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Introduction

Currently in our country, the exploitation of biossafor power generation is very
limited: according to the statistics on renewableegy sources by the national Energy
Services Provider (GSE), in Italy a power capaéigm crops and agro-industrial wastes
of about 450 MW was in fact installed in 2008 vataAnnual electrical energy generation
around 2700 GWh, equivalent to less than 1% otated national production. Among the
technologies for biomass into electrical energywasion, combustion is the prevailing
one. In particular, almost all operating systems drased on the Rankine cycle steam
turbine mainly combined to a mobile grate boilan & lesser degree to a fluidized bed
boiler).

Biomass combustion is a simple and establishedegydout its efficiency is rather
low. In fact, the ratio between produced electrieldctricity and consumed energy in the
form of biomass does not exceed 25% for plants avtlgnificant size (capacities starting
from 10 MW are considered as significant for biommaswered systems) and decreases
dramatically for smaller size systems.

Furthermore, as plant capacity increases, supplyang storage of the fuel become
more and more complex, since, according to theemf@ntioned values of efficiency, an
average of 1-1.5 kg of biomass per kWh of genermesdricity is needed. As a result, with
the exception of particularly advantageous cades,aptimal plant capacity for electricity
generation from biomass tends to be rather smati(ad 1 MW). In effect, even for values
close to 10 MW, the supply chain of fuel can bg egpensive.

On the other hand, gasification is a technologyt thas a great potential in terms
of efficiency of biomass into electricity conversiédctually, by transforming a solid fuel
into a gaseous one, it makes to be possible theofiseiomass to power a high-
performance system, allowing the achievement ofativeonversion efficiency much
higher (in principle approaching 40%).

About this kind of applications, currently the maxpectations are placed upon the
development of systems (known as IGCC, IntegratadifiGation Combined Cycle)
obtained through the combination of a fluidized ledifier, which will be used preferably
oxygen and / or steam which gasification agent) &igas-steam combined cycle.

However, the technical and economic feasibilitytlidse systems requires the

installation of significantly power plant (from 20W). Therefore, also in the hypothesis of
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a favorable development of technology, the problemisich we mentioned earlier,
associated with the retrieval, transport and staag large quantities of biomass required
would persist.

Moreover, the development of advanced gasificagohnologies, such as steam or
just oxygen steam, allows producing a gas withtieddy high hydrogen content, from 30
to over 45% by volume. Therefore, there is an iasigy interest in the possibility of
producing hydrogen, which many experts will be ¢énergy carrier of the future, from
renewable sources and, in particular, biomass.tAs known, hydrogen can also be used
to generate electricity by the use of power fulsce

In this respect the present paper examines thahpligsof direct coupling between
the steam gasifier and fuel cell, which would aveommplex and costly systems for
handling and storage of gas produced. Also an ratiesgl gasifier/fuel cell, in addition to
environmental benefits, offers in principle a tatdurn at least equal to that obtained with
the combined cycle, but, thanks to the modulargthesf the conversion device, which yield
is virtually independent from the size of the plaBb this technology, therefore, is
particularly suitable for distributed generation,hieh is the most promising field of
application for the use of biomass energy.

Among the different types available with an adegubvel of technological
maturity, the molten carbonate fuel cell is besteslito be powered by gas produced by
the gasification process. In fact, it accepts ad,fincluding carbon monoxide, present in
high percentage in the gas, and makes, therefavenacessarily insertion of a unit of
separation of hydrogen or intermediate reformindyick would further complicate the
structure of installation.

The very complexity of design, implementation aadagement is one of the most
critical aspects of an integrated gasifier/molteartwonate fuel cell plant.

Specifically, the present work aims to examine samtcal aspects of the
integration of a dual fluidized bed steam gasifiatplant and a molten carbonate fuel
cell, such as:

1. conditions to make the gas produced from the gatifin actually usable as

fuel for the cell;

2. the definition of improvements necessary to clgarsection for the matching

gasifier /cell and their optimization;
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3. The optimization of energetic integration neededtihy plant for a more

efficient running.

11



Summary

The necessity of using clean energy sources to theejrowing energy needs of
the planet is a topic of strong current especigliyen the consequences, sometimes even
tragic, that climate change brings.

Therefore the development of new low-emission grergrces becomes a must for
research. Gasification of biomass, especially ade&isng the significant possibility of
future developments, and bio-diesel from waste casyrare certainly among these
sources.

The first and second chapter provides a state efdti gasification technologies
and processes, describing the differences betwhenvarious technologies currently
available and the lines of ongoing research.

In the third chapter has been described the biongassication platform operating
in Enea Research centre of Trisaia.

Chapter four give us a detailed state of arts dbgasification producer gas
cleaning. The most recent technologies are destrilidded respect to the most important
pollutants presents in the producer gas.

In the fifth chapter was instead described the aesle work made to develop an
innovative cleaning section to remove tars frongsymn fact, this is the direction my work
has concentrated primarily in the development efgilocess of cleaning the gas produced
and optimization of mating gasifier / fuel cell lvia view to distributed generation of
electricity.

So in the sixth chapter it is described the tecbgpldeveloped in order to remove
from syngas acid pollutants and sulphur compounds.

In chapter seven the simulation carried out tormojpte the accomplishing between
gasification plant and a molten carbonate fuel ea# described.

The chapter eighth provides a detailed state of aliout biodiesel production with
a particular focus on the different technology dwegiag in the triglyceride source.

Chapters nine and ten describes the researchcdesli to the synthesis of bio-
diesel. Hence my research has been directed edlyetoavards the study of innovative
catalysts, which enable it to use waste materiassaurces for the reaction of trans-

esterification, thus lowering the cost of bio-digz®duct.
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Introduzione

L'utilizzo delle biomasse per la produzione di ejarelettrica e allo stato attuale
molto limitato: dalle statistiche sulle fonti rinmabili del GSE relative allanno 2008
risulta, infatti, installata una potenza elettricka colture e scarti agro-industriali di circa
450 MW con una produzione di energia annua int@n®.700 GWh, pari a meno dell’1%
della produzione nazionale complessiva.

La tecnologia di conversione energetica pressododusivamente adoperata € la
combustione. In particolare la quasi totalita deghpianti si basa sul ciclo Rankine a
vapore associato a caldaie a griglia mobile o, iratghe caso, a letto fluido. Si tratta di un
processo semplice e consolidato, il quale peroeoffna modesta efficienza globale di
conversione: infatti, il rendimento elettrico nettogenere non supera il 25% per impianti
di potenza dell’ordine dei 10 MW elettrici. Talelma si riduce ulteriormente per sistemi
di piccola taglia, salvo che non si ricorra a ciélankine a fluido organico, i quali pero
comportano un notevole incremento del costo d’imigia

D’altro canto al crescere della potenza installad&venta progressivamente piu
critico I'approvvigionamento e lo stoccaggio deftaateria prima, dato che, con i suddetti
valori del rendimento, occorrono in media 1+1,5 dighiomassa per ogni kWh di energia
elettrica prodotto. Ne consegue che, salvo casttigalarmente favorevoli, conviene
limitare la potenza degli impianti per la produzewli energia elettrica da biomasse a
poche decine di MW, tenendo comunque presentepeinejuesti valori della taglia, la
gestione dei flussi del combustibile puo essereptesra e onerosa.

Il processo di gassificazione rappresenta una rss@anteressante al problema
della bassa efficienza di conversione delle biomass energia elettrica. Infatti, la
trasformazione del materiale solido di partenzaimcombustibile gassoso, ne consente la
valorizzazione in un sistema ad alto rendimentalgcicombinato) con un’efficienza
complessiva che secondo le stime puo attestardi0®al Per siffatte applicazioni, bisogna
pero ricorrere a processi tecnologicamente avanadtiizzanti ossigeno e/o vapore quale
agente di gassificazione, ed a dimensioni dell’smp significative. In effetti, il
gassificatore a letto fluido, in ossigeno o vapakbinato al ciclo combinato €, a giudizio
degli esperti, la tecnologia con le piu grandi pm&lita, per potenze elettriche installate
a partire da 20 MW. In ogni caso tale opzione pr¢égedegli aspetti critici, legati ai
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problemi di reperimento, trasporto e stoccaggiolalddiomassa cui si € accennato in
precedenza.

Peraltro la possibilita di produrre un gas con utia frazione d’idrogeno ne
consente in linea di principio l'utilizzo in unall@ea combustibile. In tal modo, oltre ai
notevoli benefici di natura ambientale, e possibddenere un elevato rendimento
energetico complessivo e, grazie alla struttura odack del dispositivo di conversione,
poco influenzato dalla taglia dell'impianto.

Questa tecnologia si presta quindi molto bene pegénerazione distribuita, che
costituisce forse il campo di applicazione piu pettente per I'utilizzo ai fini energetici
delle biomasse. Infatti, gli impianti di piccolatpaza (qualche centinaio di kW) che da un
lato consentono di attenuare i problemi connessi @gestione logistica della materia
prima e dall’'altro, avendo un impatto piu ridottalsterritorio, possono risultare piu
accettabili per le comunita locali.

Una tipologia di cella particolarmente adatta a ess alimentata con il gas
prodotto, tra quelle che consentono l'installaziodie potenze significative, € quella a
carbonati fusi, per il fatto che essa accetta, carnenbustibile, anche il monossido di
carbonio, presente in alta percentuale nel suddg#s. In tal caso, quindi, non si rendono
necessarie unita di separazione dell'idrogeno, dwenplicherebbero ulteriormente la
struttura dell'impianto. Proprio la complessita grogettazione, realizzazione e gestione
costituisce uno degli aspetti piu critici di un tsima integrato gassificatore/cella a
carbonati fusi. In effetti, alle problematiche siiietie delle singole tecnologie coinvolte,
ancora in fase di sviluppo, si aggiungono quelleia@mti dal loro accoppiamento. Tra
queste grande rilievo assume la necessita di otternm gas dall’elevata purezza: il
corretto funzionamento della cella, infatti, impowvi@coli molto stringenti sul contenuto
massimo di contaminanti, quali ad esempio i compatooniosi condensabili (tars) e
quelli acidi.

L'utilizzo di un gas combustibile avente caratticise inadeguate potrebbe
determinare una drastica riduzione nella vita dedlack, la cui durata, gia in condizioni
di esercizio ordinarie, e relativamente breve etitwisce uno dei principali svantaggi
della pila a carbonati fusi.

Il mio lavoro di ricerca si inserisce nel quadroldwriglioramento delle prestazioni
del gassificatore, in termini di resa energeticaliesviluppo del sistema di purificazione

del gas prodotto, in modo da consentire I'alimerdae di una cella a carbonati fusi con
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tale gas ed ottimizzare l'impianto integrato gaissifore/celle a combustibile. In
guest'ottica é stato svolto un lavoro di modelladodel sistema di lavaggio del gas
attraverso un innovativo scrubber a bio-diesel. Hare ci0o e stata utilizzata una
modellazione tramite I'utilizzo di un software coermale, il ChemCad.

E stato quindi sviluppato un completo up-gradingjadeezione di cleaning rivolto
all'ottimizzazione dei sistemi di abbattimento demposti acidi e dei composti dello zolfo.

Sono state infine valutate le prestazioni del sistentegrato gassificatore-cella a
combustibile sia da un punto di vista di efficieneaergetica che di performance
ambientali.

Il secondo filone della ricerca svolta si & coshcentrato sullo studio dei processi
di produzione del biodiesel e sulla loro ottimiaznae tecnica ed economica. Sono stati
studiati nuovi catalizzatori in grado di migliorata fase di produzione anche partendo da
una sorgente di scarto, quali gli oli esausti. Htifalutilizzo, come sorgente, dei
trigliceridi degli oli esausti porterebbe, oltre agh abbattimento sensibile del costo di
produzione del bio-diesel stesso (dove I'elememtacipale di spesa €& proprio il costo
della materia prima), anche a un processo di pracie distribuita di questo bio-fuel
secondo le crescenti esigenze del mercato.

E stata inoltre analizzata la possibilita di far \anire la reazione di
transesterificazione in continuo in un innovativeattore PFR in luogo della classica
configurazione in batch, in modo da ottimizzare lenauesta fase del processo di

produzione e renderla quindi piu vicina a un’eveituproduzione su larga scala.
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Sommario

La necessita di ricorrere a fonti di energia pulpar soddisfare i sempre crescenti
bisogni energetici del pianeta € un tema di forteualita soprattutto di fronte alle
conseguenze, talvolta anche drammatiche, che dadtene del clima porta con sé.

Di conseguenza lo sviluppo di nuove fonti di eremgibasse emissioni diventa un
must per la ricerca. La gassificazione delle biosgasoprattutto considerando la notevole
possibilita di sviluppi futuri, e il bio-diesel danti di scarto, rientra certamente tra tali
fonti.

Il primo e il secondo capitolo forniscono uno statell’arte delle tecnologie di
gassificazione, dei processi piu diffusi industriahte con una particolare attenzione ai
processi di gassificazione termica della biomassa.

Nel terzo capitolo viene data una descrizione degipianti di gassificazione
operanti nel Centro Ricerche ENEA della Trisaiapiamti su cui si e focalizzato questo
lavoro di ricerca.

Nel quarto capitolo viene fornito un dettagliatcatst dell’arte sui processi di
pulizia del gas prodotto da impianti di gassificaze.

Nel quinto capitolo sono descritte le analisi eslenulazioni effettuate nell’ottica
dell’'abbattimento del tenore di Tars nel gas ditssn.

Nel sesto capitolo sono riportati risultati relatiagli studi fatti sulla rimozione
degli altri composti inquinanti con particolare atizione ai composti dello zolfo ed ai
composti acidi.

Nel settimo capitolo vengono descritti gli studilateri all’accoppiamento
gassificatore-cella a combustibile dal punto ditaiglell'efficienza energetica e delle
performance ambientali del sistema integrato.

Il capitolo otto fornisce una descrizione dettagtiai processi di produzione del
bio-diesel con particolare attenzione alle diversaterie prime utilizzate come fonti di
trigliceridi.

Nel nono capitolo viene rportata I'analisi dell@anabili di processo nella sintesi
del biodiesel con particolare attenzione allo studiella migliore catlisi da utilizzare al
fine di ottimizzare i costi di produzione..

Nel capitolo dieci sono mostrati i risultati deists sperimentali di sintesi dei
biodiesel effettuati variando la materia prima, \ardo il tipo di catalizzatore ed a diverse

configurazioni reattoristiche.
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Questo lavoro di ricerca € stato svolto in collahnione con 'ENEA — Ente per le
Nuove Tecnonologie, I'Energia e I'’Ambiente, ed iartigolare col dipartimento di
Tecnologie per I'energia, le biomasse ed il risperrdel centro Ricerche ENEA della

Trisaia.
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Chapter 1

The Gasification Process
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1. The Gasification Process

1.1 Introduction
A large effort was directed towards the developmehtadvanced biomass

gasification technologies in the last decades. dureent biomass gasification technology
developments are essentially based on coal gasificarocesses.

During World War Il, biomass gasification was wigesad. It was used primarily
to create a fuel gas e.g. in cars. After the wawever, the gasifier development stagnated
for many years, until the first oil crisis. At thane, the re-discovery of the tremendous
potential of biomass launched a new age for gasifin [1].

Several recently developed biomass gasificationtplhave reached the pilot scale
level, however, only a few technologies have adegdrio the commercialization stage so
far. The biomass gasification process is quitelaind that of coal gasification, yielding in
both cases a mixture of gases with the same mampaoents. However, the distribution
of the resulting gases is different for biomass aaodl, and the reaction conditions for
biomass are milder than for coal gasification, tu¢he higher reactivity of biomass [2].
As in the case of coal gasification, biomass geaiibn under increased pressure
conditions favors the production of methane andaardioxide, whereas increasing the
temperature tends to increase the concentratiomydfogen and carbon monoxide.
Undesirable by-products and emissions encounterditkiproduct gas, such as particulates
and tar, are the main complications for its useddnwnstream synthesis or electricity
production. Steam is often used as the gasificagent for syngas production.

Blended with oxygen or air, it promotes the formaatof H2 and CO. Furthermore,
steam gasification contributes substantially to ri@uction of tar formation. The use of
catalysts (e.g. Ni) in connection with steam gaaiion additionally contributes to
increasing the hydrogen content due to the catatytnversion of tar [2].

Using high-temperature oxygen-blown gasificatidre tar content can be reduced
to even lower levels. The general purity requiretsdor synthesis gas suitable for synfuel

production are listed in table 1.1.
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Tab. 1.1:Permissible particle, tar, alkali and sulphur cont®f a synthesis gas
suitable for a commercial methanol synthesis pre¢agt,5]

Component Permissible Concentration
H,S and other sulphur compounds < 0,1 mgiNm
Particles < 0,1 mg/Nmi

Tar < 1,0 mg/Nni
Alkalis < 0,25 mg/Nm

The general reaction of fuel synthesis is the faiwnaof hydrocarbon chains from

synthesis gas as follows:

The reaction is exothermic and needs a catalystd3s conditions of the main fuel
synthesis are listed exemplary in table 2. Mostlsysis forming hydrocarbon chains —
CHy- and HO need a ratio of the educts/B0 of 2/1.

Tab.1. 2: Exemplary process conditions of fuellsgsis and synthesis gas ratio.
Product Pressure Temperature Catalyst H,/CO

Methane CH, 1-30 bar 300-400 °C Ni 3/1

Methanol CH3;OH 50-100 bar 250-280 °C Cu/ZnO 2/1
Fischer-Tropsch - CH,- 3-25 bar 190-240 °C Co 2/1
Fischer-Tropsch - CH,- 3-25 bar 250-300 °C Fe 2/1

The use of catalysts requires a very clean syrdhgas. Therefore, high-priority
research efforts focus on gas cleaning and on tdabies with gas cleaning/conditioning
(e.g. catalytic and thermal tar cracking), whiclelgi synthesis grade gases. There are
several options for gasification available or ivelepment.

However, only a few of them are suitable for biosagplications for producing
hydrogen and synthesis gas. Gasifiers can worlerithth direct heating, in which the
biomass is partially oxidized in order to supplg teat for the gasification or with indirect
heating, using heat exchangers or heat carrierghimrheat supply. For synthesis gas
generation from biomass, the indirectly heated togacor the directly heated, oxygen-
blown reactors with partial oxidation are preferredboth cases, the product gases show
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low proportions of inert gas (N2) with a relativélygh hydrogen concentration. Besides
the operation mode of the gasifier - autothermahwidirect heating or allothermal with
indirect heating - the main classifications of thasification process are the fluidized,

fixed-bed, and entrained flow reactor type.

1.2 Fundamental of Thermo-Chemical conversion

Thermo-chemical conversion covers different proegsswith interleaved
boundaries listed in table 3. The main differenlcesveen pyrolysis and gasification are
the envisaged products and the process condit\didle biomass pyrolysis starts in a
temperature range above 400 °C without air conbaobther agent, gasification needs

higher temperature and a gasification agent likeGi steam or hydrogen.

Tab. 1.3: Conditions and products of thermo-chehtgoaversion

Process Conditions Products (mass %)
Liquids  Coke Gas
Fast Pyrolisis  400-550 °C, short residence time 75% 12% 13%
Carbonation >500 °C, long residence time 30% 35% 5% 3
Gasification >800 °C, gasification agent: air, @@&am 5% 10% 85%

Pyrolysis and gasification are both endothermicrdfuge heat transfer to the
reactor is necessary. In the case of gasificatiatisiinction in direct (autotherm) and
indirect heated gasifiers (allotherm) is establish&hile direct heated gasifiers use partial
oxidation to generate the necessary heat demadiidech gasifiers are heated from outside
mainly over the reactor wall or heat carriers. gatvalue, amount and composition of the
product gas depends strongly on heat transfer miethd gasification agent. Exemplary
product gas compositions for different gasificatagrents are given in table 1.4. Air blown
direct heated gasifiers produce a nitrogen dildted calorific gas. Oxygen blown or

indirect heated gasifiers generate a medium cal@és.
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Tab. 1.4: Average product gas compositions (volwit) different gasification

agents

Gasification Ho CcoO CH4 CO; N2 H,/CO
agent

Air 15% 20% 2% 15% 48% 0.75
Oxygen 40% 40% 20% 1
Steam 40% 25% 8% 25% 2% 1.6

1.3 Classification of Gasifier.

Gasifier could be classified on the basis of heatdfer method, gasification agent,
thermal capacity and the technical design. Thetfonal principle of common gasifier
layouts are shown in figure 1.1.

P o D> ostoriio gas

=2 o

counterflow co-flow fluldlzed bed clrecullzed fluldlzed bed
fixed bed gaslfler gasifier

Fig. 1.1: Functional principle of gasifier.

All of the schematically shown gasifier produceahodfic gas with more or less
high concentrations of tar, particles and otherurtjes which needs further gas cleaning
and conditioning for fuel synthesis. On the leftesis shown the counter flow gasifier.

Due to the counter-flow an excellent heat exchaogeen the hot product gas
and the supplied fuel is realized, unfortunateig froduces a lot of tar. The co-flow is
also a fixed bed gasifier with a hot glowing zohé¢ha bottom where the produced gas has
to pass working as tar cracker. The operation addibed gasifier demands a high fuel
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quality, particularly a homogenous piece size. Mibegible concerning operation, fuel,
scale and the use of a gasification agent areifleitlbed type gasifiers. Inert bed material
is used (e.g. silica sand) to realize homogenouslitons and rapid heat transfer in the
fluidized bed. Fluidized bed technique enables lopgration periods and continuous ash
removal and bed material renewal. The operatiorp&ature is limited by the ash (and
bed material) sintering temperature below 900 °@cdRise tar content depends on
operation temperature, a medium tar and partictieriagas is produced. A further
important principle is the entrained flow gasifiethich needs pulverized fuel and is
operated above the ash melting point (> 1000 °Gh i& removed as liquid phase and due
to the high temperature tar content is very lonm8dechnical concepts for fuel generation
which are described more detailed later on progteged processes to use the advantages
of different reactor types.

Table 1.5 shows the tar and particle content ofptiogluct gases in dependence on
the gasifier type. As the tar formation is strondgpendent on temperature and operating
conditions, the table gives large intervals for tae concentrations. In general, high
residence time, high temperature and high steaoatioen ratio contribute to the reduction
of the tar content in the product gas.

Tab.1. 5: Tar and dust content of product gasesfdifferent gasifier

Gasification Tar Content Dust Content Source
Reactor Type [g/Nm°] [g/Nm?]
Co-Current 0.05-1.0 <10 [6]
Fixed Bed 0.05-6.0 1.0-3.0 [4]
0.1-20 [7]
Counter Current 5.0-10.0 [6]
Fixed Bed 10.0-100.0 0.01-10.0 [4]
Fluidized Bed 1.0-30.0 1.0 -100.0 [4]

1.3.1 Directly Heated gasifier

In directly heated gasifier, the required processthis supplied by partial
combustion of the feedstock. In this case the fijas is mixed with the product gas.

