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Characterization of 2"d generation biomass under thermal conversion and the fate of nitrogen

SUMMARY

This dissertation deals with the characterization of several biomass materials
under thermal conversion conditions using small-scale equipment. The fuels
are tested under the conditions of slow and fast heating rate pyrolysis and
combustion, with the main goal of investigating the chemistry of fuel-bound
nitrogen.

New energy policies put forward in almost every country in the world, and
especially in the European Union, are strongly promoting the use of renew-
able energy sources. Decreasing the use of imported fossil fuels in favour of
locally available renewables is the answer to many energy-related problems
of the 215t century: global warming, security of supply and high energy prices
among some.

Among renewable sources, biomass materials hold a special position be-
cause they can, in the short term, substitute or integrate fossil fuels in all of
their applications applying comparatively few changes to the existing equip-
ment. Biomass wastes, from agriculture or other processes, are convenient
in more respects since their use would not only substitute fossil fuels but it
would also valorize waste streams.

These materials, however, present several issues that are highly delaying
their deployment on a large scale. Three of the most important problems
are dealt with in this thesis: the heterogeneous nature of the materials, high
amount of ash forming matter containing troublesome compounds such as K,
Cl and P, and finally, high content of nitrogen.

First of all, many biomass residues contain a higher amount of nitrogen
compared with woody biomass or even coal. This high content of fuel-N
could directly translate into high NOy emissions in combustion conditions
or into a high content of nitrogen containing gases such as NH; and HCN
in the syngas from gasification. Primary measures, such as air staging, can
be applied directly in the reactor in order to promote the reduction of NOx
and NOy—precursors to molecular nitrogen. However, in order to apply such
measures and optimize the syngas composition or minimize emissions with-
out relying on expensive catalysts, a detailed knowledge of the mechanisms
of fuel-N conversion is required. This thesis has as its main purpose to study
the release of volatile nitrogen compounds under pyrolysis conditions and the
analysis of the emissions of NO under combustion conditions from high-N
fuels.

Secondly, as explained in the first two chapters of this dissertation, the def-
inition of biomass is very broad and it includes materials with extremely dif-
ferent composition and characteristics. Additionally, the interest in exploiting
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some of these materials, such as manures, for energy conversion has never
been high enough to trigger substantial research. As a consequence, funda-
mental data such as reactivity and products distribution are almost completely
lacking for many biowastes. One of the purposes of this thesis is, therefore,
to gather extensive fundamental data for potential fuels, which have not yet
fully characterized.

Finally, some elements such as K, Cl, P and S, contained in biomass mate-
rials, are known to cause several problems during boiler operation. At high
temperatures alkali silicates with melting temperatures lower than the operat-
ing one are formed; these partly molten particles can then create issues like
slagging, fouling, loss of fluidization and, when Cl is present, corrosion of
the boiler surfaces. Together with specific research on boiler materials and
optimization of operating conditions, possible pre-treatments used to remove
these compounds from the fuel before entering the reactor could greatly en-
hance the overall process. In this thesis, the effects of a water-leaching pre-
treatment on the fuels’ reactivity and product yields during pyrolysis are ex-
plored.

After a general introduction, Chapter 2 has the purpose of providing the
reader with an overview of definitions and concepts that are used in the rest
of the dissertation. The main components of biomass are listed as well as
their behavior under thermal conversion conditions. A special focus is given
to nitrogen structures, such as proteins and heterocyclic compounds, and the
mechanisms of their decomposition under pyrolysis conditions as reported
in available literature studies. Finally, an overview of NOy formation mecha-
nisms is given.

The materials studied in this work and the setups used are introduced in
Chapter 3. The materials are divided into two main categories: agricultural
residues, including wheat straw, olive residues and peach stones, and biomass
waste streams, including dry distiller’s grains, palm kernel cake and chicken
manure. All these materials have a high nitrogen content and are not yet fully
exploited because of the issues mentioned above. Several different small-scale
setups have been used in this work depending on the conditions that needed
to be studied.

Chapter 4, then, presents the results of measurements performed on agricul-
tural residues under slow pyrolysis conditions. The measurements were car-
ried out using a thermogravimetric analyzer (TGA) connected with a Fourier
Transform InfraRed spectrometer (FTIR). All the fuels presented peaks of re-
activity at approximately 330 - 360°C associated with the decomposition of
cellulose. A shoulder was also found at lower temperatures, approximately
290 - 310 °C, and was associated with the pyrolysis of hemicellulose. The main
volatile species released resulted to be CO, for all the fuels followed by CO
and methane. No nitrogen compounds were detected because of too little con-
centrations in the pyrolysis gases which could not be accurately detected by
the FTIR. The kinetic parameters for the pyrolysis reactions were found us-



ing a Distributed Activation Energy Model (DAEM). This analysis revealed a
common reaction path for the main structures (cellulose and hemicellulose)
among the various fuels. The water-leaching pre-treatment seemed very ef-
fective in removing the troublesome inorganic elements from these fuels. The
removed elements, furthermore, had a catalytic effect on the pyrolysis of the
fuels; once removed, the samples reacted at higher temperatures and with less
reaction paths. Only the peach stones sample, which already had a very low
ash content, did not seem to be affected by the treatment.

Chapter 5 reports the results of a similar analysis to the previous one, that
was performed on different biomass residues: dry distiller’s grains with sol-
ubles (DDGS) and chicken manure. Also these fuels were found to react with
two main peaks at about 280°C and 330°C. Accordingly, also the kinetic pa-
rameters resulted very similar to the ones of the agricultural residues, clearly
indicating a similar decomposition path for common structures. For DDGS
and chicken manure, an additional component was found to react at approx-
imately 400 - 430 °C and it was assigned to proteinic structures decomposing.
The main volatile nitrogen compounds were found to be NH; and HCN for
DDGS with traces of HNCO. The manure released more of its fuel-bound
nitrogen in volatile form and the main compound was found to be HNCO,
followed by HCN and ammonia. The water leaching pre—treatment, similarly
to what was found for the peach stones sample, did not seem to affect sub-
stantially the reactivity of the fuels nor their ash composition. The share of
fuel-N released as light volatiles, however, increased for the washed fuels.

Building up on the results of the previous two chapters, Chapter 6 describes
the results of fast pyrolysis measurements of DDGS and palm kernel cake.
These tests were carried out on a heated foil reactor integrated with an FTIR
using much higher heating rates, closer to industrial applications. A numeri-
cal model of the reactor has been developed in order to have a better insight
into the temperature and velocity profiles in the reactor chamber. The sim-
ulations, in combination with non—contact temperature measurements, have
indicated a significant difference between the expected foil temperature and
the actual one. This has been corrected in the experimental campaign, grant-
ing a more precise knowledge of the actual conditions.

The fast pyrolysis measurements have shown an increased weight loss com-
pared to slow heating rates. CO, resulted to be still the main light volatile at
temperatures below goo°C while CO became more relevant at high temper-
atures due to tar cracking in the hot area around the foil. Compared to low
heating rates measurements of the DDGS sample, HCN was the main volatile
nitrogen compound while the yield of NH; was much lower. The palm kernel
cake sample only released detectable yields of HCN, nor ammonia nor HNCO
were found. Even at high temperatures, approximately 10 % of the initial N
was retained in the char of DDGS. The water leaching pre-treatment again
did not affect the weight loss behaviour neither the main gaseous product
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distribution but the yields of light volatile nitrogen compounds increased for
the washed samples.

After the pyrolysis behaviour of different nitrogen compounds has been
analyzed, Chapter 7 presents the results of measurements under combustion
conditions for several biomass residues. It is shown that the devolatilization
profiles for carbon to CO + CO, and fuel-N to NO are very similar among
very different fuels, implying that a common approach could be taken for their
modeling and it could very well be acceptable as a first approximation. More-
over, the conversion of fuel-N to NO appeared to follow a decaying trend
where the fuels with lower initial N content presented a higher conversion
than fuels with higher nitrogen content. Fuels with high nitrogen content, in
fact, are likely to release a larger amount of it in volatile form with a conse-
quent larger amount of NH; radicals available for thermal De-NOjy reactions.
Finally, the release of carbon as CO, and nitrogen as NO during devolatiliza-
tion was found to be proportional for temperatures around 8oo °C while at
1000 °C almost all of the NO was released during devolatilization.

Finally, in Chapter 8 the main conclusions of the work described in thesis
are drawn and recommendations for future research are expressed.

Jacopo Giuntoli
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Characterization of 2"d generation biomass under thermal conversion and the fate of nitrogen

SAMENVATTING

Dit proefschrift behandelt de karakterisering van verschillende soorten bio-
massa door middel van thermische conversie, gebruikmakend van kleinschalige
apparatuur. De brandstoffen zijn getest onder condities van pyrolyse met
zowel langzame als snelle verhitting, alsmede verbranding met als belangri-
jkste doel het bestuderen van de brandstofgebonden stikstofchemie. Nieuwe
voorgestelde energiebeleidsmaatregelen in bijna elk land ter wereld en in het
bijzonder in de Europese Unie bevorderen sterk het gebruik van hernieuw-
bare energiebronnen. De afname van het gebruik van geimporteerde fossiele
brandstoffen ten gunste van de inzet van locaal beschikbare hernieuwbare en-
ergiebronnen is het antwoord op veel energie gerelateerde problemen in de
21° eeuw: de opwarming van de aarde, zekerstelling van de energievoorzien-
ing en hoge energieprijzen, om maar een paar te noemen.

Biomassa neemt een bijzondere positie in te midden van de hernieuwbare
bronnen omdat het op de korte termijn fossiele brandstoffen kan vervangen of
ermee geintegreerd kan worden in alle toepassingen met relatief weinig aan-
passingen aan de bestaande technologie. Biomassa residuen afkomstig uit de
landbouw of andere processen zijn in meerdere opzichten geschikt aangezien
hun gebruik niet alleen substitutie van fossiele brandstoffen omvat, maar ook
een valorisatie van afvalstromen betekent.

Deze materialen, echter, geven aanleiding tot verscheidene problemen die
hun toepassing op grote schaal sterk vertragen. Drie van de belangrijkste prob-
lemen worden in dit proefschrift behandeld: de heterogene aard van de mate-
rialen, de grote hoeveelheid asvormend materiaal dat probleemcomponenten
als K, Cl en P bevat en tenslotte het hoge gehalte aan stikstof.

Allereerst vertonen veel biomassa residuen een hoger stikstofgehalte in
vergelijking met houtachtige biomassa of zelfs kolen. Dit hoge brandstofge-
bonden stikstofgehalte kan direct aanleiding geven tot hogere NOx emissies
onder verbrandingscondities of in een hogere concentratie van stikstofhoudende
gassen, zoals NH; and HCN in synthesegas afkomstig van vergassing. Pri-
maire maatregelen zoals getrapte luchttoevoer kan direct in de reactor plaats-
vinden om reductie van NOy en precursors van NOy in moleculair stikstof
te bevorderen. Echter, om zulke maatregelen toe te kunnen passen en de syn-
thesegas samenstelling te optimaliseren zonder afhankelijk te zijn van dure
katalysatoren, is een gedetailleerde kennis nodig van de mechanismes van
brandstofgebonden stikstofconversie. Het belangrijkste doel van dit proef-
schrift is het bestuderen van het vrijkomen van vluchtige stikstofcomponenten
onder pyrolyse condities alsmede de analyse van de NO emissies van brand-
stoffen met een hoog stikstofgehalte.
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Ten tweede, zoals wordt uitgelegd in de eerste twee hoofdstukken van dit
proefschrift, is biomassa erg breed gedefinieerd en omvat het materialen met
extreem verschillende samenstellingen en karakteristieken. Daar komt bij, dat
de interesse in de inzet van deze materialen, zoals mest, nooit groot genoeg
is geweest om aanzet te geven tot substantieel onderzoek. De consequentie is,
dat fundamentele data, zoals reactiviteit en productverdeling, bijna volledig
ontbreken voor veel biomassa residuen. Een van de doelen van dit proefschrift
is daarom om uitgebreid fundamentele data te verzamelen voor potentiéle
brandstoffen die nog niet volledig gekarakteriseerd zijn.

Tenslotte staan sommige elementen in biomassa, zoals K, Cl, P en S, bek-
end als veroorzakers van verscheidene problemen gedurende het bedrijven
van boilers. Bij hoge temperaturen worden alkali-silicaten gevormd met smelt-
temperaturen lager dan de bedrijfstemperaturen; deze deels gesmolten deelt-
jes kunnen dan problemen veroorzaken, zoals verslakking, vervuiling, fluidis-
atieverlies en -wanneer Cl aanwezig is- corrosie van boileroppervlakken. Teza-
men met specifiek onderzoek naar boilermaterialen en optimalisatie van bedri-
jfscondities , kunnen mogelijke voorbewerkingen, toegepast met het oog op
verwijdering van deze componenten voordat de brandstof in de reactor wordt
geinjecteerd, de gehele procesvoering sterk verbeteren. In dit proefschrift wor-
den de effecten op brandstofreaktiviteit en product opbrengsten van voorbe-
werking middels uitloging met water bestudeerd.

Na een algemene inleiding heeft hoofdstuk 2 als doel om de lezer te voorzien
van een overzicht van definities en concepten die in de rest van het proef-
schrift worden gebruikt. De belangrijkste componenten van biomassa worden
beschreven, alsmede hun gedrag onder condities van thermische conversie.
Speciale aandacht is er voor de stikstofstructuren, zoals eiwitten en hetero-
cyclische verbindingen, en hun ontledingsmechanismes onder pyrolyse con-
dities, zoals in beschikbare literatuurstudies beschreven. Tenslotte wordt een
overzicht van NOy—vormingsmechanismes gegeven.

De in dit werk bestudeerde materialen en de daarbij gebruikte opstellin-
gen worden geintroduceerd in hoofdstuk 3. Biomassa wordt verdeeld in twee
hoofdcategorieén: agrarische residuen, zoals tarwestro, olijfresiduen en perzik-
pitten; anderzijds biomassa reststromen, zoals “dry distiller’s grains”, palmpit-
tenkoek en kippenmest. Al deze materialen vertonen een hoog stikstofgehalte
en zijn nog niet volledig benut vanwege de eerdergenoemde problemen. Ver-
scheidene kleinschalige opstellingen zijn ten behoeve van dit werk ingezet
athankelijk van de condities die bestudeerd dienden te worden.

Hoofdstuk 4 geeft de resultaten weer van metingen die zijn verricht op
basis van agrarische residuen onder condities van langzame pyrolyse. De
metingen zijn uitgevoerd gebruik makend van thermogravimetrische analyse
(TGA) geintegreerd met Fourier Transform InfraRood spectroscopie (FTIR).
Alle brandstoffen vertoonden reactiviteitspieken bij circa 330 - 360 °C, geasso-
cieerd met decompositie van cellulose. Een schouderpiek werd ook gevonden
bij lagere temperaturen, namelijk bij circa 290 - 310°C, en deze was geasso-
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cieerd met de pyrolyse van hemicellulose. De belangrijkste vluchtige compo-
nenten waren CO, voor alle brandstoffen, gevolgd door CO en methaan. Geen
stikstofcomponenten werden gedetecteerd vanwege te lage concentraties in de
pyrolysegassen, zodat accurate detectie door middel van FTIR niet mogelijk
was. De kinetiekparameters voor de pyrolyse reacties werden verkregen door
gebruik te maken van een “Distributed Activation Energy Model” (DAEM).
Deze analyse bracht een gemeenschappelijk reactiepad aan het licht voor de
hoofdstructuren (cellulose en hemicellulose) in de verschillende brandstoffen.
De voorbehandeling door middel van uitloging met water leek erg effectief
in het verwijderen van de problematische anorganische elementen uit deze
brandstoffen. De verwijderde elementen hadden verder een katalytisch effect
op de pyrolyse van de brandstoffen; eenmaal verwijderd, reageerden de mon-
sters bij hogere temperaturen en volgens een verminderd aantal reactiepaden.
Enkel het perzikpittenmonster, dat al een erg laag asgehalte vertoonde, leek
niet beinvloed te zijn door de voorbehandeling.

Hoofdstuk 5 rapporteert de resultaten van een vergelijkbare analyse als
bovengenoemde, welke werd uitgevoerd voor verschillende biomassa residuen:
“dry distiller’s grains with solubles” (DDGS) en kippenmest. Ook deze brand-
stoffen reageerden met vertoning van twee belangrijke pieken bij circa 280 °C
en 330°C. In overeenkomst met de resultaten voor de agrarische residuen
waren de kinetische parameters erg vergelijkbaar, zodat duidelijk is aange-
toond dat er sprake is van een overeenkomend decompositiepad voor gemeen-
schappelijke structuren. Voor DDGS en kippenmest werd een additionele com-
ponent gevonden die reageerde bij circa 400 - 430 °C en deze werd toegewezen
aan de decompositie van eiwitstructuren. De belangrijkste vluchtige stikstof-
componenten waren NH; and HCN voor DDGS met sporen van HNCO. Bjj
de mest kwam meer brandstofgebonden stikstof vrij in vluchtige vorm en
de belangrijkste component die werd gevonden was HNCO, gevolgd door
HCN en ammoniak. De voorbewerking door middel van uitloging met water
leek de reactiviteit van de brandstoffen en hun assamenstelling nauwelijks
te beinvloeden, hetgeen vergelijkbaar was met wat was gevonden voor het
perzikpittenmonster. Het deel van de brandstofgebonden stikstof dat als lichte
vluchtige gassen vrijkwam nam echter toe voor de uitgeloogde brandstoffen.

Voorbouwend op de resultaten van de vorige twee hoofdstukken, beschrijft
hoofdstuk 6 de resultaten van metingen verricht voor pyrolyse onder snelle
verwarmingscondities van DDGS en palmpittenkoek. Deze tests werden uit-
gevoerd gebruikmakend van een verhitte folie reactor ingebouwd in een FTIR,
waarbij veel hogere opwarmingssnelheden werden toegepast, dichterbij indus-
triéle toepassingen. A numeriek model van de reactor is ontwikkeld om een
beter inzicht te verkrijgen in de temperatuur- en snelheidsprofielen in de re-
actor. De simulaties in combinatie met niet-intrusieve temperatuurmetingen
vertoonden een significant verschil tussen de verwachte en de actueel geme-
ten folietemperatuur. Dit is gecorrigeerd in de experimentele meetcampagne,
resulterend in een nauwkeuriger inzicht in de actuele condities.
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De pyrolysemetingen onder snelle verwarmingscondities lieten een vergroot
massaverlies zien vergeleken met pyrolyse onder langzame verwarmingscon-
dities. CO, was nog steeds de belangrijkste lichte vluchtige component bjj
temperaturen lager dan 9oo°C, terwijl CO in relevantie toenam bij hogere
temperaturen ten gevolge van teerconversie in de hete zone rond het folie.
In vergelijking met DDGS pyrolyse bij lage verwarmingssnelheden was HCN
de belangrijkste vluchtige stikstofcomponent, terwijl de NH; opbrengst lager
was. Bij het palmpittenkoekmonster kwamen slechts detecteerbare hoeveel-
heden HCN vrij, en noch ammoniak noch HNCO konden worden gemeten.
Zelfs bij hoge temperaturen werd slechts ongeveer 10 % van de initiéle brand-
stofgebonden stikstof in het vaste koolresidu van DDGS aangetroffen. De uit-
loging door middel van water beinvloedde opnieuw noch het massaverlies
gedrag noch de productverdeling van de belangrijkste gasvormige producten,
maar de opbrengst aan lichte vluchtige stikstofcomponenten nam toe voor de
uitgeloogde monsters.

Na analyse van het pyrolysegedrag van de verschillende stikstofcomponen-
ten beschrijft hoofdstuk 7 de resultaten van metingen onder verbrandingscon-
dities voor verschillende biomassa residuen. Aangetoond werd, dat de (oxi-
datieve) ontvluchtigingskarakteristieken voor koolstofomzetting in CO + CO,
en brandstofgebonden stikstofomzetting in NO erg vergelijkbaar zijn voor de
zeer verschillende brandstoffen, hetgeen impliceert dat een gemeenschappeli-
jke benadering kan worden gevolgd voor hun modellering en dit kan als
eerste benadering zeer acceptabel zijn. Bovendien bleek de conversie van
brandstofgebonden stikstof in NO een afnemende trend te volgen, zodanig
dat de brandstoffen met een lager initieel stikstofgehalte een hogere conversie
lieten zien dan brandstoffen met een hoger stikstofgehalte. Het is aannemelijk
dat voor brandstoffen met een hoog stikstofgehalte een groter deel hiervan bij
vervluchtiging in vluchtige vorm vrijkomt met als consequentie een grotere
hoeveelheid NH; radicalen die beschikbaar zijn voor thermische De-INOy reac-
ties. Tenslotte werd gevonden, dat het vrijkomen van koolstof in de vorm van
CO, en stikstof in de vorm van NO gedurende de (oxidatieve) ontvluchtiging
proportioneel verliep bij temperaturen rond 8oo °C terwijl bij 1000 °C bijna alle
NO vrijkwam tijdens de ontvluchtiging.

In hoofdstuk 8, tenslotte, worden de belangrijkste conclusies van het werk
beschreven in dit proefschrift weergegeven en worden aanbevelingen voor
toekomstig onderzoek gegeven.

Jacopo Giuntoli
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INTRODUCTION

This dissertation deals with important numerical and empirical studies on thermo-
chemical conversion of biomass waste materials. Such resources have high potential
to be exploited as fuels in the near future but, as I will introduce later, there are still
many aspects to be investigated before they can be efficiently employed in a clean way.
However, when discussing about energy and especially biomass for energy, all the
other issues associated with this concept, not only technological but also social and
geopolitical, cannot be left apart. Therefore, before starting to dig into the subjects that
constitute the core of this dissertation, I will start with describing the technological
and political context in which this research has been conceived, planned and funded,
hoping that it will help the reader to place the achieved results into a broader context.



Chapter 1

1.1 WORLD AND ENERGY: PAST, PRESENT AND FUTURE

Energy supply has been at the core of the World’s social, technological and
economical system almost since the Industrial Revolution in the 18" century.
Before that age, people were already using wood to warm up their houses and
cook their food, but it was only after the development of the steam engine and,
later, the discovery of oil that the now well-known fossil fuels’ based economy
was established.

The fate of energy sources: the deterministic advent of a renewables based economy

In 1977 Marchetti [256] tried to explore different methodologies for the pre-
diction of the trends of energy demand and consumption. He treated primary
energy sources as if they were commodities competing for a market share and
applied a logistic approach to this market. This type of analysis states that the
fractional rate at which a new commodity penetrates a market is proportional
to the fraction of the market not yet covered. This concept is summarized
in the expressions 1.1 and 1.2, where F represents the fraction of the market
penetrated and « and c are constant values characteristic of a particular com-
modity and market.

1 dF
g (=P (1.1)
In (%) =oa-t+c (1.2)

To his great surprise, more than a century of data could be perfectly fitted
by such equations, unscathed by wars, depressions and oscillations in energy
prices, as shown in Figure 1a. Such behaviour, such “cycles” of a duration of
approximately 50 years are well known to economists as Kondratieff waves:
these represent sinusoidal-like cycles in the modern capitalist world economy
[135]. In subsequent works, Marchetti applied this model to several other so-
cial activities such as construction works but also violence and suicides, find-
ing surprising correspondences in such cycles that brought him to coin the
definition of a “fifty—year pulsation in human affairs” Marchetti [257].

According to Marchetti’s model, therefore, also primary energy sources
would take one long wave from their introduction to their maximum market
share and another long wave to their phase-out.

A little knowledge of modern history, however, tells us that things did not
evolve exactly as Marchetti had forecasted or, by now, as indicated in Fig-
ure 1a, we should have already seen a peak in oil consumption, a very strong
decrease in coal usage and we would almost be ready to welcome nuclear
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Chapter 1

fusion! Instead, somewhere around mid ‘8os, the predicted pattern seems to
have been broken, shifting from a mechanism of source substitution to a more
stable and heterogeneous energy mix (Figure 1b). After the oil crisis of 1973,
in fact, many things happened that re-shaped the energy market to a form
unknown before and similar to what we have today. Among these changes,
great efforts started in the Western countries to apply policies to stimulate
energy efficiency in order to be less exposed to the same oil price fluctuations
as in '73.

Devezas et al. [137] in 2008, in a framework of wide resurgence of interest in
long—waves studies [135, 136], decided to re-analyze the findings of Marchetti
to determine whether a cyclical pattern could still be predicted with the cur-
rent trends or if the method was substantially flawed. They maintained the
same logistic model used by Marchetti but claimed that the differences were
to be blamed on the boundary conditions of the system considered. In order to
incorporate the new market developments, therefore, first of all they merged
oil and natural gas into a single Fluid Fossil Fuels (FFF) category. This was
considered reasonable because of the close nature of the fuels, the similar
infrastructures used for their recovery and transport and the closely linked
prices. Moreover, they used energy efficiency as a new source competing in
the same market to account for the various energy conservation programmes
introduced by many governments in the last 30 years. Figure 2 shows that the
corrected model can indeed reproduce the behavior of the last 30 years, illus-
trating the presence of cycles resembling the Kondratieff cycles of innovation,
deployment and investment [137].

Even before going deeper into technological advancements and breakthroughs,
these data tell us that, as in many other aspects of human affairs, a recurring,
mechanistic and pre—determined cyclical behaviour applies to energy sources
as well as it does to economy, technology and biological systems [135]. Even
without knowing the whys and hows, which will be explained in the follow-
ing parts of this introduction, a simple analysis of historical data tells us that
every new energy source and technology will need its necessary time for a sig-
nificant market penetration and that the later such innovations are promoted
and brough forward, the later they will actually impact the world’s energy
trends.

While the data introduced so far make it evident that it would actually
be anti-historical if a change towards renewable sources was not to happen
within the next century because of the natural substitution of energy sources,
the rest of this introduction has the purpose of explaining why such a change
would actually be beneficial for the economy and the environment under
many aspects and what are the policies and technologies which will most
likely be at the core of such change.
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1.1.1 The Energy Present

World Energy Outlook

Before starting to explore the possibilities for future developments in the en-
ergy market, both in terms of technologies and policies, it is useful to give a
brief introduction on the statistics of today’s world energy sources consump-
tions and the future predictions. Many scenarios are available nowadays from
different institutions and with slightly different perspectives and techniques
[7, 12, 19, 29, 35]. Among these approaches, I chose to analyze the scenario
described by the International Energy Agency in the latest World Energy Out-
look 2009 [29] since it is used as reference by most policymakers in the world.

In the reference scenario, depicted in Figure 3, the projected Total Primary
Energy Supply (TPES) is set to grow a stunning 40 % above values of 2007,
despite the first decrease in 30 years due to the financial crisis in 2009. Worth
noticing is the fact that 9o % of this growth is expected to take place in non-
OECD countries [29].

It is worth reminding that the scenario considered here uses the assumption
of oil prices increasing smoothly with time, reaching 115 $ (value of 2008) in
2030. While it is impossible to accurately predict oil price due to its extreme
volatility, such assumption seems reasonable considering the experience of
the past years, when oil reached peaks of 120 $ in 2007, and the persisting
conditions of falling investments on exploration for new reservoirs [29, 123].
Therefore, in this scenario, the prices of imports will noticeably rise, granting
OPEC countries a 30 $trillion revenue from 2008 to 2030, almost a five fold
increase over the past 23 years! [29]

5
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Figure 4 illustrates the development of global CO, emissions from fuels
combustion in the last thirty years. Despite one global agreement (Kyoto Pro-
tocol) and many local policies, CO, emissions have globally constantly in-
creased in the last years. The global economic crisis in 2009 is responsible for
the first drop in global CO, emissions in 40 years (—3 %) [29] , but this effect
will be only temporary. Emissions are predicted to rise up to 40.2 Gton CO,
in 2030 [29] if there will be no change in global policies, increasing the at-
mospheric concentration of greenhouse gases to 1000 ppmy of CO,-eq. by the
end of this century (from a value of 380 ppmy in 2008). Such rise will cause an
increase of the Earth average temperatures of up to 6 °C with unpredictable
consequences for the planet [29].
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IEA, moreover, assures that, even in the reference scenario, oil sources will
be able to cover increasing energy needs well beyond 2030 [29]. However,
other sources [322] indicate a likely peak in conventional oil production be-
fore 2030 (with chances of it happening even before 2020), making the needs
for increasing the market penetration of low-carbon substitutes even more
urgent.

In the section 1.1.3 I will briefly describe the possible ways to tackle is-
sues like climate change, security of supply and high prices. However, as I
have already shown how the role of renewable sources will be of primary
importance in near and long—term future, I think it is appropriate to give an
overview of the current situation in terms of supplies and consumption of
renewable sources.

Figure 5 illustrates the composition of the World TPES in 2007. As seen
in the chart, while fossil fuels make up for more than 8o % of the total, the
fraction of combustible renewables and waste covers almost 10 % of the total
supply and almost 80 % of the renewable sources supply (Figure 6). Far from
being a cheerful result, though, because most of this amount results from so-
called traditional biomass. This definition usually refers to biomass resources
used in rural or underdeveloped parts of the world, mostly in the form of
wood or dried manure, combusted for the purposes of domestic heating or
cooking. This source makes up for around 22 % of the energy used in devel-
oping countries [92] and for almost 50 % of the primary energy used in Africa
[209] and it is often associated with health problems and pollution due to the
incomplete combustion in closed spaces with serious risks of CO poisoning.

7
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The use of biomass for energy purposes in OECD countries, and thus in
more modern plants, accounts for only 3% of the primary energy supply
[25]. This is usually called 15 generation biomass which includes thermal
conversion of wood, wood cuttings, combustion of black liquor from the pulp
and paper industry and incineration of municipal solid waste (only part of
the MSW can be considered renewable). As it will be made clear in the next
sections, this is quite an established technology.

Europe

The energetic situation in Europe is illustrated in Figures 7, 8 and 9. The share
of fossil fuels is still the most relevant, covering around 8o % of total primary
energy in 2007 (Figure 7). Renewable energy sources (RES) cover almost 8 %
of the total energy consumption.

Figure 8, moreover, shows how the share of RES is constantly increasing
in the EU-27 area having more than doubled in the last ten years. Biomass
accounts for most of the renewable energy sources used, covering more than
5% of the total energy consumption.

Figure g illustrates that among the biomass sources, wood and woody resi-
dues are still the main fuels used for thermal conversion and heating, together
with the incineration of municipal solid wastes. Moreover, biomass already
covers around 17 % of the whole electricity produced from renewable sources.

As mentioned above, for some countries in the world, e.g. the U.S,, energy
import is forecasted to actually decrease by 2030 [29]. On the other hand, the
energy dependence of the European Union is predicted to dramatically in-
crease in the next decades, mostly because of depletion of indigenous sources,
as seen in Figure 10. While today already 53 % of the total energy consumed
is imported, by 2030 the EU-27 could be forced to import up to 65% of its
energy sources, with a peak of 93% for oil [13]. It is easily understandable
that in this situation the risk of supply failure is constantly growing and that
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the whole European economy will be more and more dependent on the prices
of energy imports.

Figure 11, finally, shows the trend of Greenhouse gas (GHG) emissions in
the EU-15 countries and the projection up to the year 2012, end of the Kyoto
Protocol period (official data are available only up to 2007 ). It is evident
that, while worldwide the trends are discouragingly increasing, mostly due
to the contribution of developing countries like China, India and Brazil, the
European Union is on track for a 5™ year reduction in a row [22] and in line
with its Kyoto targets.
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1.1.2  Sustainability and the Enerqy Problems

“Development which meets the needs of the present without com-
promising the ability for future generations to meet their own
needs” [1]

With these words the U.N. Brundtland Commission defined the term Sustain-
able Development in 1987.

In light of the trends described in section 1.1.1, it is easy to understand how
the current path of development definitely does not comply with the defini-
tion of sustainability. Friedman [158] in a brilliant book on the effects of the
convergence of over—population, climate change and globalization, identifies
five worrying phenomena that characterize the current energy panorama:

* Energy supply and demand imbalance. On one side, population growth,
growth of prosperity and the expansion of the world’s middle class
through globalization will drastically increase energy demand in the
next decades. On the other hand, the potential peak in production of
oil and gas in many parts of the world and the consequent decline in oil
supply will possibly limit the availability of conventional energy sources.
These two phenomena would create a dangerous imbalance with the
subsequent increase of prices, slowed-down progress, and eventually it
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would prevent future generations from enjoying the same resources as
we exploited.

Security of energy supply. Data show that, in a BAU scenario, at least the
EU, will have continuously increasing needs (and costs) for the import
of energy sources. Most of those imports come from politically unstable
areas of the world [27], thus creating serious risks of supply failures
together with a continuous transfer of wealth towards many “petro-
dictatorships” and pipeline owners.

Climate Change. This is possibly one of the hottest topics of the past years
(culminated with the Nobel Peace Prize to the Intergovernmental Panel
for Climate Change (IPCC) and Al Gore in 2007) among scientists and
common people and one of the main drivers for Governments to actu-
ally act, as I will show in the next section.

By now there is increased awareness and agreement concerning the an-
thropogenic origin of climate change [9]. More and more studies have
helped to define the patterns of Earth’s climate, predict its evolution and,
consequently, define the costs and the necessary means to avoid disas-
trous consequences [9, 326, 15]. The common understanding is that, in
order to avoid catastrophic consequences, the average temperature of the
Earth should not rise more than 2 °C over pre-industrial temperatures
within this century. This, according to the latest predictions, would cor-
respond to an atmospheric concentration of around 450 ppmy of CO,-eq.
gases.

Energy Poverty. In 2009, one person out of every four on the planet still
did not have regular access to electricity [29]. Even in 2030, 1.3 billion
people will still live in a permanent blackout. Electricity is a source for
better medical treatments, better agricultural techniques, better educa-
tion, access to information and promotion of freedom. Without access to
the grid there will be no progress for a huge number of people, in plain
contradiction with the Millennium Development goals [26].

Biodiversity loss. There is a regular cycle on Earth of species disappear-
ing and new ones being developed by evolution. But in the last years
the number of species going extinct is dramatically increasing. Conser-
vation International currently estimates that one species every twenty
minutes is going extinct, a thousand times faster than in any other time
on recent Earth’s history [158]. It is easy to blame human beings for
such phenomenon: climate change, pollution of air and waters, overfish-
ing, deforestation and habitat destruction are among many reasons. A
planet made of steel and concrete is not what we should leave to future
generations.

A proverb states that finding the problem is the first part of formulating a
solution; the above-mentioned issues may seem to be impossible challenges
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but I will show in the next section how a good mix of energy policies and
energy technologies could transform great challenges into great opportunities.

1.1.3 Energy policies and Energy Technologies: Solutions for a New Era

The concept of Climate Change (or Global Warming or Enhanced Global
Warming) is certainly not new (The United Nations founded the IPCC in 1988)
and it has been strongly debated in the past due to the high number of fac-
tors determining Earth’s climate and the consequent difficulty in achieving
reliable predictions. However, this idea has gained extreme momentum in the
last years when, assessment after assessment, the IPCC has come to state:

“Most of the observed increase in global average temperatures
since mid—20" century is very likely due to the observed increase
in anthropogenic GHG concentrations” [9]

Without entering the debate on climate change, for which books are written
every day, the important concept behind it is the following: tackling climate
change is giving governments around the world a reason to implement impor-
tant energy policies that have the potential not only to mitigate anthropogenic
climate change itself, but also to reduce pollution, allow abundant and afford-
able energy to grant progress for future generations, increase security of sup-
ply, protect the Earth’s biodiversity and gain a dominant position for local
enterprises in the newly developing, huge, and profitable market for green
technologies.

Bend the trend

The latest World Energy Outlook [29], based on the available predictions and
recommendations [9, 15, 326], gives a very concrete and detailed future sce-
nario in which the concentration of GHG gases in the atmosphere is stabilized
at 450 ppmy, of CO,-eq., thus limiting the average Earth’s temperature increase
to 2°C (compared to a possible increase of 6 °C on a BAU scenario) [9].

Figure 12 presents a comparison between the reference scenario and the 450
scenario in terms of CO, emissions from the energy sector. The role of energy
efficiency is striking but not surprising, if one realizes that the cleanest energy
is always the one that’s not used. The second more important contribution is
the one due to renewable sources, contributing to one fifth of the emissions’
abatement. Figure 13 helps to picture the role of each fuel in this scenario:
again it is evident that, among zero—carbon fuels, that should cover about
32% of the world primary energy demand, biomass will hold a prominent
role, with a potential to account for 40 % of the zero—carbon fuels mix and up
to 14 % of the world primary energy demand.
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Kyoto Protocol

Now that it is obvious what should be the target for GHG emissions, the main
question is how to reach it? How do we bend the trend?

As the term suggests, Global Warming is a global phenomenon and it has to
be tackled as such. For this reason, in 1992, almost every country in the world
signed the United Nations Framework Convention on Climate Change (UN-
FCCC), an international environmental treaty with the aim of reducing GHG
emissions and thus limit the anthropogenic effects on the climate. The main
historic result of this treaty has been the Kyoto Protocol, a legally binding
agreement signed and ratified by 188 countries (by April 2010) and covering
64 % of the world’s GHG emissions in 1990. You might wonder what hap-
pened to the remaining 36 % of the global emissions of the year 1990; only
one country among the developed ones did not ratify the protocol: the United
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States of America, responsible for the remaining 36 % of global emissions.
Moreover, China and India that were not among the large emitters in 1990 but
are now the first and third, respectively [21], are not included in the Annex I
countries and thus not subjected to any mandatory reduction. These are the
two biggest limitations to the actual success of the protocol but for the mo-
ment no additional global agreement has been signed and the Kyoto protocol
still remains the best the United Nations have been able to achieve so far.

The protocol entered into force in February 2005 and it forces countries in
the Annex I (most of OECD countries) to reduce their collective GHG emis-
sions by at least 5.2 % from the 1990 level within the year 2012. The protocol
is based on three main mechanisms:

* Emissions Trading. Under the protocol, every country is allowed a certain
amount of GHG emissions. When this level is exceeded, countries can
purchase emissions rights from other nations which are instead under—
emitting. The goal of this mechanism is to account for external costs (like
climate change), which would otherwise be overlooked by the market,
into the price of energy sources.

¢ Clean Development Mechanism. Through this mechanism, countries can ac-
quire GHG emission credits by investing in emission-reduction projects
in developing countries. This scheme is aimed at creating a sustainable
development in developing countries through a continuous transfer of
wealth and technology from developed countries.

¢ Joint Implementation: It suits the same purpose as the CDM but it allows
developed countries to invest in other developed countries and gain car-
bon credits.

It is out of the scope of this dissertation to discuss the results so far achieved
by the Kyoto Protocol, even though the data in Figure 4 stand out to highlight
a partial failure of the protocol. However, a political institution has emerged
as the more challenging and advanced in tackling climate change; not surpris-
ingly, it is also the institution that has funded the project described in this
dissertation.

The European example

The European Union has been at the front of the environmental debate since
the Rio Conference in 1992; however, only with the increasing power conceded
by the member states to the central government, the Utopia of an extensive
and integrated energy policy for the whole union (27 Member states, almost
500 million people) has become reality [13].

Not only the EU-15, as signatory of the Kyoto Protocol, appears to be well
on the way of complying with the limits imposed by the protocol [22], but in
January 2008 the European Commission revealed a much more ambitious and
comprehensive climate and energy package [14, 18].
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The so—called “20 - 20 - 20 by 2020” package lays down the targets to be
achieved within the year 2020 [18], while the “strategic energy technology
plan (SET)” [14, 24] sets a roadmap for investments and deployment of low—
carbon energy technologies to achieve such targets.

The targets laid out by the Commission are the following:

* A reduction of at least 20 % in GHG emissions compared to the 1990-
level by 2020 (The reduction in 2008 is predicted to be around —6.2%
[22]). This commitment will increase to 30% in case an international
agreement for the post-Kyoto period will be reached.

* A reduction of 20 % of total primary energy consumption (compared to
a business as usual scenario) by 2020 [13].

* A share of 20 % of renewable energy sources in the EU Final Energy Con-
sumption. Among the considered sources, a special target is assigned to
biofuels which will have to cover at least 10 % of the transportation fuels
market by 2020. The share today is 9.2 % [38]

To give an idea of the opportunities that such measures would create, the
European Commission predicted that [13]:

¢ The measures would save at least € 50 billions in oil and gas imports by
2020 (with oil prices at € 61), thus protecting European industries and
households from increasing energy prices;

¢ The increase in share of renewables and efficiency would create almost a
million jobs in 2020 and many opportunities for European industries to
achieve a leading role in the world market of low-carbon technologies;

¢ The increase in biomass use itself (including biofuels) is estimated in the
direct creation of up to 300.000 jobs, most of which in rural areas [4].

To achieve such challenging objectives, the role of technologies is of primary
importance. Several visions and roadmaps are being produced in these years
[14, 24], covering many available and future technologies, from wind to nu-
clear fission and carbon capture and storage. From Figure 14, which summa-
rizes some of these visions, it is possible to see that again, thermal conversion
of solid biomass and biofuel production are considered key technologies for
the achievement of the targets mentioned above.
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Figure 14: European Energy Technology Roadmap. Source [17]

1.2 THE ROLE OF BIOMASS

1.2.1 Biomass as an energy source

While it is out of the scope of this dissertation to discuss in depth all the pros
and cons of using biomass for energy, the main characteristics of bioenergy

can be summed up in the following few points:

Pros

¢ Bioenergy corresponds to an indirect use of solar energy, which is used
by the plants during their growth and, therefore, stored in the biomass

material (as it will be briefly explained in Chapter 2);
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Cons

When carefully managed, biomass can be stored safely for long periods,
so that biomass acts as a “natural battery” to store solar energy and can
guarantee continuous generation of power and heat, as opposed to solar
and wind;

Biomass is the only energy source that can easily replace partially or
totally fossil fuels in the short-term with few modifications to existing
technologies: solid biomass fuels can substitute (or integrate) coal, bio—
ethanol and bio-diesel can take the place (or integrate) of fossil gasoline
and diesel, while syngas or biogas can substitute natural gas in many
applications.

Bioenergy is in theory “carbon neutral”: the CO, which is released dur-
ing combustion had been previously fixed in the plant from atmospheric
CO, and water (as explained better in Chapter 2). Biomass could func-
tion, theoretically, even as a “carbon sink” if the carbon released during
thermal conversion was captured and stored.

Bioenergy allows for valorisation of waste streams and byproducts into
valuable power, heat and chemicals.

Biomass use for bioenergy can promote development and additional
sources of income for the rural areas of developed and developing coun-
tries and eventually offer a way to counteract the constant depopulation
of such areas.

Biomass matter has a low energy density, (about half the one of crude
oil but close to the one of young coals, as explained better in Chapter 2)
which makes logistics more difficult and expensive;

Bioenergy is a renewable source but before the actual biomass source
is ready for conversion, seeds need to be planted, fertilized, harvested
and processed. These processes add not only costs to the initial biomass
fuel (as opposed to solar and wind energy sources which are instead
readily available), but also hinder the definition of carbon neutrality for
biomass because of the fossil energy used during the whole life cycle of
the biofuel [109].

Biomass has a relatively limited availability due to the issues with lo-
gistics associated with its low energy density, and its impact on global
energy supply can, thus, only be limited;

Bioenergy involves policies and technical knowledge from many differ-
ent backgrounds in order to optimize the whole life cycle from seeding
to final conversion. Agronomy, bio—engineering, energy and chemical
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process technology are only some of the fields involved in the study
of bioenergy. Moreover, implementing effective policies is also complex:
specific energy policies for biomass could conflict with other existing en-
vironmental or economic policies (such as the clash in Europe between
biomass for energy policies and the Common Agricultural Policy).

* There has been and there are still concerns about possible negative side—
effects of an extensive use of biomass for energy. Among such concerns
can be named for example: possible scarcity of food if food sources are
used to produce bio—fuels on a large-scale and consequent influence
on food prices (biofuels are considered partly responsible for the food
price spikes in 2008 [20]); the debate on the actual GHG savings and net
energy balance from 1 generation bio—ethanol [109]; the concerns over
possible deforestation in developing countries in favour of energy crops
(e.g. Malaysia and Indonesia for palm plantations [367]); the concerns on
the actual effects of ethanol-gasoline blends on tailpipe emissions [276].

1.2.2 Biomass perspectives

Despite the cons listed above, as underlined in the previous section, biomass
sources for energy already have a prominent role in the European energy pool.
And the role of bioenergy in the future is destined to be even bigger.

The European Environment Agency [6] estimated that the environmentally
— compatible (no additional pressures on biodiversity, soil or water resources
are exerted compared to a scenario without increased bioenergy production)
primary energy obtainable from biomass in Europe could be around 190 Mtoe
in 2010 and up to 295Mtoe in 2030. This amount would be enough to cover
around the 15 - 16 % of the projected primary energy requirements of the
EU-25 countries, in line with the declared targets [23]. It is important to note
that one third of this potential would be covered by bio-wastes, including:
solid agricultural residues, wet manures, the biodegradable part of MSW and
black liquor. The use of bio—wastes is crucial because it not only carries out
the disposal of waste material, but it upgrades such low—value substances to
high-value energy carriers. Moreover, the use of biomass residues avoids the
controversy of using edible materials for energy conversion [150, 307]. For
these reasons most of the modern research is focused on the so-called 2"
generation biomass fuels, including biowastes, algae and hydrophytes.

