.87

0.00

0.15

4.9

0.2

Straw 2

3.5

0.1

0.04

0.01

0.00

0.01

1.1

0.1

Bran 1

7.0

7.1

1.10

0.51

0.07

0.01

0.03

0.1

Bran 2

4.6

5.8

2.49

0.28

0.05

0.01

0.02

0.1

To determine the influence of ash forming element association in the raw straw, a sequential leaching
method was employed. Table 6.5 summarizes selected chemical and physical properties of the raw
and washed straw chars, along with the NO reduction reactivities. The results show that the ash
content decreased with the severity of pre-treatment. Potassium, phosphorous, and sodium in the
straw were predominately water soluble, while magnesium and to some extent calcium was
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organically bound. In addition, the surface area increased from raw to demineralized straw char, most
likely due to the formation of micropores as a consequence of pre-treatment. The contribution of
water soluble, organically soluble, acid soluble, and insoluble ash forming elements to the total ash
was 44.6%, 4.3%, 5.9%, and 45.2%, respectively. The presence of the ash forming elements on the
surface was verified using SEM-EDX, which additionally showed little change in the morphology of
the chars, seen in Appendix D.7 (Figure D.9 and Figure D.10). All char samples exhibited a rod
shaped particle with a porous, tunnel-like structure. In addition, the reactivity decreased with the
severity of pre-treatment. As the water soluble elements (secluded alkali or alkaline carbonates,
chlorides, sulfates, and hydroxides) in straw had a large contribution to the total ash content, the
influence of these on the reduction reactivity were higher. Moreover, the results show that the
influence of ash forming elements dominates the reduction reactivity of the chars in comparison to
other factors such as surface area and porosity.
Table 6.5: Chemical and physical properties of the sequentially leached chars. The reduction rate constants (kNO) are the
transient values from reduction experiments at 800°C using 400 ppmv NO.
Property

Unit

Straw char

WW straw char

OW straw char

DM straw char

C

71.2

78.9

71.7

82.2

H

1.18

1.36

1.29

1.53

0.50

0.41

0.50

0.83

8.42

8.93

16.9

7.04

S

0.0

0.0

0.0

0.0

Ash

18.7

10.4

9.6

8.4

K

43 642

3047

<20

76

P

2789

235

228

450

2329

2175

104

<0.2

N
O

Mg
Ca

[wt% d.b.]

[mg/kg d.b.]

4459

5714

1630

212

Fe

<3

92

154

77

Na

740

<120

<120

<120

BET-SA

[m2/g]

25

296

421

430

VP

[cm3/g]

2.4·10-2

0.14

0.18

0.18

[nm]

3.404

1.932/3.380

1.932/3.389

1.932/3.382

[m3 kgC-1 s-1]

4.7

2.1

0.97

0.75

dP,mean
kNO

The NO reduction reactivity of all studied chars as a function of the molar (K+Ca)/C ratio is shown
in Figure 6.12. In Chapter 7, Section 7.4.2, the NO reduction reactivity of sewage sludge, RDF, and
straw chars correlated well with the (Fe+K+Ca)/C molar ratio [61]. As the iron content in the biomass
chars was very low, Fe was neglected in this study. The results show that the reactivities of the lowphosphorous (pine wood, waste wood, and straw) chars correlated reasonably well with the (K+Ca)/C
molar ratio at two temperatures. The reactivities of the raw high-phosphorous (bran, sunflower seed,
and DDGS) chars were lower than the regression line, the reasoning of which has been discussed in
previous paragraphs. Demineralized chars exhibited a lower discrepancy, thereby showing a lesser
impact of phosphorous.
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Figure 6.12: First order, transient NO reduction reactivity of all investigated chars at 800ºC and 900ºC using 400 ppmv
NO against the molar ratio (K+Ca)/C. The regression lines were made solely on the low-phosphorous chars.

6.4

Discussion

Previous studies reported a decrease in the conversion of char-N to NO with an increase in char-N
content, indicating that the reduction of the formed NO by char may be faster for high-nitrogen chars
[155,172]. However, the conversion of char-N to NO did not correlate with the NO reduction
reactivities of the chars as shown in Figure 6.13a. Combustion studies revealed a decreased formation
of NO and an increased formation of N2O with a higher char-N content at 800°C, seen in Figure 6.13b
and c. During fixed bed combustion, the formed NO and N2O could either react with the char from
which it was produced or with other secondary char particles in the bed. To gain insight into the
inherent conversion of char-N to NO and N2O for a certain char particle size range, combustion
experiments with varying char mass were conducted. The results revealed that the fractional
conversion of char-N to N2O increased with a decrease in char mass and an increase in char-N content.
Hence, the investigated char particles inherently formed a large fraction of N2O. This could to some
extent explain the decreasing tendency of char-N to NO conversion with an increase in char-N, as the
larger proportion of N2O from combustion of high-nitrogen biomass chars is more readily reduced
over char than NO. However, caution must be taken when interpolating these results obtained at
800°C to other temperatures, as the char-N conversion is temperature dependent [131]. The
importance of N2O has been shown to decrease with temperature, due to higher rates of competitive
reactions and N2O destruction [16].
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Figure 6.13: Char-N to NO conversion against the first order, transient NO reduction reactivity (a) and char-N content
(b), and char-N to N2O conversion against char-N content (c). The combustion properties were determined from 20 mg
char combustion at 800°C in 10% O2. The data for raw pine wood char has been corrected for fluctuations in the elemental
analyses, i.e., set equal to 1.

While the formation of N2O can partly explain the decreasing tendency of NO with the char-N
content, additional factors could have a prominent effect. The most probable effects would be that of
CO and O2 on the NO reduction by R6.6 or R6.9, respectively. While the influence of CO on NO
reduction in the inert NO reduction experiments was negligible due to the relatively low
concentration, the contribution of this in a combustion atmosphere cannot be omitted. Effluent CO
concentrations were around 4000 ppmv and likely much higher near the char particle surface. The
local concentrations of NO in high-nitrogen chars could likewise be high, thereby increasing the
relative importance of R6.6. However, additional investigations are necessary to clarify the influence
of R6.6 on the overall reduction of NO from combustion. In the case of O2, NO reduction has
generally been reported to be enhanced in the presence of O2 either by oxidative active site generation
(R6.9) or activation of (-CN) [323]. Lastly, changes in surface properties and catalytic components
with char conversion could have an important influence on the reactivities of the chars, which needs
further study.
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6.5

Conclusions

The conversion of char-N to NO during biomass char combustion decreased with an increase in the
initial char-N content. As this trend did not correlate with the NO reduction reactivity of the chars, an
important contributing factor may be the increased formation of N2O with an increase in char-N
content.
For NO reduction over biomass char, the reactivity was largely dominated by the association and
content of ash forming minerals. The reactivities of chars containing a low content of phosphorous
(pine wood, waste wood, and straw) correlated reasonably well with the (K+Ca)/C molar ratio. In
comparison, the high-phosphorous (bran, DDGS, and sunflower seed) chars exhibited a lower NO
reduction reactivity. A plausible explanation is that the potassium in chars with a high phosphorous
content was bound in a catalytically less active form such as KPO3. Other physical (initial surface
area and porosity) and chemical (initial char-N content, and nitrogen and oxygen surface functionality
and content) properties did not correlate with the NO reduction reactivity of the chars. During NO
treatment, the char surface was enriched with (-CN) and/or (-CO). The accumulated (-CN) species
may exhibit a different reactivity towards NO reduction compared to the inherent (-CN) sites.
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Reactivity of sewage sludge, RDF, and straw chars towards NO

This chapter has been written in a manuscript format. A slightly modified version has been published
in the peer-reviewed journal Fuel as,
Ulusoy B., Wu H., Lin W., Karlström O., Li S., Song W., Glarborg P., Dam-Johansen K., Reactivity
of sewage sludge, RDF, and straw chars towards NO, Fuel 2019;236:297-305. doi:
10.1016/j.fuel.2018.08.164

Abstract: The reaction of NO with chars of sewage sludge, refuse derived fuel (RDF), and straw
was investigated in a fixed bed reactor at temperatures from 800 to 900°C and NO inlet concentrations
from 400 to 1500 ppmv. The effect of ash forming elements in the chars was examined by comparing
the reactivity of raw and demineralized chars. Compared to straw char, the reaction rates of sewage
sludge and RDF chars, at 800°C and 400 ppmv inlet NO, were an order of magnitude and a factor of
six higher, respectively. The very high reactivity of the two waste chars was attributed to the catalytic
effect of their large content of calcium and iron. A simple first order globalized rate expression was
employed to describe the reactivity of waste chars toward NO, which predicted reasonably well the
conversion of char nitrogen to NO during char combustion at 800°C in 10% O2. A comparison with
literature data revealed a higher reactivity of the waste chars towards NO compared to that of coal
and biomass chars. The results in this work provide a simple and validated rate expression to simulate
the waste char-NO reaction in boilers, and moreover facilitate a potential utilization of waste chars
as primary or secondary measures for NO reduction.

7.1

Introduction

Waste fuels are increasingly used in utility and industrial boilers to reduce fuel costs and avoid
landfilling [324]. Two widely used waste combustion technologies are fluidized bed combustion and
grate-firing. In both processes, the NO primarily stems from the fuel bound nitrogen, either through
volatile or char nitrogen oxidation [18], while the contribution of thermal and prompt NO is small or
negligible [2,325,326]. Once formed, NO may be reduced through homogeneous reactions or by
heterogeneous reduction over char [16]. The mechanism of NO formation and reduction during char
combustion was described in Section 6.1, R6.1-R6.9. The reaction mechanism involves both catalytic
and non-catalytic reaction steps. It indicates that larger contents of surface nitrogen and catalytic
inorganic element may lead to a higher NO reduction reactivity. Waste fuels often have both high
nitrogen and inorganic element content in the unreacted char. Consequently, these chars could be
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expected to be very reactive towards NO reduction; however, this has to the knowledge of the authors
not been examined.
The objective of the present work is to investigate the reduction of NO over sewage sludge, refuse
derived fuel (RDF), and straw chars. The chars of raw and demineralized fuels were prepared in a
horizontal oven and subsequently subjected to surface property and chemical composition
characterization. NO reduction experiments were performed in a fixed bed reactor to investigate the
reactivity of different chars towards NO. Based on the experiments, simple rate expressions that are
applicable in large-scale simulations were provided for modelling the NO-char reduction reaction in
combustion. Apart from providing an improved fundamental understanding of the char nitrogen to
NO conversion and char-NO reduction reaction, the outcome of this study may facilitate the use of
chars in NO reduction from boilers.

7.2

Experimental section

7.2.1

Materials

Two waste based fuels, sewage sludge and RDF, and one biomass, straw, were investigated. The
employed demineralization (DM) and char preparation methods were described in Section 6.2.1 and
6.2.2, respectively. Notably, RDF was not demineralized due to the limited amount of available
sample. Table 7.1 displays selected properties of the raw fuels. The complete ICP-OES results for the
raw fuels and chars can be found in Appendix E.1 (Table E.1).
Table 7.1: Properties of the raw fuels.
[wt% d.b.]

[mg/kg d.b.]

Fuel

C

H

N

S

Ash

K

P

Mg

Ca

Fe

Na

Straw

46.9

6.0

0.56

0.12

4.2

14,000

910

960

2300

41

230

Sew. slu.