Directly heated gasifier, with oxygen (or oxygemiehed air) produce a gas with medium
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heating value and a lower hydrogen concentratiooaaspared to the product gas from
indirectly heated gasifier. The inert N2 concembratis negligible when using oxygen.
However, the CO2 concentration is relatively inseghcompared to the gas from indirect
heating. The operation temperatures are relativigh (900 to 1500 °C). The main
advantage of these gasification processes is tiwehldrocarbon concentration (short-
chain like methane and long-chain like tars) in pheduct gas compared to gasifier which
operates at lower temperatures. Thus, an additdoahstream hydrocarbon conversion
(methane reforming/tar conversion) is not necessérg disadvantage of this technique is
the need for an oxygen production unit which insesathe capital costs, especially due to
the disproportionally high share of the oxygen plewsts for a small decentralised plant.
As the downstream synthesis plants operate at yresssof 20 to 100 bar, it is
advantageous to operate the gasifier at elevatedspre. The various directly heated
gasifiers developed so far, or which are still avelopment, differ in technical complexity,
gas quality, and capital costs. Some interestimpgagehes with relevance for synthesis gas

or hydrogen production are presented below.

RENUGAS Process
The RENUGAS process developed at IGT (InstituteGas Technology) uses a

pressurized bubbling fluidized bed reactor [8]. érbnstration plant for 90 t/day of wood
or 63 t/day cane trash as feedstock was constristekde Pacific International Centre for
High Technology Research in Hawaii. The oxygen megouent of the plant is about 0.3
kg/kg wood feed and the lower heating value (LHY}he resulting dry fuel gas is 11.8 to
13.5 MJ/Nm3. The dry fuel gas yield is 1.0 to 1.eh®kg wood feed. The gasification
operation temperature for wood is 910 °C and thexatpn pressure is 23 bar. The fuel gas
has the following composition: 16 Vol.% CO, 38 \W6l.CO2, 17 Vol.% CH4, and 28
Vol.% H2. A special gas cleanup system was appiredyder to obtain a synthesis-grade

fuel gas. A schematic flow sheet of the procesggvien in figure 1.2.
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Fig. 1.2: Schematic presentation of the RENUGAS pess.

Carbo-V Process
The Carbo-V process is a relatively new developnfemin the Umwelt- und

Energietechnik (UET) Company in Freiberg, Germa®dly [t aims to produce a tar-free
synthesis gas for synfuel/hydrogen or electricityduction. The Carbo-V process is a two-
step process. In a first step the biomass is ctewvénto a tar-containing gas and char coal
in a pyrolysis unit at ca. 500 °C. The tar-contagnigas is fed into a second reactor
together with oxygen as a gasification agent, aseldufor the gasification of grounded
charcoal from the first reactor. Here the chareeaompletely gasified at ca. 1500 °C in
an entrained flow process. The ash is removed trwrsystem in liquid form due to the
high operation temperature. The process-specifiam@tdges of the Carbo-V gasifier are:
() no special requirements are needed for the fegarding lumpiness, homogeneity,
humidity, etc.; (II) the high operation temperatofethe gasifier leads to a largely tar-free
gas; (Ill) after wet cleaning, the product gas reeké high specifications for downstream
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synthesis or gas engines. A typical product gasysisais presented in table 6. Figure 3

shows the flow sheet of the Carbo-V process.

Tab.1. 6: Typical product gas composition of Cakbprocess

Gasification with oxygen Gasification with air

Gas component Vol. % Vol. %
CO 39.2 21.8
CO 20.4 11.4
H> 40.2 22.1
CH, 0.1 0.0
N> 0.1 44.7
Pyrolysis Gas Product Gas
Biomass 4— Oz ———
l PSS
O, l\\,q\,l\\, ¥,
Pyrolysis Unit \/
500°C |

Heat Exchanger Filter Quench

Hammer

il 1500°c| Gasifier

Char Coal \

Liquid Ash

Fig. 1.3: Carbo-V process flow sheet [9].

HTW Process
The High-Temperature Winkler (HTW) process was tlgyed at the Rheinische

Braunkohlenwerke AG, Germany, and consists of asumézed fluidized bed reactor with
oxygen/air and steam as the gasification agent.prbeess operates at pressures up to 10
bar and temperatures in the range of 800 to 110010C The gasifier was extensively
tested between 1956 and 1964 with lignite as feeldst A typical {steam +
oxygen}/lignite ratio ({0.41 kgsteam + 0.36 Nm3 @2jlignite) gives a carbon conversion
of 96 % and a carbon monoxide + hydrogen yield .df ANm3/kg lignite. A typical dry
product gas composition is:H2 Vol.%, CO 39 Vol.%, C®17 Vol.% and CH 2 Vol.%.

The main characteristics of the process are: (@h hthroughput rate, (II) high-purity

27



product gas, suitable for the synthesis of metha(tib) suitability for a wide variety of
feedstock (lignite, wood, biomass, etc.), and (Ixibility in the product gas utilization
(synthesis gas, reduction gas, hydrogen, gasealy #8 demonstration plant with a
production capacity of 37,000 Nm3/h of synthesis & methanol production (14 t/h)
from lignite in Wesseling, Germany, was constructedl986. Several other feedstock
(wood, peat, etc.) were tested, obtaining a syiglges suitable for methanol production.

Especially wood can be converted with high efficiefiL1].

—»
Cooler . E
L

— ] Product
Biomass o X Gas
|| - L"“-{ -
Cyclone . L e
Filter \(
10 bar | Reactor Solids
800- Cluench
1100°C
O,/Steam
Ash

Fig. 1. 4: Flow sheet of the HTW high-pressure biossdcoal fluidised bed gasification [11]

Figure 1.4 shows the flow sheet of the HTW proc@dse raw product gas is
subjected to a complex gas cleanup before mettymbhesis. The gas is separated from
the solids in a cyclone and then cooled down. Déngasn the gas enters a gas filter and a
scrubber. Subsequently, the sulphur componentseparated in a second chemical or

physical washing step in order to achieve synthgessquality.

Texaco Process
The high pressure Texaco process was developeteireighties. The Texaco

process is based on work from the Texaco Developr@emp. in the forties [12]. It

involves entrained flow gasification with oxygenhagh pressures (up to 80 bar) and high
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temperatures (around 1300 °C). Due to the highfigagon temperatures with the Texaco
procedure, a carbon conversion close to 100 % agid ¢las purity can be obtained.
Several plants for coal gasification have been ttoaed in Europe and in the USA for
synthesis gas production [12, 13].

Texaco and HTW processes with coal gasificationhéghly suited for application
in combined-cycle power plants [14]. A 100 MWe powéant constructed in 1988 in the
USA using the Texaco principle was regarded asctbhanest coal power plant in the
world. The environmental and economical advantafekese gasification processes, and
their versatility in the use of different fuelspmass, wood, etc. were fully demonstrated in

the eighties and nineties.

Schwarze Pumpe Waste-To-Methanol Process
At Schwarze Pumpe Spreewitz, Germany, three difteyges of high-temperature

gasifiers for co-processing of waste (solid, ligpakte-like), biomass (e.g. contaminated
waste wood), and coal have been operating sinc8. 18lid feeds are gasified in a high-
pressure fixed-bed gasifier (25 bar, 800-1300 YQh@ slag bath reactor (1500-1800 °C).
Liquid or liquid-like wastes, such as tars, oilsirg/ products (oil-water-solids), etc., are

processed in an entrained flow reactor (25 barPA13D0 °C). The gasifying agents are
water and oxygen. The product gases, after sewegs for cleaning, cooling, and

conditioning (stoichiometric adjustment), is supgdlito a methanol synthesis plant and
used for electricity generation. The share of tlaste in the feed is up to 75 Wt.% (rest:
coal). In 2002, 300,000 t of waste was processetl an 100,000 t of methanol was

produced [15].

1.3.2 Indirectly heated gasifier

Indirectly heated gasifier are designed to takeaathge of the higher reactivity of
biomass relative to coal, and to produce a gas avhliigher hydrogen content compared to
directly heated gasifier. A number of differenthrologies have been developed to the
pilot stage and currently being tested worldwidbe Tndirect heating leads to a product
gas with a medium energy content, which is nottdduwith nitrogen (without the use of
costly oxygen). In an indirectly heated gasifibe heat is supplied to the reactor through a

heat exchanger or heat-carrying materials like séadbbthermal process). Steam is
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introduced with the feedstock to the reactor tonmte the gasification reaction and to
increase the hydrogen yield. The disadvantageshefindirectly heated gasifiers for
synthesis gas production are the relatively higltharge and tar concentrations in the
product gas due to the low operation temperatudelittonally, operation under pressure is
difficult with this technology. Some of promising\vklopments in the field of indirectly

heated gasifiers for biomass are presented below.

DMT Indirectly Heated Steam Gasifier
In the indirectly heated steam gasifier developedDMT (Deutsche Montan

Technologie, Germany), the process heat neededhtorbiomass gasification is not
supplied using a suitable heat exchanger, but ratlheugh combustion of a part of the
product gas. In contrast to other allothermal geeibn processes, the flue gas from the
combustion process is not separated from the ptaghsgc This process thus leads to lower
hydrogen concentrations and an additional oxygenathel when nitrogen must be avoided
in the product gas.

The gasification takes place in a stationary fizedi bed reactor at about 4 bar and
850 °C. The hot product gas first enters a cycloredust removal, and then passes
through a heat exchanger where its heat is reletmedteam generation. Finally the
product gas passes a gas filter, a water quendha a@ownstream fixed-bed filter. The gas
composition varies depending on whether oxygeniisaused as combustion agent. A
typical product gas composition using oxygen ascthabustion agent is: +87.5 Vol.%,
CO 15.9 Vol.%, CQ34.9 Vol.%, CH 9.2 Vol.%, GH,4 2.2 Vol.%, and N 0.3 Vol.% [16].

The use of steam as a heat carrier - compareditectly heated reactor - generates
a product gas with a high hydrogen concentratiowels as low dust and tar content. In
order to provide the heat in the gasification zan@art of the product gas is burned with
air or oxygen. The heating value of the obtaineddpct gas is improved when using
oxygen for steam generation. The lower heatingev@liHV) of the product gas is ca. 10.5
MJ/Nm3 if oxygen is used for the combustion procéss pilot plant with 500 kg/h feed,
the gasifier was test-operated at DMT for 27,000 lthe eighties. A flow sheet of the
DMT process is shown in figure 1.5 [16].
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DM?2 Staged Reforming Process
In the first step of the Staged Reforming Procddb® DM2 Company, Germany,

the biogenous material is decomposed in a pyrohgsistor at about 500 - 600 °C into a
gas (approx. 80 Wt.%) and char (approx. 20 Wt.%9%).[The heat is supplied by heat-
carrying materials, e.g. metal spheres or othet materials. The char leaves the reactor at
the bottom into the firing, the gas and tars mavdhie opposite direction as the heat-
carrying medium, entering the reforming stage axiting at the top of the reformer, in
which the organic compounds (e.qg. tars, hydrocapare steam-reformed to H2 and CO.
The heat needed for both, pyrolysis and reformimgupplied by the heat carrier which is
heated up to 900 - 1000 °C by the flue gas fromctirabustion chamber, where the char
and residues of the feed material are burnt. Tla¢ ¢erier first releases its energy at first
in the reformer and then in the pyrolysis reackoschematic presentation of the process
principle is given in figure 6.

A 1 MWith pilot plant was erected in Herten, Germgainy2001. A feed with 30 %
moisture and sizes of up to 50 mm is tolerable /&an2000/. The dry gas composition is
expected to be H2 56.7 Vol.%, CO 18.3 Vol.%, CO5280l.% and CH4 1.5 Vol.% [17].

The main advantages of the process are: (I) noaxyg needed for the gasification, (lI)
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atmospheric process, (Ill) no special requiremamngsset for the feed material (variety of

feed with a water content < 30 % and size < 50 mm).
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Fig. 1.6: Principle of the DM2 Staged Reforming Praee[17].

Indirectly Heated, Twin Fluidized Bed, Steam Gasifier (Battelle/ FERCO)
This process was developed by Battelle in the Egl#nd tested in a pilot plant. It

produces a medium caloric gas without oxygen supplyer atmospheric pressure, using
twin circulating fluidized-bed gasification [18].d4t is supplied by circulating a stream of
sand between two physically separated fluidized-testtors. Biomass enters the first
reactor in which it is gasified with steam to prodwas and char (figure 1.7). A cyclone
separates the gas from the sand and char, bothhichventer a second fluidized-bed
reactor, the combustor. The char is burned in tmebwstor and heats up the sand which is
reintroduced into the first reactor where it sugpline heat needed for the gasification. The
operating temperature of the gasifier ranges fré&3@ ® 1000 °C. The product gas is

cleaned in a scrubber and the tar thus separatemnisoduced into the combustor. The
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flue gas waste heat is used to dry the biomass feesis have been conducted with wood
throughputs of 1.5 to 1.7 t/h.

After successful operation of a pilot plant at BHg, it was decided to upscale the
process to a commercial scale (182 dry tonnesavhass feed per day). The plant started
testing in 1999 in Vermont, USA. A typical produgas composition obtained with the
plant is: B 18.0 Vol.%, CO 47.0 Vol.%, C014.3 Vol.%, CH 14.9 Vol.%, GHs 1.1
Vol.%, and GH4 4.7 Vol.%. The higher heating value (HHV) of thasgis about 16.8
MJI/Nm?® [19].

G- O

Flue Gas
) 7 ‘ Ash
/\'I Scrubber
Diryer
Product
Biomass Gas
Storage
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1000%C
Gasifier
Separation
Cyclones
Kﬂam Air
L [ Water
Fig. 1.7: The Battelle/FERCO gasification processqjL
FICFB Gasification

The FICFB (Fast Internally Circulating Fluidized @egasification uses the idea of
a heat-carrier bed material to supply energy faifg@tion, somewhat similar to the DM2
process and Battelle/FERCO gasification. A heati@afquartz sand, catalytically active
olivine) circulates between two reactors, introdgcheat from the combustion zone into
the gasification zone. There is no gas contact éetmthe two zones. Biomass enters the
gasification zone where it is steam gasified. Thasifgcation zone is fluidized with steam
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and the combustion zone (riser) is fluidized with @he bed material with char moves
from the gasification into the combustion zone, kehile charcoal is burned with air. The
exothermic reaction in the combustion zone provitiesenergy for the gasification via the
bed material. The product gases are cooled in & édwadanger and afterwards cleaned
from dust and partly from tar with a bag filter.riathen separated in a scrubber with bio-
diesel as the scrubbing liquid. The advantageh®fRICFB process are: (I) allothermal
process without oxygen demand, (II) compact readasign, (lll) low investment costs
due to the compact construction, (VI) high enerdiciency, and (V) reduced tar and
nitrogen content in the product gas.

Based on a 100 kWth pilot plant, a demonstrati@niplith the FICFB concept
was erected in Gussing, Austria, with 8 MWth andelattric output of 2 MWe [20, 21].
The gasification temperature ranges from 790 to “@QOA typical product gas analysis at
880 °C shows the following composition; K3 Vol.%, CO 30 Vol.%, C®13 Vol.%, CH
9 Vol.%, and N 5 Vol.%. [20, 21]. Figure 1.8 illustrates the remadesign for the FICFB

process.
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Fig. 1. 8: FICFB gasification reactor [20].
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AER Process
With the AER process (Absorption-Enhanced Reforfjingiomass steam

gasification can continuously produce a raw gashwiore than 75 Vol.% hydrogen,
suitable for downstream fuel synthesis or eledyriproduction. In this approach, the €0
produced during steam gasification is separateu the reaction zone by an absorbent, so
that the resulting product gas exhibits a high bgén concentration as well as low
amounts of carbon oxides and tar [22, 23]. The CGRorption shifts the reaction
equilibrium towards increased hydrogen concentnatis the reaction of carbon dioxide
with the absorber is exothermic, it supplies inusithe heat needed for the
reforming/gasification. A flue gas with increase®J oncentration is produced when the
sorbent is regenerated in a subsequent process step

The key element of the AER process is the reforfgagfication reaction in the
presence of a high-temperature L@bsorbent. The absorbent consists of a metallic
oxide/carbonate system, e.g. CaO/CaCOThe AER process combines the
reforming/gasification, shift and carbon dioxidenval reactions in one reactor, leading
to a hydrogen-rich gas. The principle of the AERgasss is presented below with CaO as

the absorbent:

Biomass steam gasification:
CHxOy + (1-y) H20— CO + (0,5x +1-y) H2 4HR >0 (Eq. 1)

CO-shift reaction:
CO + H20— CO2 + H24HR < 0 (Eq. 2)

High-temperature CO2 absorption:
Ca0 + CO2— CaCO34HR < 0 (Eqg. 3)

Overall reaction:
CHxOy + (2-y) H20 + CaG- CaCO03 + (0,5x + 2 - y) HAHR = 0 (Eq. 4)

Depending upon the feedstock, the calculated gmghdifference of the overall
reaction can be slightly negative or zero. The gsscis easily adapted for synthesis gas

production with a certain stoichiometry requiremieyicontrolling the absorber amount.
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In order to realise continuous operation, two fized-bed reactors are coupled. In
the first reactor, the biomass gasification witlash takes place with absorbent as the bed
material. The second reactor operates in the camobusiode to regenerate the sorbent
(figure 1.9). In the technical realization, the atéae bed material circulates between the
AER gasification reactor (600 — 700 °C) and theradwmmbustion reactor (800 — 900 °C)

for sorbent regeneration.

H,, Syngas Flue Gas, CO,
FB Gasifier (  FB Combustor
(Absomption) GaEly, G (Desorption)

7 N\

BIOMASS ! - T Cad

Steam Ajr

Fig. 1.9: Technical concept of the AER process famntinuous synthesis gas/H2 production from
carbonaceous fuels with two combined fluidized-b@B) reactors: a gasified operating at 600 — 700 °C
and a combustor operating at 800 — 900 °C.

The AER process was tested in a 100 kith benclptast [23]. The advantages of
the AER process over conventional biomass stearfiagdi®n are: () the AER process
allows the production of a product gas with a Hitthconcentration (> 75 Vol.%) or with a
desired stoichiometry factor for downstream synthés a single process step, (Il) the
energy required for gasification/reforming is sueglin situ through the exothermic
carbonation reaction of the absorber, (lll) reaxtior downstream CO shift and CO2
removal are not required, (V) tar formation is prgssed as a result of CO2 absorption
and the tarcracking properties of the sorbent.
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1.4 Conclusion

Industry and a number of research institutes at&eadn the development of
biomass gasification technologies. The focus ofR&® activities is the development of
the gasifier itself and the cleaning of the prodye$. A detailed observation on the current
status of biomass Gasification was written by BaditAl 2005, the leader of IEA Task 33:
“Thermal Gasification of Biomass” [24].

The main differences between existing gasifierssforgas production via biomass
gasification are (I) the content of minor composdantthe product gas (impurities), (1) the
content of the major components (H2, CO, etc.) @hdthe necessity of an air separation
plant for oxygen production. No existing gasificatitechnology meets all the demands to
produce bio-syngas in one process step. Air-driéirectly heated gasifiers are not
suitable for synfuel generation due to the hightiporof nitrogen in the product gas.
Fixed-bed gasifiers are not qualified for syngasegation due to (1) their limited capacity
range (< 5 MW) and (ll) their disadvantages regagdihe automatic control of the
process. Indirectly heated gasifiers have the gadatintage of high hydrogen content in
the product gas, but the disadvantage of high foadthmn content (methane and tars). To
upgrade this gas to syngas quality, downstreanrmafg/cracking units are necessary.
Entrained flow gasification shows the lowest tantemt in the product gas, but it lacks
high hydrogen concentrations. They require dowastrehift converters, followed by CO2
removal, for adjusting the syngas. Additionally, ain-separation plant is necessary to
supply oxygen as gasification agent for entrairled fgasification. Figure 1.10 compares
the product gas compositions for different gastiama systems which are potentially
suitable for synthesis gas production. Gasificapoocesses with high hydrogen content
are favourable. However, gas conditioning for atilpgsthe stoichiometry factor are still
necessary with most gasification technologies forga carbon conversion (with a recycle
loop for the non-reacted part of the syngas). Nbedess, the product gas composition
alone is not decisive for selecting a gasificatmmocess for synthesis gas production.
Besides the concentration of the main gas compenant the impurities, energetic
efficiency, capital costs, operation and mainteearmsts and process complexity have to

be considered as well.
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Fig. 1.10: Product gas composition from different gification technologies (1) Reed et Al
1999[1], (2) www.gastechnology.org 2005 [25], (hader et Al 1984 [10], (4) Hauserman et Al 1997
[26] , (5) Williams et Al 1995 [27], (6) Dimova &l 2000 [28], (7) Paisley et Al 2000 [19], (8) Cofém et
Al 1981 [29], (9) Norbeck et Al 2000 [30] , (10) Hauer 2001 [20], (11) Marquard-Moellenstedt et Al
2004 [23].

Biomass gasification has reached the point of dgreent where first applications,
such as co-firing and co-gasification, are becongngimercial. However, none of the
processes have been running long enough to prosgtiable data on the process
performances and costs. The main research activitithe field of biomass to- syngas are
() the development of gasification technologieshwiegard to the properties of different
biomass feedstock and (Il) a gas cleaning and tondig with regard to biomass-specific
impurities like tars and alkali. A significant ammdwf work must still be done before such
plants could be considered for commercial syngaduymtion applications.
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2. Thermal Gasification of Biomass

2.1 Introduction

Gasification of solid fuels, coals and petroleurfinexy residual hydrocarbons, is a
proven energy conversion technology to producencleals, electricity, and chemicals. At
present, around the world in 28untries, ~ 120 plants are operating more thangad8fiers
to produce about 46,000 kWth capacity of synthgass(equivalent to ~ 63garrels of oil per
day). It has taken over 60 years of worldwide refto reach this level of fossil fuel
gasification production capacity [1, 2]. In contradke first modern commercial exploitation
of biomass gasification (BMG) was attempted ned@0/ years back, in Scandinavian
Countries, at a time when there was uncertaintyitath@ rising cost and accessibility to oil.
Although, technical viability of BMG and the reldteenvironmental benefits are widely
acknowledged, the extent of its commercial utilitgs mostly been limited to CHP and
district heating and a handful of co-firing apptioas, driven primarily by regional or local
environmental or economic considerations. Untilerdly, the development of advanced
processes and broader application of BMG are intbbgtecompetition from low-cost fossil
fuels and inadequate market pull. The other cauinly factors are the lack of an
infrastructure for sustainable supply of qualityhirolled biomass and the lack of adequate
incentive driven policies and partnerships withusstty to develop, demonstrate and deploy
bioenergy conversion technologies, in particulartitgh efficiency processes. The last two to
three years have witnessed unprecedented volatiliy and gas prices and raised concerns
about security of energy supply. Further, the needttain several environmental targets is
fast approaching, notably related to climate chaageé the reduction of primary energy
usage. Against this backdrop many of the natioeakwable energy plans are constantly
reviewed and revised to implement measures coneluovcommercialization of biomass
energy technologies. Biomass gasification shoudy pl central role in producing biofuels,
substitute natural gas (SNG), value-added chemicadd, and power [1, 3, 4].