Such increased use of bioenergy will involve all the sectors: transportation
biofuels, electricity generation (through solid biomass, biogas and municipal
solid waste combustion) and heating (Figures 15 and 16).

In order to be able to fully exploit the biomass potential there will be need
for drastic improvements in biomass conversion technologies. Investments in
research are considered essential to achieve such breakthrough and in fact,
the budget allocated to the energy research by the EU, in its last Framework
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Programme 7, has increased to € 886 millions/year as compared to € 574 mil-
lions/year granted in the previous 7 years [17].

In the next sections I will give a brief overview of the possible conversion
paths of biomass into energy (or energy carriers) and further I will dive into
more details about technologies and issues in thermal conversion, which is
the main topic of this dissertation.

1.2.3 The routes of biomass conversion

Figure 17 depicts the possible routes for the conversion of biomass materi-
als into power and heat or other different energy carriers like bio—oil, bio—
fuels and H,. It is worth noticing that biomass sources are, in the short-term,
the only ones capable of directly substituting fossil fuels in every applica-
tion. Moreover, biomass materials are very rich sources of chemicals, as it
will be explained in the next chapter. The concept of the bio-refinery has,
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in fact, raised again high interest among the research community. The main
idea behind this concept is to extract different high-value products from bio-
mass materials, including chemicals, fuels and, ultimately, heat and power
[131, 184, 207, 228, 252, 305].

Many reviews and books are available on the synthesis of transportation
fuels from biomass [81, 122, 130, 132, 188, 235, 237, 238, 288, 308], therefore it
seems superfluous to try and sum up here such a vast concept.

Instead, since the work developed in this dissertation deals with the thermal
conversion of biomass materials, a brief introduction to the current technolo-
gies is given. Additional details and information on biomass structure and
mechanisms of thermal conversion are explained in Chapter 2.

1.2.4 Technologies for thermal conversion of biomass

This section will provide a brief overview of the technologies currently used
for thermal conversion of biomass and their role in the current markets.

The different technologies can be divided according to the applied oxidizer.
It is important to notice that a fully integrated “biomass system”, including
supply, processing and conversion of the material is still far from reality. Es-
pecially when dealing with wastes, whose composition and availability might
change during the year, fuel flexibility is a crucial characteristic for a suc-
cessful technology. Thermal conversion, compared to other conversion routes,
already provides much higher flexibility since all the components of biomass
are converted. However, this also has the drawback that different fuels possess
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diverse characteristics making the characterization of each feedstock essential
for an efficient use of these technologies.

Pyrolysis (Inert atmosphere)

Pyrolysis is the first step, after drying, in every thermal conversion process of
solid fuel [114]. Pyrolysis dates back to at least ancient Egyptian times, when
tar and certain embalming agents were produced by means of pyrolysis of
wood [268].

As it will be described in details in Chapter 2, this process involves a de-
composition of the solid fuel into volatiles and char, solely due to the effect of
heat supply. The weight loss during the devolatilization of biomass is usually
around 70 — 80 % of the initial weight [103, 159, 163], and therefore this step
has a crucial role, not only on the control and stability of the whole conversion,
but also on the total emissions and fuel reactivity.

Such process can also be employed as stand—alone in order to transform
the original biomass into gaseous, liquid and solid products. Some biomass
fuels, in fact, have a rather low energy density [147] and consequently, the
transportation of the raw materials to the conversion site has a significant
impact on their life-cycle emissions . Therefore, pyrolysis can be applied as
a pre—treatment to upgrade a solid, low energy—density fuel, into a liquid,
high—density bio—oil.

When biomass is heated up in the absence of oxygen, the distribution of its
products varies greatly with the process conditions [115, 116, 268, 352, 365]:

* Low operational temperatures (~ 300 °C) and long residence times of va-
pors (i.e. low heating rates, ~10 °C/min) favor the formation of charcoal
(carbonization)

* High temperatures (~ 700 - 800°C) and long residence times favor the
formation of light gases (gasification)

* Moderate temperatures (~ 500°C) and short residence times of the va-
pors promote the formation of liquids (condensable tars) (fast pyrolysis)

Despite some niche applications for charcoal production [67, 133], the current
focus is mostly on the last option, targeted at the production of the so—called
bio-oils [268, 365]. Two valuable reviews on pyrolysis technology develop-
ment in the last 20 years and bio—oil characterization are the ones written by
Bridgwater and Peacocke [116] and Mohan et al. [268]. Constantly up-to—date
information can be found on the website of the IEA Bioenergy initiative, Task
34 for pyrolysis of biomass [42].

Pyrolysis has two evident advantages: first, almost any kind of biomass
can be used and upgraded to liquid fuel; secondly, light gases and chars are
used to sustain the temperature of the process and thus no side stream is
produced. Moreover, the bio—oil produced has a high energy density (40 - 50 %
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Figure 18: Technology status of pyrolysis reactors. BFB: Bubbling Fluidized Bed, CFB:
Circulating Fluidized Bed, EFR: Entrained Flow Reactor. Source: [352]

of the value for hydrocarbon fuels [280]), it is storable and easier to transport
than solids, it can replace fuel oil and diesel in some stationary processes
and contains many high-value chemicals like pharmaceuticals and adhesives
which can be extracted in a later stage [261].

The main drawbacks for such application at the moment reside in the high
costs of the bio—oils, the high content of water, the presence of organic acids
that are highly corrosive, the presence of solid particles, their high viscosity,
the problems with long-term storage stability but, most of all, the inconsistent
quality of the oils [261, 268, 280, 365]. In fact, although every biomass can be
fed into a pyrolysis reactor, the composition of the resulting oils will differ
substantially depending on the feedstock and the operating conditions [115,
268, 280, 281, 282].

Nowadays, the state of technology for the production of bio—oil by pyroly-
sis is between development and demonstration [42]. Figure 18 represents the
current status of reactors used for pyrolysis. Fluidized beds are the most at-
tractive option due to their fuel flexibility, ability to deliver high heating rates
and short residence times of the gases [200]. The shortcomings of this tech-
nology reside in the limited understanding of the hydrodynamics and of the
reaction kinetics [352].

Gasification (Limited supply of oxidizer)

The gasification of solid fuels is a known process since many years. Its capacity
to convert solid fuels to combustible gas has attracted the attention of market
and research since more than 150 years [152, 201].
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When providing a limited supply of oxidizer (A =~ 0.3) to the reactor at a
temperature around 8oo — 1000°C, the products of devolatilization and the
residual char undergo only a partial oxidation. This produces a gas, called
syngas, rich in CO, CO,, H, and CH,.

As in pyrolysis, process conditions can define the distribution of products:
gasification with air produces a very low-heating—value gas due to the dilu-
tion of N,, while gasification with oxygen or steam provides a syngas with
medium dry heating value. The promotion of the reforming reactions in-
creases the amount of hydrogen in the gas at the expenses of methane.

The applications for the gasification gas, as illustrated in Figure 19, are mul-
tiple. Together with heat and power, the syngas can be used for the synthesis
of various chemicals (among which ammonia and methanol [83, 145])[206]
and also for bio—diesel production via a Fischer-Tropsch reaction. Moreover,
applications for a hydrogen-rich gas in Solid Oxide Fuel Cells [71] and for the
production of H, for automotive applications are also under investigation [40].
Gasification is also considered the best option for the pre-combustion CO,
capture, which would lower the GHG emissions from biomass and, mostly,
coal [32, 33, 34].

The current status of technology for biomass gasification is illustrated in Fig-
ure 20. As in pyrolysis, fluidized—bed reactors are the most attractive option
for the market due to their fuel flexibility and their good scale-up potential,
especially with woody biomass [115, 145, 201]. Pressurized technologies are at
the moment almost abandoned because of the higher capital costs and techni-
cal problems with pressurizing the biomass feed flow. Entrained flow reactors
are nowadays popular mostly for co—gasification of biomass and coal; their
benefit is that they can be scaled—up to huge sizes (>1000 MW) and low or no
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tars are generated because of the high temperatures involved. However, their
fuel flexibility is quite limited because the fuel has to be reduced in very fine
particles and the higher temperatures involved can cause more trace metals
to go into the gas phase [201].

The production of heat and power through biomass gasification is used in
large—scale plants achieving electrical efficiencies of up to 40 % [152]. A review
of demonstration and commercial plants can be found in de Jong [200, 201].

Integrated Gasification Combined Cycle (IGCC) plants fed with coal are a
known technology, built since many years. However, the experience with these
technology is still limited and hindered by some drawbacks [152].

Some of the main issues related to fluidized-bed gasification can be listed
as following:

¢ The hydrodynamics of the system are highly influenced by the feedstock,
especially by the inorganic matter which can cause agglomeration of the
bed material and subsequently loss of fluidization [74, 85, 117, 218, 248,

249, 263, 275, 360].

* Knowledge of actual kinetics of fuel devolatilization and homogeneous
gas reactions is essential in order to optimize the quality and quantity
of product gas [115, 200] (maximize H, and minimize heavy aromatic
compounds called tars); this knowledge is still lacking for many bio-
wastes.
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* The cleaning of the syngas to a commercial utilization quality gas re-
quires further investigation due to the high contamination of tars and
solid particles at the exit of the reactor [266, 327, 337].

* The mechanisms of release of pollutants, such as S and N species, from
the fuels is still highly unknown [200]. The formation of nitrogen species
during gasification such as NH;, HCN, HNCO and tar-N are of primary
importance since they can have a significant impact on the NOy emis-
sions from gas turbines burning syngas [57, 187]. Moreover, while NH;
can act as a fuel in a SOFC system [71], the impact of HCN and tar-N
on the catalysts used still needs to be fully investigated.

Therefore, a thorough investigation of the chemistry of conversion of
fuel-bound nitrogen is essential for an efficient deployment of these
technologies.

Combustion (Excess supply of oxidizer)

Combustion is the complete oxidation of the fuel. Combustion of biomass for
the production of heat and power has been proven and utilized already since
many years and worldwide already provides over 9o % of the energy from
biomass [39], even though most of it comes from not efficient “traditional
biomass” as described in section 1.1.1.

Biomass, in the form of wood fire, is the oldest fuel ever used by mankind,
since the dawn of civilization, for cooking and heating. Fire in itself, from the
myth of Prometheus on, has been associated with the power of the human
mind and with science.

In a more modern meaning, small-scale domestic heating in open fireplaces
or small furnaces is very common in countries like Germany, Sweden and Aus-
tria, even though with general low efficiencies, as low as 10 %, and with con-
siderable emissions [152]. Lately, however, in those countries, much improved
technologies and standardized fuels have been developed, such as modern
automatic pellet boilers with catalytic gas cleaning, that can reach overall
energy efficiencies of 70 — 90 % [30, 152]. District heating and CHP is also
common in Northern-European countries like Denmark, which developed a
major program for the utilization of straw with subsequent improvements in
boiler design and fuel pre-treatments [152, 166].

Large-scale biomass stand—alone combustion is a mature technology when
used for incineration of the organic part of Municipal Solid Wastes (MSW)
and for the combustion of black liquor, a residue from the pulp and paper
industry. Grate furnaces are usually applied for MSW incineration due to the
capacity to burn many diverse wastes, while special recovery boilers have
been developed for black liquor combustion [152, 232]. Typical electrical effi-
ciencies for MSW incineration are around 20 %, but new plants are expected
to reach efficiencies of about 30 %, [8, 152]. The use of fluidized-bed combus-
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tors allows a dramatic scaling up of such technologies, up to 500 MWy,, with
efficiencies of 30 to 40 %, when using high—quality wood chips [8, 152].

The option of co-firing biomass in coal power plants is gaining more and
more popularity among utilities. Co-firing is definitely among the lowest risk,
least expensive, most energy efficient and shortest term options for biomass
deployment in particular and renewable-based power and heat generation in
general [39, 93]. Addition of biomass to coal-fired boilers, in fact, does not
affect or only slightly decreases the overall conversion efficiency. At the same
time, the biomass conversion efficiency ranges around values of 35 to 45 %,
higher than in many dedicated biomass combustion systems.

The Netherlands have a long-term experience with co-combustion and co—
firing is carried out in most coal-fired plant [139], with fuels ranging from
clean wood to sludges, and manures [28, 139]. The share of fired biomass is
usually around 1 to 20 %y, [8, 93, 152], with most installations using values
below 10 %y,. With low shares of biomass, in fact, additional investments are
low (even though additional operating costs still require subsidies to make
co—firing economically viable [93, 61]) and there are high potentials for GHG
and sulfur emissions mitigation due to the directly avoided emissions of coal.
Due to the high share of coal in the world electricity production, in fact, even
replacing only 5 % of coal would bring an immediate saving of 300 Mton/year
of CO, emissions [28, 61]. The short-term co-firing potential worldwide has
been estimated in more than 500PJ]. However, more and more plants in Den-
mark, Finland and The Netherlands are increasing the share of biomass in
ranges of 25 to 70 %y, with the flexibility to run on a 100 % biomass. An up-
dated situation of co-combustion in Europe can be found in several papers
and reports [28, 61, 93].

An IEA database accounts for 228 installations worldwide applying co—
firing [39, 61], with many different boiler types and with capacities ranging
from 50 to 700 MW,. Most of the coal combustion plants are based on pul-
verized fuel technology and therefore that is also the main technology were
co—firing is applied. Fluidized-bed boilers are the second most diffused tech-
nology, followed by grate furnaces [251].

The effects and synergies of a high share of biomass on the process efficien-
cies and equipments are, however, not fully known for many bio-wastes as
well as the effects of biomass on overall NOy and N,O emissions [39, 152, 360].
Therefore, research on coal — biomass co-firing is still highly necessary to
increase even more the share of coal directly replaced and thus favour a
faster and economically viable deployment of an integrated biomass system
[8, 39, 93, 140, 218, 278, 336, 360].

Moreover, the effects of the different ash composition in biomass compared
to coal require still deep investigation in order to avoid serious problems of
fouling, corrosion and bed agglomeration [93, 360].
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Figure 21: Development status of biomass-to-power and heat or CHP technologies.
ORC = Organic Rankine Cycle, IGFC = Integrated Gasification Fuel Cell,
IGCC /IGGT = Integrated Gasification Combined Cycle / Gas Turbine.
Source [92]

The view of the experts in the IEA Bioenergy programme on the status of
technologies for power and heat production with biomass is shown in Fig-
ure 21.

1.2.5 NOy emissions

The definition of nitrogen oxides (NOx) includes mainly nitrogen dioxide
(NO,) and nitric oxide (NO). Nitrous oxide (N,O) is another important ni-
trogen pollutant produced during the thermal conversion of fuels. These com-
pounds are harmful for the environment and human health in several ways

[134]:

* Nitrogen oxides react with water and oxygen in the atmosphere to form
nitric acid, responsible, together with sulfuric acid, for acid rains.

* These acids can react to salts and form particulate matter in the atmo-
sphere (PM;, and PM, ) which is harmful to the human respiratory
system.

* NO, is a serious respiratory irritant.
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* NO is responsible for ozone formation on ground level.

* NO, deposited by rain in the waters can cause eutrophication: nitrogen
is a nutrient for plant material, an excess of it in the water creates an
overproduction of vegetation which cause problems for fish and other
aquatic animal population.

* N.O is a strong greenhouse gas with a global warming potential (GWP)
per molecule 300 times higher than CO, [10].

NO is mainly produced in combustion processes, both for stationary power
and heat production but, mostly, in the transportation engines. NOx and N,O
emissions are subject to regulation since many years and their limits have been
constantly decreasing [134]. Consequently, technologies for NOy reduction are
well established [134].

In common power plants, the main source of nitrogen oxides is the thermal
mechanism [134], due to the high temperatures in the flame zones. However,
in fluidized-bed combustors, the temperatures used are much lower and thus
the thermal-NO mechanism is not important and the main source of NO
(or NOx precursors in case of gasification) is the fuel-bound nitrogen. This
mechanism will be better described in Chapter 2.

In air blown gasification processes, for example, the produced syngas con-
tains relatively high concentrations of NH;, HCN and nitrogen—containing
hydrocarbons [178]. When syngas is used in IGCC turbines, most of the NO
emissions are caused by these compounds [218]. Gas cleaning is therefore re-
quired. However, most of the available techniques (primary and secondary re-
moval) present heavy drawbacks and high additional costs for the plant oper-
ator [134, 200]. An increase of conversion of fuel-bound nitrogen to molecular
nitrogen during gasification itself is therefore advantageous, both in technical
and economical terms.

The nitrogen content in biomass matter varies greatly in quantity and struc-
tures with the different materials, as it will be explained in Chapter 2. As
mentioned above, fluidized bed reactors are commonly chosen for their abil-
ity to handle a variety of feedstocks, but with varying feedstocks, the amount
and origin of fuel-bound N also varies. This makes it hard, if not impossible,
to predict and control the NOy emissions if the behavior of each fuel is not
known in detail.

1.3 OPEN ISSUES

We have seen that, despite the increasing importance of bioenergy in all cur-
rent energy policies, the majority of technologies for thermal conversion are
still not mature. One of the main limitations of biomass stand—alone power
plants is the availability of fuel. For this reason and for the experience accu-
mulated in the last 30 years, fluidized-bed reactors are one of the favored
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technologies. However, their use is still limited by some issues, some of which
will be faced in this thesis.

1. Heterogeneous composition of biomass fuels. The definition of biomass
for energy, given by the Directive 2009/28/EC is the following: “the
biodegradable fraction of products, waste and residues from biologi-
cal origin from agriculture (including vegetable and animal substances),
forestry and related industries including fisheries and aquaculture, as
well as the biodegradable fraction of industrial and municipal waste”.
Chapter 2 will give a better insight into the physico-chemical nature
of biomass; however, it is easy to understand that the term “biomass”
includes many different materials. Moreover, these fuels are heteroge-
neous also in their own composition making it very hard to predict a—
priori their large-scale behavior.

2. Quality and quantity of inorganic material. The quantity and composi-
tion of inorganic matter varies greatly among different biomass fuels, as
it will be explained in Chapter 2. While wood usually contains a very
low amount of ash forming matter [147, 314], other residues, like straw
or husks, present higher amounts of ashes (around 3 — 5 %wt). Sludges
and manures are examples of extreme cases with ash content up to
50 %wt. However, quantity is not the only problem. Also the composi-
tion of such ash forming matter is troublesome. K, Cl and Na, together
with Sulfur and Silica, contained in high concentrations in agricultural
residues and other biomass materials, interact to form alkali silicates and
alkali sulfates with melting points far lower than normal boiler temper-
atures (down to 700 °C). Such ash reaction gives rise to problems such
as slagging, fouling, corrosion and, in fluidized-bed reactors, to the ag-
glomeration of bed material and consequent loss of fluidization, as seen
in previous sections.

3. Fuel-bound nitrogen chemistry. We have seen that fluidized bed boilers
operate at temperatures well below the onset of thermal-NOy reactions.
Therefore, the main source of NOx or NOy—precursors is the fuel-bound
nitrogen. During years of experience with NOx abatement many pri-
mary removal techniques, directly applicable in the reactor, have been
developed (e.g. low—-NOx burners, air staging, flue gas recirculation and
variations in residence time of the fuel) in order to reduce NOy pre-
cursors to molecular N,. In fluidized bed reactors, however, low—NOj
burners cannot be used and neither can catalytic flue gas cleaning be-
cause of catalyst poisoning [165], so that the possibility of achieving
NOy reduction in the reactor becomes essential for emission control. As
explained in section 1.2.4, moreover, NOx emissions in co—combustion
are difficult if not impossible to predict without a deep fundamental
knowledge of the phenomena involved. This knowledge is still limited
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for many biomass fuels and virtually absent for other potential biomass
wastes.

1.4 RESEARCH QUESTION

In view of the issues listed above, this thesis has the goal to answer the fol-
lowing main question:

“Which, how fast and how many nitrogen compounds are released
during the thermal conversion of biomass wastes?”

The results obtained in this study will shed light on the mechanisms of de-
volatilization and combustion of some secondary fuels that have not yet been
investigated. The outcome of this study will provide a deeper knowledge of
the nitrogen chemistry of these fuels, under pyrolysis and combustion con-
ditions, that will be essential to optimize the process conditions for maxi-
mal NOy reduction. Furthermore, the kinetic parameters obtained with these
measurements are almost totally lacking for these waste fuels and can, thus,
be used in numerical models to optimize or to predict the chemistry of de-
volatilization in industrial applications. Finally, the tests on pre-treated bio-
mass will provide important data to determine the effects of such pre-treat-
ments on the fuels’ composition and reactivity and eventually pave the way
for an industrial application of these techniques.

The following sections will explain the methodology applied to the work
carried out for this project and the collateral questions that will be answered
while investigating the main one.

1.5 METHODOLOGY

This work aims at characterizing the behavior of several biomass waste materi-
als under thermal conversion conditions. The main focus is on the fuel-bound
nitrogen structure and chemistry, but additional data regarding the kinetics of
devolatilization and effects of the presence of inorganic materials are retrieved
at the same time.

Investigations on fuel characteristics are usually carried out on large—scale
or small-scale setups, or a combination of the two. Large-scale measurements
can guarantee a direct comparison with real process conditions: the evalua-
tion of parameters such as efficiency, emissions and operational problems can
easily be applied to commercial-scale applications. However, when so many
phenomena influence the outcome of a measurement, it is difficult to retrieve
the fundamentals of such mechanisms. With small-scale experiments, instead,
it is possible to control the process conditions and the outcomes of the mea-
surements in a much more detailed way.
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The results presented in this dissertation were obtained on small-scale se-
tups. The measurements, as the chapters in which they are presented, were
designed as follows:

1. Slow pyrolysis measurements. Pyrolysis is the first step in any thermal
conversion of a solid fuel [114, 225, 251]. Its fundamental understand-
ing is essential for interpreting and predicting conversion kinetics and
emissions. Devolatilization happens in the range of milliseconds or few
seconds, depending on particle size, in combustors or gasifiers, too fast
for any reliable measurement of weight loss or gaseous release. For this
reason, it has become common practice in the scientific community to
perform slow pyrolysis tests, that is, with heating rates ranging from 1
to 100 °C/min. These tests were carried out in the present work using a
Thermogravimetric Analyzer (TGA) connected with a Fourier Transform
InfraRed (FTIR) spectrometer (described in Chapter 3). In such a setup,
the sample is heated up in a controlled way in an inert atmosphere while
its weight loss, together with the volatiles released, is continuously mon-
itored. Kinetic parameters for the global devolatilization and the release
of many gaseous compounds can be retrieved by applying a chemical
kinetic model (as explained in Chapter 3). As stated above, the draw-
backs of these measurements are that the conditions under which they
are performed are very different from the ones encountered in industrial
applications.

2. Fast pyrolysis measurements. In order to reproduce conditions more
similar to the ones found in commercial applications, the fuels were
tested in a heated foil reactor, capable of reaching heating rates of more
than 1000°C/s. The speed of such phenomena makes it impossible to
monitor the detailed weight loss and volatile release. Therefore, such
measurements were aimed at testing the influence of a much faster de-
volatilization on the release of volatile compounds, mostly NOy precur-
sors, and global reactivity.

3. Combustion tests. Once the pyrolysis of the fuels was studied in its ki-
netics and verified at conditions closer to real applications, the materials
were tested under combustion conditions. This was also performed us-
ing a small-scale reactor in which the oxygen concentration and the wall
temperature were the control parameters. The release of NO and CO,
was monitored through commercially available analyzers. The results
from pyrolysis tests help understanding (and eventually modeling) the
emissions under combustion or gasification conditions.

The above-mentioned experimental activities help to clarify the fundamental
mechanisms of thermal conversion for the chosen biomass residues. They also
provide data which can be used for future application on the modeling of
large—scale processes [139, 200, 202, 204].
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A CFD model of the heated foil reactor used for fast pyrolysis measure-
ments was also developed in the framework of this project. Due to the speed
of the phenomena involved in the reactor, in fact, many process conditions
cannot be reliably measured (e.g. temperature and velocity distribution in the
reactor volume). The CFD model, thus, makes it possible to simulate the phys-
ical conditions in the reactor in greater details, offering a precious tool for the
interpretation of experimental results.

1.6 OUTLINE

Figure 22 helps to illustrate the outline of this thesis. This dissertation is di-
vided into 8 chapters. Chapter 2 presents an addition to the definitions given
and used in this introduction and in the rest of the thesis. This includes an
overview of the structural compounds found in biomass materials and general
composition of many materials, a theoretical background on thermal conver-
sion of solid fuels and a review on literature investigating the mechanisms of
nitrogen precursors and nitrogen oxides formation during thermal conversion
of biomass fuels.

Chapter 3 introduces the fuels examined and the experimental setups used
to carry out the measurements described in the following chapters. The ma-
terials chosen for the investigation were: wheat straw, olive residues, peach
stones, dry distiller’s grains & solubles (DDGS), chicken manure and palm
kernel cake. Some pre-treatments such as water leaching and mechanical frac-
tionation were carried out on the fuels in order to improve their ash quantity
and quality. The experimental setups used were: Thermogravimetric Analyzer
(TGA), Fourier Transform Infrared Spectrometer (FTIR, Heated Foil reactor
(HF) and Single Particle reactor (SPR). The chapter provides a literature re-
view on the origins of the fuels and their thermal conversion characteristics,
as well as an investigation on previous works using the same type of setups.
Finally, a detailed introduction is given on the kinetic models usually applied
in biomass pyrolysis, specifically on the Distributed Activation Energy Model
(DAEM).

Chapter 4 starts the description of the results of the measurements carried
out in the framework of this project. As explained above, the results are pre-
sented in the direction of the most detailed experiments but farthest from real
conditions (slow pyrolysis) to the most closely related to industrial conditions
(combustion tests). Therefore, Chapter 4 reports the results of measurements
carried out on a TG-FTIR setup under slow pyrolysis conditions. The fuels
analyzed in this chapter are wheat straw, olive residue and peach stones and
their pre—treated samples. Devolatilization profiles are given together with the
kinetic parameters of global devolatilization. Moreover, kinetic parameters for
the formation of light volatiles such as CO,, CO, CH,, H,O, are given. Finally,
the effects of the pre-treatments on ash forming matter quantity and quality
and on the reactivity of the fuels are explained.
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Chapter 5 illustrates the results of measurements similar to the ones de-
scribed in Chapter 4. The fuels tested in this chapter are DDGS, chicken ma-
nure and their water—leached samples. The same typology of results is found
as in the previous chapter and in addition, NOx precursors are measured for
these fuels. The kinetic parameters for the evolution of NH3;, HCN and HNCO
during the slow devolatilization of these fuels are also presented.

Chapter 6 describes tests carried out using a heated foil reactor. Such tests
provide results for the flash pyrolysis of DDGS and palm kernel cake. Final
weight loss, final yields of light volatiles and nitrogen partitioning between
char and volatiles are given. A comparison thereof with the results of the
slow pyrolysis tests is described as well. A numerical model of the heated foil
reactor is also introduced in this chapter and the temperature on the foil is
verified via non—contact infrared pyrometer and compared with the simula-
tions.

Chapter 7 presents the results of combustion tests performed in a single—
particle reactor. Five biomass wastes are tested, among which, DDGS, chicken
manure and palm kernel cake. Different oxygen concentrations and different
final temperatures are analyzed. The final release of NO and CO, from the
fuels are given, as well as the profiles of release of such compounds. The par-
tition between NO released during pyrolysis and char oxidation is presented
for all the fuels.

Finally, in Chapter 8 the conclusions obtained in the previous chapters are
summarized and by means of such conclusions, the main and secondary re-
search questions are answered. Recommendations for future research work
are also given.
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OVERVIEW OF BIOMASS COMPOSITION AND
NITROGEN CHEMISTRY

This chapter aims at expanding on some concepts which will be important in the rest
of this dissertation: firstly, a description of the main structures present in biomass and
their biological functions is given. Their thermal decomposition characteristics are also
briefly introduced together with a summary of literature on the composition of various
biomass fuels. Secondly the basics of solid fuels thermal conversion are explained.
Finally, an overview of the main nitrogen structures present in biomass materials
and the mechanisms of NOy-precursors and NOy formation is given. Throughout the
chapter, moreover, several relevant references will be introduced to underline the state
of the art knowledge on these topics.
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2.1 BIOMASS AND FOSSIL FUELS (OR “VERY OLD BIOMASS”)

The definition of biomass for energy given in the European Directive 2009/28/EC

is the following:

“the biodegradable fraction of products, waste and residues from
biological origin from agriculture (including vegetable and animal
substances), forestry and related industries including fisheries and
aquaculture, as well as the biodegradable fraction of industrial and
municipal waste”.

This classification is very broad and it includes materials which, despite being
accounted together as “biomass”, have little in common in terms of chemical
composition and reactivity.

Figure 23 represents the Van Krevelen diagram of various types of coals and
wood. Such diagram clearly underlines the relation between “young” fuels,
like biomass, and older fuels like peat and coal. Biomass is characterized by
a large content of oxygen which diminishes with the relative age of the fuels.
The origin of coals and biomass is in fact similar and fossil fuels could well
be defined as “very old biomass” fuels!

Once vegetable matter dies and it is covered by soil, it undergoes the process
of coalification: under the mixed effects of pressure, heat and bacterial activity,
the material is depleted of oxygen and hydrogen and is progressively enriched
in carbon. In Figure 23 this process can be followed: in the top right part are
young fuels like wood, rich in oxygen and hydrogen with gross heating values
ranging from around 10 to 25M]J/kggry, as shown in Table 1. Moving to the
left, peat is found: peat has been forming for around 360 million years [49] and
during this process much of the water and of the biodegradable part from the
original biomass material (trees, grasses, fungi and other organic remains) has
been removed and the material that is left, consequently, has higher heating
values in the range of 20 to 25 MJ/kgq,y [147]. Moving on in history, lignite (or
brown coal), is considered to be the youngest of coal types; it has a heating
value of about 25 MJ/kgqry [147].

Finally, in the bottom left part of the diagram bituminous coals and an-
thracites are grouped. These materials present a carbon content of 80 % or
more and have heating values ranging around 30 to 37 MJ/kgq4,y [147] and are
ranked according to their oxygen and hydrogen content [323].

A common classification for biomass and derived fuels is usually the follow-
ing: wood and woody materials (e.g. hard and soft wood, demolition wood),
non-woody biomass (e.g. agricultural residues, grasses and residues from in-
dustry), fruit and by—products of fruit industry, other residues and recovered
materials (e.g. manures, sewage sludges, refuse derived fuels (RDF) and the
organic part of MSW) [5].

All these materials present very different compositions and characteristics
which make a detailed characterization, in terms of kinetics and emissions,
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Figure 23: Van Krevelen coalification diagram. Source: Baxter [94]

essential for an efficient utilization. This is in fact the main purpose of this
dissertation.

In order to present even a better idea on the heterogeneous nature of bio-
mass materials, Table 1 summarizes the main characteristics of several bio-
mass fuels in comparison with different coals.

2.1.1 Main structures in biomass: Origins

Despite the great variation in nature and composition of such materials, some
common structures can be expected to be present in all such organic fuels,
even though the amounts can vary with species, type of plant tissue, stage of
growth and growing conditions [218, 314].

Biomass can be referred to as “nature’s solar battery” [92]: solar energy,
in fact, is used by plants to synthesize their structural carbohydrates in the
process of photosynthesis. Photosynthesis (from the Greek photo = light and
synthesis = composition) is the process that converts carbon dioxide and water
into organic compounds using photons from solar light to activate chloro-
phyll.

Even though the mechanism of the reaction is very complex and some pho-
tosynthetic processes are not yet fully understood [319], the overall reaction
can be written as:

Photons
_—

xCO> +szO Cy (HzO)y +x0> (2.1)
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Photosynthesis is vital for life on Earth and it is responsible for it by balanc-
ing the amounts of CO, and O, in the atmosphere [50].

The carbohydrates that are formed are the main repository for energy for
living beings; when their energy is released via oxidation (either with meta-
bolic processes in the living tissues or combustion) the reaction is the follow-

ing:

Cx (HZO)y +x02 —-xCO, +yH,0 + Energy (2.2)

As it is evident from equations 2.1 and 2.2 the definition of “carbon neutral”
applies perfectly to biomass materials since the carbon released in combustion
is the same that was previously absorbed from the atmosphere. However, dur-
ing the whole life cycle of biomass, fossil fuels are commonly used to: produce
fertilizers and pesticides, grow and collect the plants, transport the harvested
material and, finally, upgrade it to an actual fuel (e.g. biofuels production and
pelletization). Due to all these energy—consuming side operations, biomass fu-
els are actually carbon neutral only in theory: for example, Wang et al. [355]
calculated that even using a blend of 95 %, ethanol with gasoline, using the
current technology for corn-based ethanol, the estimated reduction in GHG
emissions would only be approximately between 21 and 27 %.

It is also interesting to notice that, being fossil fuels basically “really old
biomass”, as explained in the previous section, the CO, released during their
combustion was also previously absorbed from the atmosphere via meta-
bolic processes and could also be defined carbon neutral. However, the fossil-
carbon was fixed into organic matter hundreds of millions of years ago and
would therefore be neutral to the pre-historic atmosphere and not to the
present one!

2.1.2 Main structures in biomass: Characteristics

The following section will define in more details the various main structures
of which biomass is composed of and the characteristics of their thermal de-
composition.

¢ Cellulose:

Cellulose is the most common organic compound on Earth and the most
abundant biopolymer synthesized by Nature, approximately 10"* ton/yr
[208]. Cellulose is the main constituent of plants cell walls and is widely
used in many common products such as paperboard and paper (from
wood pulp), in the textile industry (cotton is composed for go % by cel-
lulose [45]), for the production of other synthetic fibers like cellophane
and Rayon and as a base for the production of celluloid (previously used
as a photographic and movie film until mid "30s) [44].

Cellulose is a high-molecular weight (10® of molecular weight or more)
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linear homopolysaccharide constituted of Cq4 sugars, namely D-glucopy-
ranoside units, connected by B-glycosidic linkages [268, 314], as shown
in Figure 24. The glucose units are polymerized into long, straight chains
of 5000 — 10000 units. The basic repeating unit of the cellulose polymer
consists of two glucose units and it is called cellobiose unit.

By forming intramolecular and intermolecular hydrogen bonds between
the -OH groups within the same cellulose chain and the surrounding
chains, the polymeric chains tend to arrange themselves parallel and
to form a crystalline supermolecular structure which makes cellulose
completely insoluble in normal aqueous solutions. Bundles of linear cel-
lulose chains (in the longitudinal direction) tend to twist in space to
make ribbon-like microfibrils structures which are oriented in the cell
wall structure [82, 268].

This special configuration of cellulose makes it more resistent to ther-
mal degradation than hemicellulose. Cellulose is known to decompose
(in slow pyrolysis conditions, heating rates in the order of magnitude of
10 °C/min) following almost perfectly a 1% order reaction in a tempera-
ture range of 250 - 380°C [66, 68, 103, 159, 163, 171, 186, 268, 278, 366].
However, the decomposition of cellulose in “real” biomass material can
be different due to the influence of inorganic matter and linkages with
the other structures [195, 345].

Cellulose fibers make up for around 40 to 50 %t of dry wood. Other
materials, especially bioresidues usually have a lower content of cellu-
lose, but other lignocellulosic materials, like cotton, have a much higher
content of cellulose fibers [82], as shown in Table 2 and 3.

Hemicellulose:

Hemicellulose (from the Greek: hemisys = half) is the second major con-
stituent of biomass materials. Hemicellulose, with its amorphous struc-
ture, acts as a cement material in plant cell-walls holding together the
cellulose micells and fibers.

Hemicellulose is a mixture of various polymerized monosaccharides
such as glucose, mannose, galactose, xylose, arabinose and others which
are summed up in Figure 25. Hemicelluloses consist of chains of lower
molecular weight compared with cellulose and with repeating monomers
in the order of 150 compared with the 10% of cellulose. The chains are,
therefore, shorter and in some cases present side—chain branches. Hemi-
cellulose, together with cellulose and pectin, belongs to the so-called
“structural carbohydrates”, while other carbohydrates like saccharose
and starch are called “storage” compounds [208].

Hemicelluloses exhibit different composition of sugars from species to
species. For example, in deciduous woods, rye and oat it is mostly com-
posed of pentosans, while in coniferous woods, wheat and barley, it is
almost entirely composed of hexosans [208, 268]. Hemicelluloses are a
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Cellobiose unit

(a) Chemical structure of cellulose.
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(b) Intrachain and interchain hydrogen-bonded bridging.

Figure 24: Structure of cellulose and chain bridging. Source: Mohan et al. [268]

rich source of monomeric sugars and base chemicals such as furfural
[203, 254] and xylitol (sweetener used also in chewing gums), which
make them precious in a future biorefinery concept [247].
Hemicellulose usually accounts for 25 to 35 % of dry wood, in softwoods
and about 35 % in hardwoods. Content in other biomasses is shown in
Table 2 and 3.

Hemicellulose is thermally less stable than cellulose. Measurements of
xylan under slow pyrolysis conditions (10 - 20 °C) showed decomposi-
tion in two peaks closely situated in the range of temperatures of 200 -
350°C [103, 159, 163, 186, 278, 345, 366].

Lignin:

Lignin (from the Latin Lignum = wood) is a complex, heterogeneous
polymer synthesized from the phenylpropanoid precursors shown in
Figure 26a. These basic units are linked mostly by ether bonds but also
carbon-to—carbon linkages exist, as shown in Figure 26b. The lignin ma-
trix comprises many several functional groups such as hydroxyl, me-
thoxyl and carbonyl [268].

Moreover, lignin is covalently linked to hemicellulose and cellulose, thus
conferring mechanical strength to the whole plant [46, 82, 268]. Lignin
is not digested by animal enzymes, it gives protection to the plant from
bacteria, it helps water circulation in the vascular system of plants and
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Figure 25: Sugar units typical of hemicelluloses. Source: Balat et al. [82]

is the least degradable part of dead plants making it the most important
component of humus [46].

The heterogeneous nature of lignin and its strength is evident also in its
thermal stability: many studies under slow pyrolysis conditions show
that lignin reacts over a broad range of temperatures, starting at about
250 °C up to 500°C [103, 186, 2778, 366].

As for hemicellulose, quantity and quality of lignin changes with bio-
mass materials and species: softwoods are more rich in “guaiacyl” lignin
with a content of around 23 to 33 %wt, while hardwoods have a content
of about 16 to 25 %yt of mostly “guaiacyl - syringyl” lignin. The content
of lignin of different lignocellulosic materials is shown in Table 2 and 3.
Lignin is nowadays mostly produced as a by—product in the pulp-and-
paper industry where it is usually combusted for power and heat pro-
duction. However, despite having a higher heating value than the other
components of biomass, lignin can be used to produce other high-value
products such as phenolic resins. Lignin also has a role in the rubber
industry and in the production of antioxidants [293].

Starch:
Starch, like cellulose, is a polymer constituted of glucose sugar units, but,
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Table 2: Typical lignocellulose content of some plant materials. Data are on dry basis.

PLANT HEMICELLULOSE CELLULOSE LIGNIN
MATERIAL
Orchard Grass” 40.0 32.0 4.7
Rice Straw” 27.2 34.0 14.2
Birchwood” 25.7 40.0 15.7
Poplar? 43 31 23
Oak? 35 32 26
Wheat straw? 32 37 18
Cotton® 91.2 0.8 0.4
DDGS? 16 13.5 n.a.

"Mohan et al. [268]
bKamm et al. [208]
‘ECN [147]

4Kim et al. [220]

Table 3: Ranges of variation of the chemical composition of different lignocellulosic
feedstock. Data are on dry basis. Source: Kamm et al. [208]

FEEDSTOCK CELLULOSE (%) HEMICELLULOSE (%) LIGNIN (%)
HEXOSES PENTOSES

Softwood 40-48 12-15 7-10 26-31
Hardwood 30-43 2-5 17-25 20-25
Cereal Straw 38-40 2-5 17-21 6-21
Maize Straw 35-41 2 15-28 10-17
Rape Straw 38-41 - 17-22 19-22
Recovered 00 . 6-1 1m0
Paper 50-7 5 5-25

unlike cellulose, such units are linked together by «-glycosidic linkages.
Such bonds are weaker than the ones of cellulose, which makes starch
digestible also by human enzymes. Starches are composed by two main
molecules: the linear and helical amylose and the branched amylopectin.
Most starches yield 10 - 20 % amylose and 8o - 90 % amylopectin [319].
As mentioned above, starch is one of the storage components used by
plants to store energy in the form of glucose units which are easily ac-

cessible for the plant metabolism.
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Table 4: Composition of common raw materials for industrial production of starch.
Data are on wet basis. Source: Griill et al. [173]

(%wt as MAIZE POTATO TAPIOCA WHEAT RICE
received)
Moisture 16 75 70 13 14
Starch 62 19 24 60 77
Protein 8.2 2 1.5 13 7
Ash 1.2 1.2 2 1.7 0.5
Sugars 2.2 1.1 0.5 8 0.3
Fiber 2.2 1.6 0.7 1.3 0.3
Fat 4.2 0.1 0.5 3 0.4

Starch is usually stored in the form of small granules and it is found
in tubers, roots, seeds and fruits. It is commonly present in cereals and
tubers like maize, potatoes, wheat and rice. The composition of some of
the main feedstocks for the industrial production of starch can be found
in Table 4.

Starch is a common feedstock for the 1%t generation bioethanol: starch
is first separated from the original cereal (e.g. corn, wheat, barley), then
it is decomposed by enzymes into monomeric glucose and finally fer-
mented by yeast into bio—ethanol [110, 197]. Starches are also widely
used in the paper industry (to confer dry strength to the paper and for
coating), textile, cosmetics, pharmaceuticals (as binding agent in tablets
and pills) and food processing (as thickener and stabilizer) [51, 173].
Starches decompose, under slow pyrolysis conditions, in the range of
temperature of 300 - 350°C [58, 174, 185].

¢ Other organic compounds (Fats and Extractives):

Together with the above-mentioned structures, biomass presents other
components such as extractives, oils and monomeric sugars. These com-
pounds are widely used as food (e.g. olive or sunflower oil and sucrose
from sugarcane) but also as lubricants, rubbers, pharmaceuticals (e.g.
antibiotics and vitamins synthesis), dyes and even cosmetics (e.g. Jojoba
oil) [106, 230]. However, they are also used as feedstocks for many 1%t
generation biofuels: vegetable oils, via the process of trans—esterification,
are used for production of biodiesel (mostly from rapeseed and soybean
oils) while monomeric sugars (mostly from sugarcane and sugar beet)
are fermented to produce bioethanol.

¢ Inorganic matter:
The inorganic matter in biomass materials varies widely both in quantity
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and quality among different plants and sources. Woody biomass, for
example, presents very low amount of ash forming matter [147], while
animal or industrial residues, like chicken manure or sewage sludge,
contain very high amount of inorganic matter (up to 20 to 50 % of the
initial dry weight) [163, 164, 202, 338, 359]. Furthermore, agricultural
residues and herbaceous matter are rich in silica and calcium (that give
strength to the cell walls) as well as alkali metals (like potassium) and
phosphorous (which are present in crystal salts and, P, also in the DNA
of the plant). Chlorine is present in biomass matter in higher quantities
than most fossil fuels (with the exception of marine coals) [76, 275] and
Mg, contained in the chlorophyll, is also found in significant amounts,
especially in green plants. Heavy metals are present in traces in biomass
materials in amounts depending on their origins. Extensive reviews and
data for different fuels can be found for example in Jenkins et al. [194],
Vassilev et al. [351], Tortosa Mastia et al. [338] and others [218, 289, 360].

* Water:
It might seem trivial but moisture is one of the main components of
biomass and constitutes a main difference with coals. Water, in fact, is
essential for every living tissue and it is fundamental in the process of
photosynthesis, as mentioned above. The moisture content of fuels is
very important for the stability of any thermal conversion process (e.g.
wet bagasse from the sugar cane production [328]) and a very moist fuel
might require to be dried before feeding into the reactor [359] or even
require the application of a much different technology (e.g. supercriti-
cal water gasification for wet manures [231, 260]). Moisture in biomass
varies greatly among the different materials but it is influenced also by
the harvesting period and storage conditions [193, 340]. While woody
materials and herbaceous biomass usually have a lower content of mois-
ture, other residues like manures and sludges can contain more than

90 %wt of water [147, 359].