29.0

3.8

3.80

0.96

50.2

6300

34,000

4300

37,000

85,000

2400

RDF

48.7

6.6

1.16

0.28

16.4

1600

760

4440

37300

454

2000

7.2.2

Fixed bed reactor combustion and NO reduction

Char combustion and NO reduction experiments were performed in the fixed bed reactor described
in Figure 6.1 in Section 6.2.3. Reduction experiments were carried out at three NO inlet
concentrations [400,800,1500 ppmv] and temperatures [800,850,900 °C] using 20-50 mg char with a
size of 125-180 µm to minimize mass transfer limitations and avoid issues in feeding fine particles.
To extract kinetic information, the mass of sewage sludge and RDF char was reduced to avoid
complete conversion of NO to N2. Additional combustion experiments using 20 mg, 125-180 µm char
were carried out at 800°C in 10% O2. The total volumetric flow rate was 1 NL/min in both combustion
and NO reduction experiments, with the balance being made up by N2. The composition of the dry
flue gas was continuously monitored by a series of on-line gas analysers (NGA2000, Fischer118
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Rosemount); CO and CO2 were measured by infrared-absorption, O2 by a paramagnetic detector, and
NO by an ultraviolet analyser. In addition, the nitrogen combustion product distribution was
determined by a Fourier Transform Infrared spectrometer (FTIR) (Multigas 2030 FTIR, MKS
instruments).
The influence of external and internal mass transfer limitations were assessed based on the Maer and
Weisz-Prater criteria [303], respectively. The results are provided in Appendix E.1 (Table E.2) for
the most reactive chars, sewage sludge and RDF. These indicate that the kinetics play a dominant
role; hence, mass transport limitations were neglected in the estimation of kinetic parameters.
7.2.3

Physiochemical char properties

The carbon, hydrogen, nitrogen, and sulphur content, and inorganic element concentration of the raw
fuels and chars were determined by standard CHNS and inductively coupled plasma emission
spectroscopy (ICP-OES), respectively. Table 7.2 summarizes the ultimate analysis, char yield, and
selected ash composition of the chars. The char yields of the demineralized fuels were lower than
those of the raw fuels, as expected. Due to the large ash content, the waste chars contained a
significantly lower carbon content in comparison with that of the biomass chars. Demineralization
halved the ash content of the straw char, while only a small decrease was observed for sewage sludge
char. Demineralization of sewage sludge removed a significant amount of calcium and to a lesser
extent potassium and iron. Although dependent on the chemical association, previous studies have
elucidated the catalytic importance of these elements and additionally that of sodium and magnesium
in the NO-char reaction [161]. In this study, the major catalytic elements are expected to be potassium,
calcium and iron.
Table 7.2: Elemental and proximate analysis of the chars.
[wt% d.b.]

[mg/kg d.b.]

Char

C

H

N

S

Ash

Char Yield

K

P

Mg

Ca

Fe

Na

Straw

72.38

1.42

0.45

0.029

18.7

25.8

43,642

2789

2329

4459

<3

740

Sew. slu.

17.91

0.52

1.37

0.188

79.4

56.7

5803

16,708

6745

61,579

39,697

1485

RDF

39.91

1.21

1.21

0.728

56.7

31.2

4314

1673

9778

95,688

9675

5880

DM straw

82.15

1.53

0.83

0.032

8.4

16.9

530

727

<0.2

283

<3

<120

DM sew. slu.

22.28

0.56

1.99

0.107

76.8

56.5

3090

10,614

4175

5698

33,059

603

The specific BET surface area and the mesoporosity (BJH) of the chars were determined from N 2
adsorption at its boiling point (77 K) in the p/p0 range of 0.01-0.99. Table 7.3 shows the BET surface
area, pore volume, and mean pore diameter of the chars. The demineralized and raw sewage sludge
char surface areas were similar, while the RDF and straw chars displayed lower values. In
comparison, demineralized straw char exhibited a high surface area and consequently pore volume;
however, the volume and surface area mainly stem from micro- and some mesopores, leading to small
pore diameters. Although some disagreement exists, it is widely accepted that surface area and pore
structure play an important role in the NO reduction reaction [296]. While it has been difficult to
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correlate the NO-char reaction rate with BET areas, incorporating the surface area associated with
macro- and some mesopores (<20 nm by mercury porosimetry) yielded a better basis [16].
Table 7.3: BET surface area (SA), pore volume (Vp), and mean pore diameter (dp,mean) of the chars. Note, demineralized
straw char contained both micro- and mesopores.
Char

SA [m2/g]

VP [cm3/g]

dp,mean [nm]

Straw

25.1

2.4·10-2

3.404

66.0

9.0·10

-2

4.856

-2

3.385

Sew. slu
RDF

43.2

7.1·10

DM straw

429.5

0.18

1.932/3.382

DM sew. slu.

55.8

7.2·10-2

4.852
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NO reduction kinetics and char combustion model

The kinetic data for the NO-char reaction can be obtained from fixed bed reactor experiments under
the assumption of plug flow in quasi steady state. The integral form of the design equation is shown
in Eq. 7.1 for a first order rate expression.
- ln(1-XNO ) =

kNO ∙W
Vg

Eq. 7.1

Here, XNO (-) is the conversion of NO, kNO (m3gas s-1 kg-C-1) is the carbon mass based first order rate
constant, W (kg-C) is the instantaneous carbon mass in the bed, and Vg (m3gas/s) is the volumetric gas
flowrate. The instantaneous carbon mass was determined from the CO and CO2 measurements during
NO reduction experiments.
The conversion of char nitrogen to NO in fixed bed char combustion was investigated using a onedimensional, transient, heterogeneous reactor model followed by a one-parameter description of the
flue gas mixing in the downstream process using n stirred tank reactors in series. The residence time
distribution methodology and results are demonstrated in Appendix E.2 (Figure E.1 and Table E.3).
The main nitrogen products of char nitrogen oxidation are NO, N2, HCN, and N2O [16]. Based on
FTIR measurements, the nitrogen combustion products by direct char oxidation were assumed to be
NO with a fraction fNO and N2O with a fraction fN2O , while N2 was formed by the reduction of NO
over char, i.e. fNO + fN2 O = 1. The reduction of N2O to N2 over char was not examined in this work.
The conservation equation for the gas and solid phase in the packed bed reactor are shown in Eq. 7.2
and 7.3, respectively [327], along with the initial and boundary conditions.
dCchar
= - ϵ rC
dt

Eq. 7.2

δCi
δC2i
δCi
= Dax
u
-r
int
δt
δx2
δx C

Eq. 7.3
mol

CO2 ,0 =1.11 m3

gas

mol

CCO2,0 =0 m3

gas

C(t=0) = C0 where C0 =

mol

CCO,0 =0 m3

gas

mol

[

CNO,0 =0 m3

gas

]

C(x=0) = C0
dC(x=hreact ) = 0
Here, Cchar (mol/m3reactor) is the molar concentration of carbon in the reactor, Ci (mol/m3gas) is the
concentration of gas component i (i=CO, CO2, O2, NO), t (s) is the time, x (m) is the coordinate along
the bed, ϵ (-) is the bed porosity, Dax (m2/s) is the axial dispersion coefficient, determined from the
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Gunn correlation [328], uint (m/s) is the interstitial gas velocity, and rC (mol m-3gas s-1) is the char
oxidation rate.
The energy conservation equation and initial conditions for the solid phase are shown in Eq. 7.4. As
the char constitutes 1% of the bed material, the energy equation was based on the silica sand. Hence,
it is assumed that the temperature of the char equals that of the sand at any given time. Moreover, due
to the heating elements around the reactor, the temperature of the gas phase was assumed to be
constant. This assumption was validated by the thermocouple below the bed, showing a discrepancy
of ±7°C. The energy equation includes effects from conductivity, convection, and char combustion.
Radiation was neglected as the influence of this on the overall heat transfer was estimated to be around
10%.
Csand Cp,sand

δTsand
δT2sand
= keff
+ h S (Tgas -Tsand ) + ϵ ΔHR rC
δt
δx2

Eq. 7.4

Tsand (t=0) = T0 where T0 = 298 K
Tsand (x=0) = Tgas,0 where Tgas,0 = 1073 K
dTsand (x=hreact ) = 0
Here, Csand (mol/m3reactor) is the molar concentration of sand in the reactor, Cp (kJ mol-1 K-1) is the
specific heat capacity of sand, Tsand (K) is the sand temperature, keff (kJ m-1 s-1 K-1) is the effective
thermal conductivity determined from [329], h (kJ m-2 s-1 K-1) is the gas-solid heat transfer coefficient,
S (m2/m3) is the volumetric solid surface area, and ΔHR is the enthalpy of reaction between O2 and
char to form CO (-110.5 kJ/mol) and CO2 (-396.6 kJ/mol). The fraction of CO2 formed from char
combustion was determined from the experimentally obtained concentration profiles. For straw,
sewage sludge, and RDF chars, this parameter was set at 0.99, 0.95, and 0.97, respectively.
The char combustion rate (rC) was simplified to an expression first order in oxygen and char
concentration, Eq. 7.5. The formation of NO (rNO,formed) was assumed proportional to rC with the
proportionality factor being the product of fNO and the molar ratio between nitrogen and carbon in
y

the char (yN ), Eq. 7.6. The reduction of NO (rNO,reduced) was determined from the experimentally
C

obtained reduction rate constant, Eq. 7.7. The net formation of NO was ultimately calculated by the
difference in formation and reduction, Eq. 7.8.
rC = kC ∙C Char ∙CO2 , where kC = AC ∙exp(-Ea,C /R/T) [=]
rNO,formed = fNO

yN
yC

rC [=]

mol
m3gas s

rNO,reduced = kNO C Char CNO [=]

mol
m3gas s

rNO,net = rNO,formed - rNO,reduced
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To describe the dispersion downstream to the reactor, n stirred tank reactors in series were assumed.
The number of reactors in series was determined from residence time distribution measurements. For
each tank, the mass conservation equation assuming no reaction is shown in Eq. 7.9.
dCi
dt

=

1
τ

(Ci,in - Ci,out )

Eq. 7.9

Here, τ (s) denotes the residence time in one tank. The coupled differential equations were solved by
discretizing in space using a central finite difference approximation followed by the solution of the
coupled ordinary differential equations using a stiff ODE solver in MatLab. Figure 7.1 illustrates the
steps in the combustion model. The values of the combustion parameters AC and Ea,C were fitted the
experimentally obtained CO2 and O2 curves using a Maximum Likelihood Estimate (MLE) function
following the previous work of Sin and Gernaey [330]. Subsequently, the NO and CO profiles were
calculated based on the char combustion kinetics. The experimentally obtained reduction rate constant
was used to describe the reduction of NO over char.
Fit combustion
parameters AC
and E a,C to CO2
and O 2 profiles

Use A C and E a,C
to calculate NO
formation rate

Use k NO to
calculate NO
reduction rate

Compare CO,
CO2, O2, and NO
profiles, and
conversion of
char-N to NO

Figure 7.1: Schematic representation of the combustion model.