2.2 Status of BMG Development and Commercialization

The early biomass gasifiers were developed basedeoprinciples of moving bed (or

fixed bed) coal gasifiers and deployed essentiallyCHP applications. These include the
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eight, 4 to 5 MWth capacity, automated Bioneer l@esngasifiers that were built in Finland
and Sweden during mid-1980s for heating, are istithperation. The most developed and
known moving bed biomass gasifiene the Babcock Borsig Vglund gasifier developed in
Harboore, Denmark and replicated in Japan, the 8ssnkngineering Ltd gasifiers in UK
XYLOWATT AB systems in Belgiumthe CTU/Pyroforce gasifiers in Switzerland and
Austria [5]

The successful high throughput circulating fluidizzed combustors (CFBC) designs,
developed during the 1970’s, were later modifiedofeerate effectively as circulating
fluidized bed gasifiers (CFBG). The early CFBGsSecandinavia produced a fuel gas that
could readily replace fuel oil in industrial buraeBince, there was little or no gas cleaning
involved in these applications, these plants waceessfully scaled-up to 100 MWthcapacity,
processing about 600 tonnes per day of biomasgiaiateSince the early 1980s, Ahlstrom
(the present Foster Wheeler Energia OY(FWE)) hasemded in building seven, 3 to 70
MWth CFBGs in Finland, Sweden, Portugal, and BelgiThe recent additions in the last
decade to successful Ahlstrom/FWE biomass CFBQGgfan co-firing include the 60 MWth
plant in Lahti, Finland and the 50 MWth Ruien aoAfy gasifiers. The Lahti plant has
operated for over 40,000 hours with gasifier awdits in excess of 95 %Lurgi has built
three CFBG units of which the 100 MWth Rldersd@grmany plant is successfully
gasifying waste to produce fuel gas for firing aneet kiln. After some plant modifications,
the 83 MWth Essent/Lurgi co-firing plant is now kao operation. In 1988, Gotaverken (
Now Metso Power) has built one, 25 MWth CFBG in 8are which is still in operation. The
same year, TPS has designed two, 15 MWth capa&BGS for RDF pellets at Greve-in
Chianti in Italy which have been shut-down dueda-technical reasons [6,.7]

In the area of CHP and power applications, Sydlaadt Ahlstrom were involved in the
development of a second generation pressurized Cpi®Gess for IGCC application, at
Varnamo, Sweden. The 18 MWth capacity plant wasabpe at 18 bar pressure, raw gases
were cleaned without condensation employing highperature filters, and the LCV fuel gas
was successfully combusted in a closely integraitgdhoon gas turbine, to generate 6 MWe
and 9 MWith of district heat. The Varnamo plant wasthballed in 2000, after more than
8,000 hours of gasifier and 3,600 hours of integtaiperation with the gas turbine. Since
October 2005, the efforts are in progress to reatetiVarnamo plant as the centerpiece for

demonstration for a multinational synthesis gaeiggment project.
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The Technical University of Vienna has developddst internal circulating fluidized
bed (FICFB) biomass gasification process, whiclorporates a bubbling bed gasifier and a
CFBC unit that has been scaled-up in cooperatith REPOTEC,; it is now in continuous
operation as the 8 MWth Gissing CHP plant in AastBince the process produces a
hydrogen-rich synthesis gas, a wide variety ofssigam investigations are being conducted
at this plant to evaluate the production of ligfuidls and substitute natural gas (SNG). Based
on these studies, 1566 the raw gas stream is completely conditioned@myerted to SNG
in a closely coupled demonstration plant.

Ahlstrom/FWE has also built a 40 MWth, Corenso bgbfluidized bed gasifier in
Finland. This plant has been operating successfoilyabout five years, producing energy
while recovering metals from the waste feedstoctbGna/Andritzs now in the process of
commissioning a 30 MWth capacity, RENUGAS fluidizdsed gasifier for CHP
demonstration in Skive, Denmark.

In the area of synthesis gas, there has been a stiggtivities recently. Choren has on
the basis of a 1 MW pilot built a 45 MW thermal gysis gas plant fully integrated with a
Fischer-Tropsch unit based on Shell technologymmassioning will be initiated 2009. At
Forschungszentrum Karlsruhe FZK, Germany a 5 MWitdiar the conversion of biomass
residues to fuel by pyrolysis and subsequent ertailow gasification is under construction
(biolig®) with Lurgi. The pyrolysis step is operationale thasification will be commissioned
in 2011. Range Fuel is in the process of builditayge scale gasification-based ethanol plant
in Georgia, USA. In the forest industry, Stora EngBM and Norske Skog are all engaged in
plans for biofuels, the two former conductiong ptant scale tests for gas cleaning starting
this year.

Other biomass gasification projects worth mentigrane the Lurgi CFBG process in
Pols, Austria, the FERCO SilvaGas Process in Vetptbe TPS Process for the ARBRE
demonstration project, and the RENUGAS demonstraticiawaii. Although, most of these
gasifiers have demonstrated technical succesgnsygperation, ranging from handling and
feeding low-density feed stocks to heat recovemynfraw product gases and gas purification,
both in-situ and in series to the gasifier, havesented certain technical problems which are
being addressed in several RD&D projects to advtrestate-of-the-art of BMG [6, 8, 9].
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2.3 Barriers to Technology Commercialization

The main technical barriers to commercialize BM@lude, reliable handling and
feeding of mixed feed stocks, in particular the-dewnsity herbaceous biomass, reduction of
tar formation in gasification reactors, particula&rainment and their removal, managing
carbon, tar, alkali, chlorides and ammonia in fiades, ash withdrawal, waste water handling
in conventional gas clean-up., This has limitechibd¢ scale-up and successful demonstration
of high-efficiency advanced BMG processes. Gadgitioaprocesses employ in-situ tar
decomposition materials and thermal oxidation tephes to minimize tar formation to
varying degrees of success. In addition to congeatigas scrubbing with liquids, high-
temperature ceramic and sintered metal barrierdilhave been developed to successfully
remove entrained particulate matter. It has bepeatedly observed that improvements made
in the reliability of individual process steps dat mecessarily guarantee successful scale-up
and integrated operation of the overall proces®rdtbre, system integration remains an
important issue in process scale-up, demonstragiod,commercialization. These technical
barriers have also, with a few notable exceptitingted the involvement of engineering
contractors in the field of BMG. This lack of pravand well established technologies also
results in that learning curve effects up to now Iad very limited impact on the design, and
CAPEX and OPEX.

At present, limited but significant research istoaring in Europe and USA to address
many of the technical hurdles listed above. Tlmdade basic research in understanding and
modeling the gasification of biomass under entchifiew conditions, producing a tar free
syngas at high pressure (Forschungszentrum KaglsitifK), the formation of tar and its
destruction in the BMG reactor as well as on cétakurfaces. Recent studies conducted at
VTT, Finland, TUV, Vienna, the National Renewableekgy Laboratories (NREL) in USA
and several other research organizations haveaggdlseveral catalysts and concluded that
the best option for tar destruction is to emplolgioad dolomite or olivine in the gasifier as
the primary tar decomposition agent followed byeosidary or polishing tar destruction step
with a Ni or Zr based catalysts. Although Ni h&e tcapability to reform or crack
condensable hydrocarbons and even ammonia, at &€, Ni catalysts are also
vulnerable to poisoning by sulfur, chlorine, anklail metals. In addition, handling Ni in
these applications and its ultimate disposal ptesatain safety and environmental problems.

Consequently, research is continuing to finding sedliable, and environmentally acceptable
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tar decomposition catalysts and to explore brealtyits in quantitative gasification of
biomass to produce condensable hydrocarbon-fréefigynthesis gases. Meanwhile, there
IS merit in investigating the tolerable limits chw gas contaminants and the types of
condensable hydrocarbons in selected gas processmgergy conversion devices (i.e. risk
management). However, this requires close colléibordetween gasification technology

developers and manufactures of energy conversiinesde[8, 9].

2.4 Additional Drivers for Advancing BMG

The current strong and unpreceded interest in argléhe techno-economic viability
of synthesis gas production and co-production efgroliquid fuels, SNG, hydrogen, and
chemicals provide the additional impetus to finavraand value-added applications for BMG
while also addressing the climate change issuepr@addction concepts and substitution of
fossil fuels offer the potential to improve thei@éncy and economics of biomass utilization.
Increased use of biomass should reduce dependeniceported fossil fuels and stimulate
economic growth in rural communities which coulkiet@n active role in providing the much
needed sustainable supply of biomass feed stocknatite utilization of biomass derived
products.

In addition, since renewable portfolio standardBSiRor carbon dioxide mandates are
strengthened in the EU and other areas where thegds have been introduced, and now
also are expected to be implemented in regionsankries where such policies do not exist,
electric utilities may have to provide large quiesi of ‘green’ electricity within a short
period of time. In this regard, BMG processes sthpldy a significant role to meet part of the
RPS. Further, the increasing concern about risihgrizces and the importance of securing
supply of transportation fuels have brought intouthe importance of BMG for synthesis
gas production and its suitability to produce tpamtation fuels and fuel additives. When
fully developed, advanced BMG processes should Haeapability to handle a variety of
mixed biomass feed stocks, change the product slatesponse to the varying market
demands, and offer significant advantages with raknbioenergy conversion plants.
Furthermore, advanced BMG processes can be desitgnemb-produce power, fuels,

chemicals, and other value-added products, whighafiar certain economic benefits.
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The increasing global concern for climate change thie search for ‘green’ energy
should provide major market drivers to promote wai#e energy technologies in many
countries. Therefore, emphasis will be given in fieposed work program to review,
discuss, and identify mature and near-mature BM&esys that could find immediate
application in district heating, cogeneration, ), and dedicated power generation,
besides the synthesis gas conversion options mexti@above. The collateral corporate
responsibilities should inevitably address newlilna®d opportunities for rural communities

and to seek their commitment [5, 8, 9].
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3. Biomass Gasification at ENEA Trisaia Research
Centre

3.1 Introduction

Enea Research Centre of Trisaia is leader in bismgasification with its 20 years
of experience in this field [1, 2, 3].

Two biomass gasification plants are currently ofiegaat the ENEA Research
Centre Trisaia in Rotondella (Italy), based upoffedent gasification concepts: a dual
fluidized bed steam gasifier and a downdraft fiked air gasifier. Two more pilot plants,
which are now under construction, will be startembrs an interconnected bubbling
fluidized bed oxygen/steam gasifier and an updiiaéid bed air/steam gasifier. All of
these plants are going to be combined with diffepgaducer gas conversion devices, such
like, an internal combustion gas engine (alreadykmg), a molten carbonate fuel cell, a
methanol synthesis reactor [3, 4, 5]. Moreover,/&gam-Blown Fixed Bed Updraft
Gasifier (150 kWth) with Advanced Gas Cleaningnsier construction.

Below, the two gasification plant running in ENEesearch Centre of Trisaia re
briefly described.

3.2 Dual Fluidized Bed Gasifier

Dual fluidized bed gasifier is a 500 kWth gasifteat was developed in cooperation
with TUV (Technology University of Wien). Figurel3show an image of the plant.

This pilot plant gasifier uses a fast internallycaiating fluidized bed (FICFB). Figure
3.2 shows the gasification concept on which the ENIRC pilot plant is based. As it can
be observed the gasifier is divided into two défarunits: a gasification or reduction unit,

also called simply gasifier, and a combustion walgp called simply combustor [6,.7]
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Figure 3.1: the 500 kWth gasification plant.
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Figure 3.2: FICB gasification concept

In the reduction zone, fluidization occurs by meahsteam in order to produce a
nearly nitrogen free gas, while in the combustionez air is used. In this unit, the heat
required by the gasification process is generatethb combustion of the residual char
from the gasification zone, equal to about 15%hef total carbon content in the biomass

feedstock.

The transfer of both char to the combustion zoré lagat to the reduction zone is
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obtained via the circulation of the bed materighich also acts as a barrier between the
gaseous mixtures present in the two units. Neviedbea not negligible infiltration of the
flue gas, containing oxygen, carbon dioxide, aricbgen above all, towards the reduction
zone takes place.

Finally an adequate quantity of additional fuelgglane), up to approximately 10%
of the biomass feedstock, is needed so as to thaaiequired increase of around 100 °C in
the bed material temperature, during its circutafrom the gasifier to the combustor [6, 8,
9].

3.2.1 Gas cleaning section
The ENEA TRC pilot plant is provided with a hot gdsaning up section. As it is

shown in Figure 3.3, the raw gas from the gasifiesent to a first unit, in which the
removal of the acid compounds, essentialpp tdnd HCI, is performed. Therefore it goes

through two additional units for the removal of jparate [5].
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Figure 3.3: ENEA TRC: actually flow sheet

In Table 3.1 the concentration of the main polltdan the raw gas on dry basis for
the gasification of almond shells and the relatiéat plant working conditions are reported
[6, 7].
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Table 3.1 Pollutants concentration in the raw gas on dryibasd related
operating conditions

Pollutant Quantity
H>S 250 ppmv
HCI 100 ppmv
Particulate 30 g/Nrh
Tars 10.6 g/Nnt

The formation of the acid compounds in the produgas during the gasification
process is originated by both the basic environnasmt the presence of chlorine and
sulphur in the biomass feedstock. Nevertheless,cireent thermal losses along the
producer gas piping line cause a reduction ineitsperature to values even lower than the
de-chlorinator nominal operating range. This is ofighe main factors determining the
drop of both the real sulphur and chlorine rem@fatiencies with respect to the expected
values, like it can be inferred from the experinaéaiata reported in Table 3.2 [6, 7].

Table 3.2 Effective operating conditions and removal efficies of the adsorbir
reactor

Parameter Value

Inlet producer gas temperature 508°C
Outlet producer gas temperature 476°C
Outlet gas HS concentration 40 ppmv
Outlet gas HCI concentration 30 ppmv
H.S removal efficiency 84%

HCI removal efficiency 70%

A rise in the temperature of the producer gas emgehe adsorbing reactor and, as a
result, an improvement in its removal efficiencycisrtainly viable by implementing a
more effective thermal insulation of the pipingeirHowever, it seems to be probable that
a more deep acid compounds removal will be necgssahe gas shall be used to fuel a
MCFC, considering its very restricted tolerancéhese pollutants.

The presence of particulate in the producer gasssntially due to the un-reacted char,
olivine elutriation, ash, and, if the de-chlorirmatitreatment is operated, the un-reacted
CaO and reaction products of the de-chlorinator.

A cyclone immediately at the exit of the adsorbiregactor allows separating the
products of the reactions and the excess of Caf@ fhe gas, with a removal efficiency
around 95% for particles having a diameter of Z12qr more.
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The fine particles removal is then carried out with successive hot gas filtration unit,
working at a temperature around 550 °C. In dethd, particles separation is operated by
39 ceramic filtering candles, each one with a lergt1500 mm and an outer diameter of
60 mm. This system combines the typical high edficy of small size cyclones with a
large cleaning capacity.

Actually, from the data shown in Table 3.3, it daa noticed that under the reported

operating conditions the separation efficiencyhaf hot gas filter is over 99.9% [6, 7].

Table 3.3: Effective operating conditions and sepian efficiency of the hot gas filter

Parameter Value
Producer gas flow rate 140 Mim
Inlet producer gas temperature 360°C
Outlet producer gas temperature 230°C
Pressure drop 12 mbar
Inlet gas particulate concentration 6 Mgl
Outlet gas particulate concentration 20N

Therefore, tars and acid compounds concentratiothenproducer gas have reduced
below the limit for its acceptance as fuel for MEFC. This is the aim of this study [6, 7,
10, 11, 12].

3.2.2 Plant needed improvements.
In order to combine this gasifier with a 125 kW teal carbonate fuel cell, the existing

gas cleaning section has to be optimized, espgdciallorder to reduce tars and acid
components concentration in the producer gas.

Moreover, in order to optimize producer gas compwsi a higher gasification
temperature, above 850 °C, is needed, so an eieogimization of the whole plant has
been performed.

Reducing the use of additional fuel is another goaleach in order to maximize the
energetic performance of the plant.

The idea, that is the starting point of my researshio use a biodiesel scrubber to
remove tar from producer gas. Then, scrubber tdogpds been tested to remove other
pollutants, like acid components and sulfur product

Then, biodiesel recovered from cleaning sectionlccde used as a fuel in separated
MCI activity that are not included in this work.
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3.3 Downdraft Gasifiers

The other gasification plant running in ENEA TresaResearch Centre is a
downdraft fixed bed with a potential of 150 kWthhelplant is feed with wood chipped

and it works using air like gasifying agents. Fgy8t4 show a picture of the plant.

Figure 3.4: DownDraft fixed bed gasification plant.

This is a demonstration plant used with differee¢dstocks and air as gasifing
agent, the producer gas in principle is used &d gegas engine.

Also, in this case, the cleaning section in the &mp of the process that has to be
optimized in order to use the producer gas withgrgglant like engine or fuel cell [10, 13,
14].

Figure 3.5 shows the flow-sheet of the experimeagpglaratus. It is divided in three
systems: gasification system, producer gas cleaamagcooling system, power generation

system.
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Figure 3.6 show the sketch of the down-draft fiked gasifier, where gasification

reaction take place.
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Figure 3.5: DownDraft fixed bed gasification plant:experimental apparatus flow-sheet.

In the gas cleaning and cooling system, there e dyclone filters to remove
charcoal and dust, a water bathing filters to g@ad and remove tars and condensates, a
grate filters to remove dust and a sawdust filteramove dust and water. The power
generation system is constituted of a FIAT modiiddsel cycle engine into an Otto cycle
engine, a TESSARI electric generator by a 25 kVApttase 380 Volt and an heat
exchanger. The heat exchanger is used to adjustrpouiput. Power output are 3 kW, 6
kw, 10.5 kw, 13.5 kW and 15 kW.

The plant core (Figure 3.6) is a double wall aytinal chamber whose combustion
zone is made of stainless steel with a double cehape. The inner part of this zone
contains a plane with nozzles. The double chamtpensates for heat loss and allows a
preheating of biomass.

The gasifier normally runs at a temperature of al@%0 °C. Air was fed into the

gasifier at an average flow rate of 36 N/m
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Figure 3.6: Sketch of DownDraft fixed bed gasifier.
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Chapter4

Gasification producer gas cleaning:
the state of arts technology.
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4. Gasification producer gas cleaning: the state of
arts technology.

4.1 Introduction

Gasification of biomass results in a producer gamtaning numerous
contaminants like dust, tar, (organic) sulphumagien and chlorine compounds, as well as
alkali and heavy metals. Although concentrationdadde relatively low depending on the
feedstock used and the type of gasifier applietastt some of these contaminants have to
be destructed or removed upstream the final agpicaf the producer gas, whether it is a
boiler, gas engine or turbine, fuel cell or synihetpplication. Hence, gas cleaning is
inevitable in general, whether it is on tar compuser non-tar components [1].

Still not many gasifiers are operating commerciadly biomass feedstock, in
particular when not taking into account those geeiion systems (co-)firing the product
straight into boilers. The need for gas cleaningl & particular tar removal technology,
for CHP or synthesis purposes is still the Achilkel of biomass gasification and gas
cleaning. Standard technology has proven to befiomunt for tar destruction or removal
and has lead to years of (still ongoing) RD&D oerthal and catalytic tar cracking as well
as (advanced) scrubbing technologies. For the myrttenlatter ones seem to have made
the biggest progress, with operating biomass b&3d@ plants ate.g. among others
Harbogre and Gussing, and water as well as ordiguid (RME, oil) based technologies
being commercially available.

A step by step approach could be considered inlwkéchnology is scaled up
gradually. There has been a tendency to constauge [(demonstration) facilities hoping
that these are operated successfully and due te aoa commercially attractive as well.
The risks are high though, as solving unexpectsdess will require enormous budgets.
The risk that such a plant becomes mothballed adistd a commercial success has been
proven to be relevant. Examples of this are thetb80per day Battelle gasification plant
in Burlington, USA, and the 8 MWe ARBRE combinec:igyplant in Eggborough, UK.

Similar to tar removal technology, standard comnadlscavailable technology for
removal of non-tar components up to now has alsegir to be insufficient, in particular

for critical applications of the producer gas irelfeells or synthesis applications. Part of
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that has to do with upstream tar removal to beeeittsufficient {.e. to low efficiencies of
the tar removal) or not designed for the more gairt producer gas specifications for these
applicationsi(e. trace tar components still present in the gas).

Another part of that is caused by the presenceasfapntaminants previously not
considered problematic for CHP applicatiomsg( organic sulfur, dioxins). As can be
expected, the biggest progress towards gas cledoingon-tar components is made by
those who are skilful at tar removal.

Over the years there has been a tendency for bggassfication and gas cleaning
to apply conventional technology or mimic coal §aation systems. For the gasification
process this philosophy already has been droppkst. tAe need for pressurized biomass
gasification seems to be abandoned, argued bydhmlexity of biomass feeding. All
commercially running biomass based gasifiers opeatifnear) atmospheric pressure, not
at the pressure levels of 30 bars and higher, &yjpoc coal and oil based gasifiers.

Concerning gas cleaning, whether it is removalao$ or non-tar components, the
operating conditions for commercially available eentional technology (e.g. coal based)
will differ significantly from the conditions dowhgam a biomass gasifier, hence the
feasibility of conventional technology will have be reconsidered or at least tested it in
realistic conditions. It might well be that convental technology is not suitable for
biomass based processes.

One of the lessons learned most in RD&D of gasnotgpis that conventional
technology is not always applicable without anyhbpeas in thermo chemical conversion
of biomass. Not only will the producer gas alwagstain unfamiliar (trace) components,
also in many cases operating conditions like teatpeg and in particular pressure will be
different from the conventional operating condisaf the technology just because it is not
(yet) possible to operate the thermo chemical c@iwe process at these conditions. For
that reason, it makes sense to test conventiomlhtdogy first on realistic “biomass
based” gases and conditions before installing tbantarge scale. It could be that due to
the different gases and conditions (for the mom#rgmo chemical biomass conversion
systems need different technologies than bio chansmnversion systems or even thermo
chemical coal conversion systems and these hale tteveloped step by step. A step by
step approach becomes even more important forragstéth multiple process steps, e.g.
biomass gasification based synthesis systemsHik@toduction of Substitute Natural Gas
(SNG), DME and Fischer-Tropsch (FT) diesel. For smecessful development of these
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complex systems, slipstream testing of the critzathlytic components in gas cleaning
and synthesis in an upscaled (demonstration) CHRt pbnsisting of the upstream gasifier
and tar removal could benefit the RD&D of the wheystem, as it enables long duration

tests with the critical components under realigéis conditions.

4.2 The distinction between tar and non-tar compoants

This report is divided into two main sections, ahscussing the issues concerning
tar contaminants still being considered the Achilteeel of biomass gasification, and the
other the issues concerning the remaining nondataeninants. For both the tar and the
non-tar components, the report includes an overvwéwhe current state of research,
development and demonstration in the field of daaring.

A description of commercial facilities, pilot anderdonstration initiatives, and
research and development is the main part of therteA distinction is made between

technologies focusing on tar components (84.3)remmdtar components (84.4).