2.1.3 Nitrogen compounds in biomass

Nitrogen content in biomass, as shown in Table 1, can vary considerably from
less than 1 % in wood, up to almost 10 % in animal waste [351]. As described
in Chapter 1, fluidized bed reactors work at temperatures considerably lower
than the onset of thermal-NOy formation. The fuel-bound nitrogen becomes,
therefore, the primary source of NOy in combustion and its precursors in
gasification. Therefore, especially when analyzing high-N fuels like many
bioresidues, a deep knowledge of nitrogen functionalities in biomass is es-
sential to choose the optimal reactor conditions and eventual gas cleaning
technologies.
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Figure 27: Thermal decomposition in slow pyrolysis of the main components of ligno-
cellulosic materials. Heating rate = 20 °C/min in helium. Source: Heikkinen
et al. [186]

To the author’s knowledge, a systematic study to asses the origin of nitro-
gen functionalities has not been carried out on biomass, as it has been done,
instead, on coal by Pels et al. [287]. Nitrogen is, with carbon and oxygen, at the
very basis of every living being, plants as well as humans and animals. Nitro-
gen is found in many different structures and with many different functions:
a-amino acids, enzymes, proteins, DNA and many others [319]. A quite com-
prehensive review, from a bioenergy point of view, was compiled by Becidan
[95] and a few concepts of it are summed up in this section.

2.1.3.1 Total Nitrogen content

As indicated in Table 1, the total content of Nitrogen varies greatly among dif-
ferent biomass fuels, depending on its origin. However, the content of nitrogen
is also influenced by the location in the plant (due to the organic function of
the compounds), the season of harvest, the age, the resources availability (e.g.
fertilizers and the type of water) and the stage of growth of the plant.

From Figure 28 it is possible to notice how the nitrogen content varies ac-
cording to its biological function: it decreases, in wood, going deeper in the
trunk as a result of cell maturation and at the same time it is most abundant
in the seeds which contain nutritive (proteins) and protective (alkaloids for
antifungal activity) compounds [95].
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Figure 28: Nitrogen content in different plant sections. Source: Becidan [95]

2.1.3.2 Nitrogen functionalities
Proteins and «-amino acids

The main biomass structures in which nitrogen is found are proteins. Proteins
are bio-macromolecules that consist of amino-acids joined by peptide bonds.
As shown in Figure 29, an amino-acid is a compound which contains both
amine and carboxylic acid functional groups. In nature, proteins are made
out of 20 primary amino-acids called x-amino acids which are depicted in
Figure 30. Some of the amino-acids can be synthesized by all living organisms
while others need to be taken in through diet and are called “essential amino—
acids”. Human beings, for example, cannot produce eight amino acids: Valine,
Leucine, Isoleucine, Phenylalanine, Tryptophan, Threonine, Methionine and
Lysine need to be assimilated through food. Insulin, hemoglobin and enzymes
are examples of human proteins.

Studies in biomass have shown that most of the nitrogen is indeed either
in the form of proteins or free amino-acids with quantities ranging from few
percents to more than 35 % of the initial weight. Table 5 summarizes some of
the available results in literature.

The thermal history of proteins is usually investigated using as model com-
pounds the basic ax-amino acids. Much literature is available on the slow pyrol-
ysis of amino-acids and some of the main results are summed up in Tables 6
to 8.

Due to the more complex structure of proteins in the real biomass, it is
very difficult to use results from model compounds as a predictive tool [95].
However, as it will be shown in the next sections and chapters, these results
can give helpful information to analyze pyrolysis of biomass samples.
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Figure 29: Common nitrogen structures in biomass. Source: Hansson et al. [180]

Table 5: Protein content in various biomass materials. Data on a dry basis

BIOMASS PROTEIN REF.
CONTENT(%)
Softwood 0.2-0.8 [241]
Needles+Leaves 7-8 [241]
Corn 10 [126]
Corn stover 5 [126]
Soybean 40 [126]
Alfalfa 20 [126]
DDGS 25 [220]
Palm Kernel Cake 19 [294]
Cottonseed cake 40 [294]
Olive oil cake 6 [294]
Soybean cake 48 [294]
Rapeseed cake 36 [228]
Wheat straw 3-6 [147]
]

Chicken manure 47 [148
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Neutral Aming Acids
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Table 6: Thermal decomposition of some x-amino acids with aliphatic chains.

MODEL SETUP HR PEAK REF.
COMPOUND (°C/MIN) TEMPERATURE
°0)
L-Glycine TG-FTIR 10-20 255-282 [244, 302]
L-Leucine TG-FTIR 10-20 306-334 [243, 302]
L-Isoleucine TG-DSC 10 301 [302]
D-Valine TG-DSC 10 296-300 [302]
L-a-Alanine TG-DSC 10 301 [302]
L-Threonine TG-DSC 10 267 [302]
L-Methionine TG-DSC 10 295 [302]
Serine TG-DSC 10 235 [300]

Table 7: Thermal decomposition of some x-amino acids with five- and six-membered
rings in their side chains.

MODEL SETUP HR PEAK REF.
COMPOUND (°C/MIN) TEMPERATURE
(°C)
L-Phenylalanine TG-FTIR 10-20 276/377- [245, 302]
291/404
L-Tyrosine TG-FTIR 10-20 318-334 [245, 302]
Tryptophan TGA 10 297/395- This work,
297/409 [302]

Table 8: Thermal decomposition of some acidic, basic and secondary x-amino acids.

MODEL COMPOUND SETUP HR PEAK REF.
(°C/MIN) TEMPERATURE
(°O)
L-Lysine TG-FTIR 10 239/349/435 This work
L-Aspartic acid TGA 10 240/264/397 [302]
L-Glutamic acid TGA 10 197/284 [302]

Proline TG-DSC 10 234 [300]
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Figure 31: Nitrogen functionalities in coal and their XPS binding energies. Source:
Di Nola [139]

Heterocyclic nitrogen

While nitrogen in biomass is mostly in proteinic form, the main N-structures
found in coal are, instead, aromatic, as shown in Figure 31 [139, 287]. The
study of nitrogen functionalities in coal has been more successful than for
biomass due to the crystalline structure of coal. This characteristic allowed
measurement techniques like XPS, XANES and NMR to produce clear and
easily interpretable signals, as seen in Figure 31. For biomass, unfortunately,
this is not the case: even with much higher nitrogen concentrations, vacuum
based techniques like XPS cannot be easily applied due to the volatility of
the materials and "> N-NMR does not yield signals of clear interpretation. The
“youngest” fuel to yield clearly interpretable signals appears to be peat and
soils in general, for which a number of studies are available [62, 215, 223, 224].

Several investigations have been carried out to determine the nitrogen func-
tionalities in different coals and, through the study of different model com-
pounds [86, 287, 320], a clear picture is now available. The results of these
studies [86, 118, 205, 213, 216, 269, 287, 354] show that most fuel-bound ni-
trogen in high-rank coals is in pyrrolic and pyridinic groups. However, other
structures are present, like pyridone and the so—called quaternary nitrogen
which is usually interpreted as a graphite-like structure with an N-bridge
[287]. The works of Pels et al. [287] and Kelemen et al. [214] are the best
sources for an in—depth study of the transformations of heterocyclic nitrogen
structures during pyrolysis.

Heterocyclic—N in biomass

Heterocyclic-N structures are present in biomass as well, even though in mi-
nor quantities compared to proteinic—-IN.
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Figure 32: DNA heterocylcic bases: Cytosine, guanine, adenine and thymine. Source:
Becidan [95]

NUCLEIC Among these structures are, for example, nucleic acids (e.g. DNA
and RNA). Nucleic acids are the biomolecules containing the genetic
information of living cells. Nucleotides are the building bricks of the
macromolecules and are constituted by a nucleobase, a pentose and a
phosphate or polyphosphates [95].

The four heterocyclic bases are shown in Figure 32.

No detailed study on the amount of nitrogen contained in biomass as
nucleobases has been performed to the author’s knowledge. However,
Hansson et al. [180], based on the phosphorous content in several bio-
mass samples, came to the conclusion that the content of DNA is not
significant compared to other structures.

ALKALOIDS Alkaloids are extracted from several parts of plants, like bark,
roots, leaves, berries and fruits. They are nitrogen-containing bases which
react with acids to give salts (from which the name, because they be-
have alkali-like). The nitrogen atoms of most alkaloids is present in het-
erocylcic rings, even though, in a few cases, nitrogen can be present
as primary amine or as an ammonium group. The variety of these sub-
stances amounts to thousands and their functions and effects on humans
and animals vary greatly [319]. Some examples of notorious alkaloids
are: Strychnine (a poison extracted from the seeds of the Strychnos nux
vomica plant), morphine and codeine (extracted from opium poppy), nico-
tine (extracted from the tobacco leaves) and cocaine (extracted from the
leaves of the coca plant). Such compounds are used for many purposes
but mostly in the pharmaceutical industry [95, 319]. Most of these com-
pounds are very well known as well as their sources so they have to be
taken into account when dealing with specific materials (e.g. residues
from coffee [98] will have considerable amount of caffeine) but are not
relevant in many other fuels.

CHLOROPHYLL As mentioned above, chlorophyll is an essential molecule for
photosynthesis. The basic structure of chlorophyll is a porphyrin macro-
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(a) Nicotine. Source: [47] (b) Strychnine. Source: [53]

Figure 33: Two typical alkaloids found in biomass.

Figure 34: Structure of chlorophyll-a. Source: [319]

cycle (as in Figure 34) with a magnesium ion in the central cavity and
various side chains [95, 319]. The amount of chlorophyll-N becomes sig-
nificant when dealing with plant foliage and, in minor amounts, needles.
For other biomass materials it is usually not relevant.

OTHERS Other N-compounds are present in minor amounts in biomass mate-
rials. Some species contain special amines, vitamins [95, 319], or amino
sugars (such as glucosamine, found in chitin, a polysaccharide found in
the shells of lobsters and crabs and skeletons of insects and spiders
[319])[241] and inorganic nitrogen species such as nitrates, nitrites and
ammonium. The latest ionic substances are a form of early intake of the
plant through liquids and are then synthesized into proteins.
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2.2 SOLID FUEL COMBUSTION

The combustion of solid fuels is a combination of complex phenomena which
happen in a very rapid succession or, in some cases, simultaneously. The three
main steps can be summarized as following and are depicted in Figure 35:

* Drying
* Devolatilization + volatiles oxidation/gasification

¢ Char oxidation

Drying

Any relatively small particle entering a hot reactor will be subjected to very
high heating rates (in the order of 103 — 104 °C/s, upon which the fuel under-
goes drying (Figure 35b). The moisture content of biomass can be, in some
cases, critical for a stable combustion / gasification process, and very wet fu-
els, like sewage sludge or manures, need to undergo pre-treatments before
entering the reactor [2]. Some new technologies, such as supercritical water
gasification, are very promising for direct conversion of very wet feedstocks
but they are still in a research and early development phase [231, 260].
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Devolatilization + volatiles oxidation/gasification

The second stage is devolatilization or pyrolysis (from the Greek words py-
ros (“fire”) and lysis (“decomposition”)): as the term suggests, this process
involves a decomposition of the fuel into volatiles and char, due solely to
the effect of heat. Devolatilization is the first chemical step in every thermal
conversion process of solid fuels independently from the local atmosphere,
so both in gasification and combustion. However, as mentioned in Chapter 1,
pyrolysis can also be achieved in an inert atmosphere and as a stand-alone
process.

The changes that occur during pyrolysis under inert conditions can be listed
as follows [268]:

1. Heat transfer from a heat source (usually the furnace) to increase the
temperature inside the fuel particle ;

2. The initiation of primary pyrolysis reactions at this higher temperature
breaks weaker bonds and functional groups which are released from the
main structure and a more carbonaceous structure, called char, is left as
the solid residue;

3. The flow of hot volatiles towards cooler solids results in heat transfer
between hot volatiles and cooler unpyrolyzed fuel;

4. Condensation of some of the volatiles in the cooler parts of the fuel,
followed by secondary reactions, can produce tar;

5. Autocatalytic secondary pyrolysis reactions proceed while primary py-
rolytic reactions (point 2, above) simultaneously occur in competition;

6. Further thermal decomposition, reforming, water gas shift reactions,
radicals recombination and dehydration can also occur and are a func-
tion of the process’ residence time / temperature / pressure profile.

When devolatilization happens under combustion conditions, especially for
biomass, secondary pyrolysis is usually less relevant since the volatiles re-
leased from the particle are quickly oxidized in a flame crown around the
particle itself.

Devolatilization occurs in relatively short times compared to char oxidation,
depending on the type of fuel and the process conditions (mostly on the par-
ticle size). For biomass fuels, as mentioned also in Chapter 1, the weight loss
during the devolatilization process is usually around 70— 80 % of the initial
dry weight [159, 163, 202, 278] but it can reach 95% for some fuels at high
heating rates [139, 140]. Therefore, this step has a crucial role not only in the
control and stability of the process but also in the global emissions and fuel
reactivity.
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The amount and composition of the volatiles, together with the structure
of the remaining char, highly depends on the initial fuel properties but also
on the process conditions such as heating rate, particle size, temperature and
atmosphere [107].

Due to the heat supplied to the particle, the weaker bonds and functional
groups present in the structures of the fuel are broken and gases are released.
These gases consist of both high molecular weight compounds, called tars,
and lower incondensable gases such as CO, H,, CH,, C,Hg, but also H,O, CO,
and nitrogen compounds such as NH;, HCN and N,. Tars are compounds
which are released in gaseous form but condense at room temperature; tars
from coal pyrolysis originate from the breakage of weaker bonds connecting
aromatic structures [316], while in biomass they originate from the aromatic
structures of lignin as well as from various oxygenated compounds released
by cellulose and himcellulose (such as levoglucosan and furans) [266]. The
lighter volatiles in biomass pyrolysis originate mostly from the breakage of
functional groups (e.g. amino group in proteins releasing ammonia) or the
decomposition of the main polysaccharides listed in the previous sections.

Because of the extreme importance of pyrolysis in biomass conversion, in
the last years many studies have been dedicated to this process. The pyrolysis
characteristics of most of the biomass main structural components are listed
in the previous sections and shown in Figure 27 and Tables 6 to 8.

Once the volatiles are released they will undergo homogeneous reactions
of combustion or gasification depending on the oxidant atmosphere. The re-
action mechanisms and kinetics of such reactions are quite well known [114].
Some mechanisms of homogeneous oxidation of nitrogen species are reported
in the next sections.

2.2.1  Char oxidation

The next and last step of the conversion is, therefore, the char oxidation /
gasification. This process is much slower than devolatilization because it is
actually composed of different steps. In a simplified way, char conversion can
be described as happening in three phases: first the oxidizing agent, O,, or the
gasifying agents, CO, and H,O, need to diffuse from the surrounding bulk
to the surface of the particle, then the heterogeneous reaction can take place
and, finally, the products need to diffuse out of the particle. However, a more
complex and detailed description of the phenomenon includes first a reaction
of the carbon surface with the CO, produced during combustion to release
CO. Carbon monoxide then diffuses towards the oxygen and at the reaction
front a flame is developed where CO is oxidized to CO,. Clearly the global
reaction rate will need to include not only the actual chemical rate but also
the diffusion rate of the compounds to and from the solid particle.

As mentioned in the previous sections, the amount of residual char in bio-
mass is much lower than for coal. Moreover, the reactivity is higher for bio-
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mass chars compared to the ones from coal [107], one only need think of the
wood charcoals used for barbeques for their ease of ignition and combustion
[67]!

However, the particle dimensions to which coal can be reduced (um range)
cannot be obtained for biomass materials due to their fibrous structure and
this can significantly slow the oxidation of biomass chars decreasing the spe-
cific surface area (m?/m3) available for the reaction.

The nitrogen which is left in the char after devolatilization is released dur-
ing this phase. To the author’s knowledge, no systematic study on the struc-
tures of nitrogen in chars has been performed, moreover, it is difficult to assess
the sole contribution of fuel-N to the global NO emissions: in fact when study-
ing the pyrolysis of a fuel under inert conditions, the char produced will have
a different structure from the char which would be actually produced under
oxidant atmosphere and both kinetic and emission analysis will then be bi-
ased. Release of NO from combustion of biomass fuels will be presented in
Chapter 7 of this thesis.

2.3 NOx FORMATION MECHANISMS
Before introducing the available literature and knowledge on NOy emissions
during biomass combustion and the formation of NOy-precursors during py-

rolysis and gasification, it is appropriate to give a brief introduction of the
main mechanisms of NO formation during combustion.

2.3.1  From air nitrogen: Thermal NOy and Prompt NOy
The formation of NOy from oxidation of molecular nitrogen at high temper-

atures is known as thermal-NOy. This process is driven by the well-known
Zeldovich mechanism [370]:

O+Ny; =N+NO (2.3)
N+0O, =0+NO (2.4)
The so—called extended Zeldovich mechanism includes also the additional

reaction:

N+ OH = H+NO (2.5)
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The above-mentioned reactions are much dependent on temperature as
clearly shown in Figure 36; especially reaction 2.3 has a high activation en-
ergy and is only important at temperatures above 1800K [165].

The mechanism of prompt-NOy was described by Fenimore [153] as a re-
action sequence initiated by the rapid reaction of hydrocarbon radicals with
molecular nitrogen, leading to the formation of amines or cyano compounds
that subsequently react to form NO, as in the following equations:

CH+N; = HCN+N (2.6)
CH, 4+ N5 = HCN +NH (2.7)
CH, 4+ Ny = H,CN+N (2.8)
C+Ny=CN+N (2.9)

Prompt-NOx is formed mostly in fuel-rich zones next to the flame front
and are mostly relevant for gaseous fuels combustion [264].

Following the considerations reported above and in Chapter 1, it is possible
to state that at the temperatures at which biomass is usually combusted in
fluidized bed and entrained flow reactors (= 800 - 1200 °C) the mechanisms of
thermal and prompt-NO are not relevant and do not influence the final NOx
concentration.

2.3.2  From fuel bound nitrogen: Fuel NO

The main source of NOy emissions in biomass combustion is originating from
the fuel-bound nitrogen. As mentioned in previous parts of this chapter, many
biomass materials and mostly biomass residues, have a high content of N and
therefore the danger of high NOy emissions might be concrete.

As shown in Figure 37, the primary devolatilization of the fuel distributes
the initial nitrogen among volatile species, which are generally HCN and NH;
[59, 264], nitrogen contained in large aromatic compounds (tar-N) and nitro-
gen remaining in the char matrix. The exact partitioning and composition of
volatile gases, tars and char-N structures, varies greatly with different bio-
mass fuels and process conditions such as temperature, pressure, residence
time, heating rate and oxidizing agent [165]. For example, bituminous coals
have been reported to release mostly tar-N which then quickly decomposes
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into HCN and soot-N [165]. Biomass is known to mostly release volatile-N
in the form of NHj; [182] and HCN, but HNCO is sometimes also detected
[98, 140, 182, 202]. Direct release of NO from biomass pyrolysis has also been
reported and attributed to the high amount of oxygen present in the biomass
[182, 299, 332, 377]. The partitioning between these species seems to depend
on the process conditions, with NH; being the main product at low heating
rates, pressures and temperatures and HCN increasing, instead, with temper-
ature and heating rate [165, 241]. The presence of inorganic matter such as
Ca and K could promote the formation of ammonia and N, and suppress
HCN formation, while Fe could catalyze ammonia decomposition to molec-
ular nitrogen [165]. A review of the experimental knowledge and proposed
mechanisms for biomass materials will be given in the next section.

In a following stage, the volatile nitrogen species undergo homogeneous
reactions of either oxidation to NO or reduction to molecular nitrogen. These
mechanisms are well known and a detailed review of relevant reactions and
their kinetic parameters can be found in Miller and Bowman [264]. Another
important mechanism of homogeneous oxidation involves the reaction of vol-
atile-N, mostly HCN and HNCO to N,O, as investigated and detailed by
Kilpinen and Hupa [219] and others [64, 199, 229]. The values of fuel-N con-
version to volatiles (including NH;, HCN and HNCO) range from 10 - 15 %
up to 7o - 80 % [95, 139, 140].

The nitrogen in tars, if it has the chance to further react and it is not quickly
cooled and liquefied, will further decompose to volatile species or condense
into soot, trapping the nitrogen into cyclic species that, via heterogeneous
reactions, will then oxidize or reduce.

The nitrogen in the char is generally believed to undergo heterogeneous
reactions which commonly yield either directly NO or HCN. Char-NO is a
major contributor to the final NO emissions since the non catalyzed homoge-
neous chemistry of volatile-N is known in depth and primary DeNOy mea-
sures can achieve high conversions to molecular N, [139, 200, 264, 272]. As
shown in Figure 39a, the content of N in chars from straw decreases dras-
tically with temperature down to about 25% of the initial N content in the
range of goo to 1200K. Most of the biomass fuels follow such a trend with
temperature, even though different fuels might yield more char-N [101] or
less [140] depending on the heating rate and the nature of the nitrogen struc-
tures [165, 180, 182, 236], as shown in Figure 39b.

Among the various NOy reduction techniques which have been developed
already for many years [139, 200] such as burner modifications, staged com-
bustion and selective catalytic reduction to name the most common ones, it is
worth to mention in more details the mechanism of so—called Thermal De-NO.
This technique involves the injection of ammonia (or urea) into the boiler to
reduce the already formed NO back to N, via the reaction path illustrated
in Figure 40. This mechanism becomes important in biomass fuels with high
nitrogen content when much of the fuel-N is released as volatiles and many
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Figure 38: Homogeneous reaction paths of HCN and NH; to NO. Source: Miller and
Bowman [264]

NH or NH, radicals are available for the De-NOy process as discussed by
Skreiberg et al. [315] and others [264, 265].

2.4 NITROGEN PRECURSORS AND NITROGEN OXIDES FROM BIOMASS AND
MODEL COMPOUNDS: A REVIEW

As mentioned in the previous sections, the mechanisms of oxidation and re-
duction of nitrogen oxides are well known and are precious in order to obtain
optimal combustion conditions. However, in order to be useful, such kinetic
schemes need to be provided with precise information on the primary vola-
tile species which result from biomass pyrolysis and this is more complicated
[182]. In fact, as reported above, the exact partitioning among volatile-N, tar—
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N and char-N varies according to different process conditions and fuel com-
position, and so does the exact composition of the volatiles released.

For this reason a detailed characterization of each material is required in
order to convert it efficiently. In this section the mechanisms of devolatilization
of some model compounds for the nitrogen structures found in biomass are
listed and described. Moreover, some results of previous studies on volatile-N
partitioning are listed.

2.4.1 NOxy precursors from devolatilization

The results from many years of research on coal and many biomass mate-
rials sustain that the main nitrogen species released in volatile form dur-
ing devolatilization are HCN, NH; and in minor amounts, HNCO and NO

[59, 95, 182, 264].

2.4.1.1 Amino acids and proteins

As mentioned above, it is well accepted that most of the nitrogen in biomass
materials is in the form of amino-acids and proteins. Becidan [95] in his PhD
dissertation gives a comprehensive review of the reaction mechanisms of py-
rolysis known so far.

According to several studies, most of the volatile-N compounds are not pri-
mary products of pyrolysis but rather products of secondary decomposition.
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Primary pathways of decomposition:

The main primary reaction pathways of decomposition of amino-acids and
proteins are illustrated in Figure 41.

1. Formation of amide intermediaries [313];

2. Decarboxylation with subsequent formation of amines and CO, [295,
313];

3. Dehydration which causes the formation of polypeptide and consequently

the formation of cyclic amides, among which the most commonly re-
ported is 2,5-diketopiperazine (also called DKP) [180, 295, 310, 312, 313,

3531

4. Formation of the intermediary «-lactam [313].

5. Cross-linking of proteins’ side groups to produce NH; and char-N [180].
This path is followed only by compounds with side chains, otherwise no
char is reportedly formed [300, 301, 302].

6. Deamination, thermal loss of ammonia, is not considered to be signifi-
cant for some substances [87, 295, 310, 313], but Li et al. [244, 245] in their
studies on amino-acids pyrolysis, among which glycine, phenylalanine
and tyrosine, found instead considerable amount of NHj; being released
as a primary product via deamination (Figure 42).

According to multiple studies, the most important primary pathways are
decarboxylation and dehydration since they are favoured at high tempera-
tures [95, 180, 244], but deamination has been proven to be of importance in
slow pyrolysis of single amino-acids and dipeptides [244, 245]. Moreover, for
polypeptides and proteins with side chains, it was suggested that the main
primary conversion path would be number 5, with the formation of char and
the release of ammonia [180, 182].

Secondary pathways of decomposition:

The five primary compounds described above undergo a secondary stage of
decomposition which brings to the final composition of the volatile gases.

The main compound, as specified earlier, is DKP. DKP can undergo several
cleavages:

1. The formation of different nitriles depending on the nature of the spe-
cific functional groups X and Y. For example, such reaction is responsible
for the formation of HCN in glycine pyrolysis [244, 295];

2. The formation of intermediary imines which then decompose to HCN
(or nitriles) and H, [180] or can react with amines to give ammonia and
N-alkylaldimines [295];
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3. The release of HNCO and pyrroline [87, 180];

4. Isomerisation to hydantoins (5-membered cyclic amides) before further
decomposition to HNCO and HCN [88, 89];

5. Formation of the intermediary a-lactam before further cleavage [180,
313].

The importance of each pathway will vary with fuel and conditions. How-
ever, eventually, the DKP will decompose to HCN, mostly, and in minor
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amounts to HNCO and NH;. Johnson and Kan [198] reported conversions
of DKP to HCN of about 38 % at 700°C while Hansson et al. [181] reported
more than 8o % conversion at 1000 - 1100 °C.

The decarboxylation reaction is the second most important pathway in
primary pyrolysis of proteins and polypeptides. As seen in Figure 44a, the
amines formed can decompose further into nitriles and / or HCN, or react
with imines and yield ammonia and N-alkylaldimines [180, 313]. Another
possible route is the direct thermal loss of NH;.

Primary pyrolysis might also yield a compound called a-lactam. When this
pyrolyzes further, as seen in Figure 44b, it can decompose into an amide which
can then evolve into nitrile and / or HCN with release of water [165]. Alter-
natively, it can form an intermediary imine and then proceed as explained
earlier.

The reaction of the nitriles formed in reaction 1 of Figure 41 is shown in
Figure 44c and it yields HCN.

Finally, the char—N formed via the reaction 5 in Figure 41 and only in pres-
ence of proteins with side chains, can decompose further to form hydantoins
and eventually yield additional HNCO and / or HCN [88, 89] (Figure 44d).

From this brief prospect on the various reaction mechanisms disclosed so
far, it is possible to see that the release of NH;, HCN and HNCO during py-
rolysis of biomass can be explained with the decomposition of its primary
sources of N: proteins and polypeptides. However, the exact partitioning and
amounts will undoubtedly depend on the exact composition of each mate-
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rial: characterization is, again, an essential tool for deeper understanding and
better performance.

2.4.1.2 Heterocyclic-N

As explained earlier, together with proteinic-N, biomass might contain also
heterocyclic nitrogen compounds, even though in much lower amounts except
for particular materials. Considering that heterocyclic-N compounds are the
main nitrogen compounds contained in coals [128], many studies exist in lit-
erature on the pyrolysis of pyrrole and pyridine structures [79, 143, 144, 179,
253, 331].

Pyrrolic structures are usually found to produce mostly HCN and various
nitriles [79, 143, 242, 331] that can further evolve into additional HCN. NH;
was found only in minor amounts. Pyridinic model compounds are more
stable than pyrroles and their decomposition occurs at higher temperatures
[165]. Pyridines were found to release mostly cyanoacetylene which is then
quickly converted into HCN [253]. However, contradictory results were also
found: Hamaldinen et al. [179] tested heterocyclic N-structures with 5 and 6
elements rings and they found ammonia to be the main product when ad-
ditional oxygen functional groups were present. Moreover, ammonia was de-
tected in many studies on coal pyrolysis [59, 240, 242, 330]. Detailed kinetic
mechanisms for the devolatilization and oxidation of these model compounds
have been developed lately by Martoprawiro et al. [259] and Ikeda et al. [189].

Li and Tan [242] analyzing their own and the past results came to the con-
clusion that the formation of a significant amount of NH; from the thermal
cracking of pyrrolic or pyridinic rings in the gas phase is highly unlikely. They
also stated that the indirect formation of ammonia via hydrogenation of HCN
in the gas phase or on the char surface would not be sufficient to explain the
yields of NH; measured in pyrolysis of brown coal, which is rich in hydrogen
and therefore even less likely for higher rank coals with lower hydrogen con-
tent. The mechanism proposed, therefore, is the direct hydrogenation of the
nitrogen in the pyrolyzing char particle with the active hydrogen needed gen-
erated directly from the thermal cracking reactions within the particle itself.

However, pyrolysis of biomass happens at lower temperatures and with
faster speed than for coal and with much higher amount of volatiles: these
characteristics are less likely to favour serious interactions between the vola-
tiles and the char. Therefore, the eventual presence of heterocyclic-N in bio-
mass is most likely responsible for HCN release from the cleavage of the
rings while proteinic-N is responsible for the ammonia release. According
to the mechanism proposed by Li and Tan [242], moreover, faster heating
rates would favour the presence of H radicals in coal and consequently favour
higher ammonia formation, but this is the opposite of what is often seen for
biomass fuels, as it will be explained in the next sections.
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2.4.2 Char-N

Evaluating the actual oxidation of char-N is extremely difficult because such
heterogeneous reactions are much influenced by the physico—chemical prop-
erties of the char itself and these characteristics (e.g. porosity, surface area, in-
organic matter) change depending on how the char is obtained. For example,
a char obtained in an inert atmosphere will not have the same characteristics
of the actual char during oxidation.

There is general acceptance that coal char-N is mostly converted to NO in
a range of 100 to 80 % of the conversion [165] and in minor amounts to HCN
and HNCO.

Glarborg et al. [165] described the accepted mechanism for coal char-N
oxidation as follows:

C(N)+0; - NO+C(0) (2.10)

Where C(N) and C(O) indicate the nitrogen and oxygen species, respec-
tively, on the char surface.

Under fluidized bed conditions, moreover, considerable amounts of char—
N could react to N,O via homogeneous oxidation of the HCN and HNCO
released from the char or via the following heterogeneous mechanism [165]:

C(N)+ %Oz — C(NCO) (2.11)

C(NCO)+NO — Cs+N,0+CO (2.12)

Here C(NCO) is an oxidized char nitrogen species, presumably an -NCO
or -CNO type species.

Additionally, char plays an important role in the reduction of NO over its
surface [55, 142, 321, 372, 377], especially in fluidized bed reactors when con-
tact between gases and solids is extensive. Zevenhoven and Hupa [372] found
that chars from peat and lignite are more reactive towards NO compared to
chars from bituminous coals and wood. Moreover, a catalytic effect was found
for calcium, magnesium and potassium, elements of which biomass chars are
usually rich in [372].

2.4.3 Some examples of NOy-precursors and nitrogen oxides from biomass samples

The following Tables 9 and 10 summarize the results obtained in literature
of slow and fast pyrolysis, respectively, of many biomass fuels. It is possible
to see, as also mentioned by other authors in the past [95, 139, 240], that it
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is difficult to find a general trend to explain the partitioning of volatile-N
because it depends highly on the fuel type and on the reaction conditions.

Table 11, finally describes the total conversion of fuel-N to NO during bio-
mass combustion in several different reactor configurations. It appears that
under combustion conditions, instead, a general trend can be sketched, with
the fuels with least N content releasing the most of it as NO and the fuels
with high initial nitrogen content, instead, presenting only a little conversion
of it to NO.

These trends will be explained in much more details in the next chapter of
this dissertation.
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MATERIALS AND METHODS

Small-scale characterization is a useful method to investigate fundamental character-
istics of solid fuels like devolatilization and combustion kinetics, as well as volatile
composition and yields. The data gathered can then be used in models aimed at pre-
dicting behaviors in scaled—up installations.

This chapter introduces the properties and origins of the materials that were chosen
for investigation: wheat straw, olive residues, peach stones, dry distiller’s grains and
solubles (DDGS), chicken manure and palm kernel cake. Furthermore, the setups that
were used to obtain the results presented in the next chapters will be described, namely:
thermogravimetric analyzer (TGA) and heated foil reactor (HF), both in combination
with an Fourier Transform Infrared Spectrometer (FTIR), and, finally, a single particle
reactor (SPR). The chapter also provides additional information on experimental prac-
tice, setup optimization and on the mathematical model used for the kinetic analysis
of slow pyrolysis measurements. Finally, a brief literature review regarding previous
studies on similar setups is introduced. More detailed information on previous liter-
ature and a comparison with results from this work can be found in the following
chapters.
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3.1 FUELS, EQUIPMENT AND METHODOLOGY

As explained in the previous chapters, a great variety of materials can be
classified as “biomass” and is available for use in power and heat production.

Among the various categories considered for industrial use, agricultural
and process residues are extremely interesting because of their low (or even
negative) values, their continuous production, wide distribution and their rela-
tively high heating values. As mentioned in previous parts of this thesis, how-
ever, the composition of such materials poses many threats to proper plant
operations: high nitrogen content might require additional gas cleaning units
as well as high ash content might cause slagging, fouling, corrosion and loss
of fluidization in the thermo-chemical conversion reactor.

All the materials tested in this work comply with such characteristics, both
positive (cheap and distributed sources) and negative ones (high N, high K
and Cl for example).

The thermal conversion of a solid particle, as described in Chapter 2, can
be divided into three main steps: drying, devolatilization (or pyrolysis) and
char oxidation/gasification. In order to realize a thorough characterization of
the behavior of such materials, the experimental work of this dissertation was
planned to follow the actual physical phenomena.

Figure 45 illustrates the approach followed. Starting from the top-left cor-
ner of the figure, the first measurements, described in Chapter 4 and 5, in-
vestigate the slow pyrolysis of the fuels. Such tests are extremely useful be-
cause the relative slowness of the phenomena involved (heating rates of 1 to
100 °C/min) allows for detailed measurements of the process temperatures,
sample weight loss and gaseous compounds released. These tests are per-
formed using a Thermogravimetric Analyzer (TGA) connected with a Fourier
Transform Infrared Spectrometer (FTIR). Detailed gas composition, including
volatile NOy-precursors, such as NH; and HCN, total gaseous yields and de-
volatilization kinetics are obtained through such measurements.

Even though these data are valuable themselves, the conditions of such
experiments are very different from the ones in real applications, in which
the heating rates are of the order of 103 to 10*°C/s. Therefore, to overcome
this limitation, experiments are carried out using a heated foil reactor embed-
ded in an FTIR spectrometer and the results are described in Chapter 6. This
setup makes it possible to study the fuels under pyrolysis conditions with
heating rates of approximately 103 °C/s. The most important data gathered
from these measurements are the total weight loss and final yields of gaseous
compounds, including NOx-precursors such as NH; and HCN, at different
end temperatures and heating rates. However, the speed of the phenomena
involved does not allow for detailed measurement of the temperature in the
sample or for a continuous detection of the evolved gaseous compounds with
an FTIR.



MATERIALS AND METHODS

A
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Figure 45: Schematic of the methodology used in this dissertation

For this purpose a numerical model, also presented in Chapter 6, was de-
veloped, in order to give a much better insight into the reactor conditions.

Finally, after the pyrolysis step has been thoroughly studied, the full pro-
cess of combustion is investigated in a Single—particle Reactor. This equipment
allows for the study of few milligrams of fuel under different oxidant condi-
tions and different temperatures. Thanks to this reactor configuration it is pos-
sible to study the conversion of fuel-N to NO under conditions more similar
to real combustion applications. However, no detailed weight loss or sample
temperature are measured, making interpretation of the results more difficult.
Nevertheless, with the aid of the results achieved from the other campaigns,
it is possible to have a clear picture of the conversion of fuel-N to NO during
every step of the thermal conversion.

The next section 3.2 will list the selected fuels, their properties and compo-
sition and give a brief description of their origin and current uses. Moreover,
the pre-treatments which are applied on the fuels are introduced here.

In section 3.3, then, the various setups will be described together with a
short literature review on previous studies carried out on similar equipments
involving fuel characterization and especially biomass. For each setup some
experimental practices and optimization are mentioned.

Finally, the mathematical model used to retrieve kinetic parameters from
TG-FTIR measurements is introduced and explained in section 3.3.3.
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3.2 FUELS

The fuels used in this work can be divided into two main categories: agricul-
tural residues and residues from other processes. As explained in the Intro-
duction, specific pre-treatments are applied to some of these samples in order
to improve their ash quantity and quality. So, before the actual fuels are intro-
duced, the next subsection will present a few words on these pre-treatments.

3.2.1 Pre—treatments

As explained previously, not only the amount of ash forming matter in many
biomass residues is relatively high, but also its elemental composition is criti-
cal for plant operation.

Arvelakis and Koukios [76], in fact, underlined how K, Cl and Na, to-
gether with sulfur and silicon, contained in high concentrations in agricul-
tural residues, interact to form alkali silicates and alkali sulfates with melting
points far lower than normal fluidized-bed boiler temperatures (even down
to 600°C). The presence of a molten phase, then, gives rise to many prob-
lems such as slagging and fouling on the boiler’s heat exchanger surfaces,
but also corrosion if Cl is present (which is often the case for these mate-
rials). Additionally, in fluidized-bed reactors, agglomeration and loss of flu-
idization are caused when molten ashes act as binder of the bed materials
[73, 77, 85, 218, 248, 249, 263, 275, 360]. More detailed information on this topic
can be found, for example, in Glazer [166], Glazer et al. [167], Zevenhoven-
Onderwater [373], Zevenhoven-Onderwater et al. [374, 375, 376] and Baxter
[94]-

Arvelakis and Koukios [76] proposed several types of pre-treatments which
should improve the quantity and quality of ash forming matter in biomass res-
idues and at the same time being easy to apply. The same procedures are used
in this work. The pre—treatments that are applied to various fuels throughout
this work are:

* WATER LEACHING: Before the leaching, the samples are ground and
sieved to obtain a particle diameter smaller than 4 mm. They are then
placed in a plastic grid, tied up and submerged in water for 24 hours.
The mass-to-water ratio varied with the samples, as shown in the next
sections.

* FRACTIONATION: The mechanical fractionation is performed using a
mechanical shaker and using a 1 mm sieve. Only the coarse part is then
kept for measurements, since the troublesome materials (such as mineral
inclusions and salts) are mostly retained in the finer particles [76].
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®* FRACTIONATION + LEACHING: For few samples, a water leaching treat-
ment is applied to the coarse fraction (Dp>1 mm) obtained from the frac-
tionation pre-treatment.

Many other works can be referred to for more details on the procedures and
discussions on the effectiveness of the pre-treatments for fluidized bed opera-
tion [72, 74, 75, 76, 77]. The effects of the pre-treatments on the reactivity, ash
composition and nitrogen chemistry of the fuels studied in this work, instead,
will be discussed in Chapters 4 and 5.

3.2.2  Agricultural Residues

The following samples are the subject of the study presented in Chapter 4:
¢ Wheat straw (WS)
¢ Wheat straw leached (WSL)
¢ QOlive residues (OR)
¢ Olive residues leached (ORL)
¢ QOlive residues fractionated (ORF)
¢ QOlive residues fractionated + leached (ORFL)
¢ Peach stones (PS)
¢ Peach stones leached (PSL)

The details for the pre-treatments applied to these fuels are summarized in
Table 12.

The properties of the fuels and the elemental composition of their ash form-
ing matter are reported in Table 13 and 14, respectively. A detailed discussion
on the effects of the pre—treatments on the ash forming matter in the fuels is
presented more thoroughly in Chapter 4.

3.2.2.1  Origin of agricultural residues

Straw is a residue from the harvesting of several cereal crops such as wheat,
rye, barley and rice. Straw is thus available in many countries worldwide and
in large quantities too, since it makes up for almost half of the weight of cereal
crops [52]. Only in Europe more than 300 Mton of straw per year is produced
[166]. The sample studied in this dissertation was received from Denmark.
Wheat straw is already used for power and heat production mostly in Den-
mark [166, 304] and mostly in cofiring or co—gasification with coal in medium
and large-scale plants [3, 77, 193, 195, 196]. Usually, combustion efficiency
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MATERIALS AND METHODS

and emissions are not particularly affected when the shares of straw are main-
tained below 20 - 25 %y, [3, 360], however ash deposition, corrosion and bed
agglomeration pose severe limitations to a wider use of this material.

The olive residue sample is a remainder from olive oil production. The
sample was received from Greece and it contains: kernels, pulps, leaves, and
limbs of the olive plants [73, 77, 159].

The peach stones sample came from Greece too. The sample contains resi-
dues of the production of juices and stewed fruits and it includes not only the
stones but also the pulps of the peach fruits [75, 159].

Olive residues and peach stones are not yet widely used for energy supply,
even though their potential in Mediterranean countries is high.

Due to their origin, the main structures in these fuels are generally hemicel-
lulose, cellulose and lignin [72, 210, 343]. Among the available studies, Marco-
tullio et al. [258] provides the following composition for wheat straw: approx-
imately 35 %wtqy, of cellulose, 25 %wtq}, of hemicellulose and 16 %wtygy, of
lignin, while the rest is mostly water.

The fuel-N content of these materials is generally higher than in other woody
biomass but much lower than other bio-residues. Especially the peach stones
sample is enriched in lignin due to the presence of the fruit kernels [72].

All the samples were pre-treated, according to the procedure described
before, at the National Technical University of Athens by Dr. Arvelakis.

Several studies are available on the characteristics of co-combustion of
agriresidues [77, 78, 193, 195, 212, 218, 336, 360, 364] but more details will
be given in Chapter 4.

3.2.3 Bio—wastes and residues

The second group of materials that was chosen for this study includes residues
of various processes. The fuels chosen are listed below, the chapter in which
the fuels are studied is mentioned next to the fuel’s name:

¢ Dry distiller’s grains & solubles (DDGS) (Chapters 5, 6 and 7)
* Dry distiller’s grains & solubles leached (Chapters 5 and 6)

¢ Chicken manure (CM) (Chapter 5 and 7)

¢ Chicken manure leached (Chapter 5)

¢ Palm kernel cake (PKC) (Chapters 6 and 7)

e Palm kernel cake leached (Chapter 6)

* Rapeseed cake (RC) (Chapter 7)

¢ Fermented sewage sludge (FSS) (Chapter 7)
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Table 15: Details of the pre-treatments applied to the agricultural residues

Sample Particle Size Water-to-Mass Time
Distribution ratio

DDGS Leached 4mm > Dp 44.48/L 24h

CM Leached 4mm > Dp 88.9g/L 24h

PKC Leached 4mm > Dp 88.9g/L 24h

Table 15 summarizes the pre-treatment conditions for the leached materials .
The proximate and elemental analysis of these fuels are reported in Table 16.
Finally, the elemental composition of the ash forming matter for the sam-

ples, for which such analysis is available, is summarized in Table 17.

3.2.3.1  Origin of biomass residues

Three of the chosen materials are by—products in different processes for the
production of so—called 1% generation liquid biofuels: Dry distiller’s grains
and solubles (DDGS), palm kernel cake (PKC) and rapeseed cake (RC). Chicken
manure (CM) is a waste of animal breeding and the fermented sewage sludge
(FSS) is a residue of the anaerobic digestion of the original sewage sludge.
DDGS is a by—product of the dry-grind process to produce ethanol from
cereals. The starch contained in the original cereal (commonly corn, barley
or wheat) is separated from the rest of the material and hydrolyzed into its
structural Cg sugars which are then fermented, with the use of yeast, into
ethanol and CO,. The residue of this process contains mainly proteins, cellu-
lose, hemicellulose and lignin components from the original cereal, with the
addition of residual starch and yeast [110, 220]. Once dried, this compound is
called DDGS [110]. DDGS is commonly sold and used as feed for cattle due to
its high protein content [220]. However, the production of bio—ethanol, mostly
in the U.S., has seen an unprecedented growth in the last years, reaching a
production of more than 10.5 billion gallons by the end of 2009 [36], doubled
compared to values of 2006. The production of DDGS has, consequently, also
doubled in the last three years. Up to now around 8o % of the DDGS produc-
tion is fed only to cattle [296] because of adverse effects of the poor balance
of amino acids for swine and poultry [334]. The combination of growing sup-
ply and limited demand as cattle feed has created the need to investigate
the possibility to use DDGS for the production of heat and power on-site at
the ethanol mills. Tiffany et al. [335] modeled various scenarios for biomass
energy integration in a 50 and a 100 million gallons/year corn-ethanol mills.
They have shown that for most mills, the gasification or combustion of DDGS
could fulfill the requirements of heat and power of the whole mill with addi-
tional power to be sold to the grid [334, 335]. The additional use of renewable
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Table 17: Elemental analysis of the ash forming matter in biomass residues. Data are
on a dry basis.