Since the optimization problem is non-convex, the MLE function depends on the starting values of
the parameters to be optimized. The initial guess of the parameters were based on the previous study
of Karlström et al. [331]. In the case of sewage sludge char combustion, a strong correlation was
noted between the two kinetic parameters. This resulted in a large standard deviation, causing the
lower limit of the pre-exponential factor to be negative, i.e. non-unique estimate of this parameters.
Consequently, the activation energy was specified as a parameter and only the pre-exponential factor
was fit to the data for sewage sludge char combustion. To get unique estimates of the activation
energy and pre-exponential factor, additional experiments must be planned, e.g. combustion at
different temperatures. An example of concentration plots from combustion modelling is illustrated
in Appendix E.3 (Figure E.2).
AC,initial = 100

m3react

Ea,C,initial = 50-60 kJ/mol

mol s
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7.4

Results and discussion

7.4.1

Reduction of NO over char

Figure 7.2a illustrates the conversion of 400 ppmv NO over 50 mg char at 800°C, while Figure 7.2b
depicts the corresponding transient first order rate constant of the chars. The results in Figure 7.2a
demonstrate that an almost complete reduction of NO was achieved for the raw sewage sludge and
RDF chars, while the straw char showed a somewhat lower reduction of NO. The NO reduction was
lower for the demineralized fuel chars as compared to the raw fuel chars. The results of Figure 7.2b
indicate that the reactivities of the waste chars were significantly higher than those of the straw char.
The NO reduction rate of the sewage sludge char was approximately 12 times that of the straw char,
while the RDF char exhibited half the reactivity of the sewage sludge char and six times that of the
straw char. From Table 7.2, it is observed that the straw char contained the highest amount of
potassium, which is likely to be the most active element in catalyzing NO reduction [295]. In
comparison, the waste based chars exhibited a larger content of iron, calcium, and sodium, all of
which may catalyze the NO reduction and thereby compensate for the lower potassium content
compared to straw char. In addition, although the conversion of NO of the demineralized sewage
sludge char was lower than that of straw char in Figure 7.2a, it is suggested based on Figure 7.2b that
the carbon in the former is more reactive than the latter, probably due to the larger content of iron.
The demineralized straw char, showing the highest surface area and pore volume among the chars,
displayed the lowest reactivity, as very small amounts of catalytic elements were present in the
structure. Moreover, this char exhibited the lowest average pore diameter, which could be an
additional contributing factor for the low reactivity. In several chars, a transient kinetic behavior
followed by a steady state reduction rate was observed, similar to the observations of Garijo et al.
[308,309] and Zhao et al. [143]. This behavior is further discussed in the following sections. The
repeatability of the experimental results was examined, showing a relative standard error of maximum
4%, as seen in Appendix E.4 (Figure E.3).

Figure 7.2: Conversion of NO (XNO) (50 mg char) (a) and first order carbon mass based reaction rate constant (k NO) for
the NO reduction (b) versus reaction time for the five different chars at 800°C using an inlet NO concentration of 400
ppmv NO.
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Effect of ash forming elements on reactivity

Figure 7.3 presents the maximum reduction rate constant at 800°C and 900°C using 400 ppmv NO
as a function of the molar ratio of (Fe+Ca+K)/C (a) and the BET surface area (b) in the unreacted
chars. Iron, calcium, and potassium may influence the catalytic activity through different pathways.
However, for simplicity, the catalytic term was defined as the molar ratio (Fe+Ca+K)/C. The
maximum rate constant was chosen to describe the initial reactivity, since the preliminary increase in
reactivity was attributed to particle heating and NO accumulation, and therefore negligible
deactivation was assumed prior to this point. The initial rate constant has typically been used in
modelling of NO in fast char combustion [16]. The results indicate that the initial reactivity is
proportional to the molar ratio of (Fe+Ca+K)/C in the unreacted chars. A higher content of calcium,
iron, and potassium would conceivably enhance R6.7 and R6.8, thereby facilitating the NO reduction.
Given the variable chemical and physical properties of the waste based fuels, this observation
provides a method of classifying the fuel chars in terms of their reactivity towards NO. Although the
molar ratio could be used as a basis to describe the reactivity prior to deactivation of the chars, the
long-term reactivity cannot purely be based on this due to the complicated transient char structure
change and ash transformation. Moreover, there appears to be no direct correlation between the
surface area and reactivity even when neglecting DM straw, presumably due to the significant effect
of ash forming elements and narrow surface area sample size [296].

Figure 7.3: Maximum first order reaction rate constant (kNO,max) of the examined chars against the initial concentration
of iron, calcium, and potassium expressed in mol element per mol carbon (a) and the BET surface area. (b) The rate
constant was determined from reduction experimentation at 800°C and 400 ppmv NO.

7.4.3

Influence of temperature and NO inlet concentration

Figure 7.4 depicts kNO,max against 1/T at varying NO inlet concentrations for sewage sludge and RDF
chars. In agreement with previous studies, the reactivity increased with temperature [332]. The results
show that the rate constant depends on the NO inlet concentration, thereby indicating a fractional
dependence on the NO concentration. However, a reliable estimate of the reaction order and rate
constant could not be made using a global fractional order rate expression, as the reaction order was
strongly dependent on the temperature and carbon conversion. More complex models are necessary
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to fully describe the char reactivity, as discussed further in the following sections. However, for
simplicity and as a first attempt to provide a rate expression for NO reaction with sewage sludge/RDF
char in large-scale simulations, e.g. in CFD modelling [333], concentration averaged rate constants
were derived using the results shown in Figure 7.4. For the averaged kNO,max, the recommended kinetic
parameters to be used for modelling purposes are summarized in Table 7.4.

Figure 7.4: Arrhenius plot of the maximum carbon mass based reaction rate constant (k NO,max) for NO reduction over
RDF and sewage sludge chars at varying NO inlet concentrations. The symbols in black and grey refer to sewage sludge
and RDF chars, respectively, while the dotted lines represent the averaged rate constants.

Table 7.4: Pre-exponential factor A (m3 kgC-1 s-1) and activation energy Ea (kJ/mol) for reduction of NO over char.
Char

A
3.91·10

145

Sew. slu.

1.39·10

8

133

Refuse derived fuel (RDF)

1.35·108

141

Straw

7.4.4

Ea
7

Formation and reduction of NO in char combustion

The form of the char nitrogen combustion product distribution, determined by FTIR, is illustrated in
Figure 7.5. As it was not possible to measure N2 and HCN, these were calculated as a rest fraction
based on the material balance. The presence of HCN during char combustion has previously been
reported [136,195]. However, unless radical quenching compounds such as iodine are added, the
amount is often small in a combustion atmosphere [312]. Consequently, the rest fraction was
presumed to consist mainly of N2. The results show that the majority of the emitted nitrogen was in
the form of NO and N2 with a smaller quantity of N2O. In addition, no significant amounts of NH3,
HNCO, and NO2 were detected. It has previously been suggested that the fractional conversion of
char nitrogen to N2O increased with the char nitrogen content or the NO concentration [131]. In
agreement with this, the straw, RDF, and sewage sludge chars exhibited a fractional conversion to
126

7.4

Results and discussion

N2O of 1%, 2%, and 7%, respectively. The formation mechanisms of N2O during char combustion
were suggested to be by direct char nitrogen oxidation (R7.1 and R7.3), reaction between char
nitrogen and NO (R7.4, R7.2 and R7.3, or direct reaction between NO and (-CN) [323]), or release
and subsequent homogeneous oxidation of HCN. In general, the reaction between (-CN) and NO can
be disregarded [16], since no N2O was detected without the presence of oxygen [159,315,316]. This
was additionally verified in this study, where the products of NO reduction over char were
investigated using the FTIR, showing that no significant amounts of N2O, HNCO, NH3, and NO2
were formed. The relative importance of the homogeneous and heterogeneous mechanisms of N2O
formation is as of yet unknown [136]. In the combustion model, N2O was presumed to form primarily
by direct oxidation of char nitrogen, with a fractional conversion fN2 O equal to that measured by FTIR.
This would lead to an overestimation of the actual NO fractional conversion fNO , as N2O is believed
to decompose over the char at an even faster rate than NO reduction [314].
O2 + (-C) + (-CN)

→

(-CO) + (-CNO)

R7.1

NO + (-C)

→

(-CNO)

R7.2

(-CN) + (-CNO)

→

N2O + 2 (-C)

R7.3

NO + (-CNO)

→

N2O + (-CO)

R7.4

Figure 7.5: Nitrogen product distribution from char combustion at 800°C in 10% O 2. NH3, HNCO, and NO2 were not
detected in significant quantities and therefore not shown here.

Figure 7.6 presents the experimental and modelled NO combustion selectivity (a) and concentration
profiles (b) from fixed bed char combustion at 800°C in 10 vol% O2. Although the nitrogen content
in the RDF and sewage sludge chars were higher than in straw char, the experimental selectivity to
form NO was lower. The concentration averaged kNO,max were used in the computations since the time
for complete combustion of the chars was short, i.e., 20-30 s. A reasonable prediction of the
conversion of char nitrogen to NO was achieved for the straw and RDF chars, while the conversion
of sewage sludge char nitrogen to NO was slightly overestimated. This was additionally reflected in
the concentration plots, wherein the qualitative trend of the data was well described with minor
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quantitative differences. In the case of sewage sludge and RDF char, a slight overestimation of the
NO release near the maximum was observed. As the formation of by-products were not the cause
between model and experiment, the discrepancies were apparently a consequence of NO reduction
by CO over char and ash (R6.6) [334] or reactivity enhancement in the presence of O2 [143]. In
addition to this, the experimental release of NO in RDF char was higher than predicted at later stages
in the combustion. This could be caused by the assumption that the NO formation is proportional to
the carbon burnout. Although, this is a common simplification in several char-NO modelling studies
[156,332,335], the proportionality between the rates for coal chars is not always prominent [16],
especially at temperatures around 600°C [136]. For the purposes of this study, the simplified
combustion model provided reasonable predictions of the NO concentration profile and the
conversion of char nitrogen to NO during combustion of straw and RDF chars. For the sewage sludge
chars, the reduction rate constant was two times lower in an inert atmosphere, as compared to the
combustion atmosphere. The results here indicate that the averaged rate constants could be useful in
predicting the reactivity of the raw chars towards NO, and therefore potentially be implemented in
large-scale simulations. However, it should be taken into consideration that the results provided here
are based on a limited range of operating conditions as well as on several assumptions, which would
require further evaluation. Some of these are discussed in the following section.

Figure 7.6: Experimental and predicted NO selectivity (a) and concentration profiles (b) from the combustion raw chars
at 800°C in 10vol% O2. The error bars depict the repeatability of the experiments. The predictions were made using a
concentration averaged first order reaction rate in the combustion model presented in Eq. 7.2-7.9.
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Assessment of rate expression

Figure 7.7 illustrates the first order rate constant against the reaction time (a) and carbon conversion
(b) for sewage sludge, RDF, and straw chars. Unless otherwise stated in the legend, the data are
extracted from the 900°C and 1500 ppmv NO experiments. In Figure 7.7a, all chars exhibited a
maximum reactivity followed by a steady decline, the slope of which differed depending on
temperature and NO inlet concentration. It became obvious that the reactivity decrease was not caused
by carbon depletion, as illustrated in Figure 7.7b. Possible explanations for the declining reactivity
are deactivation due to a long char residence time, formation of thermally stable oxides, and change
in carbon active sites [16,308]. As thermal annealing is expectedly of smaller importance at the
investigated temperatures, the dominating deactivation mechanism from long char residence times
may be caused by transformation of catalytic ash species, e.g. evaporation of potassium or formation
of possibly less-catalytic silicates of calcium and iron. Additionally, the production of surface
complexes could lead to a blockage of the pores or active sites, thereby inhibiting reactions R6.8 and
R6.9, wherein the catalytic site is regenerated and a new carbon site is formed. Further, the internal
surface area may increase or decrease during carbon conversion, thus influencing the availability and
number of active sites for NO reduction. To capture the effects of NO concentration and carbon
conversion, fractional order and Random Pore Model (RPM) [336] rate expressions were employed;
however, none of these yielded obvious advantages in comparison with the simple first order
equation, as seen in Appendix E.5 (Figure E.4). In future work, a more thorough understanding of the
deactivation mechanism, i.e. change in surface structure and ash forming element content, as a
function of time and carbon conversion is needed to describe the reduction reactivity of waste chars.