4.3 Tar components

Tars are still considered to be the major bottlerarceven stumbling blocks in the
application of biomass gasification [2]. This hofds fluidized as well as updraft fixed bed
based gasification performed at temperatures vedtivio L000°C, as tar contents in the raw
gas can be up to several tens of g/mn3. A desonitf tars and the main associated issues
are included in the appendices.

The cleaning from these organic species down taeglthat are acceptable for
different downstream processes is of crucial imgue for successful implementation of
biomass gasification technology. Tar reduction raess can be classified in three main
categories, being tar cracking and reforming, hmecal tar removal and physical tar

removal. In the following paragraphs, these measare discussed and compared.

4.3.1 Tar cracking and reforming

Thermal cracking
On thermal tar cracking many studies have beenugiad and reported in public

literature [3, 4]. These studies are of limitedueafor gas from biomass gasification plants
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as they are often conducted with model tar compisnigom pyrolysis of biomass or coal.
Thermal tar cracking however, is a proven methodetoove tars in large-scale thermal
waste treatment plants, for example in the proadsshermoSelect, where the gas is
treated at temperatures of 1400-1600 °C for a eesl time of seconds.

In these conditions, the synthesis gas from thekerawill only contain low
amounts of methane; all other thermodynamicallytaliie hydrocarbons are cracked.

The application of thermal tar cracking by burnipgrt of the fuel has the
disadvantage that the higher (gross) heating véikV) of producer gas is decreased
significantly, making it more complicated to uséstigas in conventional gas turbines or
engines. Furthermore, the cold gas efficiency (C&E&he process drops significantly by
cracking all hydrocarbons, including interestingmpmnents like Chk (useful for
producing substitute natural gas) angHg (a bulk chemical). This is illustrated in table
4.1, in which an air blown circulating fluidizeddgasifier operated at 850°C is taken as a

reference and where the producer gas is partiallgbtisted with air in a thermal cracker

[3].

Table 4.1: Effect of thermal tar cracking on theogucer gas and the process
efficiency

T gasifier (°C) T cracker (°C) ER HHV producer gas CGE (%)
(MJ/m?3)
850 - 0.21 7.3 82
850 110 0.28 6.0 76
850 1200 0.31 5.3 72
850 1300 0.34 4.8 69

Roughly, it can be said that every 100°C tempeeatise results in a decrease of
the calorific value of the producer gas by 0.5 MJ/an a decrease in cold gas efficiency of
about 3.5%. Research performed at ECN showed @hdhérmal cracking of biomass tars
to a level of below 100 mg/mn3 the temperature khba raised to a minimum of 1150°C
[3], resulting in a CGE loss of approximately 8%.

At the Technical University of Eindhoven (TUe) iacent years research also has
been carried out towards non-catalytic partial ak@h with the aim to reduce biomass
gasification gas tar contents [5, 6].
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Experiments were performed within the temperatamege of 900-1150°C and a
residence time varying between 1 and 12 secondmdBi{7] reports temperatures and
residence times needed of 1250°C and 0.5 secaggfzeatively. In line with this result is
the study of non-catalytic partial oxidation at RArlsruhe [8, 9]. This would lead to the
disadvantages of the use of expensive alloys ®tdh cracker and, moreover, significant
exergy losses in the system. Also, soot is reporbetie produced in this tar cleaning
method. Recently, the Nexterra Company announcadttiey had been running such a
system in a slipstream of their pilot-plant updgdisifier in Kamloops and are aiming on
installing a gas engine downstream.

The research at the TUe now focuses on the wonkiaghanisms behind partial
oxidation in order to acquire the additional knadge needed to optimize this technology
[10]. In tar conversion by partial oxidation, obs#ions are made indicating the
significant role of oxygen radicals. The objectofehis research is to map the influence of
radicals on tar conversion at high temperature idiately after the gasifier unit and to
develop a novel technology that combines the benefiexisting technologies. The basic

idea behind the tar conversion by flame generatdatals is presented in figure 4.1.
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Figure 4.1 Tar conversion by flame generated radiga

Plasma enhanced cracking
Conventional gliding discharges are produced beatwe® horn shaped electrodes

placed in a relatively fast gas flow in the direatiof the flow. They start at the spot where

the distance between the electrodes is shortedtsaread by gliding progressively along
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the electrodes in the direction of flow until thdisappear by themselves after a certain
path. Figure 4.2 gives a schematically presentatiothe GlidArc process [11], with the
gas flowing from the bottom (injection point) toethop. In the gliding discharge, highly
energetic electrons are produced, which resultspacties like ions, secondary electrons,
UV radiation, radicals, excited molecules and moles with attached electrons. This

reactive medium, the plasma, is in this projectise the conversion of tar.

At
e

4

Injection Injection Injaclion

Figure 4.2: Start, life and disappearance of thei@rc discharges

The GlidArc plasma is combined thermal and coldsipla. About 20% of the
energy is dissipated in thleermal part and 80% in the cold part [12]. Therrted part of
the plasma is responsible for the plasma actiwitythe cold part radicals are responsible
for the removal of tars, similar as in the partiedidation process. The production of
radicals in a plasma process is facilitated bytedes in the plasma. The energy level of
the electrons must be high enough in order thateoutdr bonds can be broken and
radicals be produced in the plasma. For the Glidpracess the energy level of the
electrons in the cold plasma revealed to be toq lsva result of which production of
radicals is restricted and in addition the funcdility for the removal of tars is too low. The
tar conversion in the GlidArc reactor was duringtdeat ECN at most 40% [13]. Another
reason for the low conversion is that the GlidAtasma does not show any selectivity
towards hydrocarbons, not even with increasing taipre. As a result, tar-like
compounds as well as other hydrocarbons like methetthane, ethylene and benzene are
equally converted [13], hence requiring significambounts of energy for conversion of
tars.

In contrast to the poor tar removal results in lsemfuel gas, high conversions can

be obtained for the removal of hydrocarbons likegne and xylene in air [12]. This can
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be explained by the fact that plasma in air faatidis low-temperature oxidation. Oxygen
and in particular nitrogen radicals play an impotteole in this process, so the air is
essential for the efficiency of the plasma assibigttocarbon decomposition.

Recent research at the TUe revealed that in absgmiogen radicals, conversion
is far less, possibly due to the fact that the exygadicals (unlike nitrogen radicals) can
cause reformation of tars as well. In the comméplEsma processes constructed by e.g.
the Plasco Energy Group the generated arc is pusted furnace by means of air, hence
creating the right conditions. No results on thaseb plant are published though up till
now. In producer gas, the hydrocarbons cannot dgpaitdd” as the reaction rate with €O
or H,O is much lower than the reaction rate with airefEfore, the conversions are much
lower [13]. An alternative to the GlidArc plasmaaighermal plasma reactor, removing tars
at high temperature. An advantage of this plasraatoe in comparison with a thermal tar
cracker is the fast and good controllability of ttesnperature in the reactor without
diluting the gas with inert compounds like Bind CQ. Due to the high consumption of
electric energy, a sole thermal plasma reactorglvew can not compete energetically with
a thermal tar cracker.

At the TUe research is done on fully non-thermaboa plasma for tar removal.
The major advantage of using non-thermal plasnta @ chemical conversion of tars at
low temperatures and solely rely on the generatbrhigh energy electrons which
dissociate molecules and thereby creates the regagsctive environment. Experimental
results have indicated complete conversion of tapblsed plasma processing at lower
temperature [14]. The investigations also indidhizt the gaseous environment, e.g. the
presence of nitrogen, has strong influence on facking reactions. As such, it can be
expected that tar conversion in producer gas besdewms, in particular for gasifiers
producing a gas with initial higher heating valtigure 4.3).
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Figure 4.3: Naphthalene conversion as a functiofi@energy input for the corona

The explanation for the conversion of tars beirgs lefficient in realistic producer
gases might be found in the tar decomposition sehexq that of naphthalene as presented
in figure 4.4 [14]. The H and OH radicals can catise desired decomposition of the
naphthalene; however can also result in the refoomaof naphthalene from the
intermediate tar radicals. Hence, the more H andr&ilitals one might expect present in

the producer gas, the less the tar conversionedifiy will be.

I

H Naphthalene decomposition scheme

o

Figure 4.4: Naphthalene radical decomposition schem
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Catalytic cracking

Catalytic tar cleaning is potentially attractiverasadditional energy input may be
required and hence thermodynamic efficiency lossesbe kept to a minimum [15]. Abu
El-Rub [16] reviewed different tar cracking catasygfigure 4.5), with the advantages and

disadvantages summarized in table 4.2.
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Figure 4.5: Classification and types of catalystsed for tar reduction

In this paragraph, three different systems for lgatatar cracking are discussed,
based on addition of catalytic materials to the ivederial of the gasifier or application of

catalytic beds, monoliths or filters downstreamdhasifier.

68



Table 4.2: Summary of tar cracking catalysts adagas and disadvantages

Catalyst Advantages Disadvantages

Calcined rocks Inexpensive and abundant Fragile materials and quickly eroded
Attain high tar conversion ~95% conversion from
with dolomite fluidized beds
Often used as guard beds for expensive
catalysts
Most popular for tar reduction

Olivine Inexpensive Lower catalytic activity than dolomite
High attrition resistance

Clay minerals Inexpensive and abundant Lower catalytic activity than dolomite
Less disposal problems Most natural clays do not support the

high

temperatures (>800°C) needed for tar
reduction (lose pore structure)

Iron ores Inexpensive Rapidly deactivated in absence of
Abundant hydrogen
Lower catalytic activity than dolomite
Char Inexpensive Consumption because of gasification
Natural production inside the gasifier reactions

High tar conversion comparable to dolomite Biomass char properties not fixed and
depends on biomass type and process

conditions
FCC Relatively cheap but not cheaper than the  Quick deactivation by coke
above Lower catalytic activity than dolomite

More knowledge is known about it from the
experience with FCC unit

Alkali metals Natural production in the gasifier Particle agglomeration at high
Reduce ash handling problem when used asemperatures

Lower catalytic activity than dolomite

catalyst
Activated High tar conversion comparable to dolomite Quickdlization by coke
alumina
Transition Able to attain complete tar reduction at ~ Rapid deactivation because of sulfur
metals 9002C and high tar content in the feed
Increase the yield of CO and H2 Relatively expensive

Ni-based 8 to 10 times more active than

dolomite

In bed materials
¢ Natural minerals

Rock materials like dolomite and limestone are \Welbwn as catalytically active
bed materials [15], in particular in their poroaoined form. Especially, the dolomites are
among the most active and most widely used. They camparatively active in tar
conversion (up to 95%), cheap and are considerebetalisposable, which is surely

advantageous and this explains their popularitye Tatalytic tar reduction potential
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however strongly depends on morphology factorsgsize, surface area) and content of
other metals. Disadvantages are that the matsria¢terogeneous in nature (differing per
region) and in particular that it is soft and thnedatively high attrition rates can be
observed [17, 18, 19], leading to losses and isa@asolids loads to the gas cleaning.
Furthermore, calcination is necessary for sufficiezactivity which involves significant
energy input. Deactivation of calcined rock matesaattributed to carbon deposition and
re-carbonation when C(partial pressures are too high in the system 22(, In the 500
kWth air-blown CFB gasifier at Umsicht, Germany,eqgting at 910-920°C the use of
fresh dolomite led to tar concentrations in the gasibout 300 mg/mns3, however used
dolomite resulted in values up to 2.5 g/ni22]. This in-time degradation effect is
comparable with the data published by Cutec foir teieam/Q blown 400 kWth CFB
gasifier [23]. Here, also, it was indicated thampared to the use of sand, dolomite
showed the best reduction of tar. However, stiluga of 3.5 g/Nmwere reported in the
raw gas, which is significantly higher than repdrtg/ Ising [22] concerning the Umsicht
CFB gasifier.

Possibly this is an example of the heterogeneougeaf the dolomite used; also
the different oxidizer could play an important r@e an explanation for the difference
observed. Companies having used, or still usingi¢bbnology of in-bed use of calcined
rock material are TPS, Carbona Inc., Foster WhesldrRepotec (the latter at the Glssing
plant in specific test campaigns).

Another naturally mineral with catalytic activitg iolivine sand, which can be
represented by the chemical formula (Mg B5&),. This mineral has also demonstrated tar
conversion activity at in-bed use, both in atmosighend pressurized fixed bed
applications for biomass and biomass-plastic medy23-26]. It appeared that giving a
heat treatment to this mineral material under @wndj conditions had a significant positive
impact on its activity [27, 28]. Iron oxide, reddcand migrated to the outside of mineral
particles is believed to play an important rolehaligh also Ca is considered to be
important in this respect [29]. The demonstratitemp of Gilissing uses olivine as a bed
material, clearly showing catalytic activity, altigh differences are observed in different
batches and origins of the material [29]. ReseatcBCN [30] revealed that the mineral
becomes more active after some time of operatiaeureducing conditions, as was also
observed by Rauch et al [29]. It was also obsethatl Austrian olivine is catalytically

more active as a bed material than for example Egraw olivine. This is shown in Figure
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4.6, in which the carbon-in-tar to carbon-in-woatia is presented at different gasification
temperatures. The difference between

Norwegian olivine and sand as bed material on damétion is limited, whereas
Austrian olivine (as used commercially at the 70@Qirs per year running Gissing plant
[31]) is active, not only for converting tars, kaiso for converting methane, acetylene, and
ethylene [30].
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Figure 4.6: Effect of in-bed olivine on tar formanin

The claimed advantage of olivine sand is its lowgrwhich is in the same order
as of dolomite: some 120 €/ton, in combination vatlhigher resistance against attrition
[15]. Its claimed resistance against attrition asipared to dolomite though is arguable, as
the research at ECN showed that the activity ofdingne is strongly dependent on the
porosity of the olivine and the migration of iroxide to the outside of the mineral
particles [30]. High cracking activity might welkkassociated with low resistance against
attrition, leading to losses and increased sobddd to the gas cleaning.

Alternative minerals reported and tested to belyatally active include bauxite,
natural alumina, clay minerals and iron ore. Onéheflatter ones was tested at ECN [30]
as well and showed comparable results to Austrismme, although its catalytic activity
could be related to the associated oxygen tran$gmort the combustor to the gasification
zone of the indirect gasifier via the circulatingdomaterial. As in general these alternative
minerals show lower activity than dolomite and wles or are prone to deactivation as a

result of coke formation [15], they are not comnyoampplied as bed materials.
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+ Metallic and metal oxide synthetic catalysts

Conventional nickel steam reforming catalysts, glestl for use in fixed bed
applications, have been applied as in-bed tar atingecatalysts. However they revealed
not to be robust enough, as both coke formationcatalyst attrition led to rapid loss of
activity [32, 33]. Coke formation is associatedhnatcidity of the catalyst surface and can
be made less severe with the help of (earth)atikdties [34]. The catalysts have been
adjusted to cope with the abovementioned disadgastae.g. by using nickel aluminates
with lanthanum and cobalt as promoters [35]. Tesults of nickel-based in-bed measures
for tar reduction are not (yet) available, howewerto 80% conversion of toluene as model
tar component was achieved under lab conditionse Tw/Ni molar ratio seriously
influenced the conversion activity, showing theldeling order: Ni-Al-La > Ni-Co-Al >
Ni-Al [36].

Nickel has also been used to enrich the naturaerairolivine, creating a hybrid
between natural material and artificial catalyshking it more stable than the conventional
artificial catalysts. Using up to 40 wt% of this teaal in an olivine bed led to about 75%
decrease of tar content in the gas. The catalysveth no noticeable deactivation in two
tests with a fluidized bed biomass steam gasifi@0cand 45 h, respectively [37-40].

At the University of Tsukuba, Japan, a rutheniurseohcatalyst (Rh/Cef5i0,)
has been tested as an inbed catalyst [41-45]. @idiéi@n of the SiQ prevented sintering
of the catalyst, which was the biggest issue itstasth the Rh/Ce®based predecessor.
Although no long-term tests were performed (yetg indications are positive for this
catalyst as practically no coke formation is obedrnand tar concentration in the final

producer gas is reported to be negligible.

Catalytic beds and monoliths
As with in-bed materials, natural minerals and ihetand metal oxide synthetic

catalysts can be used for tar conversion in dowasir reactors. In this paragraph the
progress made in tar conversion in downstream ywatabeds and monoliths is

summarized.
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+ Natural minerals

As described, naturally occurring minerals aretneddy cheap materials, and are
disposable. Their softness and attrition rate a@ngdides. Also, chlorine present in the
biomass fuel may react with CaO to produce GaBl thus reduce the catalytic activity
[15]. A substantial amount of research on downstré&ds with dolomite and limestone
has been carried out worldwide by numerous compaaied research institutes. The
Swedish Company TPS applies this technology fordduction using calcined dolomite
(together with oxygen) in a circulating fluidizeédsituated downstream of the main air-
blown biomass CFB gasifier [46]. Other natural mate applied for downstream cleaning
of tar components are bauxite {Bk/Fe0s3), bentonite (CaO/AD4/SIO;) and other
natural mixed oxides [22]. With inlet concentragoof real tar of the 500 kWth Umsicht
CFB gasifier, more than 95% conversion of tars wlatsined with the dolomites and the

bauxite, and about 75% with the bentonite.

e Char

By using char as a catalyst for tar cracking a pheaterial is used that is already
available in large quantities from the biomass ftsdlf. At Twente University as well as
Karlsruhe University tests were performed showimgf haphthalene conversions at 900°C
were practically 100%. At 750°C with typical airelin gasification gas compositions
conversion above 95% was obtained with only littk@r being consumed [16, 47]. Tests at
ECN with the TREC reactor showed though that aigfiochar was able to reduce tars
(with approximately 75%) it was not very selectfee heavy tars. Performance could only
be improved by applying more catalytically activdmaterials like natural minerals [48].

+ Metallic and metal oxide synthetic catalysts

Among the artificial catalysts of the transition tadetype, applied in downstream
beds, nickel based ones are the most popular. déwstnercial steam reforming catalysts
being supplied by for example BASF, ICI, UCI, Haldmpsge and Stidchemie all contain
this element to a large extent [1]. Corella e{48] tested several commercial catalysts for
the purpose of biomass gasification gas upgradihgy indicated changes in the main gas
constituents occurring with the formation and dedton of methane. When applied at
temperatures significantly lower than 900°C, subpecies in the gasification gas had a

poisonous impact on the catalyst activity and aatieg effect on the required operating
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temperature of the catalyst. Also, the commer@&drming catalyst materials are sensitive
to other gasification gas trace compounds, likalalknd chlorine species. Moreover, loss
of material has been reported [50]. Furthermongidrdeactivation due to coking has been
mentioned by many researchers.

Worldwide a substantial amount of research work Heen dedicated to
investigation of conventional, commercial nicketéd catalysts, and only a small part will
be mentioned in the report at hand. In the Nethddaat BTG commercial nickel based
catalysts have been applied in a reverse-flow ytataiar converter (RF®TC) [51]. Raw
producer gas from a biomass gasifier is fed ta¢laetor at a temperature between 350 and
650°C, hence above the tar dewpoint and heated tige @&ntrance section to the desired
reaction temperature of 900-950°C. The commerciatdtblyst is placed in the centre
section of the reactor. Tar components, as welighs hydrocarbons including methane,
are converted into CO andH

Additionally, nearly all NH is removed. To counterbalance these endothermic
reactions air is added to the reactor (about 5%h@fproducer gas flow). The catalyst used
has been tested for over 6000 hrs with wood-derpreducer gas. During this period no
detectable change in catalyst activity was obsereaty when extra sulfur was added.
After stopping the additional sulfur supply the gimial catalyst activity was achieved
again. In 2002, BTG implemented the developed RF@&igether with a rotating particle
separator downstream a farm-scale poultry litteifga system [52]. The whole plant was
stopped in 2004 due to problems with the RPS [53].

Research on monolith reactors with Ni-based coatiag been performed at
different locations in Europe. Monoliths are cerarbiocks of parallel, straight channels
on the wall of which a thin layer of catalyticaligtive material is deposited [54, 55]. The
honeycomb structure of these monoliths tolerateda@gded with particulate matter. Figure
4.7 shows a typical monolith element [22, 62]. Toleet al. [57] concluded that with
coated monolith elements tar levels below 200 mg/cam be attained, but the lifetime of
the monoliths is very much dependent on the cordignn that is chosen to ensure a
temperature profile that prevents the occurrenae@high or too low temperatures at the
entrance and exit of the monoliths. Also, the féecls should contain low alkali content,
or at least the alkalis should be removed befoaehiag the monoliths face, as stickiness

problems can occur due to the presence of these tnatal species.
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Figure 4.7: Tar reforming monolith and monolith ractor unit

At Umsicht the Ni-based monolith process was testeb00 hours downstream
the 500 kWth CFB gasifier, resulting in lower th&@ mg/mn3 tar levels, which were
aimed at [22]. It showed no significant deactivafialaimed to be also due to periodic
cleaning of the monolith unit. The monolith catalygas scheduled to be tested at the
Gussing plant [58], results of these tests haveyabbeen published. At VTT also a nickel
based tar reformer is being developed. In the EeanpFP6 project BIGPower the
monolith catalytic tar converter is positioned detwveam the 30 MWth Carbona
(nowadays Andritz) pressurized gasifier and upstrefa producer gas cooler and a lower
temperature filter at the demonstration site inv8kDenmark [56]. Slip stream testing at
the Gissing plant in Austria revealed that almoshglete tar and considerable ammonia
decomposition could be achieved over this catadystemperatures above 850°C. The
initial tar content of the gas was however alregagtively low, in the order of 1.5 g/mn3.
The published information on methane conversion $6ggest though that deactivation of
the catalyst due to sulfur poisoning was severéh{whours), and that temperatures had to
be kept high (above 900°C). At Skive, where simlibav initial tar concentrations might be
expected due to the application of dolomite as tmaderial, commissioning of the plant
with the VTT tar reformer has started, however pineject is delayed and the official
opening is postponed to 2009. The delay refle@sriherent uncertainty related to large-
scale demonstration of the new technology [60].

As an alternative to the nickel based catalysts) al lot of R&D has focused on
catalysts based on iron, palladium, ruthenium, ktplmaolybdenum, magnesium oxide,

zirconia or combinations of those. Reported tarveosion efficiencies and catalysts
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lifetimes up till now [15,33] however do not suggdisat these catalysts are nearer to

commercial implementation than the nickel coatedatith reactors.

Catalytic filtration
An alternative to catalytic in-bed materials or d@iveam catalytic beds is catalytic

filtration. This combination of ceramic gas filtiat and catalytic tar cracking [61] is being
developed by among others Pall (Schumacher) andsilad-ilter (in cooperation with
Haldor Topsge) and is a method for particulate rah&rom hot gases, as by using this
method the gas flow can maintain its sensible hesilting in a higher thermal efficiency
compared to the other methods [15]. A filter to o particles from fluidized bed
gasification processes is necessary, as cyclones faultiple ones in series) are not good
enough to eliminate the smallest particulates, ed®efor downstream equipment this often
is required.