DDGS DDGS PKC PKC CM CM
Leached Leached Leached
AL O4 0.2 0.4 4.4 5.2 0.6 0.8
SiO, 22.4 24.9 16.2 17.8 4.2 5.6
CaO 2.9 3.9 9.3 11.3 29.1 35.6
MgO 7.3 8.2 8.2 8.5 6.1 6.0
Fe,O; 0.4 0.5 11.5 12.4 0.6 0.8
K,O 22.7 22.4 14.0 12.3 15.3 13.9
Na,O 2.7 1.8 0.4 0.1 2.9 1.6
TiO, 0.01 - 0.1 0.2 0.04 -
SO, 9.5 2.0 9.2 2.4 6.0 2.1
cr 2.9 0.9 3.3 0.0 1.5 0.1
P,05 29.0 32.4 23.7 25.4 21.3 22.0

sources in the production of bio—ethanol would, moreover, substantially raise
its controversial energy ratio from 1.5 to 3.8 [334]. Furthermore, Wang et al.
[356] calculated a reduction of 39 % in the Well-to-Wheel greenhouse gas emis-
sions for bio-ethanol when a renewable source like DDGS is used to provide
power and heat for the mill instead of natural gas and fossil electricity.

While bio-ethanol production is highly promoted in the U.S. due to locally
available crops (corn) and favourable policies, biodiesel is the most common
biofuel produced in Europe. Biodiesel production in Europe reached 7.8 Mton
in 2008 with a 60 % increase in the last two years [37]. More than 80 % of
this production was based on rapeseed oil as feedstock material and about
1% on palm oil. While palm oil retains potential for biodiesel production, it
is already an established product for soap production and food processing
purposes. Malaysia and Indonesia share most of the palm oil market with
a production of 35Mton by 2008 [48]. PKC and RC are the solid residues
left after the mechanical pressing of the seeds from the palm fruit kernels and
rapeseeds, respectively. Both materials are rich in fibers and proteins [294] and
are therefore commonly used as feed for livestock, even though they present
limitations in their amino acid distribution which limits their market share
in this sector. While several biotechnological and chemical applications could
be suited for such materials in a biorefinery [228, 294], in many situations
an efficient on-site combustion to provide the necessary power and heat to
sustain the main process could be the most economical solution.
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Chicken manure is waste which needs to be disposed of. However, disposal
of this material is becoming increasingly difficult due to the raising consump-
tion of chicken meat and eggs worldwide [361]. The CM sample studied in
this work was scooped from the bottom of the cages where hens are kept for
egg production. The sample, therefore, contains the excrements of the birds,
together with urines, undigested food and organic parts of the birds them-
selves. CM is rich in nutrients like P, K and N, and it is therefore usually used
as fertilizer and disposed on fields, directly or after composting. However, the
amount of nutrients applicable on fields is limited by law due to possible eu-
trophication of the ground waters. Therefore, incineration is in many cases the
cheapest way, not only to dispose of the waste, but to valorize it by producing
power and heat. Despite presenting worse characteristics than the residues
mentioned above, like higher ash content, high nitrogen content and lower
calorific value, for some years CM has been used in large—scale combustors
and data on pilot scale facilities are available in the literature [217, 246, 378].
Commercial-scale boilers are also starting to go online, like the 36 MW bub-
bling fluidized-bed combustor installed in Moerdijk, The Netherlands, which
processes more than 30 % of all the poultry litter produced in the country [41].

Sludge is formed during wastewater treatment. Werther and Ogada [359]

gave a complete review of sludge composition and possible disposal tech-
niques. Nowadays in Europe most of the sewage sludge is stabilized through
digestion and then disposed either in landfills, as fertilizer on land, or incin-
erated. The fermentation process produces biogas that can be combusted to
supply power and heat to the wastewater plant while the residue (FSS) is usu-
ally either composted and used as fertilizer or combusted. In The Netherlands
the use of sludge in agriculture is forbidden already since 1995 [227] and it is
foreseen that in the near future landfilling will become less and less popular
while incineration will become the most common disposal technique.
The solid materials present in wastewater are mostly constituted by carbo-
hydrates, fats, oils and proteins. The main source of nitrogen in wastewater
are proteins and urea [359]. However, the FSS is a residue of a fermentation
process and, therefore, it is to be expected that the biodegradable fraction
of the fuel has already been released together with the weakly bound ni-
trogen. The residual material, thus, is expected to be mostly in the form of
monomers and oligomers because of the effects of the enzymes action. The
main N compounds are expected to be free amino acids. As for CM, expe-
rience with sludge combustion and co-combustion is quite substantial even
though most of the data available rely on large—scale experiments and funda-
mental data are still largely lacking [56, 239, 306].
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Figure 47: TG-FTIR setup at Process and Energy Laboratory

3.3 SLOW PYROLYSIS EQUIPMENT

3.3.1 Thermogravimentric Analyzer - Fourier Transform InfraRed Spectrometer (TG—
FTIR)

The experimental work described in Chapters 4 and 5 is carried out using the
TG-FTIR setup shown in Figure 46 and 47.

Thermogravimetric techniques have gained a very important role in the past
30 years for solid fuel characterization. TG-FTIR equipments, in fact, allow al-
most full automatic runs with full and accurate control of process parameters
such as heating rate, end temperature and process atmosphere. For example,
from a simple TG-FTIR run it is possible to obtain the proximate analysis of
the fuel (amount of moisture, volatile matter, residual char and ash content)
but also devolatilization kinetics, char reactivities in gasification or combus-
tion atmospheres, the heat of reaction and, finally, volatiles distribution and
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Figure 48: Example of thermogravimetric weight loss curves and analysis of DDGS at
a heating rate of 10 °C/min; TG: thermogravimetric curve, DTG: Differential
thermogravimetric curve.

yields. An example of thermogravimetric curves and partial information that
can be obtained from this analysis is given in Figure 48.

The apparatus for the evolved gas analysis used in this work includes a ther-
mobalance SDT 2960 from TA Instruments coupled through a short stainless
steel heated line (heated at 150 °C) to an FTIR spectrometer NEXUS manufac-
tured by Thermo Nicolet.

Measurements are carried out under an inert atmosphere using helium as a
carrier gas with a volumetric flow rate of 100 mL/min, controlled by a mass—
flow controller. This flow must be kept high enough to avoid long residence
times in the oven and thus to prevent secondary reactions of the volatiles
in the hot furnace. However, it must also be low enough to guarantee well
detectable concentrations of the interesting species in the FTIR.

The TGA is composed mainly of a balance with a sensitivity of +1png to
which two beams are connected. One of the beams is used as reference while
the other one is loaded with the sample. On the tip of the beams, right below
the sample placement, a thin thermocouple is placed so that, at slow heating
rates, it is possible to assume this temperature as the actual temperature in
the sample. Both beams are inserted into a small ceramic furnace which is
electrically heated. The whole process is remotely controlled via a PC.

Due to the small volumes involved, the control of the heating is very accu-
rate and the setup can achieve precise heating rates from 1 °C/min to 100 °C/min.
As it will be explained in the following sections and chapters, in order to per-
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form a kinetic analysis of the pyrolysis process, experiments at multiple heat-
ing rates are required. In this work runs are performed at 10 - 20 - 30 °C/min in
order to obtain proper kinetic parameters. These parameters are then extrapo-
lated to 100 °C/min to verify their validity at least in this range of conditions.

The samples used in TGA measurements are usually ground and placed
in small alumina cups in amounts ranging from 5 to 30mg. Smaller sample
sizes give more accurate analysis since heat and mass transfer limitations are
minimized. However, since the FTIR measures volumetric concentrations, a
too small sample decreases greatly the sensitivity of the FTIR analysis. In this
work tests are performed both with low and high sample mass in order to ver-
ify whether significant changes are found in the retrieved kinetic parameters
or not.

The inert helium gas carries the volatiles from the furnace, where they are
released from the sample situated in the alumina crucible, to the gas cell of
the FTIR which is also kept at 150 °C. This temperature must be high enough
to avoid condensation of tars and ammonia adsorption [182] but not too high
to avoid thermal cracking of the released compounds.

Two different gas cells are used in the FTIR for the campaigns described in
Chapter 4 and Chapter 5. The work in Chapter 4 is carried out using a gas
cell with an optical path length of 0.2m, ZnSe windows, gold coated mirrors
and an internal volume of 50 mL. The work described in Chapter 5 is, instead,
carried out using a gas cell with an optical path length of 2m, ZnSe windows,
gold coated mirrors and an internal volume of 200mL.

According to the vast experience acquired on this setup, the best compro-
mise between signal-to-noise ratio and sampling time is obtained using a reso-
lution of 0.25cm™" co—adding 12 scans, for a total measurement time of 33.6s.

The thermal history of the FTIR data can then be retrieved from the TGA
data knowing the time delay due to the internal volume of the transfer line
and gas cell. In our measurements this results in a delay of approximately
1 minute. The exact delay is then obtained by precisely overlapping the peaks
obtained in the DTG curve of the TGA run with the peak of the absorbance
curve obtained from the FTIR measurement.

A quantitative method is implemented on the FTIR by calibration of the
following species: CO, CO,, CH,, H,O, NH;, HCN and HNCO. The method
used in this work is an optimized version of the method presented by Di Nola
[139]. The specific settings of the method are presented in the Appendix A. A
common drawback of FTIR spectroscopy is that heavy molecules like tars can-
not be analyzed nor quantified due to their broad resonance to InfraRed which
makes it impossible to actually define an absorbance peak except for very spe-
cific compounds, as described by Defoort et al. [129]. Moreover, molecular
compounds like H, and N, are not sensitive to InfraRed radiation and there-
fore cannot be detected at all. Tars and molecular compounds, which usually
make up for 30 to 50 %wt of the mass balance from pyrolysis of biomass, can
only be obtained by difference from the char and gas yields. An example of
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Figure 50: Example of measurement of volatile species during pyrolysis of wheat straw
with heating rate 10 °C/min in He on a TG-FTIR setup.

FTIR spectrum obtained in pyrolysis of DDGS is shown in Figure 49. During
a whole measurements, a series of such spectra is taken at regular intervals
of 33.6s so that it is possible to obtain the release rate of specific gaseous
compounds as indicated in Figure 50.

Some other limitations in our quantitative method could be considered as
well: there are no calibration gases available for HNCO so that calibration
lines can only be produced by means of urea decomposition following the
procedure described by Di Nola [139]. Moreover, H,O calibration in vapor
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phase is not performed by calibration bottles but using a flow of N, saturated
in water at well controlled conditions of pressure and temperature. In such
way, the water vapor pressure is known and can be used as calibration value.
The exact procedure is described in Di Nola [139].

On the other hand, tests performed with an ammonia releasing salt (Tetraam-
minecopper(Il) Sulfate monohydrate, CAS 10380-29-7), whose thermal decom-
position was described by Zivkovic [379], have given mass balance closures
within 5 % for NH; indicating the validity of our quantitative method for am-
monia and the absence of significant adsorption phenomena in the reactors or
transfer line.

The same technique was used for CO, calibration verification using calcium
carbonate (CaCQO;) decomposition in the TGA. These tests also gave very good
results, with mass balance closures within 5 %. For more information on the
phenomena involved and on the principles of FTIR spectroscopy see for ex-
ample Griffiths and De Haseth [170] and de Jong [200].

3.3.2 Literature review

This section presents several works carried out on thermogravimetric setups
with the purpose of giving a brief overview of the large amount of data avail-
able in literature. However, a more detailed analysis of such data and compar-
ison with the present results can be found in the appropriate chapters 4 and
5.

The popularity of TGA systems for solid fuel characterization has been
steadily increasing with the increasing automatization of the systems them-
selves. Already 20 years ago Solomon et al. [316] published an extensive re-
view on coal characterisation in which TGA was the main technique for the
study of slow pyrolysis mechanisms.

When interest started to grow in biomass for energy, many studies began
to appear on model compounds for the structural components of biomass.
Antal and Varhegyi [68], Antal et al. [66], Gronli et al. [171] published sev-
eral studies on cellulose thermal decomposition. Other works have focused
on the study of hemicellulose model compounds (mostly xylans) and lignins
[185, 191, 192, 255, 285, 344, 345]. Several authors, among which Biagini et al.
[103], Jensen et al. [195], Yang et al. [366], also performed TGA measurements
of hemicellulose, cellulose and lignin but they were also able to investigate
the volatiles released by these model compounds with the use of an online
FTIR spectrometer. Guinesi et al. [174] analyzed the thermal decomposition
of various starches. Li et al. [243, 244, 245] investigated the pyrolysis of sev-
eral amino acids on a TG-FTIR setup. Rodante et al. [300, 301, 302] described
the thermal decomposition of dipeptides and Sharma et al. [311, 312] investi-
gated the pyrolysis of peptides. Many studies are nowadays available on the
thermal decomposition of biomass samples, of which just a few are reported
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here: see for example Varhegyi et al. [346], Varhegyi et al. [345, 347, 348], Be-
cidan et al. [100], Gronli et al. [172].

Together with important characteristics of thermal conversion of the fuels,
such as the amount of volatile matter or onset temperature of devolatilization,
TGA measurements can even provide data on the composition of a mixture
of materials [186] or semi-quantitative data on the biomass structural compo-
sition [84, 285].

Thanks to the amount of parameters which are measured and controlled in
a TGA, using the weight loss data obtained from different runs, it is possible to
apply various kinetic models to the fuel devolatilization. The next subsection
will give a brief overview of available models and describe the ones used
in this work. Such models and parameters are essential in order to scale-up
the results obtained under well controlled operation conditions to industrial
applications, where many more parameters influence the final outcome [139,
200].

Furthermore, with the development of FTIR quantification methods, a new
type of analysis has become available allowing detection and quantification of
volatile compounds released during slow pyrolysis. Some of the most relevant
TG-FTIR analysis for biomass samples are listed here: Bassilakis et al. [90],
Biagini et al. [103], Giuntoli et al. [159, 163], de Jong et al. [202, 204], Wéjtowicz
et al. [363]. Applying kinetic models to the release of single species, then,
allows for model predictions on speciation and yields of volatiles to conditions
more relevant for industrial applications [139, 200, 202, 204].

3.3.3 Kinetic analysis of slow pyrolysis

In Chapter 2 it was shown how biomass materials are actually composed of
many different structures. Therefore, in order to describe the kinetics of ther-
mal conversion (devolatilization, homogeneous volatiles gasification/combus-
tion, char gasification/combustion) there is the need for appropriate model-
ing. The kinetic analysis performed in this study is addressed, however, only
to the devolatilization sub—process.

Global reactions cannot be represented by simple kinetic models, but a too
detailed approach cannot be followed either because of the enormous number
of reactions involved and their unknown mechanisms.

So the need to synthesize the data has been historically approached with lin-
earization techniques [124, 157, 222] which use a logarithmic transformation
of the data to obtain the necessary Arrhenius parameters (activation energy,
E, and pre—exponential factor, A) by a simple linear fitting.

A complex reaction can be treated as a pseudo-unimolecular reaction fol-
lowing the general kinetics described as:

dx

— g = k()] (3.1)
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Where x represents the unreacted fraction of the initial material and k(T)
obeys the Arrhenius equation and it is a function of time because of the ap-
plied temperature profile:

k(T)=A" exp (—ﬁ) (3-2)
Hy ___E A
" ((R'T%lax)> a (R'T%lax) in (E> (3'3)

Equation 3.3, for example, illustrates the method developed by Kissinger
[221, 222], called Tmax shift method. It is a re—arrangement of the Arrhe-
nius equation and uses the temperature of maximum reaction rate (obtained
from DTG curves) at different heating rates to obtain the parameters A and
E through linear fitting of the points obtained from experiments at a known
heating rate (H;).

These methods are, though, limited and can only give approximate solu-
tions for complex materials such as biomass. So, nowadays, Least Squares
fitting methods of thermogravimetric curves from multiple experiments have
become the most direct and widely used approach to analyze devolatilization
results from thermogravimetric experiments [9o, 111, 112, 125, 344].

This technique, even if criticized because of the non—normal distribution of
errors in TGA measurements [350], has proven a more than useful tool if the
data are analyzed accurately [120].

Actually, the main types of fitting analysis can be listed under two meth-
ods. The first one, followed by several authors [63, 66, 84, 262, 285, 344] and
well described by Gémez Diaz [168], considers the three main components
of biomass — cellulose, hemicellulose and lignin — as reacting independently
under pyrolysis conditions. In this way the experimental Differential Thermo-
gravimetric (DTG) curve can be fit with a weighted sum of three independent,
first-order reactions (or “pseudo-components”) that will resemble the behav-
ior of the actual main components.

(3-4)

- dt

dmcate M doy
ac 2% 5
j=1

In Equation 3.4 , dm/at represents the original data of weight loss from the
TGA run, c; is the weight factor, or amount, for each pseudo—-component j and
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Figure 51: Example of the application of three independent first-order reactions to the
pyrolysis of olive residues at 10 °C/min

da/at represents the reaction rate of each j'"* pseudo-component according
to:

(3-5)

This method gives accurate fits of the experimental data, as shown in the
example in Figure 51. However, it is not uncommon that three pseudo-com-
ponents are actually not enough to have a proper fit of the data for hetero-
geneous materials and multiple equations are required; for this reason the
scope of comparison of the pseudo-components with the physical structures
is indeed lost.

The second method is the one followed by Braun and Burnham [112] and
many others [202, 204, 267, 339, 363]. In this case the process of devolatilization
is modeled as an infinite series of parallel, irreversible, first-order reactions
assuming that their activation energy follows a probability distribution. This
model is called Distributed Activation Energy Model (DAEM) and was made
popular by Anthony and Howard [69].

In this work we chose to follow the latter line considering the previous
works from our group [139, 202, 204] and, mainly, the possible future applica-
tions of these data on an FG-Biomass model [318], which requires input data
following this kinetic model [202, 204, 318, 339].

97



98 Chapter 3

The distributed activation energy model can be expressed as follows, where
x represents the unreacted fraction of the sample:

00 t
X = Jexp —Jk(T) dT|-D(E)dE (3.6)
0 0
Where:
JD (E)dE =1 (3.7)
0

The shape of the distribution D(E) is not known a priori and it depends on
the composition and structure of the sample. It is common practice to assume
D(E) as a Gaussian distribution with the expression in equation 3.8.

(3-8)

2
DE)=2-nm) 2. ¢! .exp [_(E_iEO)]

2.02

A valid alternative to this assumption is to choose a discrete distribution of
activation energies: in this case the integral in equation 5.1 is substituted by
the sum of a finite number of parallel reactions.

Using a discrete distribution for the activation energies introduces an addi-
tional degree of freedom in the analysis since this distribution does not need
to be fixed in advance, as underlined also by Miura [267]. Moreover, the vi-
sualization of the results appears more effective when using this method, as
it will be clear in Chapters 4 and 5. Even though it has been argued that the
link between each reaction (characterized by an activation energy E;) and the
decomposition of a single structure or functional group cannot be straightfor-
wardly made [342], it will be shown in the next chapters that certain reactions
are common to all the materials and can, therefore, be linked to the decompo-
sition of specific structures.

For the analysis carried out in this dissertation, a FORTRAN based code is
used which was developed by Dr. A.K. Burnham and Dr. R.L. Braun, called
KINETICSos5 [113, 119]. This software can analyze, simultaneously, measure-
ments performed at different heating rates and fit them either with a discrete
distribution or with multiple Gaussian functions.

When a discrete distribution model is chosen, up to 25 first-order reactions
can be used, but all of them share the same pre—exponential factor. This is
another common assumption using the DAEM model. In fact, due to the so
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called “compensation effect”, A appears to depend on the activation energy
through an expression of the following kind [273, 291]:

A=«x-exp(p-E) (3.9)

in which « and 3 are arbitrary coefficients.

In the present work the common practice is followed and the pre-exponen-
tial factor is fixed to the value of 2.2 x 10"3s™" according to [202, 339] for
several reasons. The main one is that in many publications describing kinetic
analysis, the pre—exponential factor is indeed completely neglected and the
activation energy is given almost as a “stand—alone” value. This is erroneous
since the two values are closely related in determining the final reaction rate.
On the other hand, many times, activation energy and pre—exponential fac-
tor are given as a couple but they vary on a wide range and because of the
compensation effect non—unique solutions can be found when fitting both pa-
rameters [204, 202]. I think that, in order to have both a reliable comparison
between different fuels conversion kinetics and a solid base for future appli-
cations, the physico-chemical meaning of the pre-exponential factor can be
fixed into a reasonable value allowing instead the interpolation over the ac-
tivation energies and the distribution shape. The well-known transition state
theory, which gives a physical meaning to the empirical Arrhenius expres-
sion in general and to the pre—exponential factor in particular, states that the
value of A should be between 10" and 10'®s~* [102] and the value chosen in
this work is included in this interval. Also is to note that when fitting three
parallel first-order reactions, often for the lignin pseudo-component a pre-
exponential factor of 10— 107"s™" is used [343], so that the actual meaning
of the term is already lost since these values are not allowed by the transition
state theory [102].

Finally, the approach used in this dissertation is to use a discrete distri-
bution to model the devolatilization of the fuels because it is considered to
be more suitable to represent the heterogeneous nature of the materials. On
the other hand, one or more Gaussian distributions are used to analyze the
volatile species released during pyrolysis. As described above, in fact, the TG-
FTIR setup allows to follow closely the release of specific volatile species with
increasing temperature and to attain a reaction rate profile for each species
analogous to the DTG curve obtained for the whole fuel (see Figure 50). The
use of three Gaussian distributions, thus, allows to describe the reaction of the
pseudo—pools from which the compounds are released. The term precursor’s
pool, as used in other works [202, 204, 318, 339], refers to a fictitious class of
components in the original fuel which are supposed to release, during pyrol-
ysis, the referred volatile species following the indicated kinetics.

The importance of the kinetic parameters obtained from such models lies
in the fact that the data obtained in this work are directly applicable to other

99



100

Chapter 3

network models, such as FG-Biomass [200, 202, 318]. Such models are essen-
tial in order to extrapolate these data (obtained in slow pyrolysis) to higher,
more realistic, heating rates. Consequently, these models are gaining more and
more importance because they can be used as pre—processors in CFD codes
improving greatly the modeling of pyrolysis phenomena which are otherwise
too simplified in commercial codes [139, 141, 185].

3.4 FAST PYROLYSIS EQUIPMENT

3.4.1 Integrated Heated Foil Reactor — Fourier Transform InfraRed Spectrometer
(HF-FTIR)

The experimental work described in Chapter 6 is carried out using the setup
illustrated in Figure 53.

The apparatus was custom built and it has been previously described in
the work of Di Nola [139]. The equipment has been analyzed and previously
optimized in the work of Tamboer [329] but it has been further improved in
the present work and the related work of Gout [169].

As it is visible in Figure 53, the setup consists of two different equipments:
the proper heated foil reactor and the FTIR in which it is inserted. The main
part of the reactor consists of a stainless steel cylindrical chamber of 60 mm
diameter and 65 mm of height. A grid, or foil in this work, is placed between
two electrodes in the center of this chamber. An S-type (Pt/Pt-Rh) thermocou-
ple of 0.01mm diameter is placed underneath the grid/foil in contact with it.
Finally, the sample is placed on the center of the foil. The reactor walls are
heated via resistive heating elements at a temperature of 110°C, verified by
an external K-type thermocouple, in order to avoid species condensation on
the walls.

When electric current is passed through the electrodes, the foil is heated,
via resistive heating, at very high rates of the order of 1000°C/s. The control
of the heating profile is done via the thermocouple and a fast acquisition card
(Keithley KPCI-3108 with sampling frequency of 103 Hz) connected to a PC.
The PC uses the thermocouple reading as input for the control and adjusts
the electrical current input so that the actual temperature profile follows the
programmed one. The control is done via the software Testpoint and the ther-
mal history can be customarily defined via the parameters of heating rate,
final temperature and holding time at final temperature. The software allows
to input a maximum current intensity in order to protect the foil and smooth
eventual overshoots in temperature.

The choice in this work was to use a foil of stainless steel AISI 304 (18Cr 9Ni)
with a thickness of 0.05mm and a surface of 8 x 14 mm. In previous works
[139, 140, 329] both stainless steel and platinum grids were used; however, a
foil seems to be more suitable than a grid because of several reasons: more ho-
mogeneous distribution of current (and thus temperature and heat transfer)
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Figure 52: Samples of PKC and DDGS as used in the heated foil reactor

on the surface, there are no risks of reacting material loss through the mesh
holes and, finally, modeling and validation is easier with a foil than a mesh
geometry. The larger surface in contact between the sample and the foil, com-
pared to a grid, however, could have a catalytic effect on the decomposition
of the fuel.

As indicated in Figure 53, the system is flushed with helium for a sufficient
time and the inlet and outlet valves are then closed to maintain the atmo-
sphere in the reactor inert. After the valves are closed, the heating is started
and the sample is heated usually with heating rates ranging between 600 to
1000 °C/s up to temperatures ranging between 500 °C and 1300 °C. The hold-
ing time at high temperature usually varies between 5 to 15s.

As it was also found out by Di Nola [139] and Tamboer [329], compressing
the sample powder into pills guarantees a more uniform heat distribution
in the sample itself together with making char recovery and modeling easier.
Therefore, the fuels are first ground by mortar and pestle. Consequently, 5 to
7mg of sample are weighted and then pressed into thin discs of about 0.7 mm
thickness and 3 mm diameter.

Once the gases are released from the sample, a volumetric pump, with a
flow of 2.6 L/min, extracts them from the hot zone and circulates them into
two transfer lines, heated at about 110 °C. The loop is closed by a final cylin-
drical tube encased among two ZnSe windows. This constitutes the actual gas
cell of the FTIR and it has an optical path length of 0.2 m. The total volume of
the reactor and circulation loop is 200cm3. A filter of glass wool was inserted
at the suction of the gases in order to absorb the tars produced during py-
rolysis and not recirculate them through the pump volume and the FTIR gas
cell.

The FTIR has been calibrated for the same species as the ones mentioned
in section 3.3.1. The conditions of the scans are changed in order to have
optimized measurements: the resolution is maintained at 0.25cm™" but only
3 scans are overlapped for a total measurement time of 9s. In order to guaran-
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Figure 54: Heated foil reactor + FTIR at Process and Energy Department

tee a homogeneous distribution of the gases in the reactor volume, after the
holding time at high temperature, the pyrolysis gases are circulated for about
2minutes prior to the FTIR measurement, as it will be better explained in the
next sections.

3.4.1.1 Pyrometer

In order to validate the numerical model developed in this work and described
in Chapter 6, an InfraRed pyrometer was used. The pyrometer is a IGA5 MB2o
manufactured by the company Impac. This pyrometer can measure the IR
radiation of a spot of 1.1 mm diameter when placed at a distance of gomm
from the target. The pyrometer can measure temperatures in the range of 250
— 2000 °C in the wavelength range of 1.45 — 1.8 pm. The uncertainty declared
by the manufactured is of 0.5% of the reading in °C+ 1°C for temperatures
lower than 350 °C and higher than 1500 °C. For intermediate temperatures the
uncertainty is to be considered equal to 0.3 % of the reading in °C+ 1 °C.

The pyrometer is mounted on two 25 mm travel motion control translation
stages which can be adjusted on the x and y plane with a precision up to
25um. The schematic of the setup is illustrated in Figure 55. The measure-
ments of the foil temperature are conducted through the window on the lid
of the reactor; this is not expected to influence the measurement since the
material of the window, BKy, is for 99.9% transparent to the wavelengths
detected by the pyrometer [31].

Another factor of uncertainty to keep in mind when dealing with an IR
pyrometer is that, in order to translate the detected radiation into an accurate
temperature reading, it is necessary to specify the emissivity (e) of the surface.
For more detailed information on the phenomena involved see for example
Guo [175]. However, emissivity is not only a function of the material itself but
also of temperature and surface conditions.

Therefore, in order to minimize the influence of the surface status, before any
series of measurements, with or without sample, the “fresh” foil is heated up
to 1100 °C for 1 minute under helium atmosphere. This is expected to create

103



104

Chapter 3

Pyrometer |

‘ Translation stages M

Support
Reactor

——i

BK7 Window

Figure 55: Schematic of the pyrometer and heated foil reactor.

the same surface conditions that the foil would encounter during normal py-
rolysis tests. Moreover, eventual oxygen impurities would oxidize the steel
surface and possibly reduce the catalytic effects of the foil on the fuel [176].
Successively, the emissivity of the pre—treated foil is calculated by placing the
foil on a ceramic cooking plate and changing the emissivity itself until the
temperature measured by the pyrometer coincides with the temperature indi-
cated by a 0.1 mm K-type thermocouple in contact with the foil in the close
proximity of the measurement spot of the pyrometer. The emissivity found
with this experiment, at a temperature of about 300 °C, is equal to 0.75.

3.4.2 Setup improvements

3.4.2.1 Temperature of the foil

In anticipation of the results that will be better explained in Chapter 6, this
paragraph introduces the correction that is applied to the temperature reading
from the thermocouple in the setup.

It has been suggested in previous works that measuring the grid/foil tem-
perature with a thermocouple could introduce a significant error [175, 292].
This is mostly due to the temperature drain introduced by the thermocouple
in the contact place (it is possible to see at naked eye a cold spot on the hot
foil where the thermocouple tip touches the foil, in a temperature range of
800 to 900 °C), to the heat loss via the tip and wires of the thermocouple and
to the non-perfect contact between the thermocouple and the foil.
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Figure 56: Temperature measured by thermcouple and IR pyrometer with different
emissivity values

Guo [175] simulated the heat loss via a thermocouple (TC) in perfect contact
with the grid surface and found out that, for a TC diameter of 0.1 mm already
one can expect an error of 2 to 5% of the grid temperature. Prins et al. [292],
using laser thermometry, found out that the difference between the tempera-
ture measured by the thermocouple and the actual temperature on the grid
ranged from 10 % up to 25 %.

In the present work, after the foil has been pre-treated in helium at 1100 °C
for one minute, the pyrometer is used to measure the actual temperature on
the foil surface; the results of this experiment are shown in Figure 56.

As mentioned in the previous section, the emissivity of the pre—treated foil
is found to be equal to 0.75 at approximately 300°C. In order to estimate the
extremes of the possible error introduced for this value, measurements were
done with emissivity values of 0.5 and 1. As it can be seen from Figure 56, at
all temperatures the reading of the pyrometer resulted in values higher than
the actual thermocouple setpoint, even considering an emissivity of 100 %.
Such difference results in approximately 70 to 110°C above the TC reading
at 500°C and even higher differences at 1000°C, of about 100 to 250°C. The
case with € = 0.5 needs to be considered, however, as an extreme since the
emissivity is known to actually increase with temperature for the considered
stainless steel AISI 304 [303].

In view of the results found, using the data with e = 0.75, the relation shown
in Figure 57 is found between the actual temperature and thermocouple read-
ing.
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Table 18: Temperature setpoints for the experimental campaign [in °C].

EXPERIMENT TEMPERATURE SETPOINT TEMPERATURE
500 435
600 525
700 610
800 700
900 785
1000 870
1100 960
1200 1045
1300 1135

As it is evident from Figure 57, the temperature to be considered the real
grid temperature is on average 15 % (in °C) higher than the thermocouple
setpoint. For this reason, Table 18 indicates the setpoints used in the measure-
ment campaign described in Chapter 6 to achieve the desired final tempera-
tures.

3.4.2.2  Ammonia absorption and FTIR quantification

Another critical point to be considered in the reactor is the possibility of am-
monia absorption on the large stainless steel surfaces available. While the
quantification method used to quantify the species in the reactor is the same
as previously used and described by Di Nola [139], it was not possible to ver-
ify such calibration data as it was done with the TG-FTIR setup. In fact the
measurements with the tetraamminesulfate salt did not yield any significant
result because of a probable chemical interaction of the salt with the hot foil.
This caused large part of the NH; not to be released. However, when testing
pills of CaCOj, the mass balance closure for CO, was found to be about 8o to
100 %.

The procedure used in previous studies consisted in quantifying the volatile
species 30s after the end of the holding time at high temperature [139, 329].
However, during the present work it was found that the mixing of the species
was not completed before 2 minutes.

Since no decomposition or absorption of CO, is assumed to take place un-
der such conditions, it can be seen from Figure 59 that after 2 minutes the
concentration of carbon dioxide does not change anymore, indicating a com-
plete mixing and homogeneous distribution in the reactor volume.
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Figure 59: CO, concentration over time after CaCO; decomposition at 1200 °C. Heating
started at t = os

However, when the same plot is produced for NH; from a high-N fuel
like chicken manure, it is possible to see that a steady concentration is not
reached even after 3 minutes, as shown in Figure 60a. In order to test possible
absorption of ammonia on the reactor walls, the reactor was flushed with a gas
with a concentration of 1%, NHj; in He. After the flushing, the setup was
made inert by purging with pure He for a sufficient time. Successively, another
test was performed at the same conditions and, as shown in Figure 60b, the
concentration of NH; decreased much less than in the previous measurement
and after 1.5 minutes it actually started to increase again. This confirmed the
hypothesis that absorption is actually ongoing in the reactor in the timescale
of the measurements and that desorption is also a fast phenomenon.

In order to overcome such limitation it was decided to assume the decom-
position and mixing behaviour of NHj similar to the one of HCN, species
which instead is not subjected to absorption or decomposition on the reactor
walls, as shown in Figure 61.

Finally thus, the values used to quantify the final concentration of the
species are the ones after two minutes from the end of the heating ramp
for all the species except for NH; for which the value used is equal to 0.7
* Peak value.
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Figure 60: NH; concentration over time released from chicken litter at T = 800 °C at
heating rate of 600 °C/min and holding time of 15s. The heating started at t
=10s.
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Figure 61: Mixing behaviour of different gaseous species released from pyrolysis of
chicken litter at T = 800 °C at a heating rate of 600 °C/min and holding time
of 15s. The heating started at t = 10s

3.4.3 Literature review

While thermogravimetric equipments are already commercially established
technologies for fuel characterization at slow heating rates, heated grid/foil
reactors (also called heated wire mesh reactors) are only one among many
other techniques used for characterization of fast pyrolysis. A list of other
available experimental techniques and previous literature can be found in the
works of Bahng et al. [80], Di Nola [139] and Di Nola et al. [140].

However, the heated grid setup was introduced already more than 40 years
ago by Loison and Chauvin [250]. It has, thereafter, been used in several works
for the study of fast pyrolysis kinetics of coal and volatiles release, as in the
works of Anthony et al. [70] and Solomon and Colket [317]. A comprehensive
review of studies on fast pyrolysis setups can be found in Di Nola [139] and
Di Nola et al. [140].

Studies on biomass or biomass model compounds have been less frequent
and more recent; for example the ones performed by Hajaligol et al. [176, 177]
on cellulose and, more recently, by the following authors: Stubington and
Aiman [328], Drummond and Drummond [146], de Jong [200], Di Nola et al.
[140], Bastiaans et al. [91], Tamboer [329].

Moreover, some attention has been dedicated to the detection and predic-
tion of actual process conditions, as mentioned in the previous section, since
the rate of the phenomena and the relative small dimensions of the setup
make it hard to realize accurate measurements.
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More detailed information on available literature involving heated grid re-
actors and comparison with the work presented in this dissertation can be
found in Chapter 6.

3.5 COMBUSTION EQUIPMENT
3.5.1 Single Particle Reactor (SPR)

The work described in Chapter 7 was performed at the Process Chemistry
Centre at Abo Akademi University, Turku, Finland. The setup used to carry
out the measurement campaign is shown Figure 62. The equipment consists
of a quartz tube reactor inserted in a electrically heated furnace. The feeding
of the process gases is possible from the bottom and the middle of the reactor.
The flow of the gases is controlled by mass flow controllers and the mixing of
oxidizing (air) and inert (nitrogen) agents is achieved directly within the reac-
tor. The average residence time for the process gases entering from the bottom
of the reactor is around 20s. If considering only the product gases from de-
volatilization / combustion of the fuel, released from the sample holder, the
residence time at high temperature has to be considered equal to about 4s.
The temperature in the reactor is measured with a thermocouple inserted in
the ceramic wall of the furnace, close to the surface of the quartz reactor in
the proximity of the sample placement point.

An insertion probe allows the sample to be placed on the sample holder
in a cold environment and to be then inserted in a fraction of a second into
the hot reactor. For pulverized fuels, as the ones used in this study, a quartz
sample holder with a porous bottom has been designed in order to allow the
gases to flow through it.

The evolved gas analysis chain used includes three commercial analyzers
for the measurement of O,, CO, CO,, NO and SO,. A chemiluminescence
analyzer is used for NO detection; a non—dispersive infrared (NDIR) analyzer
is used for CO + CO, measurement; and a combined infrared + paramagnetic
analyzer is used for SO, and O, detection, respectively. The different internal
volumes of the analyzers introduces a bias in the measured signals, so that
the NO signal appears to be delayed and wider than the signal obtained for
CO and CO.. This should not be attributed to a chemical phenomenon but
rather to the longer residence time of the gases in the NO analyzer. However,
the integral values of the released gases are not affected by this phenomenon,
and, as it is explained in Appendix , data can be compared after proper fitting
of the curves.

Before the work described in this dissertation, the single particle reactor
has been mainly used to test samples of black liquor from the pulp and paper
industry. These results are gathered in the following works: Forssén et al. [155,
156], Kymaldinen et al. [233, 234].
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QUANTITATIVE AND KINETIC TG - FTIR STUDY OF
PYROLYSIS OF AGRICULTURAL RESIDUES: INFLUENCE
OF DIFFERENT PRETREATMENTS

This chapter presents the results of devolatilization studies of agricultural residues,
untreated and pre—treated samples, in slow—pyrolysis conditions. As illustrated in
Chapter 3, the TG—FTIR setup allows the recording of detailed mass loss profiles from
fuels undergoing a defined thermal history. By applying a Distributed Activation En-
ergy Model (DAEM) to such profiles it was possible to retrieve the kinetic parameters
describing the devolatilization of wheat straw, olive residues and peach stones. These
parameters are now available for future use on numerical models for large—scale predic-
tions. Moreover, the devolatilization products were detected and quantified in a FTIR
spectrometer. Based on these data, the kinetic parameters of slow pyrolysis were also
retrieved for the gaseous compounds. Finally, the effects of different pre—treatments
such as water leaching, mechanical fractionation and a combination of the two, were
investigated in terms of ash composition and changes in the kinetic properties.

The contents of this chapter were adapted from the work published in:
J. Giuntoli, S. Arvelakis, H. Spliethoff, W. de Jong and A.H.M. Verkooijen,

"Quantitative and Kinetic Thermogravimetric Fourier Transform Infrared
(TG-FTIR) Study of Pyrolysis of Agricultural Residues: Influence of Differ-
ent Pretreatments"

Energy & Fuels, 23(2009) 5695-5706 ; DOI: 10.1021/efgo05719

© 2009 American Chemical Society. Reprinted with permission.
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4.1 INTRODUCTION

Agricultural residues are produced continuously during the year and are
abundantly available in rural areas where access to the electric grid can be
difficult [43].

Moreover, more and more utilities around Europe and the world are start-
ing to demonstrate in semicommercial scales the use of biomass fuels for elec-
tricity production, mostly in cogeneration with coal.

Despite being very promising resources, characterization is the first funda-
mental step when dealing with wastes in order to understand the conversion
behavior and efficiently use these materials as fuels.

In this paper, the pyrolysis behavior of several agricultural residues from
Mediterranean countries was studied in a TG-FTIR set—up. The fuels studied
were wheat straw, olive residues and peach stones. A description of the origins
and uses of these materials can be found in Chapter 3.

Unfortunately, the use on a large scale of such materials is hindered by their
high contents of alkali metals and chlorine [193, 195, 297, 298, 346, 347]. Arve-
lakis and Koukios [76] underlined how K, Cl and Na, together with sulfur
and silica, contained in high concentrations in agricultural residues, interact
to form alkali silicates and alkali sulfates with melting points far lower than
normal boiler temperatures (down to 700 °C) giving rise to problems of slag-
ging, fouling, corrosion and, in fluidized bed reactors, to agglomeration of the
bed material and consequent loss of fluidization [76, 77]. More information on
these phenomena can be found in Chapter 1.

Zevenhoven-Onderwater et al. [375] tested the combustion of different bio-
mass fuels in a pilot-scale pressurized fluidized bed gasifier and found that
bed agglomeration was mainly due to formation of partly molten phases and
that potassium played the main role interacting with silica-rich beds and form-
ing low-melting potassium silicates.

Arvelakis and Koukios [76], moreover, proposed three pre-treatments in or-
der to improve the ash quantity and quality of these particular fuels: water
leaching, mechanical fractionation and a combination of the two. Arvelakis
et al. [72, 74, 75, 77] tested the pre-treatments on the same samples used in
this study during fluidized bed operation and found a greatly diminished
agglomeration trend. Das et al. [127] compared different types of de—ashing
methods on sugarcane bagasse samples, including water and acid leaching,
and found that a 3% HF solution achieved a nearly complete de-ashing of
the sample together with a partial removal of extractives and hemicellulose
but with no loss in heating value. Jensen et al. [195] studied the pyrolysis of
biomass constituents and of untreated and water leached wheat straw on a
TG-FTIR setup showing how the washed sample evidenced higher reaction
temperatures, lower residual char and increased tar release, suggesting a cat-
alytic effect of the minerals removed by the pre-treatment. Moreover, Giuntoli
et al. [163], applied the leaching pre-treatment to more complex materials, like
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Figure 63: TG - FTIR setup at the Process and Energy Laboratory

dry distiller’s grains and solubles (DDGS) and chicken manure, and found the
reactivity of the washed samples to be almost unchanged.

In this chapter the three samples mentioned above underwent pre-treat-
ments of water leaching, mechanical fractionation and a combination of the
two. The pyrolysis of these fuels was then studied by means of a thermogravi-
metric analyzer (TGA). These measurements generated fundamental data on
the kinetics of devolatilization of these secondary fuels. Moreover, by coupling
a Fourier Transform Infrared Spectrometer (FTIR) to the TGA it was possi-
ble to characterize the main compounds released during the pyrolysis and
their kinetic patterns. The kinetic data presented here are directly suitable for
slow pyrolysis applications, like carbonization and biochar production [190],
but also for modeling purposes using the appropriate tools (e.g. FG-Biomass)
[318].

4.2 EXPERIMENTAL SECTION
4.2.1  Equipment

The experimental work described in this chapter was carried out using the
TG-FTIR setup shown in Figure 108 and described in more detail in Chap-
ter 3. The apparatus for the evolved gas analysis was composed by a ther-
mobalance SDT 2960 from TA Instruments coupled through a short stainless
steel heated line (150°C) to an FTIR spectrometer NEXUS manufactured by
Thermo Nicolet.

Measurements were carried out under an inert atmosphere using helium as
a carrier gas with a flow of 9o cm3/min, controlled by a volumetric rotameter.
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4.2.2  FTIR spectrometer

The gas cell used in this work, differently from the set-up described in Giun-
toli et al. [163], had an optical path length of 0.2 m, ZnSe windows, gold coated
mirrors and an internal volume of somL.

The best compromise between signal-to-noise ratio and sampling time was
obtained using a resolution of 0.25cm™' co-adding 12 scans, for a total mea-
surement time of 33.6s.

The thermal history of the FTIR data could then be retrieved from the TGA
data knowing the time delay due to the internal volume of the transfer line
and gas cell. In our measurements this resulted in a delay of approximately
1 minute that was then tuned by overlapping the FTIR absorption and the
differential thermogravimetric curves.

A quantitative method on the FTIR was implemented by calibration for the
following species: CO, CO,, CH,, H,O, NH3;, HCN and HNCO. Calibration
was carried out with calibration gas bottles, except for H,O, which was cali-
brated by means of establishing a saturated concentration in N,, and HNCO,
which was calibrated through urea decomposition. Details of the method can
be found in Di Nola [139].

The quantification method has been tested for CO, by using calcium oxalate,
with mass balance closures within +10 % for CO, singularly and within +5 %
for CO + CO.,.

Despite the available calibration data, it was not possible to reliably quantify
any of the nitrogen species due to their low concentrations in the samples
studied.

4.2.3  Samples and pre—treatments

The fuels studied in this work were agricultural residues common in many
Mediterranean areas of Europe: wheat straw (WS), residues from olive oil
production (consisting of kernels, pulps, leaves and limbs) (OR) and peach
stones and pulps (PS), residues of production of juices and stewed fruits. All
the fuels were provided from Greece.

Moreover, all the fuels underwent pre-treatments of leaching in water, and
olive residues also the pre-treatment of mechanical fractionation and one sam-
ple underwent the combination of fractionation and leaching. A more detailed
description of the samples, their characteristics and on the pre-treatments can
be found in Chapter 3.

Proximate and ultimate analyses of the fuels are summarized in Table 20 for
sake of clarity. Ash elemental analysis is summarized in Table 21 for the most
relevant compounds. Table 19 summarizes the pre-treatments conditions.

We refer to other works [72, 74, 75, 76, 77] for more details and discussions
on the effectiveness of the pre-treatments for fluidized bed operation. A dis-
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cussion on the ash removal potentials and effects on the reactivity of the fuels
will follow.