Figure 7.7: First order carbon mass based rate constant (k NO) versus time on stream (a) and carbon conversion (b) at
900°C and 1500 ppmv NO. Additional data for sewage sludge from 900°C and 800 ppmv NO, and 800°C and 1500 ppmv
NO.
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7.4.6

Comparison of reactivity with literature data

Figure 7.8 compares the obtained reaction rates with selected literature values. The results indicate
that the waste chars in general exhibited a higher reactivity than biomass chars and significantly
higher than the rate constant recommended by Levy et al. [304] for coal char, the default choice for
char + NO in ANSYS Fluent 18.0. Although the chars employed in this study were to some extent
deactivated by the pyrolysis in the horizontal oven, the obtained rate of sewage sludge char was higher
than and the RDF char comparable to that of bark and straw char reported by Zhao et al. [143],
wherein the pyrolysis time was minimized and oxygen was introduced to enhance the kinetics.
Similarly, the reactivity of the waste chars exceeded the rates reported by Garijo et al. [308], who
performed in-situ pyrolysis to minimize the thermal deactivation.
The results of the present study provide an indication of the potential utilization of waste char in the
reduction of NO in thermal conversion processes. This could possibly be by primary measures if the
fuel and air feeding is controlled in such a way that the more reactive chars are present at reducing
conditions within the boiler or through secondary techniques, if the char is employed subsequent to
the combustion chamber, e.g. char bed or direct injection to the cyclone.

Figure 7.8: Comparison of carbon mass based NO reduction rates (r’NO) obtained in this work with that from other studies
[143,304,308]. The assumed properties and conditions were 100 m2/g, 1.2 atm and NO inlet concentration of 500 ppmv.

Additionally, simple globalized rates are useful in Computational Fluid Dynamic (CFD) simulations
[333], since more detailed schemes require extensive computational requirements. Consequently, the
obtained concentration-averaged first order kinetic data can be used in modelling studies to evaluate
pollutant formation from waste combustion, where interaction between waste char and NO is
expected to be prominent, i.e. in fluidized bed combustors.
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The reactivities of sewage sludge, refuse derived fuel (RDF), and straw chars towards NO were
investigated in a fixed bed reactor at temperatures between 800 and 900°C using NO inlet
concentrations from 400 to 1500 ppmv. On a carbon mass basis, the reactivities of sewage sludge and
RDF chars were one order of magnitude and six-fold higher than that of straw char, respectively. A
demineralization study indicated that the high reactivity could be attributed primarily to the high
content of calcium and iron in the waste chars. The initial reactivities correlated well with the
(Ca+K+Fe)/C molar ratio of the unreacted chars, implying that calcium, potassium, and iron played
an important role in char reactivity towards NO.
During combustion of straw, RDF, and sewage sludge chars at 800°C in 10% O2 in the fixed bed
reactor, the char nitrogen was primarily converted to NO and N2, and to a lesser extent N2O (<7%).
A mathematical model based on a first order reaction rate expression for NO reduction over char was
able to provide a reasonable prediction of the conversion of char nitrogen to NO in the combustion
experiments.
The high reactivity of waste chars towards NO indicates a potential utilization of the chars in the
reduction of NO emission from combustion systems. Moreover, the simplified, concentration
averaged, first order rate expression for NO reduction over straw, RDF, and sewage sludge chars can
be implemented in large scale simulations of combustion plants.
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8.1

Summary of conclusions

Chapter 2 provides an overview of the nitrogen conversion in fluidized bed combustion of biomass.
The mechanisms of NOX and N2O formation and reduction from combustion, along with the influence
of fuel properties and operating conditions on NOX and N2O emissions in fluidized bed combustion
were reviewed. In addition, countermeasures for NOX reduction from combustion were described.
Chapter 3 presents the experimental results on NOX and N2O emission from continuous fluidized bed
mono- and co-combustion of biomass (pine wood, beech wood, straw, sunflower husk, sewage
sludge, and sunflower seed) at air staged and un-staged conditions. The observed trends were
explained based on effluent and local concentration data. From this work, the following conclusions
can be drawn:
-

The fuel-N to NO conversion decreased with an increase in fuel-N content, attributed to the
larger amount of nitrogen species (e.g. NH3) released with the volatiles thereby facilitating
thermal DeNOX reactions.

-

Based on the effluent data, straw-sewage sludge co-combustion exhibited a synergy effect,
while the NO emission from straw-sunflower husk and straw-sunflower seed co-combustion
were additive. The higher NO emission during straw-sewage sludge co-combustion was
caused by the catalytic effect of sewage sludge ash on the oxidation of NH3 and possibly HCN
to NO.

-

The catalytic effect of sewage sludge ash on NO forming reactions during straw combustion
increased with a lower ash preparation temperature and a better mixing of the ash with straw.
This was attributed to the higher surface area of the low temperature ash and possibly also to
the differences in the crystalline structure.

-

The mechanism of the interaction in straw-sewage sludge co-combustion was elucidated by
measuring the NO reduction potential and local gas composition in the reactor. At a low ash
content of 2-25 g, the NH3 released from sewage sludge facilitated thermal DeNOX reactions,
resulting in low NO emission. At later stages, the oxidation of NH3 catalyzed by ash reduced
the NO reduction potential in the reactor and increased NO emission.

-

In straw-sunflower seed co-combustion, local concentration measurements indicated a
synergy effect of the nitrogen chemistry, which was otherwise hidden in the effluent data. The
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effluent NO concentration during co-combustion was approximated well by the weighted
averages from pure straw and sunflower seed combustion, whereas the NH3 and NO
concentrations near the bed were significantly higher than the weighted values.
-

Air-staging was an effective way of reducing NO emission from mono- and co-combustion.
The influence of sewage sludge ash on the NO emission from straw-sewage sludge cocombustion was less pronounced at air staged conditions, due to the lower importance of NO
forming reactions in the reducing zone, i.e. near the bed.

Chapter 4 presents an experimental study on the influence of fuel properties and operating conditions
on NOX emissions during fluidized bed combustion. Batch combustion experiments of biomass (pine
wood, beech wood, straw, sunflower husk, sewage sludge, and sunflower seed) in a size range from
0.5-4 mm were conducted to investigate the relative contribution of volatile- and char-NO. To
elucidate the influence of ash forming elements, pine wood, straw, washed straw, and potassium (KCl,
KOH, K2CO3) doped pine wood and washed straw were continuously combusted in a fluidized bed
reactor. In addition, the influence of air staging, temperature, type of bed material, and gas phase
composition on NOX emissions was investigated. The main conclusions from this investigation are:
-

The fuel-N to NO conversion decreased with an increase in fuel-N content during batch
combustion of biomass particles with size ranges from 0.5-4 mm.

-

Volatile-NO was generally the main contributor to the total NO during batch combustion.
However, char-NO may be important as well; in the case of beech wood, up to 55% of the NO
was released during char combustion.

-

Compared to raw straw, the fuel-N to NO conversion was higher and the CO emission was
lower during washed straw combustion. KCl, K2CO3, and KOH doping washed straw
increased CO emission. KCl and KOH doping of washed straw decreased the fuel-N to NO
conversion, while K2CO3 had a negligible influence. KCl doping of pine wood increased CO
emission, while having a negligible effect on the fuel-N to NO conversion. The increased CO
and decreased NO emissions by KCl addition were more pronounced at air staged conditions
(primary to total air ratio (λ1/λ) of 0.04) compared to un-staged (λ1/λ = 1) combustion, related
to the radical recombination effect of KCl.

-

The NO emission and fuel-N to NO conversion exhibited minima for λ1/λ values between 0.50.75 during straw and sunflower husk combustion.

-

The fuel-N to NO conversion increased slightly with increasing temperature for straw
combustion. For KCl-doped washed straw, the fuel-N to NO conversion first increased then
levelled off with increasing temperature, explained by the opposite trend in the CO emission.

-

The fuel-N to NO conversion and CO emission were unaffected by changes to the bed
composition (CaO, kaolin, and silica sand) at λ1/λ = 1 and primary gas composition (N2 and
CO2) at λ1/λ = 0 and 0.04 during straw combustion.
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Chapter 5 summarizes the results of an experimental investigation on the influence of additives (CaO,
kaolin, MgCO3, coal fly ash, clay, (NH4)2Fe(SO4)2, NH4Fe(SO4)2, (NH4)2SO4, NH4MgPO4,
AlNH4(SO4)2, (NH4)2HPO4, (NH4)3[Fe(C2O4)3], and urea) on NOX and N2O emissions, and bed
agglomeration during air un-staged fluidized bed combustion of straw. The influence of (NH4)2SO4
particle size and introduction method was additionally examined. Selected additives were also
employed in air staged straw and un-staged sunflower husk combustion. Furthermore, the influence
of ash accumulation and bed agglomeration was investigated during sunflower husk combustion. The
main conclusions from this study are:
-

During straw combustion, kaolin, CaO, and MgCO3 prevented defluidization without
changing the fuel-N to NO conversion, while urea reduced NO emission without affecting bed
agglomeration. To reduce NOX emissions by thermal DeNOX, the NH-functionality was a
necessity. NH4MgPO4 and AlNH4(SO4)2 prevented defluidization while reducing the fuel-N
to NO conversion by 40% in straw and 30% in sunflower husk combustion.

-

Local gas composition measurements revealed that the NH-based additives released NH3
above the fuel inlet and/or the bubbling bed. Some additives (urea, (NH4)2SO4, NH4MgPO4,
and AlNH4(SO4)2) favored the reduction of NO by thermal DeNOX, whereas additives that
contained Fe ((NH4)2Fe(SO4)2, NH4Fe(SO4)2, and (NH4)3[Fe(C2O4)3]) or facilitated bed
agglomeration, i.e. induced poor mixing, ((NH4)2HPO4) increased NO emission near the bed
and led to a negligible change in the fuel-N to NO conversion. All NH-based additives
increased N2O emission possibly by oxidation of NH3 and HNCO. The local CO and CXHY
concentrations, and temperature measurements were unaffected by the use of additives.

-

When premixing additive and fuel, larger particles of (NH4)2SO4 dropped to the bed,
increasing the NH3 release above the bubbling bed and prolonging the time for defluidization.
In addition, no significant differences were observed when feeding (NH4)2SO4 batch wise as
pellets or premixed with straw.

-

Air staging (λ1/λ = 0.5) reduced the fuel-N to NO conversion by 40% in straw combustion.

-

The use of NH4MgPO4 and AlNH4(SO4)2 under air staged conditions did not lead to a further
decrease in NO; instead the NO emission slightly increased when employing these additives
with air staging. The introduction of secondary air favored the oxidation of NH3 to NO to a
larger degree than in un-staged combustion. In addition, N2O and CO effluent concentrations
increased, while the local concentration of HNCO was unaffected by air staging.

-

The accumulation of sunflower husk ash increased NO and decreased NH3 concentration
above the bed. In addition, the temporal variations above the bed were dampened at higher
ash content. These differences were attributed to the incipient defluidization leading to poorer
mixing and the catalytic effect of ash forming elements on the nitrogen chemistry.