In a two step approach of separated catalytic angckand filtering, the
disadvantage of placing the catalyst unit upstréaenfilter is the fast deactivation of the
catalyst by particle deposition. The disadvantagplacing the catalyst unit downstream
the filter is the necessity of having two (expes$illigh temperature process units as they
should be operated above the tar dewpoint. Thdytiatéilter combines the two tasks of
tar cracking and solids filtration into a singlepess step. The (ceramic) filter candles are
impregnated with catalyst and can be compared tobrane reactors (as shown in figure
4.8) [15, 61, 62, 63].
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Figure 4.8: Tar cracking catalytic filter and filterelements

l
porous SUppon

The impregnation with catalyst is either done bylgpg a catalytic coating,
adding the catalytic component to the ceramic geaid binder mixture or by using a
porous inner tube fixed at the head of the carmull@low integration of a catalyst particle

layer [63]. Considerable success under the comditigroposed, for ruthenium at above
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900°C and for nickel between 750 and 900°C, has baehieved, but there is a
fundamental limitation to the approach in that,tle temperatures required by the
catalysts, alkali metal compounds are mostly stliatile. A second, lower-temperature
solids removal step will therefore still be reqdir@fter these components have condensed
[62].

4.3.2 Physical tar removal
Physical tar removal is mainly done on the basisle€trostatic precipitators [64],

rotating particle separators [65], cyclone sepasatdilters (either baffle, fabric or

ceramic), or scrubbers (either water or organicitigbased) [66-67]. Many of these
technologies are applied in combination with eatieo or with catalytic tar removal

technologies as often they are not only removimg, thut also particulates like dust and
non-tar components like NH In the following paragraphs, however, mainly thei
application as physical separator of tars will Eedssed.

Electrostatic precipitators
Electrostatic precipitators (ESPs) are widely usedemove fine solids and liquid

droplets from gas streams. Although effective Wigjuid droplets, they prove inefficient
when “tar” is in the gaseous phase. This means Wian the target is the “tar” removal,
high-temperature operation should be avoided. Ith su case gas should be quenched
before ESP use (figure 4.9). The basic principleaoivet ESP is gas ionization upon
passing between a high voltage electrode and &meebfgrounded) electrode. The ions are
produced in a corona discharge and attach thenssédvdust particles or droplets of tar
and water.

Particles and droplets become charged and aretatiréo the grounded electrode
due to the electric field. The precipitated dusd dnoplets flow to the bottom of the ESP
where they are collected [13]. Only wet ESP caruged to remove “tar” from biomass
gasifier gas, because “tar” condensation on dry sEBFRecipitation electrode would

progressively inhibit particle removal [68].
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Figure 4.9: ESP based tar clearing

Wet ESP has successfully been applied for elestrggneration with gas engines
downstream an updraft gasifier in Harbogre, whbheedas is quenched with water, and
downstream a downdraft gasifier in Wiener Neustadtere the gas is quenched with
RME. At ECN, a wet ESP was installed downstreanireulating fluidized bed gasifier
with water quench and also here, the ESP effigier@inoved dust and condensable tar
droplets from the producer gas [13]. The wet ESP@M therefore was also integrated in
the oil gas washer OLGA for removing dust and tarsaols downstream the collector
column. The wet ESP is often integrated in thestanbbing technologies.

Rotating particle separators
The rotating particle separator (RPS) uses a ngtatylinder, which is centered in a

single cyclone. The RPS was successfully implenmtefée de-dusting of flue gas in
combustion systems without associated tar andteaglsearch on tar removal via RPS as
well. For tar removal research two methods weresiciemed, one based on condensation of
tars and subsequently removing the droplets of eosed tars from the gas and the other
based on injection of a solvent and subsequengtudag saturated solvent [69].

For cleaning of producer gas with the RPS operatindry mode, useful practical
experiences were obtained at the ETH in Switzerldidt RPS was initially tested as a
dust filter operated at temperatures above thed&vpoint downstream a downdraft
gasifier. Although the filter operated successfuitydid not capture tars as the operating
temperature of the RPS was above the typical tapdmt of a downdraft gasifier. During

operation of the RPS in dry mode for the removadrgfanic contaminants [69], separation
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of heavy tars was observed to be better than feratiner components, however very
limited with reduction of 30 to 70% reached at temngpures between 130 and 140°C.
Research on tar removal with a (wet) RPS at ECN ¢perated at a low temperature, at
which water form the producer gas condensed, rededhlat the filter element of the RPS
blocked by in particular heavy tars within hourseafstart of the tests (figure 4.10).
Cleaning of the filter element by continuous wageray was not sufficient. Although RPS
could effectively remove dust, tar aerosols ands;NHe fouling issue with heavy tars

caused the research on RPS to be stopped.

D

Figure 4.10: Rotating particle separator before dmfter testing at ECN

BTG went on developing and implemented an RPS hbagewith their own
developed RF®TC downstream a farm-scale poulttgrigasifier system [52]. The whole

plant was stopped in 2004 due to problems witrRRS [53].

Cyclone separators
Cyclone filters or centrifugal force separators @s® mechanical technologies that

can potentially be used for tar removal. Theserteldygies operate on the same principles
as those for particulate removal, using centrifuigate to separate solids and aerosols
from gases. The technologies are best suited foovang larger particles, typically those
with diameters of um or greater. In practice, cyclones and relatedridegal separators
are not used for tar removal in biomass gasificaigstems, although interest has been
expressed in the use these types of systems [¢9Ti® combination of particulates and
sticky tar in the gas stream, however, createspasigon of material on cyclone surfaces
that is difficult to remove in normal operation. devif particulates were removed prior to
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tar condensation, cyclones are ineffective at rengpwmall-diameter tar aerosols that
include material below lim size. As a result, cyclones are not a practiceahms of

removing tars from raw biomass gasification prodyi¢0].

Filters
Over the years filters of various types have besaduin biomass gasification

systems for tar removal. The tars are capturedripingement of condensed aerosols on
the filter surface. In contrast to solid particekatike dust, tar is more difficult to remove

from the filter surface as it exists in a high wass sticky liquid form. These differences in

characteristics make many filters less suitablgédoremoval than for particulate removal.

Up till now filters, including fabric bag filtersnal ceramic hot gas filters, are generally
inappropriate for tar removal [70], unless coatéith\& tar cracking catalyst.

Application of packed or granular bed filters haeib more successful historically
for tar removal and even common practice in sn@lesgasification systems constructed
during the 2nd world war. The packed or granulat filéers consist out of grains, such as
sand, (lignite) coal or activated carbon, or sawdunssome experiences with granular bed
filters for the removal of tars as well as particfeom biomass fuel gases are presented
(table 4.3) [69].

Table 4.3 Experiences with granular bed filters far removal from biomass fuel

gases
Filter material Particles removal Tar removal Tar definition
Sand 73.0-99.8 % 50-97 % Heavy tars
68 - 98 % 16 EPA PAH
97 - 99 % Phenols
Sieved lignite coke Not determined 50-97 % Heavy tars
100 % 16 EPA PAH
Saw dust 94.0-99.5% 83-85% Condensables at 5°C
50-67 % Condensables at 5°C plus PAH

While packed or granular bed filters provide adegfdtration of tars, they still
create operational problems related to cleanindiltiee as well as to waste disposal. These
filters may be appropriate for small systems opegain remote locations where labour is
inexpensive, but they are not being incorporated designs for larger-scale commercial

facilities due to operational and cost consideratjanless as final guard bed [70].
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Water scrubber
A water based scrubber tar removal technology kas In operation since 2000 at

the Harbogre updraft gasification plant in Denmamgerating on wood chips [71]. The
technology has also been licensed to the Japaonegeacy JFE and the German company
Relax Umwelttechnik®. The producer gas from thect@acontains about 80 g/mn3 of
various tars and acids. The gas temperature dosamstithe reactor is about 75°C. The
producer gas is cooled serially through two distneating shell and tube heat exchangers
in which a large amount of tar and water is sepdrédgether with most of the particles.
Following this the gas is cleaned for remainingem@ar aerosols and dust in a wet ESP.
After these processes the contents of tar andadledtoth below 25 mg/mns3, and the gas is
suitable for fuelling gas engines.
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Figure 4.11: Process scheme of the Harbogre procgik water based tar scrubber and wet ESP

This water based scrubbing technology results irhuge amount of tar-
contaminated water. At the Harbogre plant everyglokwood chips gasified results in
approximately 0.6 kg of waste water [71]. This waseseparated in a coalescer into heavy
(high molecular) tars having a net calorific vadfeabout 27 MJ/kg (approximately 8% on
a weight basis) and water contaminated with ligbwv(molecular) tars and acids. The
heavy tar is stored in a 150 m3 heated tank andgbahis tar is used for district heating
peak load firing in the oil/tar hot water boilerhd bulk water fraction can not be
discharged because of its phenol, total organibarar(TOC) and acid content and

therefore cleaned in the tar water cleaning sy$iehRWATC).
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The TARWATC uses hot water from the engine exh&aesiers to evaporate the
contaminated water and to separate the light taagirfg a net calorific value about 14
MJ/kg). The slightly contaminated steam is heateddunter-flow with clean steam from
the TARWATC reactor to a high temperature beforemng the reactor. The temperature
is further increased by burning part of the lightstinside the reactor. The clean steam is
condensed in a district heating cooled condensgff@fils the environmental regulations
for discharge into municipal systems [71].

Although the water based scrubbing technology isabke of cleaning the gas
sufficiently for some applications [71] and the blaere plant operated 8000 hours in 2006
[72], the scrubbing technology shifts the tar peobl to (expensive) treatment of

wastewater [73].

RME scrubber
As an alternative to water based scrubbers oil washbe applied as well. This has

been done successfully downstream both the indigesification process in Gussing
[62,74] and the downdraft gasifier in Wiener Nedstavith the latter one having a wet
ESP installed as well to capture tar aerosols. ditlan ESP installed, filters would be

required for removing these aerosols before theegase applied in the gas engines.
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Figure 4.12: Process scheme of the FICFB procesttvRME based tar scrubber

The tar is almost completely removed by the scrubiseng rapeseed oil methyl
esther (RME) as a medium. After phase-separatiadheftondensate, the RME saturated
with tar is recycled to the combustor of the indirgasifier, which means that no liquid

waste stream is produced. In order to be able ptysRME as scrubbing liquid, though,
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the initial tar concentration in the producer gas ko be relatively low, as otherwise the
required amount of RME would be too large. At thigs&ng plant, the tar concentration of
the producer gas therefore is reduced to approgign&.5 g/mn3 by using olivine as
catalytic bed material [74]. Furthermore, the RManttibutes significantly to the total
ecological impact of the gasification process [Application of the oil based OLGA tar
removal technology instead of the RME scrubbirmapt®logy reduces this negative effect

of scrubbing liquid consumption, as hardly anyi®@itonsumed during operation.

OLGA
The oil gas washing technology OLGA developed bNEAD\d Dahlman [62,76] is

based on a multiple stage scrubber in which thedymer gas is cleaned by special
scrubbing oil. In the first section of OLGA (thelleator, figure 4.13) the gas is gently

cooled down by the scrubbing oil. Heavy tars cosdeand are collected, after which they
are separated from the scrubbing oil and can beclext to the gasifier in order to serve as
feedstock of the gasifier. As only tars are reaydtethe gasifier, the amount of scrubbing
liquid used is not limited like in the RME scrubbitechnology and hence higher tar loads
in the producer gas are acceptable. In the sedaigg ®f OLGA (the absorber/stripper),

lighter gaseous tars are absorbed by the scruldiinghe tar-laden oil is regenerated in a
stripper. In case of an air or steam blown gaskiet air is used to strip the tars off the
scrubbing oil. This air loaded with light tars che used as the gasifying medium in the
gasifier. Hence, the stripper column design isamby based on the tarremoval capacity but
also on the amount of air that can be used by #séigr. All heavy and light tars can be

recycled to the gasifier where they are destruatadl contribute to the energy efficiency

[77]. Tar waste streams are efficiently recyclad thay [76].

The OLGA technology has been demonstrated dowmstrddiferent gasifiers
operated on a variety of fuels at ECN and in Maisss, France. Dahlman is realizing an
OLGA tar removal system for a gasification plantiebhwill use 1 tonne per hour of
chicken litter and/or forest residues as feedst@dkthis moment, the plant is in the
engineering phase. It is scheduled to be startethenautumn of 2009. Furthermore,
Biomass Gas & Electric, SilvaGas, Dahlman and Satarounced that they are working
towards the realization of an advanced biomassfigatsbn plant, scheduled for

completion in 2010.
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Figure 4.13: Process scheme of the OLGA tar remateadhnology

ECN operated and tested two aqueous systems andildn@sed system, OLGA,
downstream their 500 kWth air blown circulating iflized bed gasifier, producing a
producer gas with an initial tar load of 10 to 2thg® on dry basis. In figure 4.14 the tar

removal efficiency of the three tested gas cleasygiems is compared [76].
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Figure 4.14: Comparison of scrubbing based tar rewal technologies

In the aqueous scrubber the gas was not on sgmficfor a gas engine. With the
addition of a wet ESP the heavy tars were almosiptetely removed and the tar dew
point decreased to 60°C. The producer gas coulibpked in a gas engine, but the system

suffered from wastewater problems. The OLGA rematedtars almost completely. The
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tar dew point was reduced well below a temperatfidd°C. The water condensate did not

contain phenols and the gas could be applied esaeggine.

4.4 Non-tar components

Whereas tar formation is mainly caused by the dppmyaonditions of the gasifier
and less by the composition of the biomass feekistoc non-tar components the situation
is reversed. The elemental composition of the fieettstherefore determines the basic
requirements for gas cleaning downstream the gasifi

Table 4.4 shows an indicative composition of sdvbramass feedstocks taken
from the Phyllis database [78], and shows for exXantpat for non-woody biomass,
chlorine, sulfur and ash fractions are much highan for woody biomass. The use of such
fuels will therefore most likely require additiorgds cleaning measures to overcome either
emission problems, corrosion issues or contaminabb downstream processes (i.e.

catalyst deactivation, oil degradation, ...).

Table 4.4: Composition of several biomass fee#tstoc

C H O N S Cl Ash H.O
(Wt%bdaf) (Wt%daf)  (Wt%daf)  (Wit%daf)  (Wt%daf)  (Wit%da)  (WtYbdb) (Wt%bar)
Untreated wood 48,8 6,0 44,6 0,4 0,03 0,02 1,6 12,8
Treated wood 50,7 6,1 41,7 1,2 0,11 0,08 2,7 17,8
» Demolition 49,4 5,9 43,1 0,9 0,08 0,05 4,3 18,9
* Impregnated 52,5 6,2 40,4 0,6 0,17 0,11 1,5 23,5
* Particle board 50,1 6,2 41,6 2,2 0,08 0,08 2,3 11,1
Grass 49,2 6,0 43,5 0.9 0,16 0,38 3,6 15,4
Straw 50,5 6,1 41,3 11 0,15 0,48 10,9 6,1
Manure 51,8 6,4 34,2 4,4 0,85 1,41 32,9 45,7
* Poultry 48,2 5,6 34,8 6.2 0,74 0,73 19,6 30,1
* Cow 53,1 6,8 34,9 2,6 0,95 1,66 43,7 14,9
* Pig 54,1 6,8 33,0 4,3 - 1,84 354 92,1
Sludge 50,2 7,2 39,7 2,9 1,00 0,30 25,3 25,3
* Food industry 52,8 8,1 39,9 1,0 0,77 0,01 9,3 7,8
* Paper 49,2 6,0 43,1 1,1 0,45 0,43 33,3 36,8
» Sewage 48,5 7,5 36,2 6.7 1,87 0,53 334 31,2
Refuse Derived Fuel 51,8 7,2 39,3 1,1 0,40 0,39 15,0 25,0
Municipal Solid Waste 56,0 51 26,6 1,2 0,50 1,13 39,6 34,8
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In this chapter, the different gas cleaning tecbg@s for non-tar components are
discussed. Also included is a paragraph on undatlitaydrocarbons still present in the
producer gas after tar removal, as these comportemts a significant influence on
downstream synthesis processes, for example onamegibn towards Substitute Natural
Gas (SNG) [79].

4.4.1 Chlorine
Chlorine compounds are present in most biomasssfeeks, though sometimes

chlorine concentrations are extremely low (tabk).4When present in combination with
ammonia, it can form ammonium chloride (M), which at high temperatures is in the
vapour phase, but below 250-280°C becomes solid @edents a fouling risk for
downstream process steps. When dissolved in (ceedgnwater it becomes highly
corrosive. Similar problems occur in combinatiothanetals present in the feedstock, e.g.
potassium and sodium.

Although not part of the gas cleaning, it is mem¢id that chlorine can play a
significant role in bed agglomeration issues arat its concentration in the producer gas

increases with increasing temperatures of gasificd?9].

4.4.2 HCI
HCI removal processes can be categorized in twopgrodry and wet processes

[79]. In the dry process, the chlorine is removethwn adsorbent, in the wet process with
a scrubbing liquid. For dry removal of HCI, two &g of adsorbents are commercially
available, i.e. sodium carbonate (R&s;, NaHCQ) and calcium oxide (CaO) [80].

For the cleaning of producer gas, CaO is less [deitas it reacts with COThe
CO, does not influence the performance of Na-sorbemisn applied in the temperature
range of 300 to 600°C. The optimum temperaturdHerreaction was found to be between
400 and 500°C [81], at which HCI concentrationgha producer gas can be reduced to
below 1 ppmv [78].

The wet scrubbing process is usually based on reiitagder or a caustic water
solution. The amount of water normally presenthe producer gas should be able to
remove 500 ppmv of HCI from the gas when condengdingis not allowed to dispose the
condensate onto surface water, additional wateatrtrent (e.g. an ionic exchanger) has to

be implemented, which could make the cleaning systeher expensive [78].
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The alternative would be to use a caustic scrubl@s will not only remove HCI
effectively, but also other components presenhagroducer gas like GOCOS and kLS

[82]. The products formed are all stable salts:

HCIl + NaOH — NaCl + H,O (eq. 1)
CO; + 2NaOH —Na,CO3 + H,O (eq. 2)
H.,S + NaOH— NaHS + H,0 (eq. 3)
H,S + 2NaOH— Na,S + 2H,0 (eq. 4)
COS + 2NaOH—Na;S + H,CO3 (eq. 5)

The reaction with C®should be avoided, as the formed carbonate salaHaw
solubility. By having limited residence times, tigsaction is avoided.

The reactions between NaOH and HCI as well #8 étcur relatively fast; hence it
Is possible to achieve a high selectivity towardSl land BS while limiting the CQ
removal from the producer gas [82]. For ff®moval a more optimal removal technology

may be applied.

4.4.3 Dioxins and furans
Dioxins and furans are emitted in all thermal pesas, where the combination of

an inadequate process temperature (<850°C), theemre of chlorine as well as
insufficient concentration of oxygen and residetioge (<2s) allows aromatics to form
and/or survive [78]. Dioxins, or officially polycbtinated dibenzodioxins (PCDD, figure
4.15), are a group of poly-halogenated compoundshwére significant because they act

as highly toxic environmental pollutants.

0
ChnZ Y Cl
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Figure 4.15: General structure of polychlorinatedlienzodioxins (PCDD)

Dioxins can be removed from gases through absavaiiisorption in a polymer
material. The ADIOX® technology developed by thedethungszentrum Karlsruhe and

Gotaverken Miljo uses polypropylene (PP) doped veiinbon particles. The process is
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based on the high affinity of dioxins to carbonhem in contact, the bond between dioxins
and carbon is very strong. By dispersing smalligiag of carbon in PP a dioxin molecule

present in the flue gas is first absorbed intoRRe where it migrates to a carbon particle,
on which it is very strongly adsorbed (connectedssurface). The plastic material acts as
a selective filter with a preference for molecuiks dioxin [83].

An alternative for the removal of dioxins is thd based scrubbing technology
OLGA. Duration tests with OLGA for the fuel celldgas engine application revealed that
dioxins were removed together with tars to a sigfitty low level (below 0.1 ng/m3) [78].
Considering the general structure of dioxins (fegdrl5) this does not come as a surprise.
The OLGA is designed for cleaning the producer dasyever might be applied for
cleaning dioxins from gases as well.

A third alternative for the technology based onboar adsorption is catalytic
destruction of dioxin compounds. For flue gasess tis a commercially available
technology. The CRI system for example uses a alheaeveloped catalyst to convert
dioxins in the presence of oxygen to a mixture gDHCG, and HCI.

The specific CRI dioxin destruction catalyst opesaat temperatures around 160°
C. Dioxin removal straight from the producer ga#lfwmo oxygen present) is not possible

with this catalyst.

4.4.4 Sulfur
The sulfur in the biomass is mainly released aS Bnhd COS, and only in small

amounts as organic sulfur (mercaptanes and thigs)emhe operating temperature of the
gasifier mainly determines the exact ratio betwiensulfur components [78].

The organic components, in particular mercaptaree® unstable at high
temperatures, however presence of organic sulfouldhnot be forgotten as it results in
issues in downstream processes (emissions, catkdgstivation) and often is not removed
by conventional K5 and COS removal technologies.

Table 4.5 provides an overview of the pros and aandifferent sulfur removal

processes.

88



Table 4.5: Pros and cons of sulphur removal preess

Technology Pros Cons Effect on organic S Effect on COz

Dry sorption / Limited effect of Waste production, Also effective for High HzS selectivity

Reaction pressure, wide regeneration results in thiol compounds,

variety sulphur rich waste gas unsure for thiophenes

of absorbens

available
Physical Commonly used, High pressures Removes all organic  Removes also CO
Absorption solvent regenerable, required, removes HC sulphur compounds

removes HCN and as well, high OPEX
Hg

Absorption in Relatively simple,  Corrosion, high heat Partially effective with  High H2S

alkali solution commonly used consumption for amines, with KCOs selectivity,
regeneration only traces amines however
also
remove CQ
Liquid Large equipment, low Also effective for High HzS selectivity
Oxidation quality sulphur thiols, not for COS
Adsorption Results in Regeneration results Also effective for some High H2S
elementary in organic sulphur selectivity,
Sulphur sulphur rich waste gas compounds can however also
remove CQ
Biological Mild conditions, Functionality unsure  Unknown High HzS selectivity
Removal limited CAPEX for
HC containing gas
4.4.5 S

The removal of KS is often coupled to GOremoval. Kohl [82] gives general
guidelines for a preliminary screening for aSHand CQ removal process, grouping the
H.S removal processes into six types. Table 4.6 giheslist and also suggests the
preferred areas of application for each procese.tyfhis is particular of interest as
conventional HS removal technologies might be less interestimgHss removal from

biomass based producer gases due to the relasinell amount of b5 present.