4.2.4 Procedure

The fuels were ground and then placed in an alumina cup in amounts varying
from 15 to 30mg. The samples were kept at 50 °C for 45 minutes under a flow
of gocm3/min of helium in order to properly flush the oven and the FTIR gas
cell of atmospheric gases. After the isothermal period, the temperature was
ramped up with three different heating rates (5 - 10 - 20 °C/min) to goo °C
where it was kept isothermal for 15minutes. Heat and mass transfer phe-
nomena are known to affect kinetic analyses when using thermogravimetric
techniques [68, 171], but Stenseng et al. [325] reported that such phenomena
were not relevant at conditions similar to ours for wheat straw. Moreover, ad-
ditional measurements were run at higher heating rates, namely 100 °C/min,
and were used to validate the predictive capacity of the retrieved kinetic pa-
rameters, as it will be shown in a following part of this chapter.

4.3 RESULTS AND DISCUSSION
4.3.1 TG and DTG

Figures 64, 65 and 66 show the weight loss curves (TG) and differential ther-
mogravimetric curves (DTG) for all the samples studied in this work at a
heating rate of 10 °C/min.

Figure 64, in particular, illustrates the DTG curve of wheat straw: this pres-
ents a single, broad, peak of decomposition around 324 °C. This behavior is
quite peculiar for biomass samples in which usually two separate peaks, at-
tributed respectively to hemicellulose and cellulose decomposition, are iden-
tified [68, 163, 195, 347]. In this case the two peaks collide into a broader one.

Still, in Figure 64, the WSL sample, instead, shows a more common DTG
curve with a sharp peak at 355 °C and a smaller shoulder at around 308 °C.

It is known in literature that K in wheat straw catalyzes devolatilization
reactions [162, 195, 284, 297] such that, , when KCl is added to a washed
sample, the reaction temperature highly decreases and residual char yield
raises. This is also the case for the samples studied here, for which a much
lower residual char yield is found in the leached fuel than in the untreated
one, with a difference that is far bigger than the simple ash removal would
suggest (4.9 %wt, . difference in the residue, compared to 1.5 %wt, . in the ash
content). In agreement with Jensen et al. [195], the leached sample appears,
therefore, to react later but faster, showing a higher maximum reaction rate.
A lower residual char yield is obtained because of the removal of minerals
which catalyze char—forming reactions from organic volatiles. The values of
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residual char at 630 °C for WS and WSL samples compares quite well with the
values presented by Jensen et al. [195]: 21.6 %wtg,s for WS and 18.2 %wtg,¢ for
WSL.

The leaching pre—treatment, thus, together with increasing the energy den-
sity of the fuel by removing inert material and thus enhancing the heating
value of all the samples, increases the total amount of tars and volatiles pro-
duced during pyrolysis reducing the residual char, which is indeed a desirable
effect in plant operation.

A common behavior to the one shown by wheat straw is observed in the
next sample (OR) whose curves are represented in Figure 65. Here it can be
noticed that the four samples clearly follow two separate trends: the non-
leached samples (OR and ORF) react in a very similar way, showing one peak
at 327°C and a shoulder at around 270°C, while the leached samples (ORL
and ORFL) react similarly to each other but at higher temperatures, with a
peak at 355°C and a shoulder at around 300°C. So, also for this fuel, the
removal of alkali metals (—63 %agh basis Of K2O for the ORL and —84 Y% sh basis
of K,O for ORFL) causes the sample to react at higher temperatures.

The marked effect of leaching on the DTG curves of WS, though, implies
that, despite the apparent lower removal of alkali compared to the OR sam-
ple, the minerals appear to have a more important catalytic effect on the de-
volatilization of WS and also a higher impact on the char-forming reactions.
Jensen et al. [195] showed that by washing a wheat straw sample and then
adding KCl, they were not able to reproduce the original DTG curve and still
two separate peaks, for hemicellulose and cellulose, appeared. The authors
suggested that K was not the only mineral washed away (mostly Na [346]),
but also that not all the potassium in the sample was present as mineral in-
clusions but also organically bound in the structure of the straw. With some
calculation it is possible to see that, indeed, in the WSL sample, potassium
and chlorine are removed in the same proportion suggesting that the main
effect of the leaching was the removal of mineral inclusions. This suggests
that the simple addition of KCl to the washed structure was not able to repro-
duce the original behavior most probably because of the different mixing and
morphology of the salt in the structure of the sample.

In the cases of OR and ORL samples, instead, the removal of potassium
goes beyond the removal of KCl and probably other structures and minerals
were also removed.

Moreover, the ORF sample, which did not go through a leaching treatment,
despite the high reduction in its total ash content (—59 %, ash content) does
not show a significant difference in reactivity compared to the untreated sam-
ple. This appears clear looking at the values in Table 21 which show how
actually the quality of the ashes in the ORF sample was indeed worsened by
the pre-treatment, with a relative increase of K and unchanged content of CI.
This was also studied by Arvelakis et al. [74] who showed how the fraction-
ation pre-treatment increased the operational time (free from agglomeration
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problems) of a fluidized bed combustor, compared with the untreated sample,
by only 20 minutes, compared to an improvement of over goo minutes using
the leached samples.

It is worthy noticing that among the olive residue samples, the ORF sample,
despite being the one with the lowest content of ashes, presents the highest
residual char, around 27 %wt, ... This is in agreement with what is reported in
literature: the alkali metals in the fuel, in this case even enriched compared to
the original sample, catalyze char forming reactions giving rise to higher char
residues.

The ORFL sample, lastly, shows a devolatilization behavior similar to the
simply leached sample, ORL, but the ash quantity and quality appears much
improved compared to all the other samples with a reduction of 66 %4y, of
the total ash content and an even larger 94 %ash basis decrease in K content in
the ashes. Chlorine is also highly reduced by around 91 %ash pasis-

Figure 66, finally, illustrates the curves for the peach stones samples. The be-
havior of this material is more complex than the previous samples, with two
very distinct peaks of reaction. The first peak, the one attributed to hemicellu-
lose decomposition, appears at about 290 °C while the cellulose peak appears
at around 360°C. For PS and PSL there are no significant differences in reac-
tivity except a slightly higher maximum reaction rate for the leached sample.

Moreover, the temperatures of the peaks are similar to the ones observed in
the leached samples of the other fuels. This would imply a major role of KCl
as catalyst for devolatilization reactions, seeing how the WS sample, having
the highest Cl content, is also the fuel which reacts at lower temperatures and
PS, with the lowest Cl content, at the highest temperatures.

The residue of pyrolysis for PS and PSL is around 24 — 26 %wt,, in the
same range as the other agricultural residues and also for these samples the
difference of 2 %wt, . in the residual char is higher than the mere difference
in ash content (0.21 %wt, ). This implies that the leached sample has indeed
a higher reactivity with a higher amount of volatiles and less residual char
which would favor operations in thermal conversion, as shown by Arvelakis

et al. [75].

4.3.2 FTIR

As previously mentioned, the volatiles released from the samples during py-
rolysis have been analyzed with an FTIR spectrometer so that the weight loss
behavior studied in the previous section could be further investigated. In Fig-
ure 67 and 68 the signals from measurements for WS and WSL are plotted.

CO, CO, and H,O are the main products of the pyrolysis of biomass con-
stituents (together with tars, which, due to their complex structures, cannot
be identified by FTIR), thus they follow closely the trend of the main weight
loss, introduced in the previous section.
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Figure 64: TG and DTG curves for wheat straw untreated (-) and leached (---); heating
rate 10 °C/min and He flow gomL/min. Data are on an “as received” basis.

Comparing Figure 67 and 68 it is possible to notice how the curves of the
untreated sample almost perfectly overlap, in shape, the ones of the leached
sample, indicating indeed a superposition of the reactions in the untreated
sample. In the WSL sample, instead, the removal of the minerals separates
the decomposition of hemicellulose and cellulose and, as can be seen from
Table 22 and as expected from the higher weight loss, seems to promote the
release of light volatile compounds . Bassilakis et al. [9o] also studied the
pyrolysis of wheat straw in a TG-FTIR setup; while the final yields of CO and
CH, are consistent with the ones found in this study (8.5 %wtq,s vs. 7 %wWtq,¢
for CO and 1 %wtq,¢ for CH,) there is a marked difference in CO, with a
recovery of 15.7 %wtq,¢ for our sample vs. 10.5 %wt4,¢ for Bassilakis et al. [90].
Closer values were found by Jensen et al. [195] which, on the same setup as
Bassilakis et al. [90], found a recovery of CO, equal to 12 %wtg,s at 630°C
compared to 13.6 %wtgy,s recovery for the sample studied here. It is difficult
to find a reason for this differences since Bassilakis et al. [go] provided no ash
elemental composition of the fuels.

The release of CH, appears, also as a common feature among biomass sam-
ples, at higher temperature, peaking at around 510°C. From Table 22, it can
be seen that this is a common characteristic for WS and OR samples and the
leaching does not seem to affect it. This is due to the fact that CH, is mostly

123



124 Chapter 4

100  — Olive Residue Untreated 10°C/min 14
90 - T — Olive Res. Leached 10°C/min ~ —{ 13
30| —_— Ol?ve Res.Frath—Leach 10°C/m?n7 12
— - Olive Res. Fractionated 10°C/min
70 11
i J10E
60 10 g
~ 50 49
5 40 18 £
IS 27%wt a.r. ~
< 301 == _ 7 =
£ —— <
-§° 20 23%wtar. -6 §
10 -15 =
0 4 g
- 13
- 2
| ‘ > —1
§ - . \ | é\ . ! ! |
0 100 200 300 400 500 600 700 800 900 0

Temperature [°C]

Figure 65: TG and DTG curves for olive residue untreated (-), leached (---), fractionated
(-*-) and fract + leached (- -); heating rate 10 °C/min and He flow go mL/min.
Data are on an “as received” basis.

Table 22: Temperatures at maximum release rates for a heating rate of 10 °C/min and
maximum yields after holding times= 0s/15min at isothermal conditions at
900 °C, on a dry and ash free basis of the original fuel

WS WSL OR ORL PS PSL
CO; 324 355 327 351 292/354  291/358
Y% Wtgas 15.7 / 16.0 / 13.1 / 127 / 13.4 / 10.3 /
16.8 18.3 13.6 13.4 14.6 10.9
o 324 355 327 351 354 358
Y% Wtgas 9.0/ 9.1/ 71/85 58/70 62/70 59/64
10.3 11.1
CH, 514 512 511 513 432/527  426/537
Y% Wtgas 1.0 0.9 1.3 1.5 1.9 1.8
H,O 324 355 327 351 292/354  291/358
% wWta.r. 11.7 13.0 9.9 9.0 12.2 9.6
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Figure 66: TG and DTG curves for peach stones untreated (-) and leached (---); heating
rate 10 °C/min and He flow gomL/min. Data are on an “as received” basis.

derived by the cracking of methoxyl groups in the lignin part of biomass [366]
and Jensen et al. [195] showed that the washing did, indeed, not influence the
methane release from lignin.

Yang et al. [366] investigated in details the pyrolysis of cellulose, hemicellu-
lose and lignin with a TG-FTIR setup. They found the contribution of cellu-
lose to the global release of CO and CO, to be limited compared to the release
due to hemicellulose decomposition. This would seem to contradict the results
in Figure 68 where the second peak at 355 °C, attributed to cellulose pyrolysis,
contributes substantially to CO and CO, release. But, on the other side, it is
also well known that cellulose pyrolysis is highly influenced by the presence
of inorganic catalysts in the sample [195, 346, 347] which greatly favor decom-
position, thus increasing the release of light-weight molecules. This is also the
reason why in real biomass samples the peak attributed to cellulose pyroly-
sis is usually at lower temperatures than expected from the single cellulose
experiment [68, 163, 195].

The olive residues samples show a behavior similar to the one of WSL and
there are no relevant differences among the untreated and washed samples,
thus the plots are not reported here.
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Figure 67: Wheat straw untreated: Superposition of DTG curve with the relative
compounds analyzed by the FTIR; heating rate 10°C/min and He flow
9o mL/min. Data are on an as received basis.

Peach stones FTIR curves are shown in Figure 69. CO, and pyrolytic water
are the main products in the peak at 292 °C, while CO becomes important in
the second peak at 354 °C.

The release of methane is, for this sample, somewhat different and shows
two peaks at 432 °C and 527 °C and a much higher final yield equal to 1.9 %wtq,s.
This trend agrees with Jensen et al. [195] who studied the release of CH, from
lignin and showed two separate peaks at around 430 °C and 560 °C. Yang et al.
[366] also showed two separate peaks for CH, from lignin but at higher tem-
peratures, which could be due to the different origins of the samples. CO and
water are also released at the same temperatures as methane, most probably
deriving from the cracking of methoxyl groups in the lignin part of the sam-
ple. The more marked impact of this high temperature tail is probably due to
the nature of the sample which is mostly composed of peach stones and thus
rich in lignin [72].

Moreover, all the samples show a release of CO at high temperature which
continues even beyond the goo °C used in this study. This behavior has been
observed before [90, 104, 139, 163, 366], and it is generally attributed to the
secondary cracking residues of the primary pyrolysis which has recondensed
in the char.
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Figure 68: Wheat straw leached: Superposition of DTG curve with the relative com-
pounds analyzed by the FTIR; heating rate 10°C/min and He flow
gomL/min. Data are on an as received basis.

The washing pre-treatment does not seem to particularly affect the yields
of the main pyrolysis products in our samples. In literature, though, highly
decreased yields of all main species are found in washed samples, and the
difference is attributed to an increase in tar yield [195, 346, 348] sometimes up
to even 50 % [195].

All the fuels release about 18 - 25 %wtg}, as light volatiles. All the fuels
yield a comparable amount of tars (or undetected species) equal to about 52
- 56 %wtqp,.. When the data are analyzed in the same conditions as the ones
used by Jensen et al. [195], 630°C and on a dry and ash free basis, it is possible
to notice that all the washed samples present a lower yield of residual char
together with a lower yield of volatiles and, consequently, higher yields of
tars, as suggested by Jensen et al. [195].

4.3.3 Kinetic analysis
An excellent review of methods for kinetic analysis of global complex reac-

tions can be found in Burnham and Braun [119]. A more detailed description
of kinetic modeling of pyrolysis processes can be found in Chapter 3.
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Figure 69: Peach stones untreated: Superposition of DTG curve with the relative
compounds analyzed by the FTIR; heating rate 10°C/min and He flow
9o mL/min. Data are on an as received basis.

As explained in Chapter 3, the DAEM can be formulated as follows where
x represents the unreacted fraction of the sample (on ar basis):

00 t
X = J exp —Jk (T)dT| -D(E) dE (4.1)
0 0

In eq. 5.1 k(T) obeys the Arrhenius equation and it is a function of time be-
cause of the applied temperature profile:

E
k(T)=A- ———— .
(T) exp( R-T(t)> (4.2)

In eq. 5.2, A represents the pre-exponential or frequency factor, E is the
activation energy, R is the universal gas constant and T is the absolute temper-
ature and is function of time via the heating rate.
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Moreover, in eq. 5.1:

JD (E)dE =1 (4:3)
0

The shape of the distribution D(E) is not known a priori, and it depends on
the composition and structure of the sample. As mentioned earlier, it is com-
mon practice to assume D(E) as a Gaussian distribution. A valid alternative to
this assumption is to choose a discrete distribution of E, in which the integral
in eq. 5.1 is substituted by a sum of a finite number of parallel reactions.

We decided to study our samples applying the DAEM model and, in partic-
ular, we applied a Gaussian distribution model for the main species obtained
from FTIR measurements, while we applied a discrete distribution model
to the global devolatilization curves. This allowed us to provide data which
are ready to use for the main pyrolysis species, as found in Tables 23 to 28,
but at the same time, through the discrete model, we were able to study in
more details the differences among the samples and the influence of the pre-
treatments on the reactivity [163].

For our analysis we used a FORTRAN based code, developed by Burnham
and Braun, called KINETICSo5 [113, 119] that can analyze, simultaneously,
measurements performed at different heating rates and fit them with 25 first-
order reactions sharing the same pre-exponential factor.

We chose to follow the common practice, anyway, and we fixed the pre-
exponential factor at the value of 2.2 X 10'3s71 according to [202, 339], as
explained in Chapter 3.

Figure 70 shows the discrete distributions of activation energies for all the
8 samples studied in this work. What can be easily noticed is that the main
reaction in the decomposition, attributed to the pyrolysis of the cellulose com-
ponent of the sample, appears for WS, OR and ORF samples at 176 k] /mol.
This is a consistent value in our measurements and it was found to be the
main reaction pathway also for two completely different fuels like DDGS and
chicken manure [163] suggesting a common nature of this constituent among
the analyzed samples. Moreover, this component appears to be the most in-
fluenced by the water leaching, shifting the reaction to 184 kJ/mol. As found
by Jensen et al. [195], pure crystalline cellulose reacts with a peak at around
650K, which is a much higher temperature than the peak found in biomass
samples. This has to do with the effect of the minerals present in the biomass
samples, but not in the pure cellulose, which catalyze cellulose decomposition.
This would also explain the increase in reacting temperature and activation
energy for the same component when the mineral matter is leached away, as
shown also by Antal and Varhegyi [68].
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Figure 71: Wheat straw untreated at 10 °C/min: DTG and fit with 25 parallel first order
reactions.

The hemicellulose component in the samples, instead, appears to react
at around 165kJ/mol and also increases to 170kJ/mol when the sample is
leached. This is also consistent with what found in other samples [163].

Figure 71 and 72 can assist in understanding the physical meaning of the
kinetic parameters retrieved above. In Figure 71 the DTG curve of the wheat
straw untreated sample is decomposed into the first-order reactions obtained
from the DAEM model: it can be seen that, together with a main decompo-
sition reaction with activation energy of 176 kJ/mol, three more reactions are
relevant at 165, 170 and 181 kJ/mol. Together with these reactions, many more
parallel reactions play a role in the decomposition of this sample. Figure 72
shows, instead, the WSL sample: here it is clear the smaller amount of rele-
vant reactions, the more important being the one at 184 k] /mol. In this sample,
also, it is clearly visible a separate contribution from hemicellulose at 163 and
170k]/mol. The results found so far indeed show a strong catalytic effect of
the mineral matter in the wheat straw sample.

The leaching pre-treatment appears to have the same effect on the olive
residue sample, as can be seen in Figure 70a and 7ob, while the fractionation
appears not to affect the reaction kinetics substantially, as seen from the TGA
curves, so that the relatively higher amount of K and Na does not affect the re-
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Figure 72: Wheat straw leached at 10 °C/min: DTG and fit with 25 parallel first order
reactions.

activity of the sample, implying that it is the absolute amount of the minerals
that matters.

The peach stones samples, in Figure 70g and 7oh and in Figure 73, show
a different behavior from the other samples studied in this work. The main
reaction pathway appears to be the one at 185 kJ/mol which is not affected by
the leaching pre-treatment at all. The hemicellulose decomposition happens
around 163 — 170k]/mol and it is also only slightly influenced by the leaching.

As mentioned in previous sections, PS and PSL are the samples with the
lowest CI content, so that, even if the content of K is definitely bigger than in
all other samples, this is not present as mineral inclusions of KCl but, most
likely, bound to the organic structure of the lignin constituent, so that this does
not affect the decomposition and also the effect of the leaching is limited.

Tables 23 to 28 show the results of the DAEM model when using a Gaussian
distribution over the reactivities of the main species of pyrolysis. As explained
in the previous section, the release of molecules follows closely the weight
loss behavior of the whole sample, thus also the kinetic parameters mirror the
ones obtained for the whole samples. From these data it is possible to notice
a third component (or rather a pseudo—pool, referring to a fictitious class
of components in the original fuel which are supposed to release, during
pyrolysis, the referred volatile species following the indicated kinetics [202,
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Figure 73: Peach stones leached at 10 °C/min: DTG and fit with 25 parallel first order
reactions.

204, 318, 339]) for all the samples, with very high activation energy and high
variance: this component is representative of the long tail of devolatilization
due to the broad temperature gap in which the lignin decomposes [195, 298,
350]. In fact, methane, which is mostly a product of lignin pyrolysis, also reacts
through similar pathways and activation energies like the third component of
the CO and CO..

Kinetic parameters retrieved by TGA measurements, and thus with slow
heating rate measurements, are always subject to critics of being too specific
to the single measurements and not having properties of general validity [68,
171, 350].

In order to prove the validity of the kinetic parameters, at least in a signifi-
cant range of heating rates in which reaction mechanisms are not expected to
change, and to verify the kinetically controlled conditions of the experiments,
we ran measurements at heating rate of 100 °C/min and compared the exper-
imental results with the DTG curves resulting from the extrapolation of the
kinetic parameters obtained at slower heating rates.

As can be seen in Figure 74 to 76, the kinetic parameters appear to hold
validity for WS and WSL samples, thus capturing also the characteristics of
the pre-treated samples. For more complex materials, as PS, the extrapolation
is not so straightforward but the main characteristics of the reaction, the two

133



134 Chapter 4

° Experimental
754 KIN Extrapolation

Deriv. Weight (%wt,  /min)

Temperature [°C]

Figure 74: Wheat straw untreated: experimental and reconstructed DTG at heating rate
of 100 °C/min. Discrete distribution was used for extrapolation.

Table 23: Kinetic parameters for Gaussian distribution. Main volatile species: WS.

Precursor A (s Eo (kJ/mol) 0 (% of Ey) Yield? (100%)
pool
1-CO, 2.2 x 103 170 6.2 44.8
2-CO, 2.2 x 10"3 174 1 22.6
3-CO, 2.2 x 10"3 201 17 32.6
1-CO 2.2 x 1013 173 4.1 36.7
2-CO 2.2 x 10"3 176 0.05 24.2
3-CO 2.2 x 103 206 18.2 39.1
1-CH, 2.2 x 10"3 233 10.6 100

“The yield in the table indicates the relative amount (%) of each pool on a base of 100% for the
considered pool.

separate peaks, peak temperatures and the temperature interval of reaction,
are represented by the extrapolation.
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of 100 °C/min. Discrete distribution was used for extrapolation.

Table 24: Kinetic parameters for Gaussian distribution. Main volatile species: WSL.

Precursor A(s™) E, (kJ/mol) o (% of Eo) Yield” (100%)
pool

1-CO, 2.2 x 10"3 168 2.7 24

2-CO, 2.2 x 1013 184 0.8 34.7
3-CO, 2.2 x 1073 210 15.5 41.3
1-CO 2.2 x 10"3 167 1.5 12.3
2-CO 2.2 x 1013 183 0.6 44.1
3-CO 2.2 x 10"3 218 12.7 43.6
1-CH, 2.2 x 1013 203 3.1 10.8
2-CH, 2.2 x 1073 238 8.6 73.5
3-CH, 2.2 X 10"3 267 19.6 15.7

“The yield in the table indicates the relative amount (%) of each pool on a base of 100% for the

considered pool.
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Figure 76: Peach stones leached: experimental and reconstructed DTG at heating rate
of 100 °C/min. Discrete distribution was used for extrapolation.

Table 25: Kinetic parameters for Gaussian distribution. Main volatile species: OR.

Precursor A (s™) E, (kJ/mol) 0 (% of Ey) Yield” (100%)
pool
1-CO, 2.2 x 10"3 160 3.5 26.6
2-CO, 2.2 x 103 176 0.04 33.9
3-CO, 2.2 x 10 196 16 39.5
1-CO 2.2 x 10"3 160 0.05 10.2
2-CO 2.2 x 1013 175 0.04 47
3-CO 2.2 x 10"3 216 14.4 42.8
1-CH, 2.2 x 103 199 2.7 8.8
2-CH, 2.2 x 10 234 7.6 68.4
3-CH, 2.2 x 10"3 249 20.6 22.8

“The yield in the table indicates the relative amount (%) of each pool on a base of 100% for the
considered pool.
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Table 26: Kinetic parameters for Gaussian distribution. Main volatile species: ORL.

Precursor A (s) Eo (k]/mol) 0 (% of Eo) Yield? (100%)
pool
1-CO, 2.2 x 1013 164 4.2 36.6
2-CO, 2.2 X 10"3 182 1.1 30.8
3-CO, 2.2 x 1013 197 15.5 32.6
1-CO 2.2 X 10"3 168 5.7 23.8
2-CO 2.2 x 10"3 183 0.05 32.7
3-CO 2.2 x 1013 228 10.2 43.5
1-CH, 2.2 x 10"3 201 3.5 10.1
2-CH, 2.2 x 1013 235 9.2 73.7
3-CH, 2.2 X 10"3 282 17.1 16.2

“The yield in the table indicates the relative amount (%) of each pool on a base of 100% for the
considered pool.

Table 27: Kinetic parameters for Gaussian distribution. Main volatile species: PS.

Precursor A (s™) E, (kJ/mol) 0 (% of Eo) Yield? (100%)
pool
1-CO, 2.2 x 1013 166 3.5 28.5
2-CO, 2.2 x 10'3 184 0.9 27.0
3-CO, 2.2 x 1013 196 15.7 44.5
1-CO 2.2 X 10"3 166 2.2 12
2-CO 2.2 x 10"3 183 0.09 32
3-CO 2.2 x 1013 228 9.9 56
1-CH, 2.2 x 10"3 205 3.3 18.4
2-CH, 2.2 x 1013 240 10 67.6
3-CH, 2.2 x 10"3 281 13 14

“The yield in the table indicates the relative amount (%) of each pool on a base of 100% for the
considered pool.

4.4 CONCLUSIONS

Three agricultural residues, wheat straw, olive residues and peach stones,
abundant in many regions of Europe, were tested using a TG-FTIR setup.

The materials underwent water leaching pre-treatment in order to remove
alkali metals and chlorine which are known to create several problems in plant
operation.

137



138

Chapter 4

Table 28: Kinetic parameters for Gaussian distribution. Main volatile species: PSL.

Precursor A (s Eo (k]/mol) 0 (% of Eo) Yield? (100%)
pool

1-CO, 2.2 x 1013 167 3.2 38

2-CO, 2.2 x 10"3 186 0.2 35.1
3-CO, 2.2 x 103 204 11.5 26.9
1-CO 2.2 X 10"3 167 1.7 10.6
2-CO 2.2 x 10"3 185 0.9 31.8
3-CO 2.2 x 103 230 9.8 57.6
1-CH, 2.2 x 10"3 204 3.1 21.4
2-CH, 2.2 x 1013 242 9.6 52.2
3-CH, 2.2 x 10"3 260 18 26.4

“The yield in the table indicates the relative amount (%) of each pool on a base of 100% for the
considered pool.

The effect of such pre-treatments on quantity and quality of the ash-form-
ing matter in these fuels was the subject of previous studies [72, 74, 75, 76, 771.
In this work the measurements of devolatilization reactivity showed that the
leaching procedure increased the temperature of devolatilization and, conse-
quently, the reaction rate, for all the tested fuels. Moreover, the residual char
was reduced for all the samples more than the simple ash forming matter re-
moval would have implied. However, the yield of light volatiles also decreases
implying a higher yield of tars for all the samples.

The alkali metals contained in the samples, mostly K and Na, together with
Cl, appeared to have an important catalytic effect in the pyrolysis process of
such fuels, mostly when present in the form of minerals inclusions such as
KCI and NaCl. It was shown how the most relevant effect of the leaching
was on the WS sample which was also the sample with the highest chlorine
content, while the effect on PS, the sample with the lowest amount of Cl, was
almost absent. The catalytic effect can also be seen in the higher amount of
tars released from the washed samples: the inorganic matters seems to favour
their cracking.

The leaching process, thus, appears to have a beneficial effect not only in
terms of quantity and quality of ash—forming matter in such fuels, but also in-
creasing the energy density, increasing the amount of volatiles and increasing
the reaction rate. On the other hand, higher yields of tars could be expected
from the leached samples.

For more complex fuels, though, like peach stones or DDGS and chicken
manure [163], the effect of water leaching on global reactivity appears to be
limited.
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The main products of pyrolysis, CO,, CO, CH, and H,O were analyzed
by means of an FTIR. The release of such species followed the trends of the
global devolatilization and the final yields were not sensibly influenced by the
applied pre-treatments, unlike the results presented by Jensen et al. [195].

All the untreated samples presented a main reaction pathway at 176 kJ /mol
which is consistent to what found in much different fuels like DDGS and
chicken manure [163], indicating a common nature of this component among
all the fuels. This constituent was assigned to cellulose decomposition. The
hemi-cellulose component reacted with activation energies of about 165 k] /mol
- 170k]/mol. The leaching pre-treatment increased the activation energy of
the main reaction up to 184 kJ/mol and, in the wheat straw sample, the num-
ber of reaction pathways was much higher in the untreated sample due to the
catalytic effect of the alkali metals and mineral inclusions.
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QUANTITATIVE AND KINETIC TG - FTIR STUDY OF
SLOW PYROLYSIS OF BIO-RESIDUES

This chapter presents the results of a similar analysis to Chapter 4. However, the
fuels analyzed here are DDGS and chicken manure. The higher nitrogen content of
these fuels allowed for the detection of gaseous NOy precursors, such as NH;, HCN
and HNCO, released during slow pyrolysis. A DAEM model was used to retrieve
the kinetic parameters for the global devolatilization as well as for single N—volatile
compounds. The effect of the water leaching pre—treatment was studied in terms of
ash quantity, quality and effects on the devolatilization kinetics.

The contents of this chapter were adapted from the work published in:
J. Giuntoli, W. de Jong, S. Arvelakis, H. Spliethoff and A.H.M. Verkooijen,

"Quantitative and kinetic TG-FTIR study of biomass residue pyrolysis: Dry
distiller’s grains with solubles (DDGS) and chicken manure."

J. Anal. Appl. Pyrolysis, 85(2009) 301-312 ; DOI: 10.1016/jaap.2008.12.007

© 2009 Elsevier. Reprinted with permission.
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5.1 INTRODUCTION

Chapter 4 presented the results of a study on the reactivity of agricultural
residues under slow pyrolysis conditions. The effects of a water leaching pre—
treatment were also investigated. However, the detection of nitrogen volatile
compounds was not possible because of the relatively low amount of fuel-N
in the samples.

Therefore, in this chapter the focus is shifted on two different waste fuels
with very high fuel-N content: a very novel material in terms of thermal appli-
cations, dry distiller’s grains and solubles (DDGS), and chicken manure. This
latter fuel is already used in pilot and commercial plants, mainly in gasifica-
tion applications and in co—combustion with coal, but still problems related
to NOx emissions, slagging and fluidized bed agglomeration are encountered
and they still need to be fully addressed [41, 65, 183]. Details on the origins
and characteristics of the fuels are given in Chapter 3.

Both these materials contain considerable amounts of nitrogen embedded
in different structures (mainly proteins for DDGS and urea and proteins for
chicken manure) which could create issues related to NOy emissions, but a
deeper investigation is required to assess the real effects. For example, a high
release of ammonia from the fuels could indeed favour reduction reactions
and thus actually reduce the needs for NOy removal technologies.

Furthermore, both these potential fuels are known not only to have a high
amount of ash forming matter, mostly chicken manure, but also rich in such
materials like K, P, Na and Cl that are problematic for plant operation as
stated in earlier chapters. Water leaching has been quite successful in remov-
ing these elements in previous studies and thus, if successful again, could be
implemented in a commercial way in order to enhance power plant operations
and efficiency when dealing with troublesome waste fuels.

In this paper we characterized the thermal conversion behavior of these ma-
terials facing the above-mentioned drawbacks. By means of a Thermogravi-
metric Analyzer (TGA) we were able to generate fundamental data on the
kinetics of pyrolysis of these secondary fuels which are, for the case of DDGS,
so far completely missing in international literature. By coupling a Fourier
Transform Infrared Spectrometer (FTIR) to the TGA we were able to charac-
terize the different nitrogen compounds released during the process and their
kinetic patterns. The kinetic data presented here are directly suitable for slow
pyrolysis applications, like carbonization and biochar production, but also
for modeling purposes using the appropriate tools (e.g. FG-Biomass). Finally,
we applied the water leaching pre-treatment, developed by Arvelakis and
Koukios [76], on the fuels and we studied its effects on pyrolytic conversion
kinetics and product distribution.
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Figure 77: TG-FTIR set-up at Process and Energy Laboratory

5.2 EXPERIMENTAL
5.2.1 Equipment

The experimental work described in this paper was carried out using the TG-
FTIR setup shown in Figure 108 and described in more details in Chapter 3.
The apparatus for the evolved gas analysis was composed by a thermobalance
SDT 2960 from TA Instruments coupled through a short stainless steel heated
line (150°C) to an FTIR spectrometer NEXUS manufactured by Thermo Nico-
let.

Measurements were carried out under an inert atmosphere using Helium as
a carrier gas with a flow of 100mL/min controlled by a mass—flow controller.
This flow had to be kept high enough to avoid long residence times in the
oven and thus to prevent secondary reactions of the volatiles. However, it was
low enough to guarantee well detectable concentrations of the species in the
FTIR.

The inert gas carried the volatiles from the furnace, where they were re-
leased from the sample in the alumina crucible, to the gas cell of the FTIR
which was also kept at 150 °C. This temperature was chosen high enough to
avoid condensation of tars and ammonia adsorption [182] but not too high, to
avoid thermal cracking of the released compounds.

The gas cell used in this work had an optical path length of 2m, ZnSe
windows, gold coated mirrors and an internal volume of 200mL.

5.2.2 FTIR spectrometer

According to the vast experience acquired on this setup, the best compromise
between signal-to-noise ratio and sampling time was obtained using a resolu-
tion of 0.25cm ™" co—adding 12 scans, for a total measurement time of 33.6s.
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The thermal history of the FTIR data could then be retrieved from the TGA
data knowing the time delay due to the internal volume of the transfer line
and gas cell. In our measurement this resulted in a delay of 1 minute that was
then tuned by overlapping the curves.

A quantitative method on the FTIR was implemented by calibration for the
following species: CO, CO,, CH,, H,O, NH;, HCN and HNCO. Details of the
method can be found in [139] and in the appendixes of this thesis .

Some limitations in our quantitative method are the following: there are
no calibration gases available for HNCO so that calibration lines can only be
produced by means of urea decomposition following the procedure described
in [139].

On the other hand, tests performed with an ammonia releasing salt (Tetraam-
minecopper(Il) Sulfate monohydrate, CAS 10380-29-7) [379], have given mass
balance closures within 5 % for NH; indicating the validity of our quantitative
method for ammonia and the absence of significant adsorption phenomena in
the transfer line.

It is important to understand, though, that eventual quantification uncer-
tainties will affect only the absolute values of the mass balance of species,
which is not our focus on this paper. Relative data and comparison between
measurements and fuels will still hold since the same quantitative method
was applied to all the measurements.

Moreover, the kinetic analysis will also not be influenced because it was
based on the fit of the normalized conversion data and thus a homogeneous
error on the absolute value of the concentration will not affect the main kinetic
parameters at all. A non homogeneous error will also have a minor impact if
compared to other intrinsic sources of errors.

5.2.3 Samples and pre—treatments

The fuels studied in this work were: chicken manure, provided from the Dutch
company HoSt which uses it to feed a 2 MWy, gasifier in Tzum, The Nether-
lands, and DDGS obtained from the company Abengoa from a plant in Spain
converting barley seeds (Hordeum Vulgare) into ethanol with a dry—grind
process.

As mentioned earlier, the composition of this material may vary slightly
depending on the starting cereal used, but it will include everything that is
not hydrolyzed in the process by the used enzymes. So, the hemicellulose,
cellulose, lignin and protein fraction of the original cereal will be included in
this material, as well as some residual starch and yeast. A detailed description
of the composition of DDGS from corn can be found in Kim et al. [220], where
it is possible to note the high amount of proteins, reaching 25 %wtq}, of the
sample.

Chicken manure originated from the hens bred for eggs and the manure
was gathered directly from the floor of the cages where the animals are kept.
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It consists mainly of manure, residual food and feathers from the chickens; no
additional litter material was added. This manure was previously dried and
sterilized at 70 °C for several hours.

Moreover, both the fuels underwent a pre-treatment of leaching in water
according to the methodology described in Arvelakis and Koukios [76] and in
Chapter 3.

Proximate and ultimate analysis of the fuels are summarized in Table 46.
Ash elemental analysis is summarized in Table 30 for the most relevant com-
pounds.

As can be seen from Table 46, the nitrogen content of all the fuels was
very high, reaching almost 6 %wtqy, (on a “dry basis”) for chicken manure,
compared with values of around 0.3 %wtg,s (on a “dry ash free” basis) for
wood and 1 %wtqy, for coal [147]. The leaching process appeared to affect, as
expected, mainly the ash content of the fuels with a decrease of around 4.2 %
and 7.1 % for DDGS and chicken manure, respectively. Moreover, a decrease
of 3.4% in the total N content of chicken manure was recorded, this was
most probably due to the leaching of the ammonia dissolved in the manure.
The results from FTIR measurements will confirm this supposition, showing
a drastically reduced release of ammonia at low temperatures.

The heating value of the leached samples increased in both samples due
to the removal of ash forming matter. Particularly significant appears the in-
crease of 10.5% for chicken manure.

From Table 30 it is noticeable that, alike other biomass fuels, DDGS ashes
are rich in Si and K but also P is present in high percentage. Chicken ma-
nure presents, instead, a very high percentage of Ca, since limestone is fed
on purpose to the animals to help them creating the egg—shells. Furthermore,
the manure presents a high share of K and P. As explained earlier, higher
concentrations of alkali metals in the ashes of biomass fuels are very critical
for plant operation. Moreover, in the presence of Cl and sulfur, corrosion be-
comes a serious issue. The pre-treatment here proposed seems to affect, as
expected, the content of Cl, S and Na, thus not only decreasing the quantity
of the ashes but also increasing their quality. Phosphorous and calcium are
not affected by the leaching, while potassium was expected to be removed in
higher quantities but these results cannot confirm it. Potassium in biomass is
associated mainly with chlorine. The large decrease in chlorine concentration
observed in both cases after the leaching process indicates that a substantial
amount of potassium has also been removed. However, in this case this could
not be verified by the performed ash elemental analysis. This is probably due
to the complex nature of the ash forming matter in the specific biomass sam-
ples as well as due to the used methodology for the determination of the
relative concentrations. Characterization of the ash samples using SEM-EDX
has shown that substantial removal of potassium is also taking place after the
leaching treatment for both biomass samples. However, SEM-EDX provides

145



146

Chapter 5

Table 29: Proximate and elemental” analysis of the fuels. Data are on a dry basis.

DDGS DDGS Chicken Chicken

leached manure manure

leached
Moisture? 8.9 8.5 20.2 9.4
Volatiles 78.2 76.2 67.9 65.7
Fixed Carbon 14.7 17 5.5 9.6
Ash® 7.1 6.8 26.6 24.7
C 49 48.8 39.6 37.2

H 6.3 6.3 4.1 5

N 4.5 4.5 5.9 5.6
S 0.4 0.4 0.7 0.8
O (by diff.) 32.7 33.2 23.2 26.7
HHV (M]/kg) 19.8 20.5 13.3 14.7

“Performed with automatic procedure on a Carlo Erba EA 9o10 manufactured by Fisons.
Yas received basis.
¢Ashed at 600 °C.

only semi—quantitative results and thus they cannot be used for an accurate
estimation.

5.2.4 Procedure

The fuels were manually ground using mortar and pestle and then placed in
an alumina cup in amounts varying between 4 mg and 32mg. They were kept
at 50 °C for 45 min under a flow of 100 mL/min of helium in order to properly
flush the oven and FTIR gas cell of atmospheric gases. After the isothermal
period, the temperature was ramped at different heating rates (5 - 10 — 20 —
30 — 100°C/min) up to 105 °C where it was kept for 15min in order to dry
the sample of the physically absorbed water (and ammonia for the chicken
manure). Following the drying step, the temperature was raised up to goo °C
where it was kept isothermal for either 30 or 60 min.

Heat and mass transfer phenomena are known to affect kinetic analyses
when using thermogravimetric techniques [68, 171, 195] so measurements
were performed, for all the heating rates, with high mass (around 15mg for
chicken manure and 3omg for DDGS) and with low mass samples (around
4mg for both) in order to prove that the kinetics was not affected in its main
parameters by such phenomena. Moreover the slower heating rates (10 — 20
- 30°C/min) were used to retrieve the kinetic parameters from the measure-
ments while the highest heating rate, 100°C/min, was used as proof of the
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Table 30: Elemental analysis of the ash forming matter. Data are on a dry basis.

DDGS DDGS CM CM Leached
Leached
AL O; 0.2 0.4 0.6 0.8
5i0, 22.4 24.9 4.2 5.6
CaO 2.9 3.9 29.1 35.6
MgO 7.3 8.2 6.1 6.0
Fe,O; 0.4 0.5 0.6 0.8
K,O 22.7 22.4 15.3 13.9
Na,O 2.7 1.8 2.9 1.6
TiO, 0.01 0.01 0.04 0.04
SO, 9.5 2.0 6.0 2.1
crb 2.9 0.9 1.5 0.1
P,0s 29.0 32.4 21.3 22.0

“0.125 g of dried sample was molten with 0.375 g of LiBO, and dissolved in HNO; and then
analyzed with an ICP-AES. Analysis performed according to EPA 200.7.

bFor analyses on Cl, the sample was sintered at 550 °C with Na,COj + ZnO, leached with water
and cleaned with a cation exchanger and subsequently analyzed with an ICP-SFMS. Analyses
performed according to EPA method 200.8.

predictive capacity of the data; this will be shown in the proper section on
kinetic analysis.

5.3 RESULTS AND DISCUSSION
5.3.1 TG and DTG

Figure 78 presents the weight loss curves (TG) and the Differential Thermo-
gravimetric curves (DTG) for the DDGS samples, both untreated and leached
in water, as a function of temperature, at a heating rate of 10°C/min.

The TG curves show no really relevant differences between the two samples
with an overall weight loss of around 78 — 79 %wt, ;. at 9goo °C for both samples.
The decomposition is practically complete by 600 °C but the weight loss con-
tinues also during the isothermal period at 9oo °C, leaving, after 60 minutes,
a carbonaceous residue of 12.2 %wtg,¢ and 10.3 %wtg,¢ for the untreated and
the leached samples, respectively.

The DTG curve of the untreated sample shows three distinct peaks (in ad-
dition to the one due to the drying step) at temperatures of 280 °C, 330°C and
402 °C. The leached sample again does not show significant differences except
for the first peak which is delayed at 289 °C. This behavior is well known
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for lignocellulosic materials, where the first peak of decomposition is usually
attributed to the rupture of the hemicellulose component while the second
peak is due to the cellulose decomposition, with the lignin decomposing in a
wider range of temperatures [68, 111, 159, 162, 171, 186, 195, 204, 366]. Jensen
et al. [195] also studied the effect of adding KCI to cellulose and hemicellu-
lose samples and found that the peak temperature of reaction of cellulose is
not affected by the presence of additional salt, but the char yield is highly
increased. For hemicellulose they also found that peak temperature is slightly
reduced by the additional KCl. This can explain the shift of the first peak that
we register on these samples, even though in Chapter 4 the main effect of the
leaching appeared to be on the cellulose component. Moreover, the washing
does not appear to have any significant impact on char formation since the
residue is almost identical at zero holding time.

One can also observe a small irregularity appearing between the first two
peaks at around 310 °C This should be due to the decomposition of the resid-
ual starch from the main process; starch, in fact, has a structure resembling
cellulose in its structural components (glucose units) but with different link-
ages [319] and is reported to react in this range of temperature in the literature
[174, 186].

Figure 79 shows the same curves as in Figure 78 but relative to the chicken
manure samples. This fuel presents four main peaks of reaction (plus the peak
for the drying step and the last peak due to the decomposition of carbonates)
at temperatures of 280 °C, 324 °C, 430°C and 472 °C.

It appears evident that the first two components still represent the hemi-
cellulosic and cellulosic components present in the fuel, due to non-digested
food. The other two components are the ones most probably due to the de-
composition of the manure, while the decomposition of carbonates appears
important due to the high concentration of calcium in the manure. The chick-
ens, in fact, are fed calcium stones on purpose in order to help them creating
the eggshell.

The total weight loss of these samples is around 65 — 68 %wt, ;. at goo °C.
The weight loss continues during the isothermal step and the final residue, af-
ter 30 min, is around 26.5 %wt, ;. and 26.7 %wt, r. for the untreated and leached
sample, respectively. These values agree with the ones found in literature
[139, 202, 361]. When considered on a dry and ash free basis, the residues of
the untreated and leached sample are almost identical with a value of around
13.1 - 13.5 %Wtgas at 9oo °C, respectively. However, due to the high inhomo-
geneity of the sample, variations of 1 — 2% in the ash content can be found,
hindering the results when using “daf” basis. Surely enough, the composition
of manure differs significantly from previous biomass materials studied, like
agricultural residues, making direct comparison not an accurate estimate. Fur-
ther and more specific measurements and analyses will be needed in order to
assess the proper nature of the ash—forming matter in those waste materials.