Chapter 6 presents the experimental results of an investigation on the conversion of char-N during
raw and demineralized biomass char combustion in a fixed bed reactor. The formation of nitrogen
combustion products and the reduction of NO over char were investigated. The main conclusions
from this study are:
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-

The conversion of char-N to NO decreased with an increase in char-N content during raw and
demineralized biomass char combustion. This trend did not correlate with the NO reduction
reactivity of the chars. Consequently, a contributing factor may be the increased yield of N2O
for high-N chars.

-

The NO reduction reactivity of raw and demineralized biomass chars were largely dominated
by the association and content of ash forming elements. The NO reduction reactivity of chars
with a low char-P content correlated reasonably well with the (K+Ca)/C molar ratio. Chars
with high char-P generally showed a lower NO reduction reactivity. This was possibly caused
by the formation of less catalytically active species such as KPO3.

-

The nitrogen functionality in the chars were predominantly pyridinic, pyrrolic, and quartenary
with smaller amounts of oxides.

-

The NO reduction reactivity of raw and demineralized chars did not correlate with the initial
surface area, porosity, char-N content, or nitrogen and oxygen functionality or content of the
chars.

-

From combustion of NO treated and un-treated chars, the char-N to NO conversion was higher
for the NO treated chars. This indicates that the surface was enriched by (-CN) and/or (-CO).
The accumulated (-CN) sites may lead to a different reactivity towards NO reduction than the
inherent (-CN) sites.

Chapter 7 presents the experimental results of an investigation on the conversion of char-N during
sewage sludge, refuse derived fuel (RDF), and straw char combustion in a fixed bed reactor.
Demineralization was employed to study the influence of ash forming elements. The formation of
nitrogen combustion products and the reduction of NO over char were investigated. The obtained NO
reduction reactivity was used in a simplified, one-dimensional, transient packed bed reactor model to
predict the conversion of char-N to NO. The main inferences from this study are:
-

The reactivity of sewage sludge char was an order magnitude higher while that of RDF char
was six-fold higher than that of straw char. This was attributed to the high content of Ca and
Fe in the waste chars.

-

The initial reactivities correlated well with the (K+Fe+Ca)/C molar ratios of the chars.

-

A simple concentration-averaged, first order reaction expression was used to describe the
char-NO reaction. Employing fractional order or random pore model expressions did not yield
any obvious advantages to the simple model.

-

The products from fixed bed char combustion at 800ºC in 10% O2 were NO, N2, and to a
lesser extent N2O. A mathematical model, using the experimentally obtained, concentrationaveraged, first order NO reduction rate constant, predicted reasonably well the conversion of
char-N to NO during combustion.

-

The reactivities of waste chars exceeded that of coal and biomass char found in literature.
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Suggestions for future work

The results in this work provide an improved understanding of the nitrogen chemistry during
combustion of biomass and waste fuels at fluidized bed conditions. However, additional work could
be performed in this field to further improve the understanding and thereby aid in NOX emission
control. A few suggestions are described below.
Additional fluidized bed combustion experiments with local gas composition measurement
The current fluidized bed setup allows for local gas composition measurements and thereby the
possibility of a deeper understanding of the combustion process, which may not be visible from the
effluent measurements. In addition, the temporal concentration variations of certain spatial points can
be obtained, which may be of importance as well. Using the current setup, experiments could be
conducted on the influence of the most important parameters affecting NOX and N2O emissions,
including the effect of fuel type (RDF, algae, washed fuels, etc.), staging (air and fuel), and gas
composition (H2O, CO2, etc.).
Fundamental understanding of the nitrogen chemistry from batch fluidized bed combustion
Many studies focus on the conversion of nitrogen during single particle combustion. In comparison,
less emphasis has been put on the nitrogen conversion during combustion of a group of particles,
which may be more representative of industrial conditions. Therefore, the fundamental understanding
of the influence of fuel type, particle size, and operating conditions (temperature, gas composition
etc.) on NOX needs to be improved. This can be done using the current methodology for batch
combustion of a group of biomass particles. Besides NOX, N2O may also be considered for this type
of study, as this becomes increasingly important for high-nitrogen fuels.
Further work on the use of additives for NOX and bed agglomeration minimization
As a first attempt to reduce NOX emissions and bed agglomeration simultaneously, a variety of
additives was screened. The focal point of this work was on the NOX emissions; hence, the mechanism
of the interaction between additive and bed material has yet to be elucidated. While several of the
additives prevented defluidization and/or reduced NOX emissions, further investigation may be
necessary to obtain data outside of the investigated conditions such as varying temperature, fuel type,
additive amount, additive particle size etc. Moreover, a fundamental understanding of the
decomposition of the additives needs to be obtained. In addition, large-scale tests and cost-benefit
analyses may be considered to identify and propose effective and cheap countermeasures.
Quantitative description of the fluidized bed experimental results
Local gas and temperature measurements from fluidized bed combustion of biomass were obtained,
which may be used as validation in computational fluid dynamic (CFD) or chemical engineering
models. Different models may be considered with detailed fluid dynamics and/or chemical kinetics,
thereby providing a predictive tool, which may aid in understanding, and potentially upscaling or
extrapolation.
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Measurement of instantaneous char properties during NO gasification
No correlation was found between the NO reduction reactivity, and the chemical and physical
properties of biomass char. This may conceivably be related to the changes in these properties during
experimentation. Therefore, measurements of instantaneous char properties such as nitrogen content
and functionality, ash forming element content, surface area etc. may provide a better basis for
reactivity correlation and moreover an improved understanding of the char-NO reaction.
Influence of O2, CO, and char-P on the char-NO reactivity
The results presented in Chapter 6 indicate that the presence of char-P may decrease the NO reduction
reactivity. However, further work is necessary before any conclusions can be drawn. In addition, the
role and importance of CO and O2 in the char-NO reaction must be established.
Quantitative description of the char-NO reaction
While a qualitative understanding of the char-NO reaction and char-N to NO conversion has been
obtained, quantitative descriptions of the ongoing reactions are based on globalized expressions.
Consequently, a universally accepted mechanism has yet to be elucidated. Compared to the volatileN chemistry, the fundamental understanding of the char-N chemistry is lacking and requires further
study.
Proposals for NO reduction based on this work
Waste chars with high ash forming element content exhibited a high reactivity towards NO reduction.
In addition, fuels such as sewage sludge and sunflower seed released large amounts of NH3 during
combustion. At high O2 concentration, these may contribute to a net increase in NO emission.
However, at air or fuel staged conditions, these compounds could possibly reduce the net NO
emission, which would require further study and possibly tests on a larger scale. In addition,
alternative processes taking advantage of the high NH3 release and/or waste char NO reduction
reactivity may be explored and tested.
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A.1
NO2 contribution to total NOX
Figure A.1 depicts the NO and NO2 effluent concentrations during fluidized bed mono-combustion
of biomass. The maximum contribution of NO2 was 95% in the case of pine wood. For the other fuels,
negligible amounts of NO2 were detected. The insignificance of NO2 within the combustion chamber
was additionally verified from local concentration measurements.

Figure A.1: Steady state NO (a) and NO2 (b) effluent concentration against time during fluidized bed mono-combustion
of biomass. Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 1.
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A.2
Gas sampling probe commissioning and measurement procedure
Figure A.2 demonstrates the working principle of the water cooled probe used for local gas
concentration measurements during fluidized bed combustion. A quartz wool filter was placed at the
sample gas inlet of the probe to keep out solid material from entering and blocking the probe.
Sample gas out

Cooling water out 70-79°C
Cooling water in 68-75°C

142 cm
130 cm

Quartz wool filter

Ø 0.4 mm
Ø 1.8 cm

Figure A.2: Design and working principle of the water cooled probe used for local gas composition measurements in
during fluid bed combustion.

Commissioning
When measuring the local gas composition, the temperature of the sample gas should be quenched to
minimize secondary reactions within the probe. However, a minimum temperature exists below
which the water in the flue gas may start condensing, thereby capturing some of the soluble species
such as NH3, HNCO etc. This minimum temperature corresponds to the point of highest H2O
concentration, which should appear below the secondary gas injection point. Based on combustion
calculations and the fuel properties, the highest H2O concentration for each fuel can be determined,
as summarized Table A.1. Taking a safety margin and assuming that the maximum concentration of
H2O in the flue gas is 15%, the minimum temperature of the flue gas can be calculated as the dewpoint
temperature using the Antoine equation. The results are summarized in Figure A.3, showing that the
minimum temperature of the sample gas is 54.3ºC.
Table A.1: Theoretical maximum fraction of H2O in the sample gas below the secondary gas feeding (𝐲𝐇𝟐𝐎,𝐦𝐚𝐱 ) during
fluid bed combustion of biomass

Fuel
𝐲𝐇𝟐 𝐎,𝐦𝐚𝐱

Pine wood

Beech
wood

Straw

Sunfl. husk

Sew. slu.

Sunfl. seed

11

10.3

12

10.2

11.2

11.5
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Figure A.3: Dewpoint against the molar fraction of H2O calculated from the Antoine equation. The dewpoint at a H 2O
molar fraction of 0.15 is 54.3ºC.

As NH3 is to be measured in the local concentration measurements, the maximum temperature of the
sample gas is limited by the reactivity of NH3. The main reactions considered are the thermal
decomposition of NH3 and its reactions with O2 and NO, demonstrated by non-elementary A.2-R1 –
A.2-R3. The thermal decomposition (A.2-R3) was negligible below approximately 400ºC in a
stainless steel tank reactor [337,338]. Little information is available on the catalytic effect of stainless
steel on the NH3 reactions. To investigate the reactions of NH3 with O2 and NO, the rate constants
for A.2-R1 and A.2-R2 were extracted [339] and multiplied by a catalytic factor (facat) to take into
account the effect of stainless steel. Assuming a plug flow reactor, the concentration of NH3 as a
function of residence time for parametized values of T and facat is summarized in Figure A.4. The
results indicate that temperature and residence time must be carefully controlled to minimze
secondary reactions within the probe. For simplicity it is here assumed that, below 400ºC, the
reactions of NH3 are quenched. However, a further investigation of this may be necessary either by
experiment or modelling, as temperatures around 400ºC, corresponds to the temperature during
Selective Catalytic Reduction (SCR) (cf. Chapter 2, Section 2.5.2).
5
O → NO + H2 O
4 2
1
3
NH3 + NO + O2 → N2 + H2 O
4
2
NH3 +

NH3 →

165

1
3
N2 + H2
2
2

A.2-R1
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Figure A.4: Outlet concentration of NH3 from a plug flow reactor including reactions B-R1 and B-R2 against residence
time for discrete values of temperature (T) and catalytic factor (facat), the latter of which was multiplied on the rate constant
of both reactions.

The cooling capability of two different cooling media, air and water, were investigated. The
temperature profile within the probe using each method is summarized in Figure A.5. The temperature
profiles were extracted 12 cm above the air distributor, corresponding to the highest temperature gas
sample, i.e. gas temperature of around 850ºC. To ensure adequate cooling of the sample gas, water
cooling was used in the local concentration measurements. However, to ensure that no water
condenses within the probe the cooling water was heated to around 68-75ºC.
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Figure A.5: Temperature profile of sample gas within the probe using two different cooling media. The gas was sampled
at a point 12 cm above the air distributor.

The introduction of secondary gas resulted in a dilution of the measured sample gas. The dilution was
corrected for by performing experiments in which a known concentration of NO was introduced with
the primary gas under conditions resembling that of combustion. The axial NO concentration profile,
dilution factor (fadil), and corrected concentrations are shown in Figure A.6.