Table 4.6: Guideline for % removal processes

Plant size Partial Pressure  Sulfur Removal capacit

Absorption in alkali > 25,000 md/h <7 bara > 10 ton/day
solution

Physical absorption > 25,000 r¥/h > 7 bara > 10 ton/day
Liquid oxidation > 25,000 md/h <7 bara < 10 ton/day
Dry sorption / reaction < 25,000 ra¥/h <7 bara < 10 ton/day
Adsorption < 25,000 ra¥/h <7 bara < 10 ton/day
Membrane permeation < 25,0003%h > 7 bara < 10 ton/day
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Both absorption in an alkaline solution (chemisompt by e. g. aqueous
diethanolamine, NaOH solution) and in a physicabsnt (e.g. poly ethylene glycol) are
suitable for treating high-volume gas streams aomtg H,S and/or C@to below 1 ppmv.
However, physical absorption processes are notossimally competitive when the partial
pressure is low as the capacity of physical sok/énta strong function of partial pressure
[78]. The boundary line between physical and chahgolvents is approximately 7 bara
[84]. Solid sorption is applicable to low quantitief HS. Suitable adsorbents are oxides
of Fe (~1 ppmv), Mn (~5), Zn (<0.3), Cu (<1) and Ceb0), with the final HS
concentration achievable reported between brackigisrating temperatures are between
350 and 500°C, except for Ca and Mn (up to 10009@dst sorbents cannot be
regenerated and must be disposed after being aftbdugh regenerative processes are
under development. Adsorption with molecular sieigea viable option when the amount
of sulfur is very low and the gas contains heaiesompounds (such as mercaptane and
COS) that must also be removed [78]. The effedh@mphenes, however, is limited.

Membrane permeation involves the separation ofviddal compounds on the
basis of the difference in their rates of permeatiocrough a thin membrane barrier. In
general membranes for,8 removal (< 1ppmv) are applied for small-scalentgdawith
gases containing a high,8 concentration. The capacity is accomplished byngus
proportionately increasing number of modules. Tfugeg the process does not realize the
economy of scale and becomes economically less etitimp with absorption processes as
the plant size is increased [78].

In general HS can be recovered as elemental sulfur, S, by usifgological
process or by the reaction with Sox [78]. The séaddtechnology for recovery of
concentrated 6 to elemental sulfur is the Claus process. Nogmdlis process is
operated parallel to physical or chemical absongtiesorption process like the Rectisol
process or alkanol amine processes. The Rectisalkafine amine process removes the
H.S from a diluted gas stream. The gas from the gésarstep is concentrated with-$i
and can be applied in the Claus process for theersion of HS to elemental sulfur. In
general the Claus process will be too expensivéhersmall scales associated to biomass
applications. Even for large scale biomass gasifingacilities the amounts of sulfur are
limited, unless typical feedstocks like MSW, RDFamare or sludge are applied.
Alternatively to the Claus process, H2S can belyasid economically converted to

elemental sulfur by biological processes, usingrotigganism to convert,Sto elemental
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S. The HS can be removed in an alkaline scrubber from #s ghe chemically absorbed
H.S can consequently be fed to the biological reaatoere the KHS in the solution is
converted into elemental sulfur with the bactenraspnt in the reactor. The THIOPAQ

process by Paques [viii] is an example of suchobogical process.

4.4.6 COS
Carbonyl sulphide (COS) is an organic sulfur commqubuhat can not be removed

efficiently by physical or chemical removal processThermodynamically, COS will shift
towards formation of b5 though as the gas is cooled down to a low teryoeraAt a gas

temperature of 200 °C, thermodynamically therea<O®©S present. This implies that it is
possible to convert COS to,8l. Catalysts applied for this conversion includévated

alumina, titania on alumina and Mo/Co catalyst. EmS product from the absorption of
H,S with ZnO also catalyzes the COS conversion \eahrdrogenation reaction. So, when
the ZnO bed contains ZnS, COS can be converted 28, which is, subsequently,
adsorbed by the ZnO. As such, an upstream cafalythe removal of COS would not be

necessary [78].

4.4.7 Other organic sulphur compounds
The principal organic sulfur compounds that aresgné in the producer gas are

carbonyl sulfide (COS), carbon disulfide (.S mercaptans (RSH), thiols (GHl
C,HsSH), thiophenols (846S), and thiophenes (aromatic sulfur, e.gH£S). The organic
sulfur compounds are much less acidic than hydregéfide (HS) and are therefore not
effectively removed by conventional alkaline saatibased K5 removal technologies.
Physical solvents, however, generally show a veagh Isolubility for organic sulfur
compounds [82]. The absorbed organic sulfur comgswnd up in the separated acid gas
stream.

Although effective for contaminant removal, thedgygical solvents often also
remove considerable amounts of valuable hydrocasb@mong which also (small)
amounts of Cld As such, they are often not preferred.

For high-efficient processes, e.g. the synthesianafonia, substitute natural gas,
methanol, and other chemicals, catalytic conversibthe organic sulfur compounds is
more interesting [82]. In catalytic conversion, theganic sulfur is hydrodesulfurized
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upstream the $$ removal into KHS via either hydrogenation (e.g. equation 1 to #) o

hydrolysis (e.g. equation 5 and 6):

CS, + 2H, — C + H,S (eq. 1)
COS + H, —CO + H,S (eq. 2)
RCH,SH + Hy — RCHz+ H,S  (eq. 3)
C4H4S + 4H, — C4H 0 + H,S (eq 4)
CS, + 2H,0 — CO, + 2H,S (eq. 5)
COS + H0 —CO, + H,S (eq. 6)

The first hydrogenation reaction (equation 1) dest@tes the risk of carbon
formation. The first catalysts used commercially ligdrodesulfurisation at the beginning
of 1900 were based on nickel sulfide catalystdovetd in the mid 1900’s by copper, iron,
zinc, cobalt, or nickel thiomolybdates. All wereepated at temperatures between 300 and
450°C. Due to the deposition of carbon the catalysive to be regenerated on a regular
basis [82].

Nowadays, most hydrodesulfurisation (HDS) catalysts based on cobalt and
nickel and molybdenum oxides on an active (possiibthnium enhanced) alumina base
(Al-Co-Mo and Al-Ni-Mo). These catalysts are efigetat decreased volumes of catalyst
charges as well as at sudden change of sulfur mbated are operated at temperatures
between 250 and 400°C and at elevated pressur® @@ bar). Prior to use, the oxidised
catalyst has to be sulfided [82], as the activesphia the operating catalyst is the Co-Mo-S
or Ni-Mo-S phase. This sulfidation will normallyki place by exposing the catalyst as
delivered to the normal operating conditions in pient, i.e. the sulfur for sulfidation is
supplied by the feed and at the concentration attwit is available [85]. The CoMo and
NiMo catalysts are mainly developed for fossil lwhsechnologies and are commercially
available from the leading catalyst suppliers sashHaldor Topsge, Sud Chemie and
Johnson Matthey. Application of these catalystshiomass based processes, as done by
ECN [4, 30, 48, 79] and PSI [86, 87, 88] in theM& development, might cause some
issues concerning the sulfur and olefins conceaatratin the producer gas and the
relatively low operating pressures.

If the sulfur content in the feed is constant amd,Ithe stable sulfur concentration
in the catalyst and thus the activity will be lodthough normally not problematic, the

catalyst may not convert organic sulfur sufficignttluring a short period if the
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concentration suddenly increases. The catalysthailie to be fully sulfided before the slip
of organic sulfur will go down again [85]. If thdefins are hydrogenated as well, this
exothermic reaction will cause a significant tengpeare increase over the HDS reactor. As
such, it might be necessary to lower the inlet terajure of the HDS reactor; however this
will have a negative effect on the HDS of the oigasulfur compounds [82]. The low
operating pressures compared to the normal opgratimditions for which the HDS
catalysts are designed (10 and 40 bar) also hemificant influence on the HDS catalyst
activity. Experiments with a Ni-Mo/SiOcatalyst at different temperatures and partial
pressures showed a significant effect of both patarea on the catalytic activity, as is
illustrated in figure 4.16 [89, 90].
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Figure 4.16: Catalytic activity for thiophene HDSevsus thiophene (partial) pressure

4.4.8 Nitrogen
Nitrogen present in the producer gas originatdgeeitrom the feedstock (typically

ending up in the form of HCN and NHpatrtially as pyridine, in the producer gas) amnir
the gasifying agent (in the form of;Nh case of air-blown gasification, HCN and NH
resulting from molecular nitrogen can be neglectgg]. Compared to coal based
gasification, the HCN concentrations in the biompssducer gas are roughly the same
(~20 ppmv), the NElconcentration, however, can be significantly highug to thousands

of ppmv compared to up to 40 ppmv for coal) [6F, 91
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The presence of NHas well as chlorine in the producer gas might Itdsuthe
formation of NH4CI, a chemical that becomes solaloly 250-280°C and presents a
fouling risk [62]. Ammonia in the presence of,3 can result in formation of
ammonium(poly)sulphide, which solidifies at tempgaras below 150°C. HCN is reported
to be a potential contributor to the deactivatibéfoo example FT catalysts [91]. When hot
producer gas is used to generate electricity iegrated gasification combined cycle
(IGCC) power plants, both NHand HCN will partly be converted to nitrogen oxides
(NOx) which are difficult to remove and are highigdesirable as atmospheric pollutants.
Removal of NH and HCN is therefore often required.

For NH; removal either catalytic destruction or wet sciagbcan be applied.
Catalytic destruction of Niis possible using catalysts similar to those uledtar
cracking or hydrocarbon reforming. Dolomite, Nibédsteam reforming catalysts as well
as Fe-based catalysts have all been reported édblbeto convert NElat temperatures of
approximately 900°C [92-94]. Using these catalydisstruction of >99% of the NHs
possible [70]. Although this combined tar and \fdmoval has the potential to remove
both tars and NEifrom the producer gas while maintaining the hdahe producer gas,
commercial tar cracking systems at this temperaitgestill under development.

Ammonia may also be removed from the producer gasdi scrubbing. The main
problem with wet scrubbing is the presence of irathe producer gas, which end up in the
water as well. At the Harbogre plant the tar ang ibhtaminated waste water is treated in
the tar water cleaning system (TARWATC) [95]. Madeally tars and Nklare removed
separately in order to avoid contamination of thetew with tars. However, this requires
the removal of tar before the wet scrubber to sadével that the tar dew point is well
below the operating temperature of the water saybbe. well below approximately
30°C. The oil scrubbing technology OLGA is capableloing this and therefore allows
downstream implementation of a “conventional” waderubbing system [76]. The Nkt
soluble in water and can either be neutralized wattiols to form ammonia salts, converted
biologically into N or stripped from the scrubbing water.

In the latter case, the stripper air containingNi& can be recycled to the gasifier
to be converted to Nand HO. This conversion requires a temperature abové@00
order to reach over 50% conversion and is nearigptete (>90%) at 850°C [96]. The
presence of oxygen or air at the injection poinl \giad to a much higher rate of NH
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destruction than observed for pure thermal crackiregts at ECN also revealed hardly any
NH3; was converted to NOXx.

When applying a biological process to clean thauldanng water, e.g. via the
ANAMMOX® process, bacteria convert Nkhto N, via a combination of nitrification and
de-nitrification reactions (figure 4.17). In 2002etfirst full-scale plant was started up in
the Netherlands and at this moment four instaltetiare operational. The process can be
used for the removal of ammonium with a relativielgh ammonium concentration (>100

mg/l), however the bacteria’s applied are sensiovdnydrocarbon pollution.

Denitrification

Cl‘hv N,
NO, NH,"
Anammox”

NO.
o, 0O,
Nitrification

Figure 4.17: Biological ammonia removal

4.4.9 Carbon dioxide
Removal of CQ from the producer gas may be necessary for vaneasons. In

combination with water, it is for example highlyromsive and rapidly destroys pipelines
and equipment unless it is partially removed ortiexand expensive construction materials
are used. Furthermore, for specific processesnik¢hanol and FT diesel synthesis the
inert CQ present in the gas will require higher overall rapieg pressures. Within the
framework of the EOS-LT consortium project “Biomagasification and gas cleaning”
though, the removal of COis mainly done for the purpose of producing (siost
natural) gas with a high enough heating value tonglg with the standards of the
conventional application of the gas and (to a lesgéent) the purpose of carbon capture
and storage (CCS).

For CQ removal a wide variety of technologies are comiadyc available,
including conventional absorption processes, ssdh@ BenfieldTM process based on hot

potassium carbonate solutions and amine scrubbimogepses based on formulated
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solvents (e.g. MEA, DEA, MDEA). However, also crgmic as well as adsorption
processes (e.g. PSA, TSA) and membranes are comaihemvailable. For a detailed
description of all these COremoving technologies reference is made to the Gas
purification handbook by Kohl and Nielsen [71].

In the status report at hand, the focus for, @noval is on upgrading the quality

of the producer gas. This is comparable with thgraging of biogas or landfill gas.

4.4.10 Unsaturated hydrocarbons
The existence of unsaturated hydrocarbons in tbdymer gas varies widely and

does not only include tars, but also light unsaadaydrocarbons like acetylenexfG),
ethylene (GH4) and benzene @Eg). Unlike tars, these components do not creategh hi
fouling risk due to straight condensation. Howeuwbey can react with and deactivate
synthesis catalysts through carbon deposition on fgummy polymers that subsequently
can plug downstream equipment due to condensafitve. removal of unsaturated
hydrocarbons can be done via physical separatian éamine scrubbing, though with
regards to selectivity cryogenics or selective gasmn makes more sense). Selective
catalytic hydrogenation is however usually the @nefd technique [71].

Platinum or palladium based catalysts typically banused for the hydrogenation
of C;H, and GH, at relatively low temperatures. The NiMo and Cob&dalysts applied
for HDS also demonstrated hydrogenation activity (fnsaturated hydrocarbons and are
unlike the Pt or Pd catalysts not sensitive fofusutleactivation. From the hydrocarbon
composition before and after the HDS it is cleaattithe compounds are actually
hydrogenated towards Glnd GHe, and not cracked into CO and H9]. Experiments at
PSI, however, also reveal that even after HDS notumasaturated hydrocarbons are
removed from the gas [99]. The components stilsgne (i.e. GHs, as well as gHg and
C7Hs not completely removed in the tar removal steg)[¢Quse a significant risk of soot
formation on the methanation catalysts applied @NEand PSI [79, 99]. When using a
fluid bed methanation process, this soot formatmight not be problematic and the
catalyst might continuously be regenerated.

R&D on removal of these components via scrubbiydrdgenation or reforming is
ongoing [79, 99, 100] and is crucial for long-temperation of catalytic synthesis
processes downstream tar producing gasifiers. Aghaconventional (amine or methanol
based) scrubbing technology can easily solve figsific problem, severe scrubbing of the

producer gas is not considered to be economicétigctive due to the efficiency penalty
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associated with it and the complexity of cleanihg scrubbing medium. Maintaining the
hydrocarbons in the producer gas, either as (3tahlerated light hydrocarbons (i.e. £H
or even better §Hs and GHs) or if necessary converted to synthesis interntedié.e. CO

and H), will result in significantly higher productiorffeeiencies, and hence ultimately an

economically more attractive process.

4.4.11 Particles and alkalis
The need for particulate and alkali removal sigaifitly depends on the use of the

producer gas. For gas engines, particulate levelst fme reduced to below 50 mg/Nms,
whereas for turbines (< 15 mg/mn3) and catalytiocpsses (<0.02 mg/mn3) the
requirements are even more stringent [70]. Thestcpkates do not only include char and
ash present in the initial producer gas of thefgaisbut also alkalis. The mineral matter in
biomass contains high levels of alkali salts, patérly e.g. grass, straw and other fast
growing biomass, which contain large amounts oapsitim. At temperatures of around
800°C, the alkali salts can vaporize and creatbélpnas by depositing on cooler surfaces
downstream. The alkali will remain in the vapouapé until it condenses due to cooling
below about 650°C, typically forming small partiatds (<5um) or condensing straight on
surrounding surfaces like other particulates ormiteeess equipment. In gasification, alkal
vapours are removed by cooling the hot producer lgalew 600°C to allow for
condensation of the material into solid particlddfé]. The solids are then removed using
various dry or wet particle removal systems. Themicle removal systems not only have
to be designed taking into account the chemicahbelr of the condensed alkali salt, but
also the effect of tar condensation. As such, gartemoval is normally closely linked to
and installed together with some kind of tar renhdeahnology. In this paragraph, the
main particle removal technologies are discussexfiyaremphasising in particular on the
issues that occur when applying these “conventideahnologies in a tar loaded producer

gas stream.

Cyclones
In a cyclone, the particles containing producerigastroduced tangentially into a

cylinder. The gas exits the cyclone at the top svthle particles, separated from the gas via
centrifugal forces, slide along the wall of theiogier to a dust collection chamber at the

bottom of the cyclone (figure 4.18) [101]. Cyclore® particularly effective (>90%) at
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removing particles larger than a few micrometershwhninimum pressure drop [70].

Smaller particles however are not caught.

clean gas

___-gas exit tube

—inlet chamber

__vortex chamber

—~dust collection
chamber

dust
a withdrawal

Figure 4.18: The mechanical principle of a cyclone

Cyclones are commonly used, also in biomass gasdit systems, and are
commercially available from many vendors. Typicalljey are operated at high
temperature to avoid condensation of tars in thelooye and often they are used as
multiple units in series. A circulating fluidizeckth gasifier will in general have an initial
cyclone operated at the temperature of the gasifiavhich the bulk of unconverted char
and ash is separated from the producer gas in ¢todee circulated to the bottom of the
gasifier. Downstream this cyclone, multiple (coldeyclones can be placed to collect
particles with different sizes as well.

The positioning of a cyclone in a gasification systcan determine the success of
the system. Due to the particle vortex it is pdsstb operate a cyclone at temperatures
(slightly) below the tar dewpoint; the particlesaa@move some condensed tars from the
walls as long as condensation is not too significéathout the presence of these particles,
the cyclone will not be cleaned. For this reasois i#lso recommended not to position a
(final) cyclone upstream gas coolers, as in thaeaao particles are present capable of

removing tars in the difficult producer gas coolstgp as well.
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Barrier filters
Barrier filters are based on porous materials (mgtal or ceramic candles, bag

filters, packed bed filters) that allow gases tegpavhile blocking the particles (figure
4.19). They effectively remove small-diameter mantates in the range of 0.5 to 106.
Removal of smaller particles is also possible thoagsociated with high pressure drops
over the filters. The particles can be removed fribia filter material by periodically
pulsing clean gas through the filter in the revedgection of normal gas flow [101]. To

reduce the overall particulate load, these filsestypically placed downstream cyclones.

Figure 4.19: The mechanical principle of a barridilter

Although barrier filters are effective for removimyy particulates, they are less
suitable for wet or sticky contaminants such as.taars cling to the filter surface and can
undergo subsequent carbonization reactions thattitetouling and plugging [102]. Hence,
in biomass producer gases, these barrier filtegsapplied either in gases where tars are
already significantly removed (e.g. at GUssingpperated at high temperature, above the
dewpoint of tar.

These high temperature gas filters (HGF) were dest¢ the commercial
demonstration facility at Varnamo, Sweden [103] amale recently at the pilot facility at
ECN [102]. At both sites, the filters were operatgd350 to 400°C, hence above the tar

dewpoint. At Varnamo, the ceramic candle element&érepeatedly due to the frequent

99



thermal cycling in the demonstration facility thagerated intermittently [101]. This has
been solved by using metal fibre filters. The tedt&ECN were not successful. Fouling of

the HGF upstream the OLGA tar removal led to acseriincrease of the pressure drop
over the HGF (Figure 4.20). The HGF upstream theGALsystem was successfully

replaced by an electrostatic precipitator withinGA.
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Figure 4.20: Temperature (blue line) and pressureog (pink line) of the hot gas filter at ECN

HGF research now mainly focuses on the combinednuer gas filtration and
catalytic tar cracking [61] as being developed B} ESchumacher) and Madison Filter (in
cooperation with Haldor Topsge). These filters afeeat temperatures of around 750 to
900°C, and as a result are relatively large anaesipe units. Operation of barrier filters
at lower temperatures however often resulted irfdaling, hence making the filters only
applicable downstream some kind of tar removal onidownstream gasifiers with an

initially low tar dewpoint.

Electrostatic filters / scrubbing technology
Electrostatic filters are based on separating @uhngarticles in an electrostatic

field. The particles are collected on so calledeptaurtains (figure 4.21), where the formed

particle layer is removed via dry or wet method81]]L The dry methods are based on
100



mechanical cleaning of the surface area and camatgppet high temperatures (up to
500°C), whereas in wet methods the particle lageemoved with a thin film of flowing

liquid, usually water. As such the wet ESP has @ctl operating temperature below
100°C, or at least below the condensation temperatithe liquid applied. With the ESP
being relatively expensive on a small scale, tarielogy is attractive only for large-scale

operation [70].

Suppaorting insulator Rectifier circuit

Gas flow

L Earthet

Collecting electrades
"Flate curtains”

Dis_charge electrocles
"spiral wires”

Figure 4.21: The mechanical principle of an elecstatic filter

As good charging of particles would require a mialirparticle size of 0.;um, an
ESP is in general less efficient for small parscl®ften though, ESP systems are applied
downstream a cooling and scrubbing system, in wkiolll particles present in the gas
(e.g. ash, aerosols) grow in particle size duectondensation of a liquid on the particle,
being either water, RME or oil. As such, an ESPobses suitable as well for small
particles and hence very high separation efficesican be obtained.

The ESP has been applied successfully in severaldsis gasification systems and
has therefore become a commercially proven andadlaitechnology for thermal biomass
conversion systems as well. The issues with tardaat with by having a scrubber
installed upstream the ESP. At Harbogre, the pestiincluding tar aerosols) grow by
condensation of water on the particle and as stelseparated in a water based wet ESP.
In the RME as well as the oil based OLGA scrubligghnology the principle is the same,
however in stead of water, RME or oil is used. Ashs the (wet) ESP not only operates as
a filter for particles (e.g. ash, dust, alkalig){ blso as a tar aerosol filter.
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5. TAR Removing Analysis.

5.1 Introduction

At ENEA Research Center of Trisaia there is a [Dilaldized Bed 500 k\W,
Biomass Gasification Pilot Plant (83.2). The pldeedstock is almond shells. . The

characteristics of the plant are reassumed indile 6.1 below [1, 2, 3]:

Table 5.1: ENEA Biomass Gasification Pilot Plat cicteristics

Flow rate [kg/hr]  LHV [MJ/Kg] Temperature [°C]  Enth alpy [kJ/kg]
Biomass 100 16 15
Biomass (dry) 90 18 15
Steam 70 380 3250
Air 300 450 500
Additional Fuel 10 42 15

The Pilot Plant has a potential about producerfigasrate equal to 180 Kg/hr. The
produced syngas composition in shown in the follmatable 5.2 [1, 2]:

Tab. 5.2: Double fluidized bed producer gas compmsi

Composition CO, CO H., CH., CoHsg CsHg N, Tar

Dry gas

%vol 19.3 25.1 33.1 10.4 0.2 2.3 9.6 10.3
g/Nm®

The idea is to join the gasification plant to a dal Carbonate Fuel Cell. Table 5.3

shows the admissible concentration of the pringyediutants [1,2].

Tab. 5.3: admissible concentration of the printipallutants.

Pollutants H,S HCI NH- HCN Tar Particle
Admissible value <0.1 ppm <0.1ppm <1%vol <0.1ppnk2000ppm <10 ppm
(d>1 pm)
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From a comparison between the data reported iegdbP and 5.3 it is clear that an
additional cleaning step to remove tars is neeBgdan analysis of the main gas cleaning
methods (Chapter 4), the choice of absorbing tomeming with biodiesel like absorbing
liquid, to reduce the level of tars in the produges it seems to be the best. Biodiesel is
used in order to remove tars [3, 4, 5]. By usingnadeling, an investigation and

optimization of this innovative cleaning solutioashbeen carried out.