TG—FTIR CHARACTERIZATION OF SLOW PYROLYSIS OF BIORESIDUES

100 —8
DDGS Untreated 10°C/min J
90t —————- DDGS Leached 10°C/min -
801 T
70+ 1
16
60T+ 1
50T 330°CA 15
401 289°C /} ]
7 N\
307 280°C jn /| S 21.6%wt a.r. '_'4

Weight Loss (%wt, )
Deriv. Weight (%wt,  /min)

201 1
10+ 20.6%wt a.r. _-_3
o+ ]
12
1 1
| P 3 a ] 0
0 100 200 "300 "400 " 500 " 600 ' 700 ' 800 ' 900

Temperature [°C]

Figure 78: TG and DTG curves for DDGS untreated (-) and leached (---); heating rate
10 °C/min and He flow 100 mL/min. Data are on an “as received” basis.

5.3.2 FTIR

The light volatiles emitted during pyrolysis of the fuels were analyzed and
quantified using an FTIR spectrometer. This let us investigate in details the
mass loss behavior shown by TGA measurements.

For the DDGS sample, in the drying step, at 105 °C, the physically absorbed
moisture is released and the water that is released afterwards is only the
pyrolytic water. From Figure 8o clearly appear some common and known
features like the release of CH, at around 530 °C, most likely due to the release
of methoxyl groups from lignin decomposition [366]. The release of CO at
high temperature due to secondary reactions of decomposition of the char
has also been reported before [104, 139, 366] and detected in Chapter 4 as
well.

From Figure 81 it can be observed that ammonia is the main N-compound
released at low temperatures (<500 °C) with a peak at around 319 °C. At higher
temperatures HCN plays a bigger role, with an increasing trend up to around
650 °C. In between HNCO is also detected with a maximum at around 390 °C.
Figure 82 shows the FTIR spectra at the relevant temperatures. Known ab-
sorption bands for NO, NO, and N,O as reported by de Jong [200] are re-
spectively: 1818 — 1937cm ™", 1585 — 1600cm ™, 2184 — 2202cm™ ', As it can
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Figure 79: TG and DTG curves for chicken manure untreated (-) and leached (---); heat-
ing rate 10 °C/min and He flow 100 mL/min. Data are on an “as received”
basis.

be seen from Figure 82, none of these compounds were clearly detected in the
measurements with the DDGS sample.

This behavior is similar to what is reported in the literature and supports
the theories expressed by other authors [182, 244, 180, 243, 245], which studied
the pyrolytic decomposition behavior of single amino acids and polypeptides.

In Table 31 are reported results of TG-FTIR studies that can be found in the
literature on free amino-acids or polypeptides, including the temperatures
of maximum release for the nitrogen compounds. Results of this study, at
heating rate of 20 °C/min, are also reported for comparison.

From Table 31 it appears that the release of ammonia for the DDGS sample,
at 328 °C, happens in the temperature range of decomposition of the reference
amino-acids. This can indicate that NH; in the DDGS sample is released from
deamination reactions of proteins and eventual free amino-acids present in
the sample.

The trends of HCN and HNCO are quite similar to what is reported in the
literature; for example Li et al. [244] show a release of HNCO with a peak at
around 395 °C with a six fold decrease of intensity with respect to the peak of
NH;. That is in the range of our findings: 300 ppmy for ammonia and 50 ppmy
for HNCO at its peak.
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Figure 8o: DDGS untreated: Superposition of DTG curve with the relative compounds
analyzed by the FTIR; heating rate 10 °C/min and He flow of 100 mL/min.
Data are on an “as received” basis.

Regarding HCN release, a similar trend as shown by Li et al. [244, 245] is
found, showing an increasing release peaking at 664 °C. This temperature is
somewhat lower than in the glycine and tyrosine measurements.

This sustains the mechanism proposed by Hansson et al. [180] explain-
ing that the main route of reaction of the protein content in biomass passes
through a first phase of deamination, followed by cyclization of the peptide
or protein, with the formation of compounds called DiKetoPiperazines (DKP).
These intermediate compounds then decompose at higher temperatures to
produce HCN and HNCO, which can further split into HCN and CO, ex-
plaining the increasing trend of HCN release.

It appears, though, from Figure 81, that two consequential reactions take
place at high temperature, the first releasing HNCO and HCN at around
395 °C but also another one releasing more HCN and HNCO and also giv-
ing rise to the ammonia release at around 664 °C. This could still be explained
through the DKP decomposition, but it can also depend on some stronger ni-
trogen structures which could be found in the sample due to the presence of
residual yeast. The DNA of the microorganisms contains other N-structures
like pyridine and pyrrole heterocycles which could be responsible for this late
release [180].
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Figure 81: DDGS untreated: Re-scaling of Figure 8o for the main nitrogen compounds,
NH;, HCN and HNCO; heating rate 10 °C/min and He flow of 100 mL/min.
Data are on an “as received” basis.

Table 31: TG-FTIR studies on amino acids decomposition found in the literature”.

T Tpeak Tpeak
Author, year Sample NHZ e?fc) HOCN leICO Ref.
(°O) (°O)
Li et al. (2006) L-leucine 352 n.d. n.d. [243]
Li et al. (2007) Glycine 282 717 395 [244]
Li et al. (2007) Glycylglycine 250/352 717 395 [244]
Li et al. (2008) Phenylalanine 291/406 406 406 [245]
Li et al. (2008) Tyrosine 334/345 700 nd. [245]
This study DDGS 328 664 407 -
This study Chicken manure 443 455/477 443 -

"Heating rate 20 °C/min
n.d.: Not detected in the referred study
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Figure 82: FTIR spectra from the DDGS untreated measurement at 10 °C/min; [a] spec-
trum at 280°C, [b] spectrum at 330°C, spectrum at 404 °C, spectrum at
650 °C.

Figure 83 and 84 show the results from FTIR measurements on chicken ma-
nure. In Figure 84 the nitrogen compounds are underlined and some remark-
able differences appear with the behavior shown by DDGS. First of all a cer-
tain amount of ammonia is released already during the drying step at 105°C
without sensible release of any other N compound so that we can assume this
to be physically absorbed NH; contained in the manure. This component is
also the one mostly affected by the leaching procedure: after the drying pe-
riod, the untreated sample released 0.17 %wtqy, of the initial weight as NH;,
while the leached sample only lost theo.o5 %wtg, of its initial weight.

Furthermore, ammonia is released throughout all the measurement with
a release rate similar to the one of DDGS but with a higher final yield of
3.1 %wtgq,¢ of the initial weight compared to 1.4 %wt4,¢ released by the DDGS
sample.

HNCO shows a pronounced release at 430 °C, temperature at which also
HCN, NH; and CO, show a peak of reactivity. The same compounds are

153



154

Chapter 5

0.55
1 Chicken Manure Untrg
05+ —— ¢o,
| e —— O T4
045 4 N iy
04l co, ——— NH, =
all ——+— HCN ‘2
2035+ —— HNCo 17 =
E 1 5
2 0.3 &
ES T =
£ 0.25 c
PR =
g 027 z
0.15 1 a
0.1+4
0.05 1
O .

0 100 200 300 400 500 600 700 800 900
Temperature [°C]

Figure 83: Chicken manure untreated: Superposition of DTG curve with the relative
compounds analyzed by the FTIR; heating rate 10 °C/min and He flow of
100 mL/min. Data are on an “as received” basis.

emitted at 472 °C but HNCO has a decreasing trend at this temperature. It is
worthy recalling that manure is mainly composed of undigested food matter
and urine excretion from the chickens. As “Urine production and excretion is
a vertebrate’s primary method for removal of nitrogen” [54], we expect most
of the nitrogen in this sample to be in the form of ammonia or urea together
with undigested proteins. Urea, H,N-CO-NH,, will decompose into HNCO
and NH; [368] while secondary reactions will produce more ammonia and
HCN. However, also proteins will decompose in this range of temperature and
could be responsible for the release of additional N-compounds as revealed
by DDGS pyrolysis measurements.

When compared with literature, anyway, this behavior is comparable to
the one shown by de Jong et al. [202]. They also present a double peak for
ammonia, even though the sample studied in this paper reacts at higher tem-
peratures: at 30 °C/min, 453 °C and 487 °C are the peak temperatures for our
sample, compared with 380 °C and 495 °C for de Jong et al. [202]. HNCO too
is expected to peak at around 495 °C according to de Jong et al. [202] while
450°C is the peak temperature for our sample.
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Figure 84: Chicken manure untreated: Re-scaling of Figure 83 for the main nitrogen
compounds, NH3, HCN and HNCO; heating rate 10 °C/min and He flow of
100 mL/min. Data are on an “as received” basis.

Table 32 summarizes the temperatures of maximum reaction rates for sin-
gle species and the final yields measured by FTIR at 9oo°C at holding time
equal to zero and after the isothermal step of 60 min. Considering the released
molecules, some common features are underlined: CO,, CO and CH, are re-
leased in the same temperature range for all the fuels studied and comparable
with the data available in the literature for model compounds [366].

It appears evident, comparing DDGS with chicken manure, that the nitro-
gen compounds have different origins. The nitrogen in DDGS is mainly in
the form of proteins and we have shown how this could explain the release
of NH; at low temperatures and the following release of HCN and HNCO
at higher temperatures. In chicken manure proteinic nitrogen is still present,
mainly due to undigested food, and it is probably responsible for the continu-
ous release of NH; at lower temperatures. But manure has also a high concen-
tration of nitrogen in the form of urea contained in the urines of the animals:
this component is probably responsible for the high amount of HNCO that
is released at around 430 °C, in correspondence with the release of NH; and
HCN. In this sense, the appearance of the relative peak of CO,, as can be seen
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Figure 85: FTIR spectra from the chicken manure untreated measurements at
10 °C/min; [a] spectrum at 280 °C, [b] spectrum at 324 °C, spectrum at 430 °C,
spectrum at 472 °C.

in Figure 83, reveals a possible decomposition of HNCO in NH; and CO,
according to Yim et al. [368].

In terms of final yields, we can see that, as expected, more nitrogen is re-
leased by chicken manure and most of it is in the form of HNCO, even though,
as explained earlier and in Chapter 3, quantification of HNCO is very difficult
and this suggests that the absolute values should be considered more indica-
tive than accurate. In relative terms, it is indubitable that the final yield from
the manure samples is higher than for DDGS and that the washed chicken
manure sample releases lower amounts of HNCO compared to the untreated
sample.

Comparing the two fuels, even considering the limitations mentioned above,
the mass recovery in the chicken manure appears higher, around 50 - 60 %wtq,¢,
indicating a higher degree of decomposition and a very low amount of tars
while for DDGS a higher amount of heavier aromatics are released, as illus-
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Table 32: Temperatures at maximum release rates for a heating rate of 10 °C/min and
maximum yields after holding times= 0s/60min at isothermal conditions at
900 °C, on a dry and ash free basis of the original fuel.

Gas species DDGS DDGS Chicken Chicken
leached manure manure
leached
CO, 331 330 322 322
Y% Wtgas 8.6/9.6 9.6/14.6 18.9/19.8 26.8/27.6
CO 331 330 322 322
Y% Wtqat 7.2/18.1 8.3/26.4 18.0/35.3 18.3/42.9
CH, 526 526 507 506
Y% Wtgas 1.5 1.5 1.1 1.0
H,O 280 290 322 316
% Wtar. 5.2 2.3 3.3 2.8
NH; 319 318 434 439
Y% Wtgas 1.4/1.5 1.8/1.9 3.1 3.9
HCN 638 659 434 434
Y% Wtgas 1.3/1.4 1.8/2.6 4.1/4.2 3.8/4.1
HNCO 387 386 429 433
Y% Wtqaf 0.4 0.5 6.6 3.9

trated also in Figure 82 and 83. The total recovery for DDGS results in 20 -
24 Y%oWtgas-

The leaching process appears to slightly increase the release of HCN and
ammonia from the DDGS sample and in general the release of light volatiles
at expenses of tars. Moreover, it appears to decrease abruptly the release of
HNCO from chicken manure, most probably as consequence of urea removal
but to increase tar release at expenses of light volatiles.

Moreover, the pre—-treatment appears to greatly increase the release of CO,
at high T in both fuels: this indicates that the removal of inorganics caused
structural changes in the fuel so that some structures in the char were decom-
posed further than in the original fuel.

5.3.3 Kinetic analysis
There are many ways of approaching kinetic analysis of global complex re-

actions, as brilliantly reviewed by Burnham and Braun[119] and discussed in
details in Chapter 3 of this dissertation.
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In this work we chose to follow the latter line considering the previous
works from our group [202, 139] and, mainly, the possible future applications
of these data on an FG-Biomass model, which requires input data following
a Gaussian kinetic [202, 318, 339].

The distributed activation energy model (DAEM) can be expressed as fol-
lows when it is applied to represent the change in the unreacted fraction of
the sample:

00 t
X = J exp —Jk (T)dT| -D(E) dE (5.1)
0 0

Where k(T) obeys the Arrhenius equation and it is a function of time be-
cause of the applied temperature profile:

k(T)=A" exp (—ﬁ) (5.2)
Here:

J D (E) dE = 1 (5.3)

0

The shape of the distribution D(E) is not known a priori and it depends
on the composition and structure of the sample. As mentioned earlier, it is
common practice to assume D(E) as a Gaussian distribution.

A valid alternative to this assumption is to choose a Discrete distribution of
E, in which the integral in eq. 5.1 is substituted by a sum of a finite number
of parallel reactions.

We chose this model because, even though the activation energies which
are found and the actual reacting functional groups are not directly related
[342], it provides a more effective visualization of the results and an additional
degree of freedom to the method, as underlined by Miura[267].

For our analysis we used a FORTRAN based code, developed by A.K. Burn-
ham and R.L. Braun, called KINETICSo5 [113, 119] which can analyze, simul-
taneously, measurements performed at different heating rates and fit them
with 25 first-order reactions sharing the same pre—exponential factor.

We chose to follow the common practice, anyway, and we fixed the pre-
exponential factor at the value of 2.2 x 10'3s™" according to de Jong et al.
[202] and Tsamba et al. [339], for the reasons explained in Chapter 3.

In this paper we decided to use a discrete distribution for the global de-
volatilization because we consider it more suitable to represent the hetero-
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Figure 86: Distribution of activation energies using a pre—exponential factor A =
22x 10857 %

geneous nature of the fuels, while we used one or more Gaussian distribu-
tions for the nitrogen species describing the pseudo - pools from which the
compounds are released. We used the data at slower heating rates (10 — 20
- 30°C/min) to retrieve the kinetic parameters. The fitting of measurements
with a high mass (around 15 mg for chicken manure and 30 mg for DDGS) and
low mass (4 mg for both samples) gave the same discrete peaks, in terms of ac-
tivation energy, and the absolute intensities of these peaks showed a standard
deviation of around 7 % for both fuels.

In Figure 86 the results for the fit of the global devolatilization reactions of
the untreated and pre-treated samples are shown. To relate this to its chemical
meaning, Figure 87 shows the original DTG of DDGS untreated sample super-
posed with the 25 parallel first order reactions. It is then possible to recognize
the hemicellulose decomposition through reactions with activation energies
of 159 and 165k]J/mol and the cellulose decomposition characterized by acti-
vation energy of 176k]/mol. These results are also in very good agreement
with our previous study on agricultural residues shown in Chapter 4, un-
derlining the presence of common structures among all these materials. The
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Figure 87: DDGS untreated at 10 °C/min, DTG and fit with 25 parallel first order reac-
tions.

protein decomposition appears then as the component reacting with E equal
to 198 kJ/mol.

Analyzing Figure 88, where the reactions are underlined for chicken ma-
nure untreated, we can see that there are common features in the reactions for
hemicellulose and cellulose decomposition, while the additional peaks, com-
posed by nitrogen compounds, appear for reactions with activation energies
of 203 and 220k]J/mol.

To test the predictive nature of the obtained kinetics and to guarantee that
the right conditions were applied in the experiments (kinetic limited), we used
the retrieved parameters to reconstruct the global devolatilization curve at a
heating rate of 100°C/min and we compared it to the experimental data.

Results are reported in Figure 89 and 9o for DDGS and chicken manure
untreated, respectively. It appears evident that the kinetic parameters remain
valid also at higher heating rates as long as the reaction mechanisms remain
unchanged.

These results, thus, prove not only that the presented kinetic parameters
constitute a valid basis for modeling purposes but they have also predic-
tive value for slow pyrolysis applications like, for example, carbonization and
biochar production [190].
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Figure 88: Chicken manure untreated at 10°C/min, DTG and fit with 25 parallel first

Rate [%wt,  /min]

order reactions.

Table 33: Kinetic parameters for Gaussian distribution. Main nitrogen species: DDGS.
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Temperature [°C]
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Precursor A (s Eo (k]/mol) 0 (% of Eo) Yield? (100 %)
pool
1 - NH;j 2.2 X 10"3 173 0.1 10.9
2 - NH; 2.2 x 10"3 189 17 41.3
3 - NH; 2.2 x 1013 255 43 47.8
1 - HCN 2.2 x 10"3 208 18 23.9
2 - HCN 2.2 x 1013 277 31 67.8
3-HCN 2.2 x 10"3 345 0.1 8.3
1 - HNCO 2.2 X 10"3 201 13 59.8
2 - HNCO 2.2 x 103 261 28 20.8
3 - HNCO 2.2 x 10"3 204 37 19.5

“The yield in the table indicates the relative amount (%) of each pool on a base of 100 % for the

considered pool.
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Figure 89: DDGS untreated experimental and reconstructed DTG at heating rate of
100 °C/min. Discrete distribution was used for extrapolation.

Table 34: Kinetic parameters for Gaussian distribution. Main nitrogen species: DDGS

leached.
Precursor A (s) Eo (kJ/mol) 0 (% of Ey) Yield? (100 %)
pool
1 - NH; 2.2 x 1013 171 0.1 11.1
2-NH; 2.2 x 10"3 181 21 49.7
3-NH; 2.2 x 10"3 264 48 39.2
1 - HCN 2.2 x 103 207 19 23.0
2-HCN 2.2 x 10"3 281 33 65.2
3 - HCN 2.2 x 103 345 0.1 11.8
1 - HNCO 2.2 x 10"3 200 13 61.4
2 - HNCO 2.2 x 10"3 267 36 35.4
3 - HNCO 2.2 x 103 338 4 3.2

“The yield in the table indicates the relative amount (%) of each pool on a base of 100 % for the
considered pool.
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Figure go: Chicken manure untreated experimental and reconstructed DTG at heating
rate of 100 °C/min. Discrete distribution was used for extrapolation.

Table 35: Kinetic parameters for Gaussian distribution. Main nitrogen species: Chicken

manure.
Precursor A (s Eo (k]J/mol) 0 (% of Eo) Yield? (100 %)
pool

1 - NH; 2.2 x 1013 159 24 40.4

2 - NH;j 2.2 x 10"3 213 13 24

3 - NH; 2.2 x 1013 251 52 35.6

1 - HCN 2.2 x 10"3 214 11 47.1

2 - HCN 2.2 x 1013 222 0.1 1.4

3 - HCN 2.2 x 1013 257 38 51.5
1 - HNCO 2.2 X 10"3 209 9 77.1
2 - HNCO 2.2 x 1013 233 49 22.9

“The yield in the table indicates the relative amount (%) of each pool on a base of 100 % for the

considered pool.
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Table 36: Kinetic parameters for Gaussian distribution. Main nitrogen species: Chicken
manure leached.

Precursor A (s™) Eo (kJ/mol) 0 (% of Ey) Yield? (100 %)
pool

1 - NH; 2.2 x 103 170 27 47.5
2 - NH; 2.2 x 103 214 8 20.6
3-NH; 2.2 x 10"3 270 36 32.0
1 - HCN 2.2 x 103 208 0.1 1.4
2-HCN 2.2 x 10"3 213 11 57.7

3 - HCN 2.2 x 10"3 253 48 41.0

1 - HNCO 2.2 x 103 206 26 47.7

2 - HNCO 2.2 x 10"3 209 5 52.3

“The yield in the table indicates the relative amount (%) of each pool on a base of 100 % for the
considered pool.

Table 33 to 36 indicate the precursor pools for the nitrogen species detected
for the different fuels. Literature is available only for chicken manure sample
[202] and agreement with those data is good.

From these data it appears that HCN and HNCO have components evolving
at higher activation energies for the DDGS sample than from the chicken
manure; this gives one more indication that they are either evolving from
more stable structures, like DKP decomposition or heterocyclic N-structures,
or that they are produced by secondary reactions.

The effect of leaching is again not relevant for the DDGS, while for chicken
manure it has a slightly effect only on the release of HNCO for which the
component at higher activation energy is removed by the pre-treatment and
could be responsible for the lower final yield of HNCO registered by the FTIR.

5.4 CONCLUSIONS

Thermogravimetric results were obtained for DDGS and chicken manure sam-
ples showing that, despite the different origin and heterogeneous nature of the
materials, common features can be found in the decomposition of the hemi-
cellulose and cellulose components despite the different fuels. Additional re-
activity peaks, attributed to proteins decomposition, were detected at higher
temperatures.

Water leaching pre—treatment was applied to both fuels. The pre-treatment
had an effect both on quantity and quality of the ashes for both fuels. The
amount of ashes was reduced and some problematic elements, like Cl, S, Na
and K were removed. No significant effects appeared in the reactivity except
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for a shift at higher temperatures for the hemicellulose component of both
fuels. Chicken manure, due to its different origin and heterogeneous compo-
sition, appeared to behave differently than what seen in literature for more
standard biomass fuels like straw. The effects of the leaching were minor com-
pared to what observed in Chapter 4 for agricultural residues. The different
composition of the inorganic matter could be responsible for this different
behaviour.

The main NOx precursors were detected and quantified for these fuels.
DDGS mainly released NH; and HCN with a minor release of HNCO. The
main source of nitrogen appeared to be proteins. Chicken manure, instead,
released mainly HNCO but also higher amounts of NH; and HCN than
DDGS. The sources of these compounds appeared to be both proteins and
urea present in the urine of the animals. In this respect the leaching pre-
treatment seemed to be effective in removing urea absorbed on the chicken
manure sample highly reducing the release of HNCO.

The yields of other volatile species, like CO, and CO, are for DDGS lower
than for agricultural residues. The value for CO is quite close to values found
in pyrolysis of agricultural residues, while the yield of methane is slightly
higher. The values for chicken manure underline a lower yield of tars and car-
bonaceous residue compared to DDGS, with a higher degree of degradation
of its forming structures. The leaching pre-treatment, as mentioned in Chap-
ter 4, seems to have very little effect on the final residue, while it increases the
yields of all volatile species, including volatile-N.

Kinetic parameters, valid for modeling purposes and slow pyrolysis appli-
cations, were retrieved both for global devolatilization and for the nitrogen
compounds release. The parameters associated with hemicellulose and cellu-
lose decomposition were the same for all the fuels despite their different origin
and composition. They were also comparable with the parameters found for
the agricultural residues analyzed in Chapter 4 in the same conditions.

HCN and HNCO showed components at higher activation energies for
DDGS than for chicken manure indicating probably more strongly bound
structures or secondary reactions. The leaching pre-treatment removed the
component of HNCO at higher activation energies in the chicken manure
sample.






CHARACTERIZATION OF FAST PYROLYSIS OF DDGS
AND PKC USING A HEATED FOIL REACTOR: NITROGEN
CHEMISTRY AND REACTOR MODELING

This chapter presents the results of fast pyrolysis studies of DDGS and PKC samples.
The measurements were performed on a Heated foil-FTIR setup at conditions relevant
to industrial applications. A numerical model of the heated foil reactor is introduced
in the chapter and the results of the simulations performed are explained. The results
of total weight loss of the fuels at high heating rates are compared with the data
presented in Chapter 5. The main gaseous species and NOy precursors are detected
and quantified by the FTIR and their yields and dependence on temperature are shown.
Furthermore, the partitioning of fuel-bound nitrogen and carbon in the volatiles and
in the solid char is presented. Finally, the effects of a water—leaching pre—treatment on
the reactivity and volatiles yields of the fuels were studied.

The contents of this chapter were adapted from the work submitted for pub-
lication in:
J. Giuntoli, J. Gout, A.H.M. Verkooijen, W. de Jong,

"Characterization of fast pyrolysis of dry distiller’s grains and palm kernel
cake using a heated grid reactor: Nitrogen chemistry and reactor modeling"

Ind. Eng. Chem. Res., xx(xxxx) xx-xx ; DOI: xxx

Unpublished work © 2010 ACS. Reprinted with permission.
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6.1 INTRODUCTION

The results introduced in this chapter have the purpose to help the character-
ization of the fast pyrolysis behaviour of biomass wastes with the focus on
nitrogen partitioning. Two potential fuels with high N content, dry distiller’s
grains and solubles (DDGS) and palm kernel cake (PKC), were analyzed un-
der fast pyrolysis conditions in a small-scale, heated foil reactor. In Chapter 5
we thoroughly studied the devolatilization behaviour of DDGS and chicken
manure at slow heating rates and we were able to retrieve kinetic parameters
and volatile composition. However, the conditions in real reactors are very
different, with heating rates more in the order of magnitude of 103 to 104 °C/s.
The heated foil reactor used in this work, which was introduced in Chapter 3,
allowed the detection and quantification of volatile NOx precursors, such as
NH; and HCN, released during pyrolysis at high heating rates, in the range
of 500to 1000 °C/s. The reactor allowed the study of the influence of tempera-
ture, heating rate and holding time on volatile composition, yields and weight
loss. Moreover, the water leaching pre-treatment described by Arvelakis and
Koukios [76] and in Chapter 3, was applied to the samples in order to remove
the water soluble troublesome elements. Leached samples were investigated
to test the influence of such pre-treatment on their thermal behavior.

Heated grid reactors have been extensively used in the last 40 years to study
the fast devolatilization of coals [70, 140, 317] and, more recently, of biomass
structures and samples [91, 140, 146, 176, 177, 200, 328, 329].

In addition to the experimental results from fast pyrolysis, this work intro-
duces a numerical model of the reactor itself. Because of the architecture of the
setup and the extreme speed of the phenomena involved, the possibilities for
monitoring the experimental conditions are limited in the reactor, as opposed
to a thermogravimetric analyzer [159, 163]. A numerical model is a good way
to provide a better insight into the physical conditions in the reactor, such as
temperature and velocity profiles. The findings from the model were validated
against a non—contact temperature measurement. The results of these simula-
tions complemented the experimental results by giving a clearer picture of the
physical conditions in the reactor.

In a previous chapter, we investigated the slow pyrolysis of DDGS, both un-
treated and leached in water, in a TG-FTIR setup [163]. We reported that the
main nitrogen compound to be released was NH; at low temperatures, fol-
lowed by HCN and HNCO at higher temperatures. The results also showed
how the pyrolysis was complete at about 700 °C and that the final weight loss
amounted to about 8o %wt, . at goo °C. Moreover, the leaching pre-treatment
appeared to have a limited effect on the reactivity and on the volatiles compo-
sition.

In another study from our group, Di Nola et al. [140] investigated the fast
pyrolysis of coal, chicken manure and meat and bone meal. They found that
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NH; was the main N-compound released at low temperatures with HCN
yield increasing rapidly at higher temperatures.

Moreover, Becidan et al. [98, 99] investigated the fast pyrolysis of coffee
waste, fiberboard and brewer spent grains. They showed how the amount of
light gases released increased with temperature at the expenses of tars and
residual char. However, they observed that NH; was the main N-compound
at all temperatures, even though the ratio HCN / NH; was linearly increasing
for all the samples. Furthermore, they found an increasing release of volatile—
N compounds with temperature at the expenses of tar-N and char-N. In an-
other work Becidan [95] underlined contradictory results found in literature
with the main volatile-N species varying with heating rates, experimental
equipments and, obviously, fuels. Tables 9 and 10 in Chapter 2, illustrate the
results found in some previous works on volatile-N composition during slow
and fast pyrolysis, respectively. Due to the very different nature of the mate-
rials analyzed and their nitrogen structures, a clear pattern does not appear
from previous works. Generally it seems that ammonia is the main volatile
released at slow heating rates, when the route of deamination of the protein
chains is the main mechanism of release [180, 244, 245]. However, at high
heating rates, closer to industrial conditions, HCN becomes more important,
especially at high temperatures, indicating a different mechanism of release,
including more secondary reactions in the gas phase [95, 180].

In order to obtain a definite picture of the behaviour of these materials, it is
clear that a thorough characterization of each fuel, like the one presented in
this paper, is necessary.

6.2 EXPERIMENTAL SECTION
6.2.1 Integrated heated foil — FTIR setup

The experimental work described in this paper was carried out on the setup
illustrated in Figure 91. The apparatus has been slightly modified compared
with the one described and used in previous works [139, 140]. The setup is
described in more details in Chapter 3.

As it is shown in Figure 91, the setup consists of two different equipments:
the actual heated foil reactor (HF) and a Fourier Transform InfraRed Spec-
trometer (FTIR) in which the reactor is inserted. The main part of the reac-
tor consists of a stainless steel cylindrical chamber of 6o mm diameter and
65 mm of height. A grid, or foil in this work, is placed between two electrodes
in the center of this chamber. An S-type (Pt/Pt-Rh) thermocouple (TC) of
o.o1mm diameter is placed underneath the foil, in contact with it. Finally, the
sample is placed on the center of the foil. The reactor walls are heated with
heating elements at a temperature of 110°C, verified by an external K-type
thermocouple, in order to avoid species condensation. When electric current
is passed through the electrodes, the foil is heated via resistive heating at very
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high rates of the order of 1000°C/s. The control of the heating profile is done
via the thermocouple and a fast acquisition card connected to a PC. The PC
uses the TC reading as input for the control and adjusts the electrical current
output so that the actual temperature profile follows the programmed one.
The control is done via the software Testpoint and the thermal history can be
customarily defined via the parameters of heating rate, final temperature and
holding time at final temperature.

The choice in this work was to use a foil of stainless steel AISI 304 (18Cr 9Ni)
with a thickness of 0.05 mm and a surface of 8 x 14 mm?.

In the present measurement campaign, an amount of 5 to 7mg of sample
was weighted and then pressed into thin discs of approximately 0.7 mm thick-
ness and 3 mm diameter. Once the sample was placed on the foil, the lid was
sealed and the system was flushed with helium for a sufficient time to flush
the chamber from atmospheric gases. Consequently, the inlet and outlet valves
were closed to maintain an inert atmosphere in the reactor. After the valves
were closed, the heating ramp was started and the sample was heated with a
heating rate (HR) of 600°C/s up to temperatures ranging between 500 °C and
1300 °C. The holding time (HT) at high temperature was usually kept equal to
10s.

Once the gases are released from the sample, a volumetric pump, with a
flow of 2.6 L/min, circulates them from the hot zone into two transfer lines,
heated at about 110°C. The loop is closed by a final cylindrical tube encased
among two ZnSe windows. This constitutes the actual gas cell of the FTIR
and it has an optical path length of 0.2m. The total volume of the reactor and
circulation loop is 200cm3.

A quantitative method was implemented on the FTIR via calibration of the
following species: CO, CO,, CH,, H,O, NH;, HCN and HNCO. The applied
resolution for FTIR measurements was equal to o.25cm™" and the results
of 3 scans were averaged for a total measurement time of 9s. In order to
guarantee a homogeneous distribution of the gases in the reactor volume, after
the holding time at high temperature, the pyrolysis gases were circulated for
about 2 minutes prior to the FTIR measurement. Sets of three measurements
were performed; the reported values are the average of each series and the
upper and lower values of the series are also reported as error bars.

6.2.2  Pyrometer

In order to validate the numerical model developed in this work, an InfraRed
(IR) pyrometer was used. The pyrometer utilized here was a model IGA5
MB20o manufactured by Impac. Additional data can be found in Chapter 3.
The pyrometer could measure the IR radiation of a spot of 1.1 mm diame-
ter when placed at a distance of gomm from the target. The pyrometer mea-
sured temperatures in the range of 250 to 2000°C in the wavelength range
of 1.45— 1.8pm. The pyrometer was mounted on two 25 mm travel motion
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Table 37: Proximate and Elemental Analysis of the fuels. Data are on a dry basis.

DDGS*? DDGS PKC PKC Leached
Leached”
Moisture? 8.9 8.5 7.0 9.2
Volatiles 78.2 76.2 75.5 75.1
Fixed Carbon 14.7 17 18.4 19.5
Ash® 7.1 6.8 6.1 5.4
C 49.0 48.8 49.0 47.8
H 6.3 6.3 6.0 6.1
N 4.5 4.5 2.4 2.7
S 0.4 0.4 0.5 0.4
O (by diff.) 32.7 33.2 36.0 37.7
HHV (M]/kg) 19.8 20.5 17.8 18.8

7Giuntoli et al. [163]
bas received basis
¢Ashed at 550°C

control translation stages which could be adjusted on the horizontal x and y
plane with a precision up to 25 pm.

In order to minimize the influence of the surface properties of the foil on
the actual emissivity of the material, before any series of measurements the
“fresh” foil was heated up to 1100°C for 1 minute under helium atmosphere.
The emissivity was found to be equal to 0.75 at a temperature of about 300 °C.

6.2.3 Materials

The fuels analyzed in this work are: dry distiller’s grains and solubles and
palm kernel cake. The proximate and ultimate analysis of all the fuels is given
in Table 37 for the sake of clarity. More detailed information on the composi-
tion and origin of the fuels can be found in Chapter 3.

The two fuels studied here underwent a pre—treatment of leaching in water
according to the methodology described in Chapter 3. The conditions of the
pre—treatment are summarized in Table 38. The elemental analysis of the ash
forming matter in the samples is illustrated in Table 39. Additional consider-
ations on the pre-treatments and their effects on fuel properties and reactor
operations can be found in previous chapters.
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Table 38: Details of the pre-treatments applied to the fuels.

Particle Size

Sample Distribution Water-to-Mass ratio Time
Dry Distiller’s
Grains Solubles 4mm > D, 44.48/L 24h
Leached
Palm Kernel Cake
Leached 4mm > Dy, 88.9g/L 24h

Table 39: Elemental analysis of the ash forming matter. Data are on a dry basis.

DDGS*? DDGS PKC PKC Leached
Leached”

AL O4 0.2 0.4 4.4 5.2
5i0, 22.4 24.9 16.2 17.8
CaO 2.9 3.9 9.3 11.3
MgO 7.3 8.2 8.2 8.5

Fe,O; 0.4 0.5 11.5 12.4
K,O 22.7 22.4 14.0 12.3
Na,O 2.7 1.8 0.4 0.1
TiO, 0.01 - 0.1 0.2
SO, 9.5 2 9.2 2.4

Cr 2.9 0.9 3.3 0.0
P,0s 29.0 32.4 23.7 25.4

?Giuntoli et al. [163]

6.2.4 Numerical model

The numerical model introduced in this work was developed using the com-
mercial finite elements code called Multiphysics version 3.5, developed by
COMSOL. It was decided to model only the main reactor chamber of the
setup and the geometry used is illustrated in Figure 92.

The equations implemented in the model were the following:

* General heat transfer equation, including conduction, convection and
radiation. The specific equation used was the following:

T
pCpar + V- (~kVT) = Q+ 45T~ pCpu- VT (6.1)
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QOutlet

__ Grid

Thermocouple
connector

Figure 92: Geometry of the heated foil reactor used in the numerical model.

Table 40: Boundary conditions for the general heat transfer equation.

Boundary Condition
Inlet T=Tp
Outlet —n- (—kVT) =0
External boundaries T=T,
Internal boundaries —ny - (—kyVTy) —ng - (=kqVTq) =0
Foil boundaries —ny - (—kyVTy)—ng - (—kqVTy) =
e (T2 —T%

The subscripts u and d stand for "up" and "down", that is the two sides of the surfaces

The meaning of the symbols used is given in the nomenclature.
The boundary conditions applied to this equations and the constant values
used are summarized in Table 40 and 41.

* Conductive media equation, in order to model the resistive heating of
the foil. The equation used was the following:
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Table 41: Boundary constants for the general heat transfer equation.

Boundary Temperature (°C)
Reactor walls 110
Reactor lid 95
Inlet 110

Table 42: Boundary constants for the conductive media equation.

Boundary Equation
Electrode 1 bottom Jn=1(1)
Electrode 2 bottom V=0
Other boundaries n-J=o
—V - (0eVV =) = Q; (6.2)

The boundary conditions applied to this equation are summarized in Ta-
ble 42. The value of the input current, I(t), was the actual current recorded
during the measurements and illustrated in Figure 93.

* Weakly compressible Navier—Stokes equations to model the gas flow.
The equations used were the following:

2
paa—l:—i—pu-vu:V' [—pH—n (Vu—l—(Vu)T) — <?n—|<> (V~u)1} +F (63)
% 49 (pu) =0 °
S+ V- (pu) = (6-4)

The boundary settings applied to the weakly compressible Navier—Stokes
equations are summarized in Table 43.
The following assumptions were applied:

* The temperature of the reactor walls, gas inlet and lid was assumed
constant over time;

* Heat transfer via radiation was considered significant only for the foil
and with effect only on the surrounding gases and not on the other
reactor surfaces;

* The flow of the gases was laminar and incompressible since at the outlet
of the reactor, where the velocities are maximum, the value of Reynolds
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Table 43: Boundary conditions for the weakly compressible Navier-Stokes equations.

Boundary Equation Value
Inlet —(w)=-Up-n Uy =0.218
Outlet P =7Po po =0
Other boundaries u=0 -

number was equal to approximately 40 and the Mach number was lower
than o.3;

* Buoyancy effects were accounted for using the Boussinesq approxima-
tion in the form of:

F=(p—po)g (6.5)

This approximation holds when the flow can be considered incompressible
and when the following condition holds:

6Fp:ouST<<1

Due to the high gradients in the zone near the foil, this condition will not
hold for the flow close to the foil. Such effect does not seem so relevant as to
invalidate the results found.

* The physico—chemical properties of the materials and their relation with
temperature were taken from the software’s own database.

The boundary conditions of the model were taken from the actual parameters
of the real reactor. The model used as its main input the current input to the
foil recorded during measurements on the real reactor, as shown in Figure 93.
The other input used was the inlet velocity obtained from the volumetric flow
of the pump.

6.3 RESULTS AND DISCUSSION
6.3.1  Numerical model: Temperature and velocity profiles

As mentioned before, the actual measurement of several important process
parameters in the heated foil reactor is very difficult due to the speed of the
phenomena involved and the small dimensions of the reactor. Therefore, the
main goal of the numerical model presented in this work was to provide such
important data as the temperature and velocity profiles in the reactor volume
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Figure 93: Experimental current intensity (dotted) and thermocouple reading (solid)
with temperature setpoint=700 °C, HR=600 °C/s and HT=10s.

and the temperature distribution on the foil. Knowing these data is of primary
importance for a correct interpretation of the experimental results.

In order to quantify only the primary products of devolatilization, the gases
released from the sample should be swept quickly into a cold zone of the reac-
tor, the same way as it is done in other equipments such as thermogravimetric
analyzers [163]. However, as it is shown in Figures 94 and 95, the real situa-
tion in a heated foil reactor is different. The gases, once released from the
sample, are in a zone of low velocity and high temperature, so that secondary
reactions in this area are likely to happen, especially at higher foil tempera-
tures. As seen in Figure 94, even approximately 6 mm above the hot foil the
temperature is still about 450 °C, sufficient for significant tar cracking [266].

Moreover, most of the gases are released within the first few seconds of
the run and are then circulated by the pump. Considering the volumetric
flow of the pump, a whole reactor volume is recirculated approximately every
5s. This means that the gases released have the chance to flow once again
through the hot zone above the foil. This might cause significant secondary
decomposition of the tar volatiles [266].

As it can be observed in Figure 95 and 96, the flow in the proximity of the
foil is mostly driven by forced convection. The velocity in the x direction is
approximately 1 cm/s at 3mm above the hot surface and it quickly increases
to 4cm/s at a position 1omm above the foil. The vertical velocity, in the z
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Figure 94: Temperature distribution in the heated foil reactor for Trtc=1000°C,
HR=400°C/s and HT=10s.
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Figure 95: Velocity distribution in the heated foil reactor for Trc=1000 °C, HR=400°C/s
and HT=10s.
“The colourless areas in Figure g5b indicate zones in which the values of velocity are
much higher than the maximum scale imposed in the plot for the sake of clarity.

direction, is instead approximately 0.8 cm/s at a position 5 mm above the foil
and it peaks at 1.8cm/s at tomm.

Figure 96 gives an illustration of the velocity magnitude and orientation
over the centerline of the foil and the corresponding temperature. Remember-
ing that the usual sample pill thickness is approximately 0.7 -1 mm, when the
temperature of the foil is set to 1100°C, the volatile gases will encounter an
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Figure 96: Velocity magnitude and direction over the foil. x-z plane for Ttc=1000 °C,
HR=400°C/s and HT=10s.

environment which is still very hot. Therefore, considering a worst case sce-
nario, for which the gases are released without a vertical velocity at the top
of the pill, such gases will have a residence time of about 1s at 800 °C before
they are transported out of the influence of the hot foil.

6.3.2  Numerical model: Temperature validation

Another very important parameter that can be analyzed thanks to the model
is the actual temperature on the grid and its spatial distribution. It has been
suggested in previous works, in fact, that measuring the grid / foil tempera-
ture with a thermocouple could introduce a significant error [175, 292]. Our
model, as shown in Figure 94, also seems to indicate the actual temperature
to be higher than the one recorded by the TC. This is due to several causes:
the temperature drain introduced by the TC in the contact place, the heat loss
via the tip and wires of the TC and, mostly, the non-perfect contact between
the TC and the foil.
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Figure 97: Temperature measured by thermcouple and IR pyrometer with different
emissivity values

6.3.2.1 Actual foil temperature

Guo [175] simulated the heat loss via a thermocouple (TC) welded (thus in
perfect contact) to the grid surface in a heated grid reactor and found out that,
for a TC diameter of 0.1 mm already one could expect a difference equal to
2 to 5% between the TC reading and the actual grid temperature. Prins et al.
[292], using laser thermometry, found out that this difference ranged from
10 % up to 25 %.

As mentioned above, in the present work, it was chosen to analyze the
foil temperature via an InfraRed pyrometer. After the foil was pre-treated in
helium at 1100°C for one minute, the pyrometer was used to measure the
actual temperature on the foil surface; the results are shown in Figure 97.

The emissivity of the pre-treated foil was found to be equal to o0.75 at ap-
proximately 300°C. In order to estimate the possible error introduced by this
value, measurements were performed with assumed emissivity values equal
to 0.5 and 1. As it can be seen from Figure 97, at all temperatures the reading
of the pyrometer resulted in values higher than the actual TC setpoint, even
considering an emissivity of 100 %. Such difference resulted in approximately
70 to 110°C above the TC reading at 500°C and even higher differences at
1000 °C, of about 100 to 250 °C. The case with € = 0.5 is to be considered, how-
ever, as an extreme case since the emissivity of the considered stainless steel
AISI 304 is known to actually increase with temperature [303].

Considering all the elements of uncertainty regarding the temperature mea-
surements, the model can help to point out the actual values. Figure 98 shows
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Figure 98: Measured and predicted temperatures of the foil at different setpoints at
HR=600°C/s and HT=10s. The model uses an emissivity of e=0.75 for the
foil surface.

“The TC signal in this case starts at a higher value due to thermal storage in the
electrodes after a series of measurements

the comparison between the readings from the TC, the pyrometer and the
predictions of the model at different setpoints. It is possible to see that at low
temperatures, the model predicts values close to the temperature measured
by the TC. At temperatures above 700 °C, however, the model predictions fol-
low the reading of the pyrometer much more closely, indicating temperatures
much higher than the ones indicated from the TC.

Each of these trends has its pros and cons. The pyrometer reading, for exam-
ple, is supposed to be very precise (within 1 % of the spot temperature), but
the actual emissivity influences the final measurement so as does the actual
measurement point. The issues with the TC were mentioned above, while the
model does not account for the actual surface conditions of the foil. Our view
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Figure 99: Relation between the temperature measured by the pyrometer with € = 0.75
and the thermocouple

on this issue is that, while at low temperatures the emissivity of the foil does
not play an important role (as shown in Figure 97), the pre—treated foil might
have suffered some changes in its electrical and physical properties that are
not accounted for in the model, explaining the lower value compared to the
pyrometer measurement. At higher temperatures, instead, closer to the condi-
tions at which the foil has been pre-treated, the pyrometer and the model give
similar results and the differences should be attributed to small discrepancies
in the values of emissivity. The model, in fact, uses a fixed value of e=o0.75,
while the emissivity of the actual foil might change with temperature.

In view of these results it was decided to use the pyrometer reading as
the “correct” foil temperature and the relation shown in Figure 99 was found
between the actual temperature and TC reading. The values of the setpoints
used in the actual measurements were, therefore, modified to comply with
the recorded difference of 15 %.

6.3.2.2  Spatial distribution of temperature on the foil surface

Another important factor to consider in a heated grid reactor is the spatial
distribution of temperature on the foil surface. Prins et al. [292] have shown
a non-uniform distribution of temperature over their grid. This phenomenon
could have a significant effect on the pyrolysis process since different part of
the sample would be subjected to different heating rates and final tempera-
tures.
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Figure 100: Temperature distribution over horizontal and vertical medians of the foil
at T=80o0 °C.

Figure 100 shows an example of the temperature distribution over the me-
dian lines of the foil along the x and y axis, as indicated in Figure 92, at a
temperature of 800 °C.