Figure A.6: Axial NO concentration (a), dilution factor (fadil) (b), corrected concentration (c) in experiments with tracer
NO gas in the primary air.

Local gas concentration measreument procedure
Local concentration measurements during combustion were performed by insertion of the probe from
the top of the reactor and moving it down through pre-defined points. At each point, a total of 3-6
minutes of measurements were obtained. The first 30-60 seconds were discarded due to the transient
change in the results. The remaining data were used for average and standard deviation calculations.
The temperature of the cooling water was monitored when changing the probe position to ensure that
H2O did not evaporate inside the probe. The mass flow of H2O was approximately 40-60 g/s, while
the sample gas flow was around 200-500 NmL/min. The probe setup is demonstrated in Figure A.7.
A pump, placed between two Swagelok filters, provided the driving force for transfer of sample gas
to the FTIR spectrometer.

167

Appendix A

Filter 1

Filter 2
Pump

The pump was heated and all
lines were heat traced
FTIR

Probe

Figure A.7: Setup and connection of probe to FTIR.

A.3

Repeatability of local gas concentration measurements during straw
combustion
The repeatability of the local gas concentration measurements of straw combustion at air un-staged
and staged conditions are demonstrated in Figure A.8 and Figure A.9, respectively. The repeatability
of the measurements are reasonable. In the case of NH3 and HNCO, some differences were observed,
while the qualitative trend was consistent. The measurements of HNCO above the maximum range
generally lead to an overestimation of the concentration based on previous experience with the FTIR
spectrometer.
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Figure A.8: Axial NO (a), N2O (b), NH3 (c), HNCO (d), and CO (e) profiles during fluidized bed mono-combustion of
straw. Three repetitions are shown. Conditions: T bed = 850ºC; λ = 1.4; λ1/ λ = 1.

169

Appendix A

Figure A.9: Axial NO (a), N2O (b), NH3 (c), HNCO (d), and CO (e) profiles during fluidized bed mono-combustion of
straw. Two repetitions are shown. Conditions: T bed = 850ºC; λ = 1.4; λ1/ λ = 0.5.
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A.4
CO and NO correlation during fluidized bed mono-combustion of biomass
Figure A.10 demonstrates the measured NO, CO, O2, and CO2 concentrations from fluidized bed
combustion of biomass in the time domain extracted in a time range of 200 s during steady state
conditions. The NO and CO peaks were adjusted to take into account the time delay in the analyzers.
In the case of straw, sunflower husk, and to some extent sunflower seed combustion, a maximum in
NO was accompanied by a minimum in CO and maximum in O2. However, this trend was not
prominent in pine wood, beech wood, and sewage sludge combustion.
Figure A.11 demonstrates the outlet concentration of NO versus CO. As stated previously, in some
cases the NO decreased with an increase in CO, while in other cases no correlation was observed.
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Figure A.10: CO2, O2, CO, and NO concentration plots versus time during steady stage combustion of straw, pine wood, beech wood, sunflower husk, sewage sludge,
and sunflower seed.
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Figure A.11: Scatter plots of NO versus CO during steady stage combustion of straw, pine wood, beech wood, sunflower husk, sewage sludge, and sunflower seed.
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A.5
CO, CXHY, CH2O, H2SO4, and SOX – un-staged mono-combustion
The local gas concentration measurements of the relevant species are demonstrated for the
combustion of biomass at air un-staged conditions.

CO and CH2O

Figure A.12: Axial CO (a) and CH2O b) profiles during un-staged fluidized bed mono-combustion biomass. Conditions:
Tbed = 850ºC; λ = 1.4; λ1/ λ = 1 and 0.5.
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CO, CXHY, CH2O, H2SO4, and SOX – un-staged mono-combustion

CXHY

Figure A.13: Axial CH4 (a), C2H6 (b), C2H4 (c), C2H2 (d), C3H8 (e), and C3H6 (f) profiles during un-staged fluidized bed
combustion of biomass. Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 1 and 0.5.
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A.6
CO2 and O2 local concentration
The raw CO2 data from local measurements during sewage sludge combustion are illustrated in Figure
A.14 in the case of high and low CO concentration. While a large degree of scatter is prominent, some
underlying trends may be obtained by various signal processing techniques.

Figure A.14: Raw CO2 concentration data from local concentration measurement during fluidized bed mono-combustion
of sewage sludge. The calibration of CO2 was obtained at low (a) and high (b) concentrations of CO. Conditions: T bed =
850ºC; λ = 1.4; λ1/ λ = 1.

Initially, the peaks above 21% and below 0% are identified and removed. The identified peaks are
demonstrated in Figure A.15, while the plots after removal of the outlier peaks are shown in Figure
A.16. As the CO concentration was high near the bed, the CO2 concentration obtained from the low
CO calibration was inaccurate.

Figure A.15: Concentration plots in which the peaks above 21% (triangle) and below 0% (cross) are identified.
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Figure A.16: Concentration plots without peaks above 21% and below 0%.

To treat the data, different smoothing techniques were used, including median filtering, moving
average, and smoothing spline, each of which are demonstrated in Figure A.17 for the low (a, b, c)
and high (d, e, f) CO data.
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Figure A.17: Raw and smoothened data using median, moving average, and smoothing spline filtering for the low (a, b,
c) and hig (d, e, f) CO data.
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The CO2 profiles using the different smoothing methods were determined for high and low CO as
demonstrated in Figure A.18. As the outlet concentration of CO2 should be around 15%, a moving
average based filtering of the low CO data was deemed appropriate for points above the fuel inlet.
Below the fuel inlet, the CO concentration was high; consequently, the high-CO data were used
employing a moving average based filtering. The resultant CO2 and O2 (O2 = 21 – CO2 – ½ CO – ½
NO) profiles are demonstrated in Figure A.19.

Figure A.18: CO2 profiles from smoothening of low and high CO data.

Figure A.19: CO2 (a) and O2 (b) profiles for the relevant fuels obtained from moving average smoothening of the low
CO data above the fuel inlet and high CO data below the fuel inlet.
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A.7
Sunflower seed-sewage sludge un-staged co-combustion
Figure A.20 depicts the averaged NO and CO concentrations from co-combustion of sunflower seed
and sewage sludge. While the NO concentration exhibited a similar trend as in straw-sewage sludge
co-combustion, the CO concentration slightly decreased with the share of sewage sludge, possibly
due to the catalytic effect of sewage sludge ash on the oxidation of combustibles.

Figure A.20: Average effluent NO (a) and average effluent CO (b) concentration during fluidized bed co-combustion of
sunflower seed and sewage sludge. Conditions: T bed = 850ºC; λ = 1.4; λ1/ λ = 1. The error bars on sunflower seed results
were determined from several repetitions.
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A.8
BET surface area and XRD analysis of sewage sludge ash
Table A.2 summarizes the BET surface area of the sewage sludge ash prepared at different
temperatures, while Figure A.21 depicts the XRD results with most of the peaks identified. The
surface area decreased with the severity of heat treatment. In addition, the crystal phases were
different for the ash prepared at 550ºC, compared to that of the higher temperature ashes, i.e. 850ºC
and 1000ºC. A deeper investigation is necessary to unravel how the catalytic reactivity of the ash
changes with the chemical structure.
Table A.2: BET surface area of sewage sludge ash prepared at different temperatures.

Material
BET

Sew. slu. ash 550ºC

Sew. slu. ash 850ºC

Sew. slu. ash 1000ºC

17.8

2.9

1.5

[m2/g]

Q/C

Ash from
550ºC
850ºC
1000ºC

Q: Quartz (SiO2)
C: CaO
H: Fe2O3
K1: K-Fe-O
K2: K-Si-O
K3: K-Fe-Si-O
K4: K-Al-O

Q
Al

K2
K1 H

Q

C Q
Q
C

Q CC

Al: Al 2O3
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Figure A.21: XRD data of sewage sludge ash prepared at different temperatures.
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A.9

CXHY – straw-sewage sludge co-combustion – influence of ash accumulation

Figure A.22: Axial CH4 (a), C2H6 (b), C2H4 (c), C2H2 (d), C3H8 (e), and C3H6 (f) during fluidized bed straw-sewage
sludge co-combustion. Definitions: init = 2-25 g of ash to the reactor, late = 40-80 g of ash to the reactor. Conditions: T bed
= 850ºC; λ = 1.4; λ1/ λ = 1.
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A.10 CXHY – straw-sunflower seed co-combustion
The local gas concentration measurements of the relevant species are demonstrated for the
combustion biomass at air un-staged conditions.

CO and CH2O

Figure A.23: Axial CO (a) and CH2O b) profiles during un-staged fluidized bed combustion of straw, sunflower seed,
and straw-sunflower seed. Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 1.
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CXHY

Figure A.24: Axial CH4 (a), C2H6 (b), C2H4 (c), C2H2 (d), C3H8 (e), and C3H6 (f) profiles during fluidized bed combustion
of straw, sunflower seed, and straw-sunflower seed. Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 1.
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Local gas concentration measurements during air-staged combustion

A.11 Local gas concentration measurements during air-staged combustion
Figure A.25 demonstrates the local gas measurements from air staged combustion of straw, sewage
sludge, and straw-sewage sludge, while Figure A.26 shows the air staged and un-staged results from
sewage sludge combustion.
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Figure A.25: Axial NO (a), N2O (b), NH3 (c), HNCO (d), and CO (e) profiles during air staged fluidized bed combustion
of straw, sewage sludge, and straw-sewage sludge. Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 0.5.
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Local gas concentration measurements during air-staged combustion

Figure A.26: Axial NO (a), N2O (b), NH3 (c), HNCO (d), and CO (e) profiles during air staged and un-staged fluidized
bed combustion of sewage sludge. Conditions: T bed = 850ºC; λ = 1.4; λ1/ λ = 1 and 0.5.
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A.12

CO, CXHY, CH2O, H2SO4, and SOX – air staged combustion of straw and sewage
sludge

CO and CH2O

Figure A.27: Axial CO (a,b) and CH2O (c,d) profiles during fluidized bed mono-combustion of straw and sewage sludge.
Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 1 and 0.5.
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CO, CXHY, CH2O, H2SO4, and SOX – air staged combustion of straw and sewage sludge

CXHY – straw air staged and un-staged combustion

Figure A.28: Axial CH4 (a), C2H6 (b), C2H4 (c), C2H2 (d), C3H8 (e), and C3H6 (f) profiles during fluidized bed monocombustion of straw. Conditions: T bed = 850ºC; λ = 1.4; λ1/ λ = 1 and 0.5.
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CXHY – sewage sludge air staged and un-staged combustion

Figure A.29: Axial CH4 (a), C2H6 (b), C2H4 (c), C2H2 (d), C3H8 (e), and C3H6 (f) profiles during fluidized bed monocombustion of sewage sludge. Conditions: T bed = 850ºC; λ = 1.4; λ1/ λ = 1 and 0.5.
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B.1
Temperature profiles
Temperature profiles during straw combustion using different bed material at un-staged conditions
(Figure B.1) and using different primary gas at λ1/λ = 0 (Figure B.2).

Figure B.1: Axial temperature profile during combustion of straw with different bed material. Conditions: T bed = 850ºC;
λ = 1.4; λ1/ λ = 1.