5.2 Simulation method

Basing upon the ChemCAD commercial code the absorpteaction has been
simulated. The equilibrium and kinetic rate conadlapproaches are both assumed to
model the reactions. To simulate the absorptionetow standard impingement-plate
scrubbers is used. In fact, the scrubbing towetacdy represents the standard scrubber,
with its high collection efficiency, and it is knoweverywhere for its unbeatable intrinsic
performance levels and reliability in holding thet dimit values over the long-term.
Syngas fed was simulated by an ideal mixture ofglcomponent. On the other hand, by
a comparison between produced bio-diesel charatitsriand the chemical and physics
characteristics of the diesel available in the CBARD database 1,1 Bicyclohexyl was
chosen to simulate bio-diesel. Tars behavior waslilsited by its most present component

[13, 14]. Figure 5.1 show the composition of tarproducer gas.
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Figure 5.1: Tars composition
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5.3 Simulation results

Three different simulations were carried out. Thetfone has been performed using
pure biodiesel like absorbing fluid.

The second simulation considering a mixture of 50&er and 50% biodiesel and the
last one with only water like absorbing fluid irder to compare the results and to evaluate
the absolutely tars removal efficiency of biodiesel

Simulation results are shown in figure 6.
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Figure 5.2: Tars removal efficiency

From the first simulation we obtain as output a fiaw with an amount of tar
equal to 0.0016 g/Nm3 only is calculated. Thusducéion in tar concentration in the

syngas fed equal to 99.8% is estimated.

The other two simulations give us worst results.matter of fact, the second
simulation using biodiesel-water mixture like alBog fluid report a tar removal
efficiency equal to 66%. While, sing only pure @féiciency is only equal to 19%. This

is an expected result in fact using water only emséble tars are removed.

By this simulation we’ve also estimated the fedbmfdiesel needed to remove
tars that is equal to 40 Kg/h for 1 m3/h of produgas feed.
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5.4 DownDraft Gasifier.

The same analysis has been carried out for the Doafhgasifier operating in
Enea-Trisaia research centre. Table 5.4 show th®asition of producer gas for this
plant [15]:

Tab. 5.4: DownDraft gasifier producer gas compasiti

Composition CO, CcO H, CH, O, N, Tar

Dry gas

%vol 13.7 17.3 14.3 1.0 1.7 52.0 375
g/Nm®

Figure 5.7 show the composition of tars in produyzes [14].
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Figure 5.7: DownDraft Gasifier Tars composition

Figure 5.8 show the result obtained by using Chedrgdaulation.
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Figure 5.8: DownDraft gasifier, Tars removal efficiacy.

5.5 UpDraft gasifier

The same analysis has been carried out for a tipigBraft gasifier producer gasable

5.5 shows the composition of producer gas considdere

Tab. 5.5: DownDraft gasifier producer gas compasiti

Composition CO, (6{0) H, CH,4 HCI H,S Tar

Dry gas

%vol 6.2 21.44 20.25 3.65 0.13 0.08 47.5
g/Nm?

Figure 5.9 show the composition of tars in produgas.
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Figure 5.9: UpDraft Gasifier Tars composition.

Figure 5.10 show the result obtained by using Chadr€dmulation.
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Figure 5.10: UpDraft gasifier, Tars removal efficiercy.
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5.6 Conclusion

The simulation carried out give us great resulttamrm of tar reduction. These
results are more important if compared with a tradal water scrubber data. Biodiesel
scrubber is able to remove tars from producer gtsefficiency equal to 98%.

The simulations carried out confirm the great ety of ammine mixture

scrubber that is able to remove tars for the tgesafication technologies analyzed
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6. No TAR Removal Analysis

6.1 Introduction.

The development of high efficiency systems for bagsiconversion into electricity
is a strategic issue to achieve an advanced usthesfe renewable resources. A
combination of gasification and fuel cells may k@uable solution for small to medium
scale applications.

One of the major issues in biomass gasificatiomoigleal with high efficiency
cleaning section. In this framework, integratedifgzgion combined cycle systems appear
to be the key answer for large scale applicatissle combination of gasification and
fuel cells may be valuable solution for small todien scale applications [1, 2].

Gas cleaning is one of the main problems to deé#h wi biomass gasification,
especially in case of an advanced use of the pevdyas, such like in a combined cycles
or a fuel cell [3].

The current focus of biomass conversion researchdavelopment is to produce
fuel derived from cellulosic biomass, especiallysteabiomass or feedstock grown on
marginal lands that generate little carbon todagsification of biomass feedstock to
generate syngas for further downstream fuel syrghes viable and promising approach.
Biomass feedstocks contain low percentages of iproierived sulphur which is converted
primarily to HS during gasification. The 48 concentrations, on a dry basis, in biomass-
derived syngas range from about 20-50 ppmv forwaod to 500-600 ppmv for corn
stover. The sulfur content of the syngas needseadmoved because it deactivates
catalysts used downstream and is corrosive.

Low temperature removal of.B offers the potential of better thermal efficiemay
the overall biomass gasification to fuels processluced waste stream generation, and
lower biofuel production cost in fact the use a&fcaubbing process leads to a very flexible
process. Several types of sorbents have been gexklover the last two decades to
remove HS from dry coal-derived syngas at low- to midtenapare ranges [1]. However,
further research is necessary because biomass ssyogdains much higher steam and

hydrocarbon content than coal syngas. The workeptes here used materials developed
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for produced gas desulfurization as a starting tptonbegin sorbent development for
biomass syngas desulfurization [4, 5].

.Similarly an excessive amount of acid compoundshdike sulphur and chlorine,
in the producer gas, may be intolerable by conwarsievices, such like turbines or fuel
cells [3, 6, 7].

So, the idea to test an absorbing tower to remaoMghsr compounds and acid
pollutants has been performed.

The same approach shown in the previous chaptdsdeascarried out.

6.2 Desulphuration

By using data of syngas produced, a design and @elng of an innovative
upgrading of gas cleaning section have been caoréd

This upgrading consists in an adsorbing tower s asduce the level of sulphuric
compounds in the producer gas. In order to reashtdinget we choose to use a scrubbing
tower running with an alkaline solution. The ideao compare the performance of a two
different alkaline solution: the first one is a moise of with water and ammonia, while the
second one is a mixture of water with methyl-diatsieammine, (MDEA). The idea is to
compare the performance of a commercial produdt thié performance of a product just

tested to remove sulphuric compounds from prodgeed

6.2.1 Simulation model
Basing upon the ChemCAD commercial code the ahsorpeaction has been

simulated. The equilibrium and kinetic rate cor&dlapproaches are both assumed to
model the reactions. To simulate the absorptionetow standard impingement-plate
scrubbers is used. In fact, the scrubbing towetacdy represents the standard scrubber,
with its high collection efficiency, and it is knoweverywhere for its unbeatable intrinsic
performance levels and reliability in holding thet dimit values over the long-term.
Syngas fed was simulated by an ideal mixture of gae component. To simulate the
absorption fluid an ideal mixture of water and amimgo or water and MDEA, has been
chosen [8, 9].
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6.2.2 Results and discussion
Two different simulations were carried out considgra mixture of water and

ammonia. The first one using a solution 70% wateB3% ammonia. The second
simulation considering a mixture of 50% water af@&Sammonia.

Simulation results are shown in figure 6.1 and 6.2.

500 kWth Double Fluidized bed Pilot Plant

100%
95% +

. ___,z’f B Ammonia 30% - Water
906 _..-""'.. 70%

B Ammonia 50% - Water

85% So%
80%
75% 1 —
70% -~

Figure 6.1: the 500 kWth gasification plant: sulfurc compounds removal efficiency.
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150 kWth Downdraft Fixed Bed pilot Plant
100% -~
95%
B Ammonia 30% - water
0% 7 70%
B Ammonia 50% - Water
0, -
85% 50%
80% +
75%
70%

Figure 6.2: the 150 kWth gasification plant: sulphuic compounds removal efficiency.

How is shown in Figure 5 and 6, all results obtdine terms of sulphuric
compounds removal efficiency are very close onedoh others. In the two case, the
mixture 50% ammonia — 50 % water show us a betterowal efficiency, but the results
are so close that it could be better to use a mexX80% ammonia — 70% water in order to
avoid the problems that a strong alkaline solutiomslve.

The result obtained are very close for the plaotssitlered, this confirm the great
flexibility of scrubbing tower that it's suitableorf different technologies and so for
different produced gas.

Another series of two simulations has been carmigidin the case of a mixture of
water and MDEA. The first one considering solutitd? water — 30% MDEA and a
second one using a mixture of 50% water and 50% MDE

The results of this simulation are shown in figudeésand 6.4.
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500 kWth Double Fluidized bed Pilot Plant

99,00% - -
97,00% + -

o/ - -
95,00% . B MDEA 30% - Water 70%
93,00% + - B MDEA 50% - water 50%
91,00% + -
89,00% .-

87,00% + -

85,00% - :

Figure 6.3: the 500 kWth gasification plant: sulphuic compounds removal efficiency.

150 kWth Downdraft Fixed Bed pilot Plant

99,00% -
97,00% -

0, 4
95,00% B MDEA 30% - Water 70%
93,00% - B MDEA 50% - Water 50%
91,00% -
89,00% -

87,00% -

85,00% -

Figure 6.4: the 150 kWth gasification plant: sulphuic compounds removal efficiency.
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The MDEA - water mixture show a stronger efficientty remove sulfuric
pollutants from the produced gas, showing a remeffediency upper than 99 %.

All the series of simulation follow the same tree can note a really good
sulfuric components removing. MDEA-water mixtureosha best removing efficiency
respect to ammonia-water mixture in every caseyaedl

Also in this case, using a 30% MDEA — 70% Watertom& seems to be the best
solution in order to remove sulfur pollutants withaising strong alkaline solutions.

The flexibility of scrubber solution is confirmedsa in this second series of
simulations.

A sensitivity analysis has been carried out to test influence of pressure on
scrubber efficiency. The results of these simutetiare shown in figure 9 for 30%MDEA

— 70% water mixture using the 500 kith double fizedl bed pilot plant produced gas.

500 ](Wth Double Fluidized bed Pilot Plant

~

100,00%
99,00% + .-

98,00% .-

97,00% - H_.f’ B P=1bar
96,00% 1 M P=2.5bar
95,00% a il __.-""'. M P=5bar

94,00% -

93,00%

92,00%

91,00%
90,00%

Figure 6.5: Sulphuric compounds removal efficiencydr different operative pressure.

How it is expected, higher pressure test presentsigher removal efficiency, but
also in this case, the great closeness of thetsdsald us to prefer to work using 1 bar like

scrubber running pressure.
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Literature data has been used to validate the maeilts and to compare the
results obtained with the proposed technology tsé¢hrelevant to a hot sulphur removal
technology.

Orsini et Al confirm the great flexibility of lowemperature technology and the
great efficiency of MDEA scrubber to remove sulpbynollutants [10, 11].

Siriwardane et Al analyzed Zinc Oxide-Based Reganer Sorbents for
Desulfurization of syngas arriving to results vetgse to the results of our simulations
[12, 13].

Brooks et Al studies the possibility of syngas deesization over metal zeolites in
a high temperature process. This technology shotksna of removal efficiency close to

our simulation results [14].

6.3 Acid compounds removing

The same approach has been followed to analyzecanigpound removing. A scrubber
tower running with an alkaline solution with sodaamnmonia is dedicated to the removal
of acid compounds [15, 16, 17, 18].

6.3.1 Simulation model
Basing upon the ChemCAD commercial code the absorpteaction has been

simulated. The equilibrium and kinetic rate conadlapproaches are both assumed to
model the reactions. To simulate the absorptionetow standard impingement-plate
scrubbers is used. Syngas fed was simulated bgeah mixture of the gas component. To
simulate the absorption fluid in the second toveerjdeal mixture of water and ammonia

has been chosen [7, 9].

6.3.2 Results and discussion
Also in this case, we have carried two series eweyconsisting three different

simulations.
The first series is about acid components remolingsing an ammonia-water mixture.
In this series of simulation the first one was iesrout considering a mixture of 50%
ammonia and 50% water. The second simulation ceriagl mixture 25% ammonia and
75% water and the last one considering like abagrBuid pure water. The second series
of simulation tests was performed by using a sodtekv mixture to remove acid
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components from producer gas.

Also in this case we considered three differentsiiilties for the absorbing fluid: a
mixture of 50% soda and 50% water, a mixture wie2soda and 75% water and pure
water.

The results of these tests have shown in figui@ssd 6.7.

50% 25% water
ammonia -  ammonia -
S0% water 5% water

Figure 6.6: Acid component removal efficiency by usig ammonia —water mixture

a T T i

S0%soda - 50% 25%soda - 75% water
water water

Figure 6.7: Acid component removal efficiency by usig a soda —water mixture

In this case to verify simulation results, litens data about acid compounds removing
experimental test has been used [7, 8, 9].

Figures 6.8 and 6.9 show the results of these cosypes.
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Figure 6.8: Acid component removal by using ammoniavater mixture: Simulation and experimental
results comparison.
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50%soda - 50% 25%soda - 75% water

water water

Figure 11: Acid component removal by using soda-watenixture: Simulation and experimental results
comparison.

The two series of simulation and experimental dalaw the same trend with a
really good accordance. We can note a really goatl@mponents removing. Ammonia-
water mixture show a best removing efficiency respe soda-water mixture in every case
analyzed. Ammonia 50% - water 50% seems to be #s $olution. In this case the
amount of ammonia-water mixture necessary to renamig components is equal to 30
kg/h for every Nriof producer gas
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6.4 Conclusion

The technology proposed is able to remove sulphgpadlutants and acid
compounds from syngas produced.

For the desuphuration step, the simulations caoigdconfirm the great flexibility
of ammine mixture scrubber that is able to remoutplsir compounds for the two
gasification technologies analyzed.

The best solution is to use a mixture of 30% MDEA0% water that show a high
removal efficiency without using a strong alkalgaution.

High pressure process guarantees a higher efficidmow temperature process
shows removal efficiency comparable to high temjpeeaprocess with an easy process
technology.

For the acid compounds removing step, the twaotewmis tested, ammonia-water
mixture, and soda-water mixture, are both abletoave acid components from syngas.

In this direction ammonia50%-water 50% mixture sg¢onbe the best solution.
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Chapter 7

Analysis of the integration
of a molten carbonate fuel cell
In a biomass steam gasification

pilot plant
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7. Analysis of the integration of a Molten Carbonate
Fuel Cell in a biomass steam gasification pilot
plant.

7.1 Introduction

Fuel cell technology is generally considered as ramgsing solution for
decentralized electricity generation with high @#ncy and very low environmental
impact, especially if feed fuel gas is produced ngaewable energy sources, such like
biomass.

In this framework, the assessment of the viabdityhe utilization of the producer
gas from biomass gasification as the feed streara foel cell is a key element. Moreover,
the combination of two technologies, such like foell and advanced gasification, which
are both still under development, certainly constg an innovative concept. Actually no
integrated gasification fuel cell (IGFC) systeminsoperation worldwide. As it can be
observed from the literature survey, most of thailable studies in this field deal with
general aspects of the involved technologies amsppetives of their combination [1, 2,
3].

An analysis of the performance of the upcominggraéon of a fuel cell into the
gasification pilot plant operating at the ENEA H®is Research Centre has been carried
out. Differently from previous studies, the anady® based upon experimental data also
and strictly referred to a real gasification pitént. The investigation is especially focused
on:

» the identification of the auxiliary devices read for combining the fuel
cell with the gasifier;

» the assessment of the producer gas quality ieraim be accepted as the
anodic feed by the fuel cell,

» the evaluation of the fuel cell performance wihelled by the producer gas
instead of pure hydrogen;

» the estimation of the energy and environmentaralV balance of the IGFC
system.

Being the technical feasibility the current bareéithe system under investigation,

economic aspects will be only mentioned.
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Concerning the approach towards the previous bobgsx; the
characterization of the producer gas is based @experimental results of the tests carried
out on the ENEA Trisaia gasification pilot planthile the data available in the literature
are used in order to define the fuel cell gas tyakquirements [4]. Furthermore the
results from the simulation of the real fuel cellbie combined with the gasifier [5] are
assumed for the estimation of fuel cell energycadficy and CO2 emission under different
feed conditions. Finally a gasifier model, whichswlarmerly developed [6], is used in
order to evaluate the effects of the gasificatioocpss variables on the fuel cell efficiency,
thus obtaining useful indications about the posstgtimization of the IGFC system.

7.2 Molten carbonate fuel cell

The fuel cell to be integrated into the existingBD§team gasification pilot plant is a
molten carbonate fuel cell (MCFC).

Under the maximum load conditions of 1100 A, thiERC can generate 125 kW. The
stack operating temperature is around 650 °C, dieroto avoid the carbonate salt mixture
solidification, and the operating pressure is 3d5, bn order to create the appropriate
fluidodynamic conditions for the system.

The MCFC technology offers the advantage of comgrinto electricity also carbon
monoxide, which is an important fraction of the gwoer gas of around 25% vol. on dry
basis [7], via a preliminary water-gas shift reactiat the anode. Thanks to the high
operating temperature of the stack, this react@ches rapidly equilibrium, thus a greater
amount of H is made available for the subsequent anodic wadtith respect to the
quantity initially entering the fuel cell.

On the other hand methane, ethane and propaneh vainéc also components of the
producer gas, even if in a lower percentage in @ispn with CO, are not converted into
electricity by the MCFC, but they can be exploitedjenerate the heat required to keep the
stack at the operating temperature.

CO+HO—-CO;+H, (water-gas shift reaction)
H, + COy™ — H,O + CG + 2e- (anode reaction)

160, + CO, + 2e-— CO5 (cathode reaction)

H,+ %0, + CO, — H,O + CGO (global reaction)
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Furthermore, by considering the reaction at cattadsle and, as a result, the global
fuel cell reaction, it can be observed that,@®©concurrently captured at the cathode and
discharged at the anode. This demonstrates thessiot CQ emission reduction related
to the use of the MCFC with respect to conventigyatems for electricity production.

The MCFC configuration is reported in Figure 7.]. [Both anodic and cathodic
streams are fed at 300 °C only; then an internat bechange allows the temperature to
rise up to the needed operating value. The theemaigy is supplied by a catalytic burner
(CB), where the fuel in excess together with me¢hasthane and propane is used. A
blower is included in the vessel also in orderddqm the recirculation of a large amount
of the gas leaving the cathode, thus reducing tieegy consumption and costs related to

the compression of fresh air up to 3.5 bar andfisesting gases gNCO,) requirements.

cathodic feed

H, rr=. steam

{ l b anodic feed

Figure 7.1: MCFC horizontal configuration.

Finally, it is to be noticed that exhaust gaseviteathe vessel are still at high
temperature (around 600 °C); therefore they camxXmoited in order to both fulfil the
fresh air compressor power demand and generatéicagdielectricity via a gas micro-
turbine.

7.3 Auxiliaries

The operation of the described MCFC with the fued groduced by the DFB steam
gasifier requires various support devices. Amorenthit is to be mentioned the fuel gas
compressor, which is used to boost the clean perdges pressure up to the MCFC

operating value, thus presumably consuming a ngligiele share of the generated power.
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Figure 7.2: General process scheme of the IGFC system

In Figure 7.2 the general process scheme of th€I8fstem, as it is hypothesized
for an enhanced commercial application, is showre additional power produced by the
gas turbine (GT), as described in section 7.2,ssduo run both fuel gas and fresh air
compressors, while heat requirements of the systmdulfilled by its overall thermal
optimisation. These practicable improvements atside of the scopes of the experimental
IGFC system under construction at the ENEA Trig@aearch Centre.

Furthermore, during MCFC heating up, cooling dowd,at a lower degree, power

generating, a significant quantity of assistingegasiamely b N, CO,, is needed.

7.4 Methodology

7.4.1 Definition of MCFC efficiency
The fuel cell thermodynamic efficiency is provideg the ratio in the global cell

reaction of the Gibbs function changkd), which measures the electrical work, to the
enthalpy changeAH), which measures the heating value of the fuakiiy on the values
of AH andAG for the hydrogen/oxygen reaction, the efficien€yhe ideal fuel cell can be
estimated in around 83% [8].

However, when the fuel cell supplies electricitige tcell voltage diminishes in
comparison with the open circuit voltage, becaust® losses caused by electrochemical
reactions. As it is shown in Figure 7.3, thesedessay be attributed to three different
phenomena: activation polarization (reaction raiss), ohmic polarization (resistance
loss), and concentration polarization (gas trartdpes) [2].

Moreover, the average fuel utilization factor, whis calculated as the ratio of the

fuel effectively converted into electricity to thatal inlet fuel, must be included in order to
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assess the actual energy performance of a fuel Thlk factor can not be equal to 1, since
some fuel must be certainly consumed to producehéenal energy required to keep the
stack at the operating temperature. Furthermoneghitie fuel residence time at the anode

limited, electrochemical reactions can not reaeir tquilibrium.
As a result, the typical actual MCFCs efficiencggas from 0.45 to 0.55 [8], being

markedly lower with respect to its ideal value. STfigure may be increased of 10-15% if

MCFC is combined with a GT, as described in sectién

Theoretical EMF or Ideal Voltage —
g

Region of Activation Polarization

/ (Reaction Rate Loss)

Total Loss

_;
o
|

@
o
i
9 Region of
- Concentration Polarization
© (Gas Transport Loss)
= Region of Ohmic Polarization
05+ (Resistance Loss)

Operation Voltage, V, Curve

Current Density (mA/cm2)

Figure 7.3: Ideal and Actual Fuel Cell Voltage/Curret Characteristic [2]

Being rich in carbon monoxide and including methats®, the use as fuel of the

producer gas from gasification processes presuntedtis to a further reduction in the fuel
utilization factor and, consequently, in the MCHilceency, with respect to the case of
pure hydrogen. On the other hand energy lossexiatsw to the bl production process
must be added, in order to estimate the overaitieffcy of the conversion of Hnto

electricity operated by MCFCs.
The focus of this study is exactly to evaluatedffects on MCFC efficiency of the

use as anodic feed of the gas produced by the gjaaification pilot plant operating at the

Trisaia Research Centre.
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From the available experimental data a plausibeagemposition was extrapolated
[5, 7]. Then a model of the real MCFC was usedinwukte mass and energy balances

under different load conditions [5].

Table 7.1: MCFC mass balances under different loaaditions using producer
gas from steam gasification as anodic feed [5]

Stand-by 550A 1000A
Air flow rate [Nm3/h] 621 699 854
Fuel flow rate [Nm3/h] 47 74 113
Exhausts flow rate [Nm3/h] 693 812 1019
Exhausts temperature [°C] 572 600 610
Discharged CQ[kg/h] 52 82 119

In Table 7.1 the MCFC mass balances together withtianal significant results of
the performed simulations (exhaust gas tempera@®, concentration in the exhaust gas)
are reported, with reference to stand-by and od tmnditions, with a load equal to 50%
and 91% of its nominal value, respectively.