Despite the difference in absolute values, that has been explained in the
previous section, the model again agrees reasonably well with the pyrometer
measurements. What can be noticed from these data is that the temperature is
quite well homogeneously distributed in the longitudinal direction (x—axis) so
that for the central 6 mm of the foil the temperature is basically constant. This
is also the case in the y-direction where, however, it is possible to notice an
asymmetry on the right side due to a non—perfect contact of the foil with the
electrode which caused a non-homogeneous current distribution. However,
this did not seem to influence significantly the temperature distribution over
the whole foil.

6.3.2.3 Practical recommendations

From such a simple numerical model as the one described above, it was pos-
sible to gather many useful practical recommendations.

¢ The presence of a hot zone above the heated foil is likely to cause the
cracking of tars and other heavier volatiles as well as favour other ho-
mogeneous reactions: the volatiles detected should be, therefore, consid-
ered as products of primary and secondary devolatilization.

¢ The actual temperature of the foil and, consequently, of the sample, has
to be considered higher than the actual temperature indicated by the
control thermocouple: according to the present and previous works [175,
292] the difference between actual foil temperature and TC reading has
to be considered in the order of 10 to 15 %.
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¢ The temperature distribution on the surface of the foil appears to be
more homogeneous than on a grid, as shown by Prins et al. [292]. The
sample positioning on the foil, therefore, does not appear to be of ex-
treme importance.

6.3.3 Experimental results

Once the physical conditions in the reactor were clarified thanks to the nu-
merical model described above, the necessary corrections were applied to the
equipment. The temperature indicated in the following plots should, there-
fore, be considered as the one measured by the IR pyrometer and not the one
indicated by the control TC.

The weight loss of all the samples, on a dry and ash free basis, at dif-
ferent temperatures is shown in Figure 101. These data show that at high
heating rates even at a relatively low temperature of 500 °C the carbonaceous
residue amounts to about 26 %wtg,. Devolatilization proceeds significantly
up to 9oo °C where the char is reduced down to 11 - 14 %wtg,s. Above goo °C,
there seems to be a plateau at 1000°C and 1100°C in which no more mate-
rial is lost, while again some additional 2 - 3% of material is lost between
1100 °C and 1300 °C. The final weight loss at very high temperature of 1300°C
is approximately 9o %wtq,¢ for PKC and 92 %wtg,¢ for DDGS.

These results differ significantly from what was obtained at slower heating
rates. In a previous study we studied the devolatilization of DDGS and its
leached sample at a heating rate of 10°C/min[163] and found a weight loss
equal to 77.5 %wtgy¢ at 500 °C with a final weight loss of 83.1 %wtg4,¢ at goo °C.
di Nola et al. [278], Di Nola et al. [140] found consistent results on weight loss
between slow and fast pyrolysis measurements. Similar results were found
by Becidan et al. [99] who also studied slow and fast pyrolysis of different
biomass residues. They reported that the residual char for measurements with
a heating rate of 10°C/min and final temperature equal to 9goo°C was much
lower compared to the one obtained at high heating rates at the same reactor
temperature.

It is quite commonly found in pyrolysis of biomass fuels [114, 115] that
higher heating rates and high final temperatures maximize gas yield and min-
imize char residues, coherently with the results obtained here.

In terms of absolute values, the results obtained in this work appear to cor-
respond to the ones reported by Di Nola et al. [140] who showed weight losses
of about 87 - 95 %wtq,¢ at 1000°C for chicken litter and meat and bone meal
samples and almost no carbonaceous residue for both samples at higher tem-
peratures. Becidan et al. [99], found higher char residues of about 20 %wtq,¢
at a temperature of 9oo°C but, apart from the differences due to the differ-
ent materials, the reactor configuration most probably played a major role:
the reactor used by Becidan and coworkers, in fact, was a macro-TGA with a
sample size of 75g and, as shown in another work [97], actual heating rates
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Figure 101: Weight loss in function of the foil temperature for all the samples at
HR=600°C/s and HT=10s.

of only about 150 °C/min. The combination of higher sample mass and lower
heating rates, both conditions which favour char forming reactions, explains
the difference with the present results. Stubington and Aiman [60, 328] in their
work on sugar cane bagasse found higher differences when comparing results
at slow and fast heating rates: a weight loss of about 96 %wtg4,¢ at 800 °C and
1000 °C/s compared to 86 %wtg,s at 800 °C and 5 °C/min. Other works on fast
pyrolysis of biomass samples on different reactors are consistent with the re-
sults presented here [146, 154, 279, 357].

6.3.3.1 Kinetic analysis

In the previous Chapters 3, 4 and 5 it was introduced the method used to
obtain the kinetic parameters for slow pyrolysis processes.

The data retrieved under slow pyrolysis conditions for the reactivity of
DDGS, as illustrated in Chapter 5 and summarized in Table 44, were extrapo-
lated to a heating rate of 600 °C/s.

The result is illustrated in Figure 102. These results should be considered
as preliminary since more measurement points are needed for an accurate
evaluation.

However, from these data it is possible to conclude that the weight loss at
high temperatures and high heating rates could be extrapolated from slow
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Table 44: Activation energy distribution obtained at slow heating rates for DDGS.

Activation Energy (kj/ mol ) Abundance (%)
104 34
110 0.9
115 0.4
121 1.0
126 1.5
132 1.9
136 2.4
143 37
148 3.3
154 6.2
159 93
165 11.4
170 1.6
176 23.1
181 2.1
187 6.1
192 0.9
198 7.3
203 2.4
209 4.0
214 1.5
220 2.4
225 0.7
231 0.0

236 2.7




CHARACTERIZATION AND MODELING OF FAST PYROLYSIS OF DDGS AND PKC

1001

80T
§
el

260t
Q
i~
L
=]
.2

§ 401
a9

20+

n DDGS
DDGS Reconstruction

0 + + + + + +
0 200 400 600 800 1000 1200 1400
Temperature [°C]

Figure 102: Kinetic reconstruction of the reactivity of DDGS sample using kinetic data
retrieved on slow pyrolysis measurements

pyrolysis measurements. However, as it will be described in the following
sections, the yields of volatile species, and especially volatile-N, seem to differ
substantially from the ones retrieved from thermogravimetric experiments.

6.3.3.2  Product partitioning

Figure 103 shows the product distribution from all the samples tested at dif-
ferent final temperatures. At a temperature of 500 °C for all the samples most
of the weight loss is due to tars and undetected light species, such as H,, with
yields of about 60 %wtg,¢. Light gases make up for only about 10 - 15 %wtq,¢
of the initial mass and still approximately 25 %wtg,¢ of char is left. These re-
sults are consistent with typical biomass pyrolysis applications: for moderate
temperatures, high heating rates and low residence time of the vapours, Bridg-
water [115] indicates typical oil yields of about 75 %wtg,y. The maximum of
tar content for the fuels studied is obtained at about 700 °C with a content
of about 70 %wtg,s . At this temperature the slopes of the light gases and
char curves appear to change and while both tar and char decrease at higher
temperatures, the yield of gases increases due to to the final char evolution
but also to the secondary reactions of tar cracking. Similar trends were re-
ported in previous works [176, 279, 328], even though in the present work no
actual plateau is reached for the species release, indicating probably severe
secondary reactions at very high temperatures, as it will be shown later on.
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At a temperature of 900 °C, typical for fluidized bed biomass combustion or
gasification, the yield of light volatiles is around 24 - 27 %wt4q¢.

The differences among the untreated and leached samples are minimal as
are the differences among DDGS and PKC which appear to have an almost
identical product distribution.

6.3.3.3 Main volatile species release

Figure 104 shows the release of the main volatile species from all the studied
fuels. Analyzing these results, it is possible to see that CO, is the main light
gas released at low temperatures starting from a yield of 9 - 11 %wtg,¢ at
500°C and reaching a steady value of about 15 - 16 %wtq, at 1100°C. CO
is only a minor compound for temperatures lower than 700 - 800°C with
yields of about 5%wtg,¢ but it increases greatly at higher temperatures to
reach yields of about 20 - 25 %wtgy,¢. This trend corresponds to the observed
decrease in tar content, indicating that a partial source for CO might be the
cracking of heavier volatiles in the hot zone surrounding the foil, as evidenced
in the previous section. However, in a previous work, we have described how,
even at low heating rates, a steep release of CO was recorded when the char
was heated at 9goo °C for 30min[163]. This behaviour could be explained with
an additional evolution of heavier structures that had re—condensed in the
solid structure during the process of devolatilization. In slow pyrolysis tar
cracking is not considered relevant since the gases are swept very quickly
from the hot area via a large flow of a cold, inert carrier gas.

The yields of CH, are minor compared to other species. Most of the release
of methane happens at temperatures higher than goo °C. This was found also
for experiments at lower heating rates in which CH, is usually released at
higher temperatures than the other species [159, 163].

Table 45 summarizes some of the available studies on flash pyrolysis of
biomass fuels. It appears evident that, despite the different techniques and
materials, the release of main volatile species is quite consistent among the
measurements, clearly indicating the common origin of these species. CO, re-
lease from pure cellulose does not appear to make up for the whole yield, as
expected; decomposition of hemicellulose and lignin are also expected to re-
lease carbon dioxide when their sugar structures decompose. The behaviour
of CO is also quite consistent among different materials with yields around
20 %wt4,¢ and monotonous increase with increasing temperatures. In Table 45,
moreover, results from slow pyrolysis are also reported. These data indicate
that the yield of CO for DDGS is similar at goo °C for very different heating
rates, approximately 7 - 8 %wtq,¢, and that an isothermal period of 30min
after slow heating appears to have the same effect as an increase of final tem-
perature at high heating rates. This might indicate indeed that the source of
this yield is not only structural but comes from tar cracking, either inside the
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char structure (in slow pyrolysis) or in the hot zone surrounding the foil (in
fast pyrolysis).

Methane yield appears to be constant at around 3 %wtq,¢ for many biomass
fuels, a value which is almost double compared to what is found at slow
heating rates [90, 159, 163], indicating also a possible origin from secondary
tar decomposition.

Caballero et al. [121] showed that the yields of CO, CO, and H,O for fast py-
rolysis of almond shells could actually be predicted from the yields of its main
structural components (holocellulose and lignin). From their experiments it is
possible to conclude that lignin is the main precursor for CO, CH, and wa-
ter, while holocellulose and lignin share their contribution for CO, release.
Methane release was, however, higher than the weighted sum of the release
from the main components, indicating probably additional cracking due to
the interaction among the components.

6.3.3.4 Nitrogen volatile species release and partitioning

While data on the main gaseous species are available in literature, much less
is known about the release of light nitrogen volatiles which, however, are fun-
damental for syngas quality and for NOy prediction in biomass combustion
[164].

As mentioned above, DDGS and PKC present a high nitrogen content com-
pared, for example, to woody biomasses [147, 204] and most of it is in the form
of proteins. Among several devolatilization mechanisms, which are clearly il-
lustrated in the work of Becidan [95] and in Chapter 2, the ones who are
believed to be the most common in proteins pyrolysis are:

¢ Primary decarboxylation with the consequent formation of amines and

CO; [295, 313]

* Dehydration with the formation of an intermediary cyclic amine, com-
monly 2,5-diketopiperazine (also called DKP) [180, 295, 310, 312, 313,
353l

¢ Cross-linking of proteins containing amino-acids with reactive side chains,

e.g. lysine [302] was found to produce NH; and char-N [180].

¢ Another path relevant in slow pyrolysis of pure amino acids was found
to be deamination or direct thermal loss of the final amino groups from
free amino-acids or polypeptides[244, 245].

Secondary devolatilization of DKP, finally, is known to produce mainly HCN
with minor amounts of HNCO and NHj;, depending on the type of fuels
and conditions. Hansson et al. [181], for example, reported more than 8o %
conversion of DKP to HCN at 1000 - 1100 °C under fast pyrolysis conditions.
This said, however, as shown in Tables 9 and 10 in Chapter 2, the relative
amounts of HCN and ammonia vary greatly with process conditions and fuels.

191



192 Chapter 6

Table 45: Yields of main light volatile species in flash pyrolysis conditions.

Heating CO, CcO CH
Sample Setu T (°C 4 Ref.
p p rate CO oty owty) %owtyag)
Entrained
Cellulose flow drop 900 6.5 65 7 [309]
Cellulose Hea.ted 1000 °C/s 1000 3% 237 37 [176]
grid
Maple Entrained
wood flow drop 800 9 35 4.5 [309]
Sweet gum Heated o b b b
hardweod erid 1000 °C/s 1200 6.1 17 2.3 [279]
Wood chips Pz;cekded Isothermal 700 13.6 13.6 2.4 [138]
Wheat Packed
straw bed Isothermal 700 18.2 10.4 2.4 [138]
Olive husks P?Dcekded Isothermal 700 18 7.7 2.6 [138]
Coffee Macro- o .
waste TGA 200°C/min 900 32 20 6 [99]
Brewer Macro-
spe.nt TGA 200°C/min 900 18 20 6 [99]
grains
Fiberboard Macro- 200 °C/min 00 20 2 6 [99]
TGA 9 5 99
Chicken Heated o
litter orid 1000 °C/s 1200 28 25 3 [140]
Meat and Heated 1000 °C/s 1200 1 1 [140]
bone meal grid 7 4 4 4
Heated o This
DDGS foil 600°C/s 1200 16 19 3 work
Heated o This
PKC foil 600°C/s 1200 15 20 3 work
DDGS TGFTIR  10°C/min  goo 89°  617° 11'66; [163]

“as received basis
bdry basis
‘holding time=o0min - holding time=30 min
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Figure 105 shows the release of nitrogen species from the DDGS and PKC
samples at 600 °C/s.

The first observation is that HCN is the main compound for all the fuels,
with even no significant detection of NH; for PKC. A similar yield of HCN
and ammonia is found at low temperatures for DDGS while, with increasing
temperature, HCN increases largely while NH; only increases up to a value of
0.2 %wtq,s. When compared on the relative basis of initial nitrogen, as shown
in Figure 106, the release of HCN for PKC and DDGS and their washed sam-
ples is very similar up to 9goo°C with a fuel-N conversion of about 77 - 8 %.
With increasing temperature, no difference is basically visible for the PKC
and PKC leached sample, while the leaching appears to facilitate the conver-
sion of fuel-N to HCN and ammonia for DDGS. At very high temperatures,
the final conversion of fuel-N to HCN results to be around 20% for DDGS
and 25 % for the other samples. As mentioned above, no ammonia was de-
tected for PKC, while around 3 % of initial nitrogen in DDGS was converted
to NH; and more than 5 % for the leached sample. A possible explanation for
the lower yield of ammonia from the PKC samples could reside in the much
higher Fe content of these samples which could catalyze the decomposition
of internally formed NHj; to molecular N, [286].

Compared to the results obtained under slow pyrolysis conditions for DDGS
and its washed sample [163], as indicated in Table g in Chapter 2, it is possi-
ble to see that at an equal temperature of 9oo °C both the yields of ammonia
and HCN are greatly lower at high heating rates. However, at higher temper-
atures, the final yield of HCN is higher than what measured at low heating
rates with values of 1.9 %wtg,¢ and 2.3 %wtg,s for DDGS and DDGS leached,
respectively. Even the total yield of NHj; results lower than the one measured
at low heating rates, indicating that the difference might not lay only in the
different kinetics but in different mechanisms of reactions.

If one looks more carefully into the results of the slow pyrolysis measure-
ments, as described in our previous work [163], one should notice that the
release of ammonia was basically divided into two parts: a first peak at low
temperatures with no other N-species associated and a second one at higher
temperatures in correspondence with the release of HCN and HNCO. Such
behaviour can be interpreted as a first step of deamination and dehydration
of the protein chains with consequent formation of cyclic amines in the solid
structure, followed by the secondary decomposition of DKP yielding HCN
and HNCO. In case of fast pyrolysis, thus, it appears that the speed of the
reaction does not allow the first step of deamination favouring thus instead
the paths of decarboxylation and dehydration. This is sustained by previous
works [198, 295, 310, 313] which have excluded a significant role of deamina-
tion during fast devolatilization of amino-acids and polypeptides.

The influence of the reactor configuration with possible catalytic decompo-
sition of ammonia on the steel foil or absorption on the reactor walls cannot
be completely excluded. However, the results obtained under combustion con-
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ditions described in Chapter 7, indicate a lower fuel-N to NO conversion for
DDGS compared to PKC which agrees with the present results: PKC releases
much less ammonia than DDGS and the effect of the selective non—catalytic
reduction of NOy is therefore limited.

The effect of the leaching on the DDGS sample appears to be consistent
between slow and fast pyrolysis, increasing the yields of light N-species at
all conditions. However, the measurement technique used in this campaign,
the FTIR, cannot detect the release of molecular N, nor can it quantify tar-N,
which implies that the higher yields of gaseous—-N species could mean either
less reduction of the volatile-N species to N,, which would be a negative
effect for the overall process, or an improved decomposition of tar-N into
lighter volatiles, which would instead be a favourable condition.

Compared to other works in the literature, as shown also in Table 10 in
Chapter 2, the trends presented here are similar to the results illustrated by
Di Nola et al. [140]. They found higher yields for HCN and NH; but this is
not a surprise due to the much higher initial-N content of their studied fu-
els, chicken litter and meat and bone meal, and the different nature of their
nitrogen structures. However, the trends they reported are very similar to our
results with ammonia being the main compound at low temperatures but with
HCN increasing steadily above 8oo °C. Becidan et al. [98], instead, found quite
different results, presenting ammonia as the main N-compound at every tem-
perature up to 1000°C. However, while the sample of brewer’s spent grains
should not differ much in composition compared to DDGS, the other samples,
coffee wastes and fiberboard, are rich in caffeine and urea respectively, so a
different devolatilization behaviour can be expected. Moreover, as mentioned
above, the setup used in their work did not guarantee heating rates as high
as in the present work (only in the range of 125°C/min [97]) so that the pro-
cess conditions actually seemed closer to slow pyrolysis than fast, thus not
contradicting what was observed previously.

6.3.3.5 Carbon and nitrogen partitioning

In order to better understand the actual evolution of C and N during flash
pyrolysis, the partitioning of these elements was studied for DDGS and DDGS
leached at two significant temperatures, as shown in Figure 107.

From Figure 1074, illustrating the C—partitioning, it is possible to substan-
tiate the fact that tar cracking plays an important role at high temperatures:
increasing the temperature from goo °C to 1200°C, the carbon content in the
char only decreases about 3 - 4 % while the volatile-C increases by more than
10 - 14 %. As shown in the previous section, most of these increase is due to
the CO released from the secondary cracking of tars.

The same can be deduced from Figure 107b, depicting the partitioning of
nitrogen: for the DDGS sample, the char-N decrease amounts again to about
3% while the volatile-N, especially in the form of HCN, increases by more
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than 11 %. This seems to suggest that most of the volatile-N release in these
measurements originates from secondary reactions. As mentioned above, thus,
the lower ammonia content compared to slow pyrolysis data can be explained
with the lack of the deamination step which is apparently not possible at very
high heating rates. Instead it is likely that a large part of the volatile-N is
actually released as tar-N, including cyclic amines, which then decompose in
gas phase reactions to release mostly HCN but also NH; (linear amines).

The presence of 10% of the initial nitrogen in the char structure even at
high temperatures, indicates that a cross-linking reaction path exists favour-
ing the formation of stable structures which are retained in the char. Such
a mechanism was indeed observed in several works [180, 302] studying ther-
mal decomposition of amino-acids; amino—acids (or proteins containing them)
with reactive side chains tend to cross-link during pyrolysis and form char, as
found, for example, for lysine [302].

The results for the washed sample of DDGS show that slightly more nitro-
gen is retained in the char compared to the untreated sample, especially at
900 °C, but mostly at the expense of tar-N (or molecular N,) since also the
volatile-N part is higher than for untreated DDGS. As mentioned above, the
current methodology does not allow to assess whether the leaching favours
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the decomposition of tar-N into lighter volatiles or if, instead, it inhibits the
reduction of light volatiles to N,.
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6.4 CONCLUSIONS

A simple numerical model of a heated foil reactor was developed in this work.
It was shown that a hot zone is created around the heating foil which is most
likely to cause tar cracking especially at foil temperatures above 800 °C. The
species detected in the measurements thus need to be considered a simulta-
neous contribution of primary and secondary devolatilization. Compared to
other reactor types, however, the present configuration prevents serious inter-
actions between the released volatiles and the remaining char.

The temperature of the foil was found to be approximately 15% higher
than measured by the control thermocouple. Whenever using this type of
reactor, therefore, a thorough investigation of the temperature field in the
reactor and on the foil was found to be essential in order to accurately describe
the experimental conditions.

The main gaseous species resulted to be CO, for all the samples at lower
temperatures, while CO became important at temperatures higher than 1000 °C.
The effect of the leaching in this respect appeared to be minimal for both
DDGS and PKC, as it had been found also in slow pyrolysis conditions.

The main nitrogen compound released appeared to be HCN at every tem-
perature, for both DDGS and PKC. Also NH; was detected from pyrolysis
of DDGS but not from PKC. This difference could depend on the larger iron
content in the PKC sample.

HCN resulted to be the most abundant nitrogen compound for all the sam-
ples, in contradiction with what was found at low heating rates. For slow
pyrolysis conditions, thermal deamination of protein chains and amino-acids
was found to be the main source of ammonia at low temperatures, followed
by decomposition of cyclic amines and release of HCN, HNCO and NH; at
higher temperatures. It appears that at higher heating rates, the first step is in-
hibited by the speed of the process, so that most of the nitrogen is released as
cyclic amines which decompose successively in gaseous reactions into mainly
HCN. This would explain the constant increase of HCN yield with tempera-
ture as tar-N decomposition becomes more important. Part of the NH; yield
might also derive from gas phase reactions but cross-linking of proteins with
reactive side groups is another likely source. This is supported by the pres-
ence of more than 10% of the initial nitrogen in the char of DDGS even at
1200 °C.

Preliminary results indicate that the global weight loss of DDGS could be
reasonably predicted using kinetic parameters obtained at low heating rates.
This was not valid for the yields of single volatile species.

The effect of leaching is negligible for PKC, while it appears to have a
marked effect on the DDGS nitrogen partitioning. As it had been shown in
slow pyrolysis experiments, the leached DDGS sample appears to yield more
light volatiles than untreated DDGS but also more char-N. The higher content
of nitrogen in stable char structures can partly explain the higher yields of
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NH; recorded. However, the limitations in the measurement technique used
do not allow to distinguish among two possible effects of the leaching: on one
side it could improve tar-N decomposition into lighter volatiles but on the
other side it could inhibit HCN and NH; reduction to molecular nitrogen.
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NOMENCLATURE

* Cp [kJ/kg+K] = Specific heat capacity

e F[N/m3] = Volume force

* g[m/s?2] = Gravity acceleration

¢ I = Identity matrix

* J¢[A/m?] = External current density vector

* k[W/m«K] = Thermal conductivity

* n = Unity vector normal to the surface

® p[Pa] = Pressure

* (s [W/m3«K] = Production / absorption coefficient
¢ Q [W/m3] = Heat source

* Qj [A/m3] = Current source

e T[K] = Temperature

* u[m/s] = Velocity vector

e V[V] = Electric potential

* «[kg/m3«K] = Coefficient of thermal expansion

* ¢ = Surface emissivity

* 1 [Paxs] = Dynamic viscosity

e k[Pa=s] = Dilatational viscosity

* p[kg/m3] = Density of the fluid

e o = Stefan-Boltzmann constant = 5.6707e — 8 [W/m2xK4]

* 0¢ [S/m] = Electric conductivity



COMBUSTION CHARACTERISTICS OF BIOMASS
RESIDUES: FATE OF FUEL-N

After studying the detailed kinetic of slow pyrolysis (Chapters 4 and 5) and underlin-
ing the changes due to the higher heating rates encountered in industrial applications
(Chapter 6), this chapter presents the results of measurements carried out under com-
bustion conditions. The chapter introduces the results obtained from tests conducted
in the SPR reactor at Abo Akademi University. The experiments were carried out at
conditions relevant for industrial applications such as fluidized—bed boilers. Commer-
cially available analyzers were used to record the evolution of CO, CO, and NO from
the samples. The characteristics of five different biomass wastes are compared and their
fuel-N conversion to NO is analyzed.

The contents of this chapter were adapted from the work published in:

J. Giuntoli, W. de Jong, P. Piotrowska, M. Zevenhoven, A.H.M. Verkooijen
and M. Hupa,

"Combustion characteristics of biomass residues and bio-wastes: fate of
fuel-N"

Energy & Fuels, 24 (2010) 5309-5319 ; DOI: 10.1021/ef100571n.

© 2010 American Chemical Society. Reprinted with permission.
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7.1 INTRODUCTION

In this chapter five biomass residues with high nitrogen content have been
tested in a single—particle reactor to obtain fundamental data on their fuel N
and their tendency to form NO. Under the usual conditions at which such
fuels are combusted, in fact, the influence of thermal NO becomes irrelevant
and all of the NOy emissions are caused by fuel-bound nitrogen, as explained
in more details in Chapter 2. Therefore, a detailed knowledge of the nitrogen
chemistry for such materials is essential for an efficient and cost—effective use.

Several studies have been conducted in the past on coal, peat and nitrogen
model-compounds, as reported in details in Chapters 2 and 3 of this disser-
tation. More recently, interest has also shifted towards biomass samples and
many studies are available on pyrolysis and combustion of different materi-
als [98, 163, 165, 182, 202, 362, 278]. Such measurements generally show that
NH; and HCN are the primary nitrogen products to be released in pyrolysis
of coal and biomass. Their ratio varies greatly depending upon the nitrogen
functionalities and operating conditions: coal and heterocyclic N compounds
seem to decompose mostly through HCN, while amino acids and proteinic
nitrogen appear to produce mostly ammonia. However, because of the many
different structures in which N is present in biomass fuels, there is not yet
enough knowledge on the nitrogen chemistry, and the results obtained vary
with different fuels, setups and operating conditions [98]. Moreover, Munir
et al. [270, 271] have shown how co—combustion of coal with several biomass
residues, of even higher initial N content, could effectively reduce NO emis-
sions in a 20kW down-fired combustor. More information on the nitrogen
chemistry during biomass pyrolysis can be found in Chapter 2. Therefore, the
need for characterization of each single fuel is clear.

Three of the materials studied here are byproducts in different processes
for the production of so—called first-generation liquid biofuels: dry distiller’s
grains and solubles (DDGS), palm kernel cake (PKC) and rapeseed cake (RC).
Chicken manure (CM) is a waste of animal breeding, and the fermented
sewage sludge (FSS) is a residue of the anaerobic digestion of the sewage
sludge from wastewater treatment plants.

A detailed description on the origins and main composition of the studied
fuels can be found in Chapter 3. Despite promising conditions, there is still
a lack of fundamental data on the behaviour of DDGS under thermal con-
version conditions. In the previous chapters and papers, we investigated the
slow and fast pyrolysis of DDGS [161, 163]. The results indicated that under
slow pyrolysis conditions, the main nitrogen compound released was NHj,
followed by HCN and HNCO in minor amounts and at higher temperatures.
The results obtained suggested that the main mechanism of release was the
one indicated by Hansson et al. [180] stating that the main route of reaction of
proteins in biomass passes through a first phase of deamination followed by
cyclization of the peptide, or protein, with the formation of compounds called
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DiketoPiperazines (DKP). These compounds decompose further at higher tem-
peratures to produce HCN and HNCO. However, at higher heating rates, the
mechanism seemed to change and the main compound released appeared to
be HCN with minor amounts of ammonia. No HNCO was detected at high
heating rates. It was suggested that the first step of deamination is inhibited
at high heating rates, while most of the fuel-N is released as tar-N and con-
sequently decomposes through secondary reactions into, mostly, HCN. The
yield of NHj is attributed to reactions of cross-linking of proteins with reac-
tive side chains.

PKC and RC are residues of mechanical press of the oil from the seeds of
palm fruits and rape. As explained in Chapter 3, these materials are rich in
proteins and fibers [294] and mostly sold as feed for animals. As for DDGS,
also for these materials, fundamental characterization of fuel N conversion in
combustion is scarce. Eriksson et al. [149] investigated different combustion
possibilities for rapeseed meal alone or in combination with bark, and they
found that the concentration of NO in the flue gas increased when adding
the rapeseed meal to bark. Nevalainen et al. [274] tested rapeseed expeller
in a 50 kW circulating fluidized-bed boiler alone and in co-combustion with
wood or bituminous coal; they too found greatly increased NO emissions with
an increasing share of RC in the fuel. Moreover, the measurements with coal
showed a lower concentration of NO but a higher presence of N,O compared
to the experiments with wood.

Chicken manure contains the excrement of the birds, undigested food, and
organic parts of the birds themselves. CM has been used, for some years, in
large-scale combustors, and data on pilot-scale facilities are available in the
literature [217, 246, 378]. Li et al. [246] tested the co—combustion of CM with
coal and found that NO emissions would increase with an increasing share
of CM until 25 %, while the concentration of NO would drop again with a
share of 50 %w¢. They explained that the large amount of volatile N released
by CM helped creating a NOx reducing atmosphere around the particle, de-
creasing the total emissions. Zhu and Lee [378] tested the co—combustion of
CM with natural gas in a swirling fluidized—-bed combustor and they found
increasing NO emissions when CM was added. Other studies have inves-
tigated more fundamental phenomena during CM slow and fast pyrolysis
[140, 163, 202, 278]. In a previous work, presented also in Chapter 5, we tested
the slow pyrolysis of CM in a TG — FTIR spectrometer setup [163] and found
that NH;, HCN and HNCO were the main nitrogen compounds released;
NH; was released throughout the whole range of temperatures because of
the various forms in which it is found in the sample (inorganic and organic)
[217], while HNCO and HCN were released at higher temperatures. In an-
other study from our group, Di Nola et al. [140] investigated the fast pyroly-
sis of CM and found that no HNCO was detectable and that NH; was indeed
the main N compound at low temperatures (up to 600 °C) while HCN would
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become the main compound at higher temperatures with an increasing trend
up to 1300°C.

Sewage sludge is formed during wastewater treatment. Werther and Ogada
[359] gave a complete review of sludge composition and possible disposal
techniques. As for CM, experience with sludge and FSS combustion and co-
combustion is quite substantial, even though most of the data available rely
on large-scale experiments and fundamental data are still lacking. Raw and
digested sludges have been combusted for many years [359]. Leckner et al.
[239] co—combusted up to 50 %y, digested sludge with coal and wood on a
nearly commercial-scale circulating fluidized bed. They reported no issues
in operating the CFB in co-combustion, and they found that the emissions
were below the legal limits for CO, NO, and SO, for shares up to 25 %y, but
a sharp increase in NO emissions was recorded with higher shares. Abelha
et al. [56] pyrolyzed different biomass wastes and found that sludges released
more HCN than the other materials. They also found that, when sludge was
co—combusted with coal up to 35 %y, despite a much higher initial N content
of the fuel mix, final emissions of NOx would not substantially increase. They
explained this with the large part of fuel N released by the sludges during
devolatilization and the following thermal De-NOy reactions. Korving et al.
[227], moreover, found high N,O emissions during operations of a large-scale
fluidized-bed combustor fed with FSS. They attributed this phenomenon to
the oxidation of HCN, and they found that increasing the freeboard tempera-
ture and lowering the air/fuel ratio reduced N,O emissions by almost 8 times.

The results presented in this paper will help to gain some insight into the
trends and fundamental mechanisms of fuel N to NO conversion of such fuels.
The setup used in these measurements has been used for extensive investiga-
tion on black liquor combustion behavior [155, 156, 233, 234]. In the furnace,
where only a few milligrams of fuel are combusted, the intrinsic chemistry
of the fuel is explored, minimizing the influence of the reactor design. Each
fuel was combusted under different conditions of temperature and oxidant
atmosphere, and the release of CO, CO,, and NO was monitored with com-
mercially available analyzers. The materials studied here retain a great poten-
tial as fuels, and some are already combusted as a way of disposal. However,
a deeper knowledge of the fundamentals of nitrogen chemistry is needed if
they are to be used efficiently and cost—effectively.

7.2 EXPERIMENTAL SECTION

The work described in this paper was performed using the setup shown in
Figure 108 and described in Chapter 3. The setup consisted of a quartz tube
reactor inserted in an electrically heated furnace. Feeding of the process gases
was possible from the bottom and middle of the reactor. The flow of the gases
was controlled by mass flow controllers, and the mixing of oxidizing (air)
and inert (nitrogen) agents was performed directly in the reactor. The aver-
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Figure 108: Single—particle furnace at Abo Akademi University.

age residence time for the gases was around 20s, while, if considering only
the product gases from devolatilization/combustion of the fuel, the residence
time at high temperature has to be considered about 4s. The temperature in
the reactor was measured with a thermocouple inserted in the ceramic wall of
the furnace, close to the surface of the quartz reactor in the proximity of the
sample placement point.

An insertion probe allowed the sample to be placed on the sample holder in
a cold environment and then to be inserted, in a fraction of seconds, into the
hot reactor. The sample holder used in the present work was made of quartz
and had a porous bottom to allow the gases to flow through it.

The evolved gas analysis chain included three commercial analyzers for the
measurement of O,, CO, CO,, NO, and SO,. A chemiluminescence analyzer
was used for NO detection; a non—dispersive infrared (NDIR) analyzer was
used for CO + CO, measurement; and a combined infrared + paramagnetic
analyzer was used for SO, and O, detection, respectively. The different inter-
nal volumes of the analyzers introduced a bias in the measured signals, so
that the NO signal appears to be delayed and wider than the signal obtained
for CO and CO,. This should not be attributed to a chemical phenomenon but
rather to the longer residence time of the gases in the NO analyzer. However,
the integral values of the released gases are not affected by this phenomenon,
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and as it will be shown later, data can be compared after proper fitting of the
curves.

7.2.1  Procedure

The fuels were manually ground with mortar and pestle and then placed on
the sample holder in amounts ranging around 10-15mg. The measurements
were performed for all of the fuels at three different temperatures relevant
for industrial applications: 800, 900, and 1000 °C. To test the fuels in different
oxidant conditions, for each temperature, two different oxygen concentrations,
3 and 10%,,],, were used. Every measurement was repeated at least 3 times,
and several sets of three measurements were compared.

As pointed out in the previous section, because of different internal vol-
umes, a direct comparison between the behavior of CO + CO, and NO release
was not possible. To overcome this issue and at the same time analyze the
different contributions of volatile versus char emissions, the curves obtained
from the analyzers were deconvoluted using a least-squares method fit with
two Weibull-type distributions representing the devolatilization and char con-
tributions.

7.2.2  Fuels

As mentioned above, the materials studied in this paper are not yet commonly
used as fuels but are mostly byproducts or wastes from different processes.
The proximate and ultimate analyses of all of the fuels are given in Table 46.
Some of the fuels were studied in other papers, but their fundamentals of fuel
N to NO conversion were not yet investigated.

7.3 RESULTS AND DISCUSSION

The different origins of the tested fuels are already clearly visible from the
data reported in Table 46; DDGS, PKC, and RC present similar characteris-
tics in terms of content of C, H, and O, while FSS and CM, because of their
completely different origin, differ greatly in their main composition . In view
of this division, in the rest of the paper, the group of DDGS, PKC, and RC
will be referred to as residues, while the remaining materials, FSS and CM,
will be defined as wastes. While the residues present a carbon content of
around 50 %wtq}, , comparable to other woody and agricultural biomass fuels
[103, 159], the content of C in the wastes is much lower, about 40 %wtg . for
CM and even lower than 30 %wtgy, for FSS. Another great difference among
these materials lays in the content of ash-forming matter; the residues present
a content of inorganic matter of about 6 - 7%wtg4y,, a value that is already
much higher than for other common biomass fuels but still lower than many
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Table 46: Proximate and Elemental Analysis of the Tested Fuels. Data are on a dry

basis.

DDGS* PKC RC? FSS cM*

Moisture® 8.9 7 2.1 7.4¢ 20.2
Volatiles 78.2 75.5 74.7 433 67.9
Fixed Carbon 14.7 18.4 18.8 10.6 5.5
Ash® 7.1 6.1 6.5 46.1 26.6

C 49 49 49.9 26.5 39.6

H 6.3 6 6.9 5.9 4.1

N 4.5 2.4 5.1 3.2 5.9

S 0.4 0.5 0.7 1.2 0.7

Cl 0.2 0.2 0.3 0.1 0.4

O (by difference) 32.5 35.8 29.6 17 22.7
\%;;)j: (Cf/i;);if; 19.8 17.8 22.2 11 13.3
g of CO,/ My 86 97 82 88 100

“From Giuntoli et al. [163].

bFrom Piotrowska et al. [290].

‘as received basis.

9The sample was pre-dried in an oven before combustion tests.
¢Ashed at 550 °C, except for CM, which was ashed at 6000 °C.

fTheoretical value for the complete oxidation of carbon content to CO, on gross calorific value
basis.

coals [147]. CM and FSS, instead, present an ash content of 26 and almost
47 %wWtq ., respectively. This characteristic is, naturally, related to the origin of
the fuels: CM is very rich in calcium, which is fed to the hens to give strength
to the eggshells, while FSS includes all of the residues from the wastewater
treatment and is additionally deplenished of carbonaceous material during
the digestion process. It is worth noticing, moreover, that the heating values
of the residues are close or even higher than the values for clean and demoli-
tion wood [147, 338], making them quite good alternatives to woody biomass
for thermal conversion, in this respect. The energy density of the wastes is,
instead, hindered by their high content of inorganic materials and low C con-
tent; specific pretreatments for the removal of ash—forming matter prior to
thermal conversion would indeed increase the efficacy of such fuels [163]. Fi-
nally, the content of nitrogen in all of the tested fuels is definitely higher than
in other, more widely used, biomass materials, ranging from 2.4to almost
6 %wtqp, compared to values of 0.1 - 2 %wtqy, for wood and agricultural res-
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idues [147, 159]. Concerns for possible high NOy emissions could, therefore,
delay the use of such fuels on a large scale.

The original composition of the fuels has great relevance for their conver-
sion characteristics [98, 182, 241]. As discussed previously, the residues gener-
ally consist of the typical constituents of woody biomass: hemicellulose, cel-
lulose, and lignin, and nitrogen is mostly in the form of proteins. The CM
sample, instead, together with the typical constituents of biomass, contains ni-
trogen in the form of urea, proteins, but also ammonium salts. The FSS sample,
finally, contains the solid materials present in wastewater, which are mostly
constituted by carbohydrates, fats, oils, and proteins. The main sources of ni-
trogen in wastewater are proteins and urea [359]. However, the FSS sample
studied here is the residue of an anaerobic digestion process, and therefore,
it is to be expected that the biodegradable fraction of the fuel has already
been released together with the loose nitrogen. The residual material, thus, is
mostly in the form of mono- and oligomers because of the effect of the action
of the enzymes during the anaerobic digestion [358]. The main N compounds
are therefore expected to be free amino acids.

7.3.1 Release profiles

Figure 109 illustrates the release profiles of carbon, measured as CO + CO,,
from all of the fuels included in this study at a reactor temperature of goo°C
and oxidant concentrations of 3and 10 %y, . In both plots, one can observe a
first fast release because of the flash devolatilization and following homoge-
neous oxidation of the volatiles. This is followed by a slower slope because of
the heterogeneous oxidation of the remaining char. The diverse nature of the
two processes is also visible on the difference between the results at varying
oxygen concentrations; the homogeneous oxidation of volatiles is not influ-
enced by a higher concentration of O,, and the conversion rate profiles are
unchanged for all of the fuels. Moreover, despite the difference in absolute
values, the release of volatiles follows very similar patterns for both residues
and wastes, implying that a common approach could be used in modeling
combustion processes of different biomass fuels. However, the effects of the
oxidant concentration become evident in the heterogeneous char oxidation re-
actions. The behavior of the fuels, in this case, differs between residues and
wastes, while in the 3 %y, case the residues present a slowly declining conver-
sion rate which brings the total conversion time at approximately 3 min, the
CM and FSS chars show a higher rate and a shorter conversion time (around
2min). This effect is a combination of the much smaller amount of fixed car-
bon in these fuels and the catalytic effect of the high content of inorganic
matter [107, 349, 372]. In an oxygen-rich atmosphere, the difference between
materials is less evident and all of the fuels are completely combusted within
around 8os.
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Figure 110 represents the release of nitrogen as NO from all of the fuels at
900 °C and 3 and 10 %y, . It should be kept in mind that, because of the larger
volume of the NO analyzer, the raw data cannot directly be overlapped with
the carbon conversion, but fitting of the data is necessary, as will be explained
in the following sections. The devolatilization phase, which is in reality a
faster phenomenon, is transformed, by the transfer function of the analyzer,
into a Weibull function trend, including a steep rise in the release followed by
a tail created by the recirculation and dead volumes in the analyzer volume.
In Figure 110a it can be seen that the first devolatilization phase is followed
by a very long tail of nitrogen release because of the slow oxidation of the
residual nitrogen present in the char; only for the chicken manure sample, the
release of char N is faster and creates a secondary peak. The devolatilization
behavior is, as for carbon, similar among all of the fuels, with the exception of
CM. The char of this fuel, as seen also in Figure 109a, is very reactive; therefore,
oxidation overlaps greatly with devolatilization, producing a broader release
profile.

At higher oxygen concentrations, shown in Figure 110b, the char oxidation
is faster for all of the fuels, while the devolatilization phases are almost un-
changed. As shown in Figure 111, the conversion profiles during devolatiliza-
tion maintain their shape for all of the fuels. As expected, the oxygen con-
centration has little effect on the homogeneous oxidation of the volatile NO
precursors. The behavior of PKC and RC is readily understandable; the py-
rolysis process is only slightly influenced by the different concentrations of
oxidant, while the remaining nitrogen in the char is much more quickly ox-
idized to NO at higher oxygen concentrations. Despite its small amount of
fixed C, CM is known to produce around 20 %wt4,¢ of char under fast pyroly-
sis [140]; therefore, the oxidation of CM is very much improved at 10 %y, and
a superposition between volatile and char oxidation is detectable. This is most
likely due to the high amount of ash-forming matter in the sample; while the
conversion proceeds, the concentration of such minerals increases in the char,
which is then quickly oxidized, while pyrolysis is still ongoing. FSS, as shown
in Figure 111d and as will be described in the next sections, produces almost
no char; therefore, the effect of the oxygen concentration is limited and only
a slightly faster oxidation of volatiles is observed. DDGS seems to be the only
exception to the behaviors described above; as shown in Figure 111a, the de-
volatilization profile is not influenced by the different atmospheres and, while
char C appears to react faster (Figure 109b), char N follows the same slow
oxidation as in the measurements at 3 %y, -

When looking at the cumulative release of N in Figure 110, it is possible
to notice that RC is the fuel that releases the most NO, in agreement with
the findings on large—scale boilers [149, 274]. The profiles of FSS resemble
first-order reactions, hinting that the main release of nitrogen is from volatile
matter. As mentioned above, FSS contains mostly free amino acids, which
decompose very fast at such temperatures. The release of nitrogen for PKC,
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DDGS, and RC, moreover, appears to be similar, deriving by the common
nature of the structures contained in the fuels, mostly in the forms of proteins.

7.3.2 Total Release

After analyzing the general profiles of release from the different fuels at one
temperature, in this and the next sections, the total release of carbon and
nitrogen are analyzed as a function of the different conditions.

Figures 112 and 113 show the total release of carbon (as CO + CO,) and ni-
trogen (as NO) in all of the measurements performed in this study compared
to their initial content. The release of carbon is, as expected, proportional to
the initial content in the fuels, with mass balance closures between 8o and
100 %; the difference in the mass balances was most likely due to the influ-
ence of the reactor geometry and the formation of soot. This is supported
by the fact that most of the measurements indicate a higher recovery of C at
oxygen-lean conditions, where the oxidation is slower and the volatiles can
oxidize more completely. At higher oxygen contents, instead, the observed
flame front presents the bright yellow color typical of soot formation, which
would explain the lower recovery. However, assuming a complete combustion
of the fuel C to carbon dioxide, it is interesting to observe the theoretical max-
imum amount of released CO, per megajoule produced by the fuel, because
such values are becoming more and more crucial in the power sector sub-
jected to GHG emissions regulations. From Table 46, it can be seen that the

213



214

Chapter 7

1.5
O3%vol. - - =716
131 m0%vol.
: = initial N d.b. - = - 1s
LD T =
c 143
=T} -
Rl ([ Bl — g
z - z
® 0.5 =
.‘é
03 N o
0.0 -
SI2I2121212199 $
o lolo|lololololo o
S| SIS S|S|S S
DDGS PKC RC

Figure 113: Total amount of nitrogen released as NO and initial N content. Data are on
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values for these materials are comparable to the ones found in coals (~9o-
100g of CO,/M]J); efficiently co—firing such fuels with coal would, therefore,
substitute fossil carbon with renewable CO,, claiming an advantage in terms
of emission rights without the need to apply a capture and storage process.