Figure B.2: Axial temperature profile during combustion of straw using N 2 or CO2 as primary gas. Conditions: Tbed =
850ºC; λ = 1.4; λ1/ λ = 0.
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C.1

Repeatability of local gas concentration measurements of straw-(NH4)2SO4
combustion
The repeatability of the local gas concentration measurements during combustion of straw mixed with
(NH4)2SO4 at air un-staged conditions are illustrated in Figure C.1. The qualitative trends and to a
large extent quantitative values of the repetitions were similar. Notably, the extrapolation of HNCO
above the maximum range (300 ppmv) of the FTIR spectrometer generally leads to an overestimation
of the concentration. While the qualitative trend of this compound is credible, the quantitative data
must be viewed with care.
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Figure C.1: Axial NO (a), N2O (b), NH3 (c), HNCO (d), and CO (e) profiles during fluidized bed combustion of straw
mixed with (NH4)2SO4. Two repetitions are shown. Conditions: T bed = 850ºC; λ = 1.4; λ1/ λ = 1.
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Decomposition products of NH4MgPO4 and AlNH4(SO4)2

C.2
Decomposition products of NH4MgPO4 and AlNH4(SO4)2
The decomposition products of NH4MgPO4 and AlNH4(SO4)2 are demonstrated in Figure C.2. The
signals have been shifted to fluctuate around zero and the fluctuations in HCN and N2 have been
dampened. Consequently, the absolute values of the signals are not descriptive and these should be
viewed qualitatively to show the presence or absence of the investigated species. Generally, H2O and
NH3 were the main species, while NO and N2O were additionally formed from AlNH4(SO4)2 under
oxidizing conditions.

Figure C.2: Decomposition products from TGA of NH 4MgPO4 (a,b) and AlNH4(SO4)2 (c,d) under inert and oxidizing
conditions. The experimental conditions are described in Chapter 5, Section 5.2.3.
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C.3
CO, CXHY and CH2O from un-staged straw-additive combustion
Axial profiles of combustibles from straw-additive combustion are presented below. The plots on the
left in each figure include the additives that led to a decrease in the overall fuel-N to NO conversion,
while the figures on the right include the additives that did not alter the fuel-N to NO conversion
significantly (cf. Figure 5.3a).

CO

Figure C.3: Axial CO profiles during un-staged fluidized bed combustion of straw-additive. Conditions: Tbed = 850ºC; λ
= 1.4; λ1/ λ = 1.

CH2O

Figure C.4: Axial CH2O profiles during un-staged fluidized bed combustion of straw-additive. Conditions: Tbed = 850ºC;
λ = 1.4; λ1/ λ = 1.
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CO, CXHY and CH2O from un-staged straw-additive combustion

CH4, C3H6, and C3H8

Figure C.5: Axial CH4 (a,b), C3H6 (c,d), and C3H8 (e,f) profiles during un-staged fluidized bed combustion of strawadditive. Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 1.
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C2H2, C2H4, and C2H6

Figure C.6: Axial C2H2 (a,b), C2H4 (c,d), and C2H6 (e,f) profiles during un-staged fluidized bed combustion of strawadditive. Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 1.
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S-compounds during straw-(NH4)2SO4 combustion

C.4
S-compounds during straw-(NH4)2SO4 combustion
The local SO2, SO3, and H2SO4 concentrations during combustion of straw with and without
(NH4)2SO4 are depicted Figure C.7. The SO2 and H2SO4 profiles were comparable between
experiments, while a slightly higher SO3 concentration near the bed may be prominent for the larger
(NH4)2SO4 particle size range.

Figure C.7: Axial SO2 (a), SO3 (b), and H2SO4 (c) profiles during fluidized bed combustion of straw mixed with
(NH4)2SO4 of two different particle sizes. Conditions: T bed = 850ºC; λ = 1.4; λ1/ λ = 1.
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C.5
Axial temperature profiles
The axial temperature profiles from straw combustion with and without additives under air staged
and un-staged conditions are depicted in Figure C.8.

Figure C.8: Temperature profile in air staged and un-staged fluidized bed combustion of straw with and without
NH4MgPO4. Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 0.5 and 1.

The axial temperature profiles from sunflower husk combustion with and without NH4MgPO4 under
are depicted in Figure C.9.

Figure C.9: Temperature profile in air un-staged fluidized bed combustion of sunflower husk with and without
NH4MgPO4. Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 0.5 and 1.
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Air staged combustion of straw-AlNH4(SO4)2

C.6
Air staged combustion of straw-AlNH4(SO4)2
Figure C.10 depicts the results of the local concentration measurements during combustion of strawAlNH4(SO4)2 at air staged (λ1/λ = 0.5) and un-staged (λ1/λ = 1) conditions.
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Figure C.10: Axial NO (a), N2O (b), NH3 (c), HNCO (d), and CO (e) profiles during fluidized bed combustion of strawAlNH4(SO4)2 under air staged and un-staged conditions. Conditions: T bed = 850ºC; λ = 1.4; λ1/ λ = 0.5 and 1.
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CO, CXHY and CH2O from un-staged sunflower husk combustion – influence of ash
accumulation

C.7

CO, CXHY and CH2O from un-staged sunflower husk combustion – influence of
ash accumulation
Axial profiles of combustibles from sunflower husk combustion are presented below for the initial
and late stages of combustion, thereby elucidating the influence of ash accumulation and incipient
bed defluidization. The initial stage (init) measurements were conducted during the feeding of 0.040.15 kg d.b. sunflower husk (1.3-4.8 g ash), while the late stage (late) measurements were performed
between 0.23-0.30 kg d.b. sunflower husk (7.4-9.6 g ash).

CO and CH2O

Figure C.11: Axial CO (a) and CH2O profiles during fluidized bed combustion of sunflower husk. Measurements were
performed initial (init: 0.04-0.15 kg d.b. sunfl. husk) and late (init: 0.23-0.30 kg d.b. sunfl. husk) stages of combustion.
Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 1.
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CXHY

Figure C.12: Axial CH4 (a), C2H2 (b), C2H4 (c), C2H6 (d), C3H6 (d), and C3H8 (f) profiles during fluidized bed combustion
of sunflower husk. Conditions: Tbed = 850ºC; λ = 1.4; λ1/ λ = 1.
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D.1

Fuel properties and influence of mass transfer limitations on the NO-char
reaction
Table D.1: Complete chemical composition of the biomass fuels.

Property

Unit

Pine wood

Wheat straw

Waste wood

Bran

Sunflower seed

DDGS

Moisture
Ash
Volatile
C
H

% (wb.)
% (db.)
% (db.)
% (db.)
% (db.)

4.0
0.2
82.4
51.5
6.20

7.4
4.2
75.9
46.9
6.0

13.2
1.70
49.0
6.13

8.2
5.3
45.0
6.3

8.7
14
40.5
5.73

9.2
6.4
43.7
6.55

N
S
Cl
Al
Ca
Fe
K
Mg
Na

% (db.)
% (db.)
% (db.)
mg/kg (db.)
mg/kg (db.)
mg/kg (db.)
mg/kg (db.)
mg/kg (db.)
mg/kg (db.)

<0.20
0.007
0.016
32
950
26
480
140
95

0.56
0.12
0.67
44
2,300
41
14,000
960
230

1.33
0.037
0.31
443
3,200
363
703
443
326

2.65
0.19
0.071
80
920
210
13,000
3,800
50

6.14
0.23
3,095
7,328
1730
18,416
6,724
410

5.13
0.23
75
1,105
91
11,723
3,442
3,255

P
Si
Ti

mg/kg (db.)
mg/kg (db.)
mg/kg (db.)

52
<200
<5

910
3,900
4

93
1,710
-

11,000
1,300
-

12,810
49

10,204
<2
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Due to the lack of physical data of the chars, the density was presumed to be 500 kg/m 3, while the
effective diffusivity 1.26·10-4 m2/s, adopted from the work of Garijo et al. [308]. Moreover, the mass
transfer constant in the gas film, kg, was calculated to be 2.1 m/s using the correlation of Dwidewi
and Upadhyay [340]. The mass of char was calculated from the CO and CO2 profiles at the point
where the reactivity reached maximum. At the highest investigated temperature and for the largest
particle size, the influence of internal and external mass transport limitations were deemed negligible
in the case of the most reactive biomass char, straw char. Hence, reaction kinetics dominated the
calculated rates, i.e., zone 1 conditions were assumed.
Table D.2: Investigation of the influence of external and internal mass transfer limitations regarding the NO reduction
1
‐r
ρ R
reactions. ‐robs = FNO,in XNO , Maer’s criterion φMaer = obs C C <0.15, relative mass transfer resistance
W

Relext =

dC /(6kg )
1/(kobs ρC )

kg CNO,0

, Weisz Prater modulus and criterion φWP =

effectiveness factor: η=

3∙φ∙ coth(3∙φ)‐1
3∙φ2

‐robs ρC R2C
Deff CNO,0

≪1, Thiele modulus: φ=

dc
6

1

∙(

k∙ρc 2
),
Deff

and

. Symbols: W is the instantaneous mass of char, , FNO,in inlet molar flow of NO, XNO

conversion of NO at given W, 𝛒𝐂 is the char density, dC and R C are char diameter and radius, respectively, k g is the gas
film mass transfer constant, 𝐤 is the first order reaction rate constant, and 𝐃𝐞𝐟𝐟 is the effective diffusivity.
Char

Conditions

XNO

Maximum observed
first order k
[m3/kg char/s]

Straw

900ºC, 400
ppm NO

0.9

12.3

robs
[mol/kg
char/s]

φMaer

0.020

0.027
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Relext,max
[%]
9.0

φWP

φ

η

0.040

0.210

0.975

D.2

D.2

Experiment repeatability, and influence of temperature and NO concentration

Experiment repeatability, and influence of temperature and NO concentration

Figure D.1: Repeatability investigation of the NO reduction over char at 800°C using an NO inlet concentration of 400
ppmv NO. The subscripts denote the repetition number. DM: Demineralized, PW: pine wood, and S: straw.

Arrhenius plots of the steady state rate constant of the chars using 400 ppmv NO are illustrated in
Figure D.2. The reactivity of all chars increased with temperature. A significant effect of temperature
was observed for the pine wood char, which was not prominent for the demineralized char.
Consequently, this effect was attributed to the activation of the catalytic elements present in pine
wood char. At higher temperatures, a change in the reactivity of presumably calcium could have
activated the char. A change in mechanism/activation energy from adsorption to reaction control has
previously been reported at temperatures around 700°C [16]. At the investigated temperatures, the
increased reactivity of the pine wood char is suspected to be due to the content of ash forming
elements. Although, the pine wood contained the least amount of ash forming elements of the raw
chars, it exhibited the second highest reactivity towards NO at higher temperatures. In addition, the
demineralized bran char increased in reactivity, which due to the depletion of catalytically active
elements could be ascribed physical changes, such as surface area or pore size distribution.

Figure D.2: Arrhenius plots of raw and demineralized chars using 400 ppmv NO. PW: pine wood, S: straw, WW: waste
wood, B: bran, SSE: sunflower seed, DDGS: dried distillers grains with solubles and DM: demineralized.
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Figure D.3 demonstrates the influence of NO inlet concentration on the first order carbon mass based
NO reduction rate constant for selected chars. Given the expression for the first order rate constant in
Eq. 1 in the original paper, this should be independent on the initial NO concentration. The results
indicate that the reactivity depends on the NO inlet concentration. This in turn suggests that the first
order rate expression used for comparison between the chars is inadequate in describing the reactivity
at varying NO inlet concentrations. Therefore, other rate expressions such as fractional order,
concentration averaged, or mechanistic models must be used to capture this effect in large scale
modelling studies. However, the first order rate constant can be used as a qualitative comparison of
the char reactivity under similar NO concentration.

Figure D.3: First order carbon mass based NO reduction rate constant at different inlet concentrations of NO at 800°C.
WW: waste wood, DDGS: dried distillers grains with solubles and S: straw.

D.3

Correlation study – surface area and char-N content

Figure D.4: Transient first order reactivity versus the ratio (left) and product (right) of char-N and surface area. No
improved correlation was observed in either case.
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XPS curve fitting
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XPS curve fitting
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Figure D.5: Deconvolved XPS results for the relevant chars.
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Correlation study – N and O functionality versus measured properties

Correlation study – N and O functionality versus measured properties

Table D.3: Oxygen functionality in the chars from the C1s peak based on the work of Figueiredo and Pereira [341]. The
large content of N in the chars was taken into account when determining the functionality.
Oxygen functionality [mol%]
C-(C,H)

C-(O,N)

R2C=O

O=C-O

284.6 ± 0.3

286.1 ± 0.3

287.6 ± 0.3

289.1 ± 0.3

Straw
Bran
Sun. seed
DM pine wood
DM straw
DM waste wood
DM bran

76.8
73.0
72.0
81.9
77.6
77.8
63.8

15.1
19.3
21.3
12.6
15.9
14.5
27.0

5.50
5.62
5.00
1.00
4.09
4.54
5.27

2.60
2.08
1.70
4.50
2.41
3.16
3.93

DM sunfl. seed
DM DDGS

71.8
71.2

22.6
22.1

3.66
5.08

1.94
1.62

Binding energy [eV]
Char

Table D.4: Combustion and NO reduction properties used in the correlation analysis below. 𝛈: fractional conversion of
char N, XNO: conversion of NO from reduction experiments, k: first order carbon mass based rate constant (m 3 kgC-1 s-1)
from NO reduction experiments, subscript s: steady state (post 750 s rate constant) and t: transient value (maximum rate
constant).
Combustion properties

NO reduction properties

Chars

𝛈𝐍𝐎

𝛈𝐍𝟐𝐎,𝐅𝐓𝐈𝐑

𝐗 𝐍𝐎,𝐬,𝟖𝟎𝟎℃

𝐤 𝐭,𝟖𝟎𝟎℃

𝐤 𝐬,𝟖𝟎𝟎℃

𝐤 𝐭,𝟗𝟎𝟎℃

𝐤 𝐬,𝟗𝟎𝟎℃

Straw
Bran
Sun. seed
DM pine wood
DM straw
DM waste wood
DM bran
DM sunfl. seed

0.58
0.32
0.33
0.99
0.6
0.58
0.38
0.32

0.0183
0.0341
0.0573
0.0249
0.0351
0.0472
0.0755
0.0976

0.90
0.27
0.65
0.24
0.32
0.32
0.23
0.31

4.69
0.86
2.12
0.43
0.75
0.91
0.43
0.76

3.88
0.73
1.94
0.42
0.58
0.59
0.39
0.61

17.3
4.66
6.83
1.23
3.36
3.91
2.26
4.34

12.9
4.44
6.43
1.20
3.01
2.68
2.18
3.52

DM DDGS

0.29

0.1045

0.28

0.71

0.54

2.65

2.08
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D.5

Correlation study – N and O functionality versus measured properties

Figure D.6: Correlation study of selected parameters and the nitrogen functionality in all chars. Blue crosses denote raw
chars while red circles are demineralized chars.
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Figure D.7: Correlation study of selected parameters and the oxygen functionality in all chars. Blue crosses denote raw chars while red circles are demineralized chars.
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Elemental surface population

Elemental surface population
Table D.5: Surface and bulk elemental composition on a molar basis of the relevant chars.
Surface content [mol%]

Char

Surface ratio [mol/mol]

Bulk ratio [mol/mol]

C

N

O

N/C

O/C

N/O

N/C

O/C

N/O

Straw
Bran
Sun. seed
DM pine wood
DM straw

83.17
84.77
77.04
91.09
91.03

0.9
3.69
4.86
0.65
0.96

15.93
11.54
18.1
8.26
8.01

0.011
0.044
0.063
0.007
0.011

0.192
0.136
0.235
0.091
0.088

0.056
0.320
0.269
0.079
0.120

0.006
0.041
0.054
0.0011
0.086

0.089
0.124
0.148
0.092
0.065

0.067
0.333
0.366
0.013
0.134

DM waste wood
DM bran
DM sunfl. seed
DM DDGS

92.09
88.32
87.04
86.89

1.15
2.71
4.39
5.58

6.76
8.97
8.58
7.53

0.012
0.031
0.050
0.064

0.073
0.102
0.099
0.087

0.170
0.302
0.512
0.741

0.094
0.039
0.054
0.081

0.166
0.075
0.086
0.098

0.058
0.523
0.624
0.824

Figure D.8: Char-N to NO (top left) and N2O (bottom left) against bulk N/C and N/O molar ratios. Molar bulk N/C (top
right) and N/O (bottom right) against surface ratios. The combustion properties were determined from 20 mg char
combustion at 800°C in 10vol% O2.
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D.7

SEM EDX of leached biomass chars
Straw

Straw

WW straw

WW straw

OW straw

OW straw

216

D.7

DM straw

SEM EDX of leached biomass chars

DM straw

Figure D.9: SEM images of chars of treated straw, showing similar morphology. WW straw: water washed straw, OW
straw: organic washed straw, DM straw: demineralized straw.
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Straw

WW straw

2

2
1

1

OW straw

DM straw
2
2

1
1

[at%]
Char

K

P

Mg

Ca

Fe

Na

Cl

S

Straw 1

9.27

0.12

1.44

1.51

0.08

0.10

2.23

0.56

2
WW straw 1
2
OW straw 1
2
DM straw 1
2

3.14
0.25
0.23
0.01
0.02
0.00
0.00

1.24
0.14
0.00
0.25
0.17
0.13
0.12

0.78
0.10
0.12
0.00
0.01
0.00
0.00

0.51
0.09
0.96
0.17
0.05
0.01
0.00

0.00
0.00
0.00
0.04
0.01
0.00
0.02

0.12
0.00
0.01
0.00
0.01
0.00
0.00

0.85
0.01
0.03
0.04
0.01
0.02
0.01

0.30
0.11
0.25
0.24
0.12
0.12
0.11

Figure D.10: SEM-EDX of chars of pretreated straw qualitatively showing the depletion of minerals on the surface, in
agreement with ICP-OES measurements.
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E.1

Fuel and char properties, and mass transfer limitations for the char-NO
reaction
Table E.1: Complete ICP-OES of fuels and chars
ICP-OES, all concentrations are in mg/kg
K

P

Si

Mg

Ca

Al

Fe

Na

Mn

Pb

Zn

Cu

Straw
Sewage sludge
RDF

14000
6300
1600

910
34000
760

3900
75000
1800

960
4300
4440

2300
37000
37300

44
18000
879

41
85000
454

230
2400
2000

160

<60

1373

105

Straw char
Sew. slu. char
RDF char
DM straw char
DM sew. slu.
char

43642
5803
4314
530

2789
16708
1673
727

751
957
842
1791

2329
6745
9778
<0.2

4459
61579
95688
283

23
19746
23199
799

<3
39697
9675
<3

740
1485
5880
<120

<1
1038
34.1
<1

<60
<60
509
<60

<4
1802
1873
<4

<4
520
340
<4

3090

10614

2475

4175

5698

20732

33059

603

629

107

296

406
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The calculations procedure and assumptions used in the calculations were similar to those described
in Appendix D, Section D.1 for straw char. At the highest temperature and for the largest particle
size, the effect of internal mass transport limitations is negligible for RDF and sewage sludge char,
while up to 21% external transport limitations is possible. Since smaller particles would induce issues
in feeding, this resistance was deemed acceptable. In addition the Thiele modulus and corresponding
first order, irreversible, isothermal effectiveness factor confirm that internal limitations can be
neglected, consequently zone 1 conditions were assumed.
Table E.2: Investigation of the influence of external and internal mass transfer limitations on the char-NO reaction.
‐robs =

1
W

FNO,in XNO , Maer’s criterion φMaer =

Prater modulus and criterion φWP =
η=

3∙φ∙ coth(3∙φ)‐1
3∙φ2

‐robs ρC R C
kg CNO,0

‐robs ρC R2C
Deff CNO,0

<0.15, relative mass transfer resistance Relext =

≪1, Thiele modulus: φ=

dc
6

∙(

1
k∙ρc 2

Deff

dC /(6k g )

, Weisz

1/(kobs ρC )

) , and effectiveness factor:

. Symbols: W is the instantaneous mass of char, , FNO,in inlet molar flow of NO, XNO conversion of NO at

given W, 𝛒𝐂 is the char density, dC and R C are char diameter and radius, respectively, k g is the gas film mass transfer
constant, 𝐤 is the first order reaction rate constant, and 𝐃𝐞𝐟𝐟 is the effective diffusivity.
Char

Conditions

Sewage
sludge
RDF

900ºC, 400
ppm NO
900ºC, 400
ppm NO

robs

XNO

Maximum observed
first order k
[m3/kg char/s]

[mol/kg
char/s]

φMaer

0.95

29

0.0332

0.044

0.95

26

0.0288

0.038
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Relext,max

φWP

φ

η

20.8

0.065

0.322

0.943

18.6

0.057

0.305

0.948

[%]

E.2

Residence time distribution measurements

E.2
Residence time distribution measurements
The dispersion downstream of the packed bed reactor was examined using both short pulse and step
response experiment. The discrepancy between the methods was small, and therefore the pulse
method is shown here, as this did not involve error propagation by differentiation. Based on the
residence time distribution curves, the mean residence time and variation were calculated, from which
the number of ideal CSTRs was determined.

Figure E.1: Schematic showing the input of tracer to determine the dispersion subsequent to the packed bed reactor (a).
Residence time distribution plots (pulse method) for CO, CO 2, O2 (b), and NO (c). Repetitions are shown in the
distribution plot of NO.
Table E.3: Mean residence time (tm) and number of ideal reactors nCSTR for each compound.
Compound

O2

CO2

CO

NO

tm (s)

13

13

24

24

nCSTR

6

5

7

7
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E.3

Experimental and modelled O2, CO2, CO, and NO combustion profiles for RDF
char

Figure E.2: O2, CO2, CO, and NO concentration profiles from combustion of 20 mg RDF char at 800°C in 10 vol% O2.
The combustion kinetic parameters were fit to the CO2 and O2 profiles, while the CO was calculated based on a CO2
fraction of 0.97 based on experimental data. The NO concentration plot was calculated from the combustion kinetic
parameters and the experimentally obtained reduction rate constant.

E.4

Experiment repeatability

Figure E.3: Repeatability investigation of the NO reduction over char at 800°C using an NO inlet concentration of 400
ppmv NO. The subscripts denote the repetition number.
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E.5

E.5

Model comparison

Model comparison

Figure E.4: Comparison of the predicted NO versus observed NO conversion for sewage sludge and RDF chars at 900°C
at varying NO inlet concentrations using first order (n=1), fractional order (n=[0;1[), and random pore model (RPM) rate
expressions. For the first order expression the concentration average of the maximum first order rate constant (k max) was
used. For the fractional order and RPM expressions, a Maximum Likelihood function was used to minimize the squared
sum error between model and experiment at three different concentrations simultaneously.
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