Figure 113 gives much information regarding these materials, showing the
dependence of the released NO versus temperature, oxygen partial pressure,
and fuel type. It must be noted that the data reported here as grams of N/ 100
g indicate the nitrogen released from the fuels as NO; the missing N to the
mass balance is due to molecular N, and possibly other compounds, such as
N.O, and unreacted NO precursors, such as HCN and NHj3, which could not
be detected with the available analyzers but could be produced in the process
[227, 362].

It is well-known that a temperature window exists in which NH; reacts
with NO to reduce it to N, and water [211]; this effect is called thermal De—
NOy and is currently used in commercial boilers as a primary means to reduce
NO emissions directly in the reactor. The temperature window of maximum
reduction, however, shifts depending upon the operation conditions (such as
O, partial pressure and radical concentrations) and so does the efficiency of
such a process. Kasuya et al. [211] studied such dependencies and found that,
at equal temperature, increasing the concentration of oxygen in the reactor
would increase NO reduction. This effect, in addition to possible soot N for-
mation because of the fast reactions, explains the lower NO release at 10 %y,
O, shown in all of the measurements in Figure 113.
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Another effect that explains this behavior was underlined in the past by
Kymaldinen et al. [234], who suggested that, at lower oxygen concentrations,
the oxidation of ammonia is slow and, thus, happening far from the particle
surface. Because of this, NH; could not reduce the forming NO through the
De-NOy reactions.

Additionally, it can still be seen in Figure 113 that the absolute amounts of
N released as NO from DDGS, PKC, and CM are relatively similar, ranging
around 0.5 - 0.6 g of N/100 g41,. RC, despite having similar structure and con-
version profiles as the other residues, actually releases much higher amounts
of NO, around 0.8 - 0.9g of N/100 g4 .. This would explain the steep increase
in NO emissions measured by several studies [149, 274] when RC was co—fed
in large—scale boilers. FSS is the material which releases less NO, in the range
of 0.3 g of N/100 g43, . For comparison, these values are about 1 order of mag-
nitude higher than the values obtained from black liquor combustion using a
similar setup [234].

Among the variety of results achieved for different setups [98, 226, 362] in
terms of nitrogen emissions from biomass samples, it appears that the results
of this study fit quite well the predictions from previous studies. Winter et al.
[362] tested several biomass fuels on a small-scale fluidized-bed boiler, mea-
suring the release of nitrogen compounds under combustion conditions. They
found that the final conversion of initial fuel N to NO diminished when the
initial N content increased. The results from Winter et al. [362] are compared
to the results of this study in Figure 114. It is very interesting to see that, de-
spite the different setups, the trend holds validity also for the fuels analyzed
in this study. PKC is the fuel with the lowest nitrogen content, and it releases
more than 15% of its initial N as NO, whereas CM (5.9 %wtqy, initial N) is
the fuel releasing the least amount of N as NO. This behavior can, again, be
explained with the thermal De-NOy mechanism; a higher content of nitro-
gen in the fuel implies a higher concentration of NH; radicals in the volatile
matter, leading to a higher degree of NO reduction. The shown trend, thus,
even though rough, seems to provide an easy tool for preliminary predictions
of NO emissions from biomass materials. These results agree very well with
the ones introduced in the previous chapter. In Chapter 6 it was shown that
at high heating rates pyrolysis, DDGS releases slightly less of its initial-N as
HCN than PKC, but more volatile-N species are available in absolute terms
from DDGS for DeNOy reactions. Moreover, another significant difference is
the release of ammonia from DDGS, which is instead not recorded for PKC
and that provides more promptly the needed NH; radicals needed for NO
reduction.

The dependence of N conversion with the temperature is shown in Fig-
ure 115. Such results are coherent with the predictions concerning the De-
NOy temperature window. As mentioned above, at higher O, concentrations,
shown in Figure 115b, conversion is almost constant between goo and 1000 °C
indicating the approaching onset of the window of maximum reduction. At
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lower oxygen partial pressure, shown in Figure 1153, most of the fuels show
an increasing trend with an increasing temperature, indicating that the mech-
anism of reduction does not significantly change with the temperature under
these conditions. However, PKC shows a clear maximum at goo °C, indicating
that the maximum De-NOx window is around this temperature.

7.3.3 Devolatilization/Char partitioning

As mentioned in the previous sections, the partitioning of C and N between
volatiles and char can help explain some of the data described above. For this
purpose, the release profiles of carbon and nitrogen were fitted, by a least-
squares method, with two Weibull-type curves representing devolatilization
and char evolution.

The carbon partitioning, shown in Figure 116, shows quite a homogeneous
behavior among the different fuels, with percentages of volatile carbon rang-
ing from 55 to 60 % for the wastes and up to 65 - 70 % for the residue materials
with higher carbon and volatile content. The influence of the final temperature
and oxidant atmosphere is limited for all of the fuels, as expected. Figure 117
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instead depicts the partitioning for N release. It is clear that the different
nitrogen functionalities in the different fuels play a crucial role. All of the
fuels appear to release more volatile N at higher temperatures and higher
oxygen concentrations, so that at 1000°C, the release is almost complete dur-
ing devolatilization for all of the fuels. Di Nola et al. [140] have shown that,
in flash pyrolysis of biomass residues, the percentage of N released as light
gases (NH; and HCN) increased with an increasing temperature at the ex-
pense of tar N, while char N stayed relatively constant at high temperatures.
This seems to disagree with the present findings, in which the char N share is
drastically reduced when increasing the reaction temperature. However, the
different atmospheres (N, versus air) greatly affect the process; the interac-
tion of oxygen with the char at severe conditions is substantial already during
devolatilization.

Another very important point for modeling purposes is that, while at 8oo °C
and 3 %y,]. O,, the release of C and N appears to be proportional for the resi-
dues, at more severe conditions this is not the case as evidenced also in previ-
ous studies [56]. It appears that, with an increasing temperature and oxygen
concentration, there is a selective depletion of N from the char compared to C.
FSS represents an exception among the fuels for several reasons: it is a prepro-
cessed fuel; it has a very high content of minerals, including iron [359]; and,
finally, it is known to release more HCN during pyrolysis than other biomass
materials [56]. Being preprocessed, its structures are already decomposed to
monomers and amino acids, allowing most of the N to be released in vola-
tile form, as evidenced in Figure 117, and thus facilitating thermal De-NOx
reactions. However, it is also likely that the iron in the sample would favor a
catalytic decomposition of ammonia into N, and H.O, instead of oxidation
to NO. Finally, HCN can oxidize not only to NO but also to N,O [56, 227],
which was not measured in this study. The combination of such phenomena
explains the off-trend position of FSS in Figure 114.

The nitrogen partitioning of the fuels in this study is, at mild conditions,
comparable to previous studies [56, 362], reporting volatile N values in the
range of 60 - 70 % for different types of biomass materials. Values reported for
black liquor are also ranging around 60 - 80 % of volatile nitrogen [155].

It seems clear that the final amount of NO emissions from combustion or
co—combustion of high-N biomass wastes is the result of a delicate balance
among oxidation and reduction reactions of volatile N compounds, such as
NH; and HCN since the percentage of char N seems almost not influential
at industrial conditions. The results from this study can be useful to have
a qualitative explanation of results found in the literature. For RC, for ex-
ample, the results from this study do not indicate a clear difference in the
partitioning of N release compared to the other fuels; however, the initial high
content of N is responsible for higher final NO emissions. This explains why
Nevalainen et al. [274] found increasing NO emissions when co—combusting
RC with wood and coal. Li et al. [246] tested CM co—combustion with coal
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and found increasing NO emissions at lower shares of CM and decreasing
NO emissions at higher shares of CM, despite the higher N content in CM
compared to coal. The results from this study show that the conversion of
fuel N to NO for CM is indeed lower than for all of the other fuels. Moreover,
the high amount of volatile N released and the expected high concentration of
NHj; [140] could explain such results. With a lower share of CM, oxidation of
NH; and HCN to NO would prevail, increasing the total NO emissions. How-
ever, with higher shares of CM and, thus, of volatile N around the particle,
De-NOx reactions would prevail, decreasing the final NO emissions. Leck-
ner et al. [239] found increasing NO emissions when co-combusting FSS with
coal and wood. They found, however, that the increase in emissions was less
than proportional to the increased N content of the fuel mixture for shares of
FSS lower than 25 %y, but drastically higher with additional FSS. The results
presented here have shown that most of the NO from FSS is released during
devolatilization. This would suggest that, with lower shares of FSS, thermal
De-NOx reactions would help mitigate NO formation but, with an additional
increase of such volatiles, oxidation reactions would overcome reduction and
NO emissions would then increase sharply.

7.4 CONCLUSIONS

In the work presented in this chapter, five biomass residue samples were
tested under combustion conditions in a single—particle reactor. The tests were
carried out in a quartz furnace at three different temperatures, 8oo, 9ooand
1000 °C, and 3 and 10 %y, O.. Following the release patterns of CO + CO, and
NO, it was possible to determine the total release of C and N and, mostly, to
analyze their fuel N to NO conversion and their partitioning between volatiles
and char.

It was shown that, despite the different fuel characteristics, the devolatiliza-
tion conversion profiles were similar among the fuels and were also not influ-
enced by a higher oxygen concentration. It appears that, under combustion
conditions, a common approach for modeling the devolatilization of different
fuels could be adequate for a preliminary analysis. The same was found to be
true for fuel N to NO conversion.

The total amount of CO,/M] emitted by these fuels is comparable to the
amounts released by coals. In the case of co-combustion in coal power plants,
therefore, such materials could contribute to the substitution of fossil carbon
with renewable carbon without the need for additional carbon-capture pro-
cesses. The release of fuel N as NO was equal to around 0.5 - 0.6 g of N/100
g4pb. for DDGS, PKC, and CM, while it was higher for RC, around 0.8 -0.9g
of N/100 g4, and much smaller for FSS, 0.3g of N/100 g43,. The conver-
sion of fuel N to NO for the five biomass fuels investigated in the present
work showed a power trend between the initial amount of fuel N and the
final N to NO conversion, in agreement with what was suggested in previ-
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ous studies. PKC, which contains the lowest amount of fuel N, was the fuel
with the highest conversion of N to NO, and CM was the material with the
lowest conversion. As a first approximation, such trend can even be used for
NO prediction for several biomass fuels. Moreover, fuel N conversion to NO
seemed to decrease with higher oxygen concentrations, in agreement with
thermal De-NOy mechanisms. On the other hand, an increase in conversion
was observed with an increasing temperature.

The partitioning between volatile and char C and N showed a proportion-
ality between their release at 800°C for all of the fuels, except FSS, which
released most of its nitrogen in volatile form already at low temperatures.
With increasing temperatures, it appears that a selective depletion of N under-
goes from the char. At low temperatures, most of the fuels released around 60
- 70 % of their N as volatiles, while at higher temperatures, almost all of the
initial nitrogen was released during devolatilization.

The data reported in this work help to explain some of the fundamental
phenomena in NO formation during combustion of biomass residues and
wastes. The measurements performed show how, despite the high nitrogen
content of these fuels, most of the NO release happens in the few seconds
of devolatilization, so that the reduction of NO with radicals from NH; and
HCN is effective even when no air staging is applied. The data reported sug-
gest that, with proper operational conditions, it should be possible to achieve
low NO emissions even without additional gas—cleaning equipment.
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This final chapter summarizes the conclusions obtained from the current work. In
light of such conclusions, recommendations are suggested for further research work.
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8.1

CONCLUSIONS

The main research question behind this work was the following:

“Which, how fast and how many nitrogen compounds are released
during the thermal conversion of biomass wastes?”

The results presented in this dissertation give an important contribution to
the deep understanding of the thermal conversion of biomass residues. The
following points illustrate the general answers to the main and the collateral
research questions:

* A detailed picture of the volatile-N species, namely HCN, NH; and

HNCO, released during slow and fast pyrolysis and the kinetics of their
release was obtained.

The results of the present work substantiate the available literature on
biomass and proteins pyrolysis: at slow heating rates, the devolatiliza-
tion of protein chains is dominated by thermal deamination at low tem-
peratures (300 °C) followed by the release of HCN and HNCO from the
residual cyclical amides structures at higher temperatures (400 - 600 °C).
At high heating rates, instead, the first step is not favoured due to the
high speed of the heating process so that most of the nitrogen is re-
leased in large cyclical amides which then decompose further giving
rise to high yields of HCN.

These data are essential in order to clarify the mechanisms of fuel-N re-
lease under pyrolysis conditions making it possible to optimize process
conditions for optimal NOy reduction.

The characteristics of the conversion of fuel-N to NO under combustion
conditions were observed for several biomass wastes.

The final conversion of fuel-N to NO is found to strongly depend on the
initial amount of nitrogen: with a high content of fuel-N, large concen-
trations of NH; radicals are available during combustion for reduction
reactions of the already—formed NO back to molecular N,.

These results are important to give a preliminary order of magnitude of
the NOy emissions from these fuels;

The weight loss profiles and kinetic parameters of slow devolatilization
of some agricultural residues (such as wheat straw, olive residues and
peach stones) and biomass wastes (such as dry distiller’s grains (DDGS)
and chicken manure) were retrieved. Such data are available both for the
initial fuels and for the volatile species released.

Using a common approach for the analysis of all the fuels, common
patterns of pyrolysis have appeared among all the samples indicating
that the main structures of biomass actually react in similar ways even
when contained in very different fuels.
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These results are missing in published literature but they are essential
for further modeling of the thermal conversion of these fuels;

¢ The effects of a water leaching pre-treatment were evaluated on de-
volatilization kinetics, product partitioning and species release.
The leaching pre—treatment, in accordance with previous literature, has
a significant effect on the ash quantity, composition and pyrolysis reac-
tivity of wheat straw and olive residues; surprisingly, instead, it does
not seem to affect the DDGS, chicken manure and peach stones sam-
ples. Moreover, the leaching appears to increase the yields of volatile-N
species both at low and high heating rates.
These results not only underline the important role of inorganic mat-
ter in thermal conversion of these fuels but also are the key for future
deployment of the pre-treatment on an industrial scale;

* A numerical CFD model of the heated foil reactor was developed to
give an improved insight into the physical conditions within the reactor
and thus a better understanding of the experimental results. The sim-
ulation offers a deeper insight into the reactor conditions and several
optimizations of the reactor design and experimental conditions have
been possible thanks to them.

The following sections illustrate all the particular results obtained in each part
of this work and enunciate the research questions that remain unanswered or
that have arisen from the present work itself.

8.1.1 Slow pyrolysis measurements

¢ The slow pyrolysis behavior of many different fuels, including wheat
straw, olive residues, peach stones, dry distiller’s grains with solubles
(DDGS) and chicken manure, is similar in terms of reactivity and weight
loss. At a heating rate of 10 °C/min, all the fuels present a main peak of
reactivity, identified with the devolatilization of cellulose, at around 330
- 360 °C. Another reactivity peak or shoulder, usually identified with the
decomposition of hemicellulose, is found for most of the fuels at temper-
atures of around 280 - 310°C. The weight loss for all the fuels at a final
temperature of 9oo °C is between 70 and 87 Y%owtg,s.
DDGS and chicken manure present additional decomposition peaks at
400 °C and 430 - 470 °C, respectively, which are assigned to the decom-
position of proteinic structures.

* The main light volatile species detected are always CO, and CO. At a

heating rate of 10 °C/min, CO, yields range usually around g to 15 %owtq ,

with exception of chicken manure which presents higher yields due to
its high content of calcium carbonates. CO yields are usually equal to
6 - 15 %wtqp, but they increase drastically at temperatures higher than
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650 °C and keep increasing when the sample is kept isothermal at high
temperature. This phenomenon is most probably associated with the
cracking of tarry compounds that have re-condensed in the char struc-
ture due to the slow speed of the devolatilization. CH, yields are al-
ways minor, with values ranging around 1 - 2 %wt4y,; methane is usu-
ally found at temperatures higher than 400 - 500 °C as the main product
of the decomposition of methoxyl groups from lignin.

Detection of nitrogen compounds from wheat straw, olive residues and
peach stones has not been possible with the present technique due to
their relatively low nitrogen content. Higher-N fuels, like DDGS and
chicken manure, instead, release easily detectable amounts of NH;, HCN
and even HNCO. DDGS presents a steep release of ammonia at about
328 °C without other nitrogen species, indicating a first step of deamina-
tion of the proteinic chains in the fuel. Subsequently, at about 400 °C, the
simultaneous release of NH;, HCN and HNCO indicates a further de-
composition of proteins via the paths of dehydration, cyclization and fi-
nal decomposition of cyclic amides (DKP) into mostly HCN, HNCO and,
partly, ammonia. Another peak of release of HCN and NHj is found at
very high temperature, 650°C, with almost no corresponding weight
loss: this could be assigned to previously condensed tar-N structures
which decompose further at higher temperatures.

Chicken manure presents similar features to DDGS because of its pro-
tein content. However, differences are evident, for example, in the re-
lease of ammonia throughout all the temperature spectrum, even at very
low temperatures, due to the loosely bound ammonia contained in the
urines of the animals. Moreover, a much higher release of HNCO is de-
tected because of the presence of high amount of urea in the sample.
During measurements at slow heating rates, DDGS presents similar
yields of ammonia and HCN and lower values for HNCO. Chicken ma-
nure releases higher yields of nitrogen volatiles compared to DDGS. The
main compound is HNCO while HCN yield is lower than HNCO but
higher than ammonia.

Applying a Distributed Activation Energy Model (DAEM) it is possible
to retrieve kinetic parameter for the slow devolatilization of all the fuels.
It is striking that, once the pre—exponential term is fixed into a physi-
cally meaningful value, most of the fuels present the same components:
a first one at about 165 - 170k]/mol and another, the most relevant one,
at 176 k] /mol. This clearly indicates that, when analyzed with consistent
techniques and methodologies, the main components of biomass, hemi-
cellulose and cellulose, decompose with the same mechanism for a wide
range of materials.

The exact kinetic parameters obtained for each volatile species can be
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readily used as input data in pyrolysis modeling softwares such as FG-
Biomass.

The effects of the water—leaching are very peculiar. For the wheat straw
and olive residues samples, most of the water solubles elements are re-
moved in high percentages by the washing procedure. In terms of reac-
tivity, the washed fuels decompose over a wider range of temperatures
but the main reaction peak is shifted significantly to higher tempera-
tures. The kinetic analysis suggests that while the hemicellulose compo-
nent maintains its reactivity at about 170k]J/mol, the cellulose structure
reacts with an activation energy equal to 185k]J/mol. The presence of
alkali metals in the structure of biomass appears to have a clear catalytic
effect for some materials, influencing mostly the reactivity of cellulose
and increasing the number of possible reaction pathways. Different re-
sults, however, are found with more complicated fuels like peach stones,
DDGS and chicken manure. For these fuels it appears indeed that the
washing has a little effect on total ash content and even on the content
of soluble alkalis. This minor effect is visible also in the reactivity which
does not appear to significantly change for these samples. Deeper knowl-
edge of the composition and structures in which the inorganic matter is
included in such materials is required before conclusions can be drawn.
Moreover, the leaching does not seem to have an effect on the reactiv-
ity of nitrogen compounds, but it has, however an effect on the yields
of HCN and NH; which increase for both DDGS and chicken manure.
Due to the limitations of the measurement technique, however, it is not
possible to distinguish the real source of this change: this could be the
effect of both increased decomposition of N—containing structures or a
decreased release of molecular N, in favour of other volatile compounds.

Fast pyrolysis measurements

The fast pyrolysis behavior of DDGS and PKC is similar, due to the
similarity in their composition. The weight loss is higher compared to
the slow pyrolysis.

The release of volatiles seems to proceed until about 9oo °C after which,
light gases still increase in yield but at the expense of heavier tars. The
yield of tars is maximum at about 700 °C.

CO, is again the main volatile species up to temperatures of about
900 °C, with a maximum yield of 15 %wtg,s at 1200°C for all the fuels.
However, the yield of CO increases monotonically from a value of about
8 - 10 %wtg,s at 900 °C to a value of almost 25 %wtg,¢ at 1300 °C. This
trend, as mentioned in the point above, is most likely due to the thermal
cracking of formed tars in the hot area around the foil. CH, is, again,
a minor species, and its yield increases from values of about 1.2 %wtg,¢
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at 900 °C to a maximum value of 3.2 - 3.8 %wtq,¢ at 1200 °C. Methane is
also a product of the cracking of aromatic structures.

HCN is the main volatile-N species detected at all temperatures for all
the fuels. Only minor yields of ammonia are recorded during pyrolysis
of DDGS but not for PKC. HNCO is not detected for any of the sam-
ples. The yields of both NH; and HCN at goo °C are lower than the ones
recorded under slow heating rates, probably indicating a higher tar-N
release. However, at a temperature of 1200 °C, HCN yield increases up to
1.2 - 2.2 %Wtg,s while ammonia yield still remains lower than 0.5 %wtgy¢.
The mechanism of nitrogen release changes between slow and fast py-
rolysis: with high heating rates, most of the protein chains are released
in large molecules, most likely in the form of cyclic amides such as DKP.
These amides, subsequently, decompose further into, mostly, HCN. The
recorded yield of NH; can derive from three different mechanisms: ther-
mal deamination, which is though not favoured at fast reaction speeds,
from secondary decomposition of amines and amides or from the cross—
linking of reactive proteins’ side chains. This last route seems to be im-
portant because even at 1200°C, approximately 10 % of the initial-N is
still retained in the char of DDGS.

The effects of leaching are, again, minimal regarding weight loss and
product distribution. However, once again, the leaching seems to influ-
ence the volatile-N species favouring the formation of HCN and NH;
over tar—N or molecular N,.

Modeling of heated grid reactor

From the simulation of the temperature and velocity profiles in the reac-
tor it is clear that there is an area of high temperature and low velocity
around the hot foil. This is most likely the cause of the tar—cracking
observed at high temperatures in fast pyrolysis experiments. The yields
resulting from the fast pyrolysis measurements should, therefore, be con-
sidered as a contribution of primary and secondary devolatilization.

A combination of simulations and measurements using a non—contact
infrared pyrometer shows that the actual temperature of the foil is ap-
proximately 15 % (in degree Celsius) higher than the temperature mea-
sured by the control thermocouple.

Combustion tests

The devolatilization profiles for carbon to CO + CO, and N to NO un-
der combustion conditions are very similar for many, different, biomass
fuels. Also oxygen concentration does not seem to affect this behaviour.
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A common approach for the homogeneous release and oxidation of vol-
atile gases seems, therefore, appropriate for the studied biomass wastes.

* Rapeseed cake is the sample with the higher absolute release of nitrogen
as NO. The rest of the fuels, DDGS, PKC and chicken manure have
comparable absolute values while the fermented sewage sludge is the
fuel releasing the least amount of nitrogen as NO.

¢ The conversion of fuel-N to NO of the studied fuels decreases, following
a power trend, with increasing initial nitrogen content. This behavior is
attributed to the effect of the higher amount of NH; radicals available in
the gas phase around the particle when most of the nitrogen is released
during devolatilization.
For most of the fuels the conversion of fuel-N to NO increases with
temperature and slightly decreases with higher oxygen concentration.
The trend found in this study could be used as a preliminary mean for
the prediction of N to NO conversion from several fuels.

* During the combustion of the tested fuels, the carbon partitioning be-
tween devolatilization and char oxidation does not change significantly
among the fuels and at different conditions. The fraction of nitrogen re-
leased during devolatilization, instead, increases dramatically with tem-
perature so that at 1000°C almost all the nitrogen, which is released
as NO, is released during the devolatilization stage. It appears that at
lower temperatures the release of C and N from the fuel can be consid-
ered proportional, while the char is depleted of N faster than C at higher
temperatures. The fermented sewage sludge sample behaves differently
from the other fuels and it releases all of its N as NO during the pyroly-
sis phase. This is most likely due to its pre-processed nature and it also
explains its lower conversion of fuel-N to NO.

8.2 RECOMMENDATIONS FOR FUTURE RESEARCH
8.2.1  Slow pyrolysis research and kinetic modelling

¢ The use of additional measurement techniques, such as micro-GC and
in—situ Raman spectroscopy, connected on-line with the TG-FTIR setup
would allow a better understanding of the nitrogen chemistry thanks to
the detection of molecular N, and possibly, tar-N compounds such as
Diketopiperazines (DKP).

¢ Investigating the residual chars of different biomass samples and model
compounds (e.g. Lysine for aliphatic amino acids and Bilirubin for het-
erocyclic-N compounds), prepared at different temperatures and condi-
tions, using NMR techniques (*>N and *3C) would greatly help in under-
standing the structural changes of char-N during pyrolysis. Difficulties



230

Chapter 8

8.2.2

reside in the low natural abundance of >N in the samples and conse-
quently the low sensitivity of >N-NMR measurements which makes
it quite difficult and time consuming to achieve reliable results. With
the progress of technology this should become possible in a near future,
producing highly interesting results.

A thorough investigation of biomass model compounds such as proteins,
basic amino-acids, heterocyclic-N compounds and structural carbohy-
drates, on a TG-FTIR setup, using a consistent procedure would guar-
antee a better understanding of the mechanisms of volatile-N release
from biomass samples. Some of these model compounds for nitrogen
could range from aliphatic amino acids such as Lysine, to cyclic com-
pounds such as Bilirubin or Diketopiperazines (DKP), while cellulose,
xylan and lignin are commonly used to describe the structural carbohy-
drates found in biomass.

The application of a consistent methodology for the kinetic analysis of
the mentioned model compounds and biomass samples would guaran-
tee a predictive capacity on pyrolysis kinetics. The results obtained in
this work seem to suggest that using a consistent methodology, e.g. a
Distributed Activation Energy Model and fixed pre-exponential factor
equal to 2.2 X 10"3 1/s, could reveal common patterns of devolatilization.
Once detected, these patterns could be then related to the decomposition
of model compounds such as cellulose and hemicellulose. Once that is
established, knowing the initial amount of these basic structures would
allow the prediction of slow pyrolysis kinetics without having to run
the actual measurements. The role of inorganic matter on kinetics needs
further investigation as well.

Fast pyrolysis research and modelling

As for slow pyrolysis, the use of a micro-GC or in-situ Raman spec-
troscopy, able to detect molecular N,, H, but also tar-N compounds
such as Diketopiperazines (DKP), would greatly help understanding the
nitrogen chemistry under high heating rates.

The same goes for tar-N detection and analysis. The use of a tar-trap
syringe to sample tars from heated grid measurements has already been
developed by colleagues in the department and it should be used for
more thorough investigation on the tar-N chemistry.

The heated grid setup and the measurement methodology has already
been improved during this work but more needs to be done in order
to achieve a more reliable temperature control and decrease the influ-
ence of secondary reactions. The use of a pump with higher gas flow
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would increase the velocity of the gases, thus limiting their residence
time at high temperature and reducing the chances of secondary reac-
tions. However, it seems unlikely to eliminate secondary reactions com-
pletely, this seems intrinsic to the design of the reactor.

An infrared pyrometer could be used to measure the temperature of
the surface of a sample reacting on the foil. However, in order for this
measurement to be accurate, many factors need to be accounted for,
like the infrared absorption of the volatiles” plume and the influence of
background radiation of the foil on the radiation of the sample.

An improved physical model of the particle, including accurate physi-
cal properties and a detailed surface/volume model, would help under-
standing the actual thermal history of the sample on the hot foil and
therefore help the interpretation of the experimental data.

The numerical model developed during this work provides a very good
platform to implement further research. More detailed physical prop-
erties for the fuels should be measured and a more accurate surface
expression should be implemented in the model; with those data, then,
the thermal history of the sample could be accurately simulated. Con-
sequently, detailed chemical kinetics should be implemented into the
model. This will provide an excellent tool for the prediction of fast py-
rolysis phenomena or for validation of the kinetics retrieved at slow
pyrolysis conditions.

Combustion research

Coupling an FTIR analyzer to the single-particle reactor would allow
the detection of additional nitrogen species such as NH;, HCN, N,O
and help to understand the overall nitrogen chemistry of the fuels. The
addition of a micro-GC or Raman spectroscopy for the measurement of
N, and tar-N would, again, be very helpful.

Simulation or measurement of the temperature and velocity profiles in
the reactor would help in understanding the actual thermal history of
the sample and of the gases released.

Pre—treatments and fuels related research

Among the fuels studied in this research, detailed measurement cam-
paigns on large—scale setups are largely missing. This is especially true
for dry distiller’s grains (DDGS) which has not been considered as a
fuel for thermal conversion until very recently. Large—scale experiments
under pyrolysis, gasification and combustion conditions would close the
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final gap on the nitrogen chemistry of these fuels and confirm or deny
the possibility of extrapolation of data from small-scale experiments.

¢ The leaching pre-treatment seems to have a positive effect on the reactiv-
ity and volatiles’ composition of some fuels but not for others. A detailed
study on the composition and the structures in which inorganic matter
is bound in such fuels should be carried out in order to explain these
effects.

¢ A detailed energetic and economic analysis for the use of water leaching
on an industrial scale is required in order to promote it as a possible
technology for real applications.
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QUANTIFICATION METHOD FOR THE FTIR IN
COMBINATION WITH TGA

This section introduces the specific parameters of the quantification method used to
quantify the gaseous species in the FTIR when used in combination with TGA during
the measurements described in Chapters 4 and 5.
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APPENDIX A

A.1 GENERAL

The quantification method used in this work and described in this section
was implemented on the software package from the manufacturer of the FTIR,
Thermo Nicolet, called Quant Setup and applicable with the other software
OMNIC.

Many of the parameters used in the measurements are described either in
the previous Chapters 3, 4 and 5 or in the previous works of our section,
namely the PhD Dissertation of Dr. Gianluca Di Nola [139]. Also the calibra-
tion data used in the present work are the same as the ones retrieved and
described in previous works [139, 329].

Since in the present work, however, several details of the quantification
method were modified, the purpose of this section is to give such specific
details which differ from other works.

A.2 SPECIES AND SPECTRAL REGIONS

Tables 47 , 48 summarize the limits of validity of the calibration lines and the
spectral regions and specific windows used for each quantified species. Ta-
ble 49, moreover, illustrates the eventual interferences between the calibration
spectra that the software will take into account.

A.3 CALIBRATION LINES

Figures 118 till 126 show the actual calibration curve for the species most
commonly used in TG-FTIR measurements together with the parameters of
the curve and the relative error after calibration is applied.

calibration Report

Method: Untitled
sample Set: CO2 Low cal
Component: CO2

4  File Name Title Temp. Press. Length
+ cal co2 1508.3.spaFri Jul 02 11:45:48 2004 (GMT+02:00 150.0 759.9  0.20

Coefficients:
al0] = 0.000000e+000
all] = 6.828283e-001
al2] = 3.192878e-003

o # conc Conc Conc.  Error Error
(meas.) (act.) (corr.)  ppm B

69.07 43.20 19.31 6.11
156.76 121.00 118.10  -2.90 -2.
311.03 276.20 255.90  -20.30

146.89 431.20 391,98 -36.22

9335 1048.40  1029.46 -18.94 -
1076.19  1202.00  1255.85  53.85

1198.60  1355.30  1464.69  109.39
1262.40  1508.30  1578.89  70.59

S

Average error =

(b) Data for the calibration line and estimated
(a) Calibration plot error

Figure 118: Calibration line plot and data for the species: CO, Low.
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Table 47: Calibration range of the different species.

Calibration standard

Species Concentration limits [ppmy]
[ppmy]
Low High

CO, Low 43.2 1508.3 586
CO, Mid 1048 4053 2976.9
CO, High 1202 29210 24686
CO, Very High 29210 165747 154044
CO Low 181 6384 2178.4

CO Mid 4830 17912 6384
CO Very High 14846 90964 88723

CH, Low 199 1801 1443
CH, High 1801 19683 14521

HCN 41 920 662

NH; 41 920 920

HNCO 225 371 371
H,O 481 1630 1140.7
H,O Very High 1141 6146 2674.5

calibration Report

Name Title Temp. Press. Length
2 2976.9.spaFri Jul 02 17:10:30 2004 (GMT+02:00 150.0 759.9  0.20

cone Conc.  Error Error
(act.) (corr.)  ppm %

4053.00  4102.38  49.38  1.22
1048.40  1161.85 113.45 10.82
1202.00  1218.83 16.83  1.40
1355.30  1365.91 10.61  0.78
1508.30  1446.95 -61.35 -4.07
593.43 1531.40  1291.74 -239.66 -15.65
2976.90  2976.90  3025.77  48.87 1.64

yyyyyyy Average error = 7.42 %

(b) Data for the calibration line and estimated er-
(a) Calibration plot ror

Figure 119: Calibration line plot and data for the species: CO, Mid.

Additional information on calibration techniques and calibration spectra
can be found in the works of de Jong [200] and Di Nola [139] and in the
Chapters 4 and 5.
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Table 48: Spectral regions and windows for the different species.

Species Regions [ecm™] Windows [em™]
Start End Start End
CO, Low 2378.2 2386.8 2378.2 2380.0
2385.2 2386.8
CO, Mid 2378.2 2383.7 2378.2 2381.1
2382.0 2383.7
CO, High 2372.3 2387.9 2372.3 2377.7
2385.7 2387.9
CO, Very High 2392.4 3516.8 2392.4 2394.9
3515.7 3516.8
CO Low 2107.5 2131.7 2107.5 2131.7
CO Mid 2107.4 2131.8 2107.4 2131.8
CO Very High 2096.9 2101.8 2096.9 2097.7
2101.0 2101.8
CH, Low 3056.8 3166.4 3056.8 3166.4
CH, High 2998.7 3131.0 2998.7 3028.9
3048.0 3131.0
HCN 3273.0 3278.7 3273.0 3278.7
NH; 881.0 899.0 881.0 899.0
HNCO 2250.1 2274.2 2250.1 2252.3
2271.4 2274.2
H,O 3700.0 3919.0 3700.0 3919.0
H,O Very High 3970.0 39755 3970.0 3973.2
3973.6 39755

For the measurements on the heated foil setup, a detailed description of
the quantification method can be found in the works of Tamboer [329] and
Di Nola [139].
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Calibration Report

Method: Untitled
Sample Set: CO2 High cal
Componen 5
# File Name Title Temp. Press. Length
Cuenne +'cal co2 1202.spa Fri Jul 02 11:59:49 2004 (GMT+02:00 150.0 759.9  0.20
aowo_ Coefficients
a[0] = 0.000000e+000
a[1] - 2,874327e-001
a[2] - -2.038136e-004
. al3) = 1.121107e-007
" D Conc, Cone Conc. Error Error
. (meas. | (act.)  (corr.)  ppm B
' ¥ 1 26860.50 33461.00 30128.41 -3332.59 -3.96
. o] 2 18778.56  9023.00 10007.62 984.62 10.3
3 20583.33 11926.00 13156.62 1230.62 10.32
. 3 20910.20 13445.00 13800.38 355.38  2.64
5 23035.52 17585.00 18584.95 999.95  5.69
' 6 24686.00 24686.00 23073.36 -1612.64 -6.53
7 25967.30 29210.00 27065.92 -2144.08 -7.34
8 14453110  5036.00  4874.50 -161.50 -3.21
9 1298931  4053.00  3765.68 -287.32 -7.09
10 11449070  2976.90  2866.83 -110.07 -3.70
11 7374145 1508.30  1450.52 -57.78 -3.8
. 12 70s1isa  1355.30 1379123 23199 1.77
-~ p ™ zjmn 7, 13 6453155  1202.00  1257.16  55.16 4.59
- Average error -  6.64 %

(b) Data
error

—_

or the calibration line and estimated

(a) Calibration plot

Figure 120: Calibration line plot and data for the species: CO, High.

Calibration Report
cabton e Method: Untitled
Sample Set: CO Low cal
o, Component: CO_L

. 4 File Name

p. Press
+ cal co 6384.spa_

Temy Length
Mon Jul 12 16:44:56 2004 (GMT+02:00 150.0

759.9  0.20

Coefficients

al0] = 0.000000e+000
8.517672e-001
7.291173e-004

# Conc. Conc. Conc Error Error
B (meas.) (act.) (corr.) ppm 3
! 1 2178.40 2178.40 2342.95 164.55
> Tlesle Claiioo  Cisasy  asias
Soras asiso 01 e
i Soa0s k70 sesiz  aiias
5 1158.70 1038.30 1124.85 86.55
33035 asa0.00  avosies  -ren
"t T T T 1 7 4515.06 6384.00 5939.87 -444.13
— Average error =  6.95 %
(b) Data for the calibration line and estimated er-
(a) Calibration plot ror
Calibration Report
Calibeaton Curve. Metho Untitled
Sample Sef CO Medium cal
Component: CoN
1 # File Name Title Temp. Press. Length
eat BN apa muc Sul 13 12042020 2004 (@uTe02:00 19010 e5 s 050
Coefficients
” a[0] = 0.000000e+000
a[l] = 4.861268e-002
© a[2] = 1.100925e-003
! Conc . Conc. Conc Error Error
N 120, (meas.) (act.) (corr.) ppm B
L)
- 1 7631.43 8979.00 9404.15 425.15 4.73
‘ 3ot Gesai00  svesies  caosn -0.es
Do Giiioe  eseei0o  eesns aap7s e
D300 7isrio0  essila -sini7e 341
S 0meiss 17312000 1evisiis 80517 448
R PR S HE N
5SS Sisreo  eosia size 31
o Bieies 113100 1076 reiioo sled
o S 5175175 lasasioo 14390.30 aasso 501
oo oo 0 L o0 10 10069.45 16410.00 16216.26 -193.74 -1.18
- Average error = 3.89 %
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(a) Calibration plot

(b) Data
error

for the calibration line and estimated

Figure 122: Calibration line plot and data for the species: CO Mid.
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(a) Calibration plot

Figure 123: Calibration line plot and data for the species: CH, Low.

Figure 124: Calibration line plot and data for the species: H,O.

(a) Calibration plot

(a) Calibration plot

Figure 125: Calibration line plot and data for the species: HCN.

sample Sei
Componen:

#
+ cal ch4 1801.spa

Metho

File Name

Calibration Report

Coefficients:
a[0] = 0.000000e+000
all] = 9.915440e-001

# Cconc. conc.

(meas.) (act.)
1 213.64 198.90
2 269.54 254.70
3 31590 310.40
1 372.67 366.10
5 419.58 421.70
&  525.52 532.80
7 738.20 754.10
8 898.17 919.50
5 1088.18  1084.00

10 1221.12  1204.00

11 1443.00  1443.00

12 1753.04  1801.00

(b) Data for

error

the calibration line and estimated

conc
(corr.)

Title
Wed Aug 18 15:46:53 2004

Error
ppm

-12.20
-62.79

Average error =

Calibration Report

Method: Untitled

sample Set: H20 cal
Component : H20

ror

4 File Name Title
+ cal h2o 1630.7.spaThu Jan
Coefficients:

a[0] = 3.145657e+001
al1] = 8.402868e-001

# Cconc conc.

(meas.) (act.)

1 355.34 480.90

2 402.52 531.70

3 425.21 663.20

4 623.21 849.30

5 1140.70  1140.70

6 1724.31  1630.70

13 16:35:23 2005

Conc.
(corr.)

521.86
561.51
580.58
746.95

1181.79

1672.19

Average

error -

calibration Report

Method: Untitled
sample Set: HON cal

Component : HCN

4 File Name
+ cal hen 815.spa

Coefficients:
al

Title
Fri Nov 05 14:10:

= 0.000000e+000
all]l = 1.064958e+000

cone
(meas.)

(b) Data for the calibration line and estimated

error

conc.
(act.)

Conc
(corr.)

Average error = 8.

55
62
18
57
12
11
.50
51
46
62
51
00
33
18

39 2004

Temp
(GMT+02:00 150.0

Error

Press. Length
759.9  0.20

. Press. Length
9.9 0.20

Temp
(GMT+01:00 150.0 75

Error

8.52
5.61
-12.46
-12.05
3.60
2.54

8.41

Temp
(GMT+01:00 150.0

Error
i

(b) Data for the calibration line and estimated er-

. Press. Length
759.9  0.20
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Calibration Report

Method: Untitled
Sample Set: NH3 cal

Component : NH3

#  File Name Title Temp. Press. Length
+ cal nh3 815.spa  Thu Nov 04 17:35:56 2004 (GMT+01:00 150.0 759.9  0.20

T Coefficients:
a[0] = 0.000000e+000
a[l] = 1.027757e+000
# Conc Conc. Conc. Error Error
(meas.) (act.) (corr.) ppm %
L w2000 520,00 sas.ss 2558 2.78
. ;o R Chie me 3%
S %0s om0 wios o oss
. Do BN aEn 2 an
: ERE SRS S v A £ -
¢ TS oies i s 5E
. ] SooBeh s Hes L8 39
o Bss s mees e 9
. sooEs me e e o
1 Giiei sdige et sl 93
10037 350 doa on oos
3 idiee  dsees  ese  aas o
FER S RS - o
Hooshes NI S wn 2e
G sl oy s 0o
12 G ceion  eeses s o
w Boowae e s O b
B m T 1 1. BooBes et aem W oow
- Average error = 2.00 %
(b) Data for the calibration line and estimated
(a) Calibration plot error

Figure 126: Calibration line plot and data for the species: NH;



NOMENCLATURE

Latin Symbols

A Pre-exponential factor

Cj Weight factor

D(E) Distribution of activation energy
Dp Diameter of the particle

E Activation Energy

Eo Mean activation energy

f(x)  Generic function of the unreacted initial material

H,y Heating rate

k(T)  General Arrhenius expression

m Weight data from TGA run

n Reaction order

R Universal gas constant

T Temperature

t Time

X Unreacted fraction of the initial material

Greek Symbols

o Generic integer coefficient

o Reacted fraction for pseudo—components
B Generic integer coefficient

c Generic constant

€ Surface radiative emissivity

F Fraction of the market penetrated

o Variance

[m]

[k]/mol]
[K]/mol]
[°C/min]

[s7]

[%]
[K]/(K+mol)]
[K]

[s]

[%e]
[%]
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NOMENCLATURE

Acronyms

ar. as received

BAU Business as Usual

BFB  Bubbling Fluidized Bed

CCS  Carbon Capture and Storage

CDM Clean Development Mechanism

CFB  Circulating Fluidized Bed

CFD Computational Fluid Dynamics

CHP Combined Heat and Power

DAEM Distributed Activation Energy Model
daf  dry and ash free

db.  dry basis

DDGS Dry Distiller’s Grains with Solubles
DKP DiKetoPiperazines

DNA DeoxyriboNucleic Acid

DSC  Differential Scanning Calorimeter
DTG Differential Thermogravimetric curve
EEA  European Environment Agency

EFR  Entrained Flow Reactor

EU-15 European Union including member states up to 1 May 2004

EU-27 European Union including member states up at least to 1 September
2010

FFF  Fluid Fossil Fuels

FSS  Fermented Sewage Sludge
FTIR Fourier Transform InfraRed
GC  Gas Chromatography

GCV  Gross Calorific Value

GHG Greenhouse Gases
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NOMENCLATURE

GWP
HF
HHV
HR
HT
ICE
IEA
IGCC
IGFC
IGGT
IPCC
IR
LCA
LHV
MCFC
MHV
MSW
NDIR
NMR
OECD
OPEC
ORC
ORFL
ORF
ORL
OR
P-BFB
P-CFB

Global Warming Potential

Heated Foil

Higher Heating Value

Heating Rate

Holding Time

Internal Combustion Engine

International Energy Agency

Integrated Gasification and Combined Cycle
Integrated Gasification and Fuel Cell
Integrated Gasification and Gas Turbine
Intergovernmental Panel for Climate Change
InfraRed

Life Cycle Analysis

Low Heating Value

Molten Carbonate Fuel Cell

Medium Heating Value

Municipal Solid Waste

Non Dispersive InfraRed

Nuclear Magnetic Resonance

Organization for Economic Co—operation and Development
Organization of the Petroleum Exporting Countries
Organic Rankine Cycle

Olive Residue Fractionated + Leached

Olive Residue Fractionated

Olive Residue Leached

Olive Residues

Pressurized - Bubbling Fluidized Bed

Pressurized - Circulating Fluidized Bed
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NOMENCLATURE

PKC Palm Kernel Cake

PSL  Peach Stones Leached

PS Peach Stones

RC  Rapeseed Cake

RDF  Refuse Derived Fuel

RES  Renewable Energy Sources
RNA RiboNucleic Acid

SEM-EDX Scanning Electron Microscopy — Energy Dispersive X-ray spec-
troscopy

SET  Strategic Energy Technology

SOFC Solid Oxide Fuel Cell

SPR  Single Particle Reactor

TC ThermoCouple

TGA Thermogravimetric Analyzer

TPES Total Primary Energy Supply

UNFCCC United Nations Framework Convention on Climate Change
U.N. United Nations

U.S.  United States

WEO World Energy Outlook

WSL  Wheat Straw Leached

WS Wheat Straw

XANES X-ray Absorption Near Edge Structure spectroscopy
XPS  X-ray Photoelectron Spectroscopy
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