It is to be noticed that the maximum load is lirditedue to the high CO
concentration in the fuel gas, which leads to aiigant additional generation of thermal
energy, because of the exothermicity of the watexr-ghift reaction. Clearly the produced
heat increases with the anodic feed flow rate asd result, a lower feed temperature and
a higher cathodic feed flow rate are required itheorto keep the stack temperature within
the allowed operational range. According to theusation results, 1000 A appears to be a
precautionary value for the load, correspondinth&generation of a still tolerable amount
of thermal energy.

The data reported in Table 7.1 are subsequently wsestimate the overall energy
balance of the MCFC system, according to the pgseleme reported in Figure 7.2.

For this calculation efficiencies of 0.85 and Ov8ére assumed for gas turbine and
both air and gas compressor, respectively. Theltregufigures under different load
conditions are reported in Table 7.2.
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Table 7.2: MCFC system energy balances under diftdpad conditions using
producer gas from steam gasification as anodic feed

Stand-by 550A 1000A
Fresh air compressor [KW] 40.5 45.5 55.7
Fuel gas compressor [kW] 3.3 5.1 7.9
Exhausts fired turbine [kW] 57.2 68.7 86.7

In order to compare the use of the producer gam fteam gasification with other
possible fuels for the MCFC in terms of energy perfance, two additional anodic feeds
were considered:

a) gas from a conventional air gasification processh as a downdraft fixed
bed gasifier;

b) mixture of H2 (80% vol.) and CO2 (20% vol.) fromatural gas steam
reforming.

The related MCFC mass balances carried out fronsithelations are reported in
Table 7.3 and Table 7.4 [5], respectively.

Table 7.3: MCFC mass balances under different loaalditions using producer
gas from air gasification as anodic feed [5]

Stand-by 550A 750A
Air flow rate [Nm3/h] 699 768 873
Fuel flow rate [Nm3/h] 224 317 382
Exhausts flow rate [Nm3/h] 985 1152 1309
Exhausts temperature [°C] 569 637 643
Discharged C®[kg/h]108 181 250

Table 7.4: MCFC mass balances under different loaiditions using kHland CQ
mixture from natural gas steam reforming as anddexd [5]

Stand-by 550A 1100A
Air flow rate [Nm3/h] 272 311 624
Fuel flow rate [Nm?3/h] 67 74 130
Exhausts flow rate [Nm3/h] 335 377 738
Exhausts temperature [°C] 574 599 644
Discharged C@[kg/h] 33 29 51
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As it can be observed from Table 7.3, the maximoad lis limited to only 68% of
its nominal value when a producer gas from air fgaion is used as anodic feed.
Actually, being rich in nitrogen, this fuel gas ihgates higher anodic feed flow rates with
respect to the other considered feed streams. @nother hand, according to the
manufacturer experience, anodic feed flow rate kshnat exceed 400 Nm3/h, in order to
avoid an excessive overpressure between the fesgisigm and the vessel. Basing on the
simulation results, this maximum value correspdds load of around 750 A.

Finally, by using a similar approach with respexthe previous case, the overall
energy balance of the MCFC system was calculatedth gas from air gasification and
gas from natural gas steam reforming as anodic. féad results are reported in the

following Table 7.5 and Table 7.6, respectively.

Table 7.5: MCFC system energy balances under diftdoad conditions using
producer gas from air gasification as anodic feed

Stand-by 550A 1000A
Fresh air compressor [KW] 45.6 50.1 57.0
Fuel gas compressor [kW] 15.6 22.1 26.6
Exhausts fired turbine [kW] 79.9 100.5 114.4

Table 7.6: MCFC system energy balances under diftdoad conditions usingH
and CQ mixture from natural gas steam reforming as andeed

Stand-by 550A 1000A
Fresh air compressor [kW] 17.7 20.2 40.5
Exhausts fired turbine [kW] 26.6 30.6 63.4

Obviously, no gas compression is needed when H2CE2 mixture from natural
gas steam reforming is used as anodic feed. Ootliee hand, the actual overall efficiency
of the MCFC system should be appropriately redusdtis case, by including the energy
losses related to the steam reforming process [9].

7.4.2 Definition of the MCFC environmental performance
As described in section 7.2, MCFC acts as a cadmmuestration device also.

Therefore, the quantity of GOn the exhaust gas discharged in the atmosphere pe

produced kWh is assumed in order to evaluate th&®environmental performance. The
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absolute value relevant to this parameter accortnthe simulation results is already
given in Table I. From the data reported in Tahf Tt is then possible to calculate its

value per produced kWh.

7.5 Results and discussion

7.5.1 Assessment of producer gas quality
The presence of impurities in both anode and catliedds can be detrimental on

the duration and performance of the MCFC stack.
The maximum admissible level of the main pollutantsming from biomass

gasification on the basis of preliminary literatdega are reported in Table 7.7 [4].

Table 7.7: Maximum admissible level of the mairypahts from biomass
gasification [4]

Pollutant Maximum value
H>S 0.1 ppm

HCI 0.1 ppm

Tar 2000 ppm
Particulate 10 ppm

Basing on the removal efficiency of the current i@ cleaning section installed on
the ENEA Trisaia gasification pilot plant, partiaté concentration in the clean producer
gas meets the MCFC requirements listed in Tablewhile additional devices for abating
sulphur and chlorine are needed [7]. Concerningréanoval, no system is presently
installed on the pilot plant. However accordingliterature data relevant to the same
gasification technology, the maximum level of tadicated in Table 7.7 is certainly
achievable [10].

7.5.2 Assessment of MCFC energy efficiency
Basing on the data reported in Tables from | tobgith stand-alone and combined

with GT MCFC efficiency as a function of the loaéne calculated, according to the three

different anodic feeds introduced in section 7.ZHe results are plotted in Figure 7.4.
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Figure 7.4: MCFC efficiency according to different fed conditions and system configurations

It can be observed that MCFC and GT combined sysfitiency achieves its
highest value of nearly 50% when &hd CQ mixture from natural gas steam reforming is
used as anodic feed, but efficiency of the stedormeng process should be included [9].
For this anodic feed, GT contribution to the takctricity generation becomes significant
at high loads, as a result of the remarkable iseréathe exhaust gas flow rate.

If the anodic feed is the producer gas coming ftbensteam gasification pilot plant
operating at the ENEA Trisaia Research Centresthrd-alone MCFC efficiency (some
32%) is comparable to the efficiency of a convamiogas engine. On the other hand, if
the gas turbine is included, combined system efficy grows up to nearly 40%.

A further diminution in the MCFC energy performansebserved if the producer
gas coming from a downdraft fixed bed air gasifseused. In this case the contribution of
the GT to the total electricity generation of tleenbined system is predominant, due to the
very high exhaust gas flow rates. The lower MCFiGization and the higher system and
auxiliaries size per installed kW are two additioti@wbacks associated to the use of the

diluted producer gas coming from an air gasifieaasdic feed.

7.5.3 Assessment of MCFC environmental performance
Concerning the calculation of the environmentafgrenance of the MCFC fuelled

by the gas coming from the steam gasifier, thelt®seported in Tables 7.1 and 7.2 show
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that the CQ@emission per produced kWh is around 0.9. Theredomnearked reduction is
achieved with respect to conventional systems fectecity generation from biomass.
According to the available experimental data [[g tuantity of C@discharged from the
Trisaia Research Centre steam gasification pilahtptombined with a conventional gas
engine would be approximately 1.8 kg per produdéthkwhen almond shells are used as
feedstock.

The environmental benefits correlated to the usi®iGFC system for electricity
production are therefore evident, if the generalbiagption that biomass is carbon-neutral
is considered to be valid. It is to be noticed thatbest available technology for electricity
production from fossil fuels, that is the naturahsgcombined cycle (NGCC), is
characterized by an all-inclusive g¢@®mission of around 0.5 kg per produced kwh [11].
This figure clearly increases dramatically whersibiiel fired systems for decentralized

generation is assessed.

7.5.4 Assessment of the effects of process variable
Basing on the simulated data from a model appgsdeleloped for the Trisaia

Research Centre steam gasification pilot plant Eensitivity analysis of the MCFC
efficiency with respect to the main process vasgabhas carried out. Fundamentally, the
effects on the gas composition and, as a resulth@MCFC efficiency of the changes in
the gasification temperature, steam to biomass eatd residence time of biomass into the

reactor, were calculated.
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Figure 7.5: Variation in the MCFC efficiency as a furction of the gasification temperature
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The curve in Figure 7.5 shows that a higher opagatiemperature of the
gasification process has a positive effect on tgation in the MCFC efficiency, due to
the increase in the JHpercentage in the producer gas to the detrimenthef CH,
percentage.

A similar result, even if at a lesser level, wasrfd for the residence time, while the
increase in the MCFC efficiency related to the apien with higher steam to biomass
ratios is absolutely prejudiced by the diminutiom the chemical efficiency of the

gasification process.

7.6 Simulation of Molten Carbonate Fuel Cell

In order to estimate both energy and environmeeftattiveness of the conversion
process under different feed conditions, a singdifMCFC model has been properly
developed via the ChemCAD commercial code [12] Issuaning the following
hypotheses:

» steady-state working conditions;
« simplified stack design;
* ideal gas;

* heat losses from the vessel equal to 30 kW.

Concerning the MCFC operating conditions, the gpmfation illustrated in Figure
7.1 is adopted in the model. Under the maximum loawaditions equal to 1100 A, this
MCFC can generate 125 kW. Considering that the iarfedding stream is assumed to be
a fuel gas having a composition similar to the picst gas from the steam gasification
pilot plant, a gas flow of approximately 110 Nm#&h dry basis is required at full load.
Under the same condition, an air flow of 850 Nna¥least is needed at cathode. The stack
operating temperature is fixed around 650 °C ireotd avoid the carbonate salt mixture
solidification, whereas the operating pressurd [3.% bar in order to create the appropriate
fluidodynamic conditions for the system.
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7.6.1 Simulation results and discussion

The simulations have been performed for the follmvifive different anodic
feeding streams for the MCFC:

» Biogas.

This fuel gas is obtained by adding an appropaateunt of steam to the producer
gas from the biomass DFB steam gasification pilatip In effect the gas coming from the
gasifier is first cooled down in order to achiekie tondensation of its vapour content, thus
optimizing its cleaning and compression up to 4 Bdter that the feeding stream needs to
be properly humidified in order to guarantee that ooal is formed inside the

electrochemical module.

e Simulated Biogas.

Simulated biogas is a feeding gas with a compasgimilar to the real producer
gas. This fuel gas is obtained by mixing the aarfligases, H2, CO2, N2, CO, which are
required for MCFC operation and specifically for MC heat up and cool down. Then
steam is added similarly to the previous case. Sdope of the use of gas is to test the
MCFC in stand alone configuration also, but usingealistic fuel gas from biomass
gasification. In this feeding stream methane isagd by nitrogen. This solution does not

affect the behaviour of the MCFC but it can sigrahtly influence its heat balance.

* Diluted Simulated Biogas.

This feeding stream is obtained with the same amtr@s in the previous case, but
the gas is more diluted with nitrogen in order imwgate the typical composition of a
producer gas from biomass air gasification. Itoioé noticed that a downdraft fixed bed

air gasification pilot plant is in operation alddt@e ENEA Trisaia Research Centre.

* Natural Gas.

It is composed by hydrogen and carbon dioxide withtypical proportion of a gas
produced via the steam reforming of natural gasjchvhs currently used for the

characterization of the stack during its prelimyngesting. The interest in the use of this
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gas is to provide a comparison of the stack fieddiggmances with the results of post-

conditioning tests.

+ Landfill Gas.

This fuel gas is hypothesized to be obtained vea dteam reforming of the gas
typically produced by anaerobic digestion of biosmasorder to investigate the potential
of the combination of MCFC with this process al®tviously since the composition of
biogas from anaerobic digestion varies in a rathiele range according to biomass and
process characteristics, the results related toskeof this type of gas are to be considered
as merely indicative.

The compositions on dry basis of the five considdemding streams are reported
in Table 7.8.

Table 7.8 +eeding streams composit

BIOGAS SIM. BIOGAS DIL. BIOGAS NATURAL GASLANDFILL GAS

H2 [% vol ] 42.3 42.3 20.4 80.0 64.4
CH,4 [% vol ] 8.6 0 0 0 0
CO [% vol ] 31.3 31.3 7.4 0 10.3
CO; [% vol] 13.7 13.7 17.2 20.0 24.7
N2 [% vol.] 4.2 12.8 54.9 0 0.6

For each stream, the total inlet fuel (dry) and #meount and composition of
exhaust gas have been evaluated, starting frond-ftarconditions up to 100% of load
conditions, with a load step of 25%.

The maximum load has been limited for biogas, dndausly simulated biogas, as
well. This is due to the high CO concentration athbgases, which leads to a significant
additional generation of thermal energy, becausbetxothermicity of the water-gas shift
reaction. Clearly the produced heat increases thighanodic flow rate and, as a result, a
lower feed temperature and a higher cathodic flate are required in order to keep the

stack temperature under the maximum operationaleval herefore, according to the
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performed simulations, the maximum load has bewmitdd to the precautionary value of
1000 A, corresponding to the generation of a tatidrable amount of thermal energy.

The calculation of the fuel flow rate required fach feeding stream at full load
condition allows to directly evaluating the effiogy of the corresponding conversion
process. Basing upon the results of the simulatamied out, an efficiency of some 0.35
can be extrapolated for biogas, simulated biogak diluted simulated biogas, while a
value greater than 0.40 is found for both natunal landfill gas.

On the other hand for these gases the efficienah®fmethane steam reforming
process should be included for a complete perfocmammparison of a real application
[9]. However it can be concluded that, accordingthtese preliminary evaluations, the
combination of MCFC with biomass gasification causso significant increase in
efficiency in comparison with typical gasificatisgstems for power generation on small to
medium scale [13].

Concerning the quantification of the environmeiahefits, simulations performed
shows that natural gas is the best feeding stre@atarims of CQ@ emissions. Under this
feed condition, the quantity of G@ischarged in the atmosphere per produced kWhéy t
125 kW MCFC system is comparable to the value sgleto the most effective fossil fuel
fired power generation system for large scale appbns, such like Natural Gas
Combined Cycle (NGCC) [14]. Moreover, it is to baetined that the exhaust gas may be
exploited for an additional power generation by banng a gas turbine with the MCFC.
This is the ordinary MCFC configuration, which a#t® producing approximately 25 kW in
excess of the energy consumed by the compressitimeofathodic feeding stream, thus
reducing the C@emissions of the combined system to little moentB.3 kg per kWh of
produced power.

An analogous conclusion can be deduced when MCFROnined with different
types of gasification processes. From simulaticults, it can be observed that the amount
of CO, per kWh discharged in the atmosphere after thé daeversion into power is
around 1 kg per kWh for biogas and diluted simuldi®gas. Under both feed conditions
the realistic hypothesis that the additional pogemerated by the gas turbine is fully used
to compress both the fresh air at the cathode hadfuiel gas at the anode has been
assumed. However, in both cases a marked redudsioachieved with respect to
conventional power generation systems from biom&ss. example according to the
available experimental data [7], the quantity of ;,Cdischarged from the DFB steam
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gasification pilot plant operating at the Trisai@s@arch Centre has been roughly estimated
in 1.8 kg per produced kWh, if almond shells areduas feedstock.

On the other hand, as it is well-known, biomassoissidered carbon-neutral, since
the quantity of C@ discharged in the atmosphere following biomass/emsion process
into energy is in principle equal to the quantity @O, removed from the atmosphere
during biomass growth. Therefore MCFC fuelled by deom biomass gasification or
anaerobic digestion appear as the best solutiderms of reduction of COemissions,
since it increases the produced kWh on equal gyaritidischarged C&thus leading to a
positive carbon balance in the atmosphere.

7.7 Conclusions

An integrated steam gasification molten carbonatel fcell system for a
commercial application needs several auxiliarieaschslike fresh air and fuel gas
compressors, exhaust gas turbine, assisting gés@ges and conditioning systems, etc..
These devices may have a strong impact on IGF@mystvestment cost for small-scale
installations. Therefore these systems do not appede competitive with respect to
conventional gasification plants for decentraliséettricity generation at the current level
of technological development.

The producer gas coming from the ENEA Trisaia Rese&entre dual fluidised
bed steam gasification pilot plant appears to l@vadequate quality in order to be used as
fuel for a MCFC. Being limited durability one ofeéhmain drawbacks of the MCFC
technology, long-term tests are however necessapyder to assess the stack deterioration
under this feed conditions.

The combination of MCFC with biomass steam gadificadoes not imply any
significant increase in the conversion efficiendyhwespect to conventional systems, such
like gas engines. This is a general problem oMI&¥=C, being its efficiency relatively low
also if natural gas is used as fuel and the enlexgges correlated to the steam reforming
process are included. On the other hand, if a coetbiMCFC and gas turbine plant
configuration is adopted the conversion efficiefrom producer gas into electricity grows
up to nearly 40%, corresponding to a significaritieement for decentralised electricity
generation from biomass. The MCFC overall perfomoe declines markedly if the

producer gas from an air gasification process ésl s fuel instead.
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The IGFC system offers valuable environmental h&neWith respect to
conventional gasification for decentralised eledyi generation, since it reduces £0
emission per produced kWh of exactly 50%. Basingtlom general assumption that
biomass is carbon-neutral, it can be stated tleatdimbination of biomass gasification and
MCFC leads to a “positive” balance of the £6the atmosphere.

IGFC system efficiency can be enhanced via themagdition of the gasification
process operating parameters. Specifically an &serén the gasification temperature has a
marked positive effect. A similar result, thoughadbwer degree, comes from the increase
in the biomass residence time into the reactor|emmd significant improvements can be
achieved by acting on the steam to biomass ratio.

Being both DFB steam gasification and MCFC techgiel® at the research and
development stage, substantial improvements iretieggy efficiency and costs of future
IGFC systems are expected in the short to mediom te

According to the performed simulation, the thg dfnount in the producer gas in
order to approach the composition and, as a rebatperformance of natural or landfill
gas. combination of MCFC with biomass steam gaifi does not imply any significant
increase in the overall efficiency with respectomventional conversion devices such like
gas engines. The energy effectiveness of a DFBmsigasifier and MCFC combined
system can be enhanced via its overall optimizdtdnespecially aimed at increasing the
H, amount in the producer gas in order to approaehctimposition and, as a result, the
performance of natural or landfill gas.
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Chapter 8

Biodiesel production:
current state of arts.
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8. Biodiesel production: current state of arts.

8.1 Introduction

Biodiesel is a clean-burning fuel currently beimpguced from grease, vegetable
oils, or animal fats. Its chemical structure isttbé fatty acid alkyl esters. Biodiesel is
produced by transesterification of oils with shan&in alcohols or by the esterification of
fatty acids. The transesterification reaction cstssof transforming triglycerides into fatty
acid alkyl ester, in the presence of an alcohahsas methanol or ethanol, and a catalyst,
such as an alkali or acid, with glycerol as a bgpuat [1].

Chemical reaction at supercritical conditions withthe use of a catalyst has also
been proposed [2]. In the United States, oil is fimd of transportation. Coal, nuclear,
hydropower, and natural gas are primarily usedefectric power generation. The United
States with 5% of the world’s population, consur28% of the world’s petroleum, 43% of
the gasoline, and 25% of the natural gas. Accordon@il and Gas Journal (O&GJ)
estimates, worldwide reserves at the beginningd6#2vere 1.27 trillion barrels of oil and
6,100 trillion cubic feet of natural gas. These preven recoverable reserves. At today’s
consumption level of about 85 million barrels pay @f oil and 260 billion cubic feet per
day of natural gas, the reserves represent 40 géarsand 64 years of natural gas.

Thus, because of diminishing petroleum reservestaadeleterious environmental
consequences of exhaust gases from petroleum diaseiesel has attracted attention
during the past few years as a renewable and emagatally friendly fuel. Since biodiesel
iIs made entirely from vegetable oil or animal fatsis renewable and biodegradable.
Biodiesel also contains very little sulfur, polytigcaromatic hydrocarbons, and metals.
Petroleum-derived diesel fuels can contain up t& 2lycyclic aromatic hydrocarbons.
For an equivalent number of carbon atoms, polycyatomatic hydrocarbons are up to
three orders of magnitude more soluble in watem 8teaight chain aliphatics. The fact that
biodiesel does not contain polycyclic aromatic logdirbons makes it a safe alternative for
storage and transportation.

Like petroleum diesel, biodiesel operates in comsgon- ignition engines.
Biodiesel is most often blended with petroleum €eigs ratios of 2% (B2), 5% (B5), or
20% (B20). It can also be used as pure biodiesEDQR
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Biodiesel fuels can be used in regular diesel Vetiwithout making any changes
to the engines, although older vehicles may requemacement of fuel lines and other
rubber components. (Biodiesel has similar mategatapatibility to ultralow sulfur diesel
(ULSD); so vehicles built to run on that shoulddmmpatible with pure biodiesel). It can
also be stored and transported using diesel tankis emuipment. Since biodiesel is
oxygenated, it is a better lubricant than diesel,fincreasing the life of engines, and is
combusted more completely. Indeed, many countriesrdaroducing biodiesel blends to
enhance the lubricity of low-sulfur diesel fueld.[3he higher flash point of biodiesel
makes it a safer fuel to use, handle, and storéh g relatively low emission profile, it is
an ideal fuel for use in sensitive environmentshsas heavily polluted cities.

There are several technical challenges that nebé @ddressed to make biodiesel
profitable. First, the high cost of virgin vegetldil as the source of triglycerides plays a
large role in process profitability. To reduce protion costs and make it competitive with
petroleum diesel, low cost feedstocks, such asdibleeoils, waste frying oils, and animal
fats, could be used as raw materials. Howeverrdtagively higher amounts of free fatty
acids and water in this feedstock results in tloglpetion of soap in the presence of alkali
catalyst. Thus, additional steps to remove any mate either the free fatty acids or soap
from the reaction mixture are required. In factmoaeercial processors often employ an
acid-catalyzed esterification reactor to processesx free fatty acids prior to base-
catalyzed transesterification.

Considerable research has been done on biodiesid fram virgin vegetable oils
(e.g., soybean oil, sunflower oil, rapeseed oillngsalkali catalysts. The majority of
biodiesel today is produced by alkali-catalyzed.(eNaOH, KOH) transesterification with
methanol, which results in a relatively short reactime [4]. However, the vegetable oil
and alcohol must be substantially anhydrous ane haw free fatty acid content, because
the presence of water or free fatty acid or bothmmtes soap formation. The soap formed
lowers the yield of esters and renders the dowastreeparation of the products difficult
[4], requiring additional processing.

As matter of fact, triglycerides source plays a kel in biodiesel synthesis. So
this state of arts has been focused on examinafidifferent biodiesel sources (edible and
nonedible), virgin oil versus waste oil, algae-lthsodiesel that is gaining increasing
importance, the role of different catalysts inchglenzyme catalysts, and the current state-
of-the-art in biodiesel production.
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8.2 Edible sources virgin oil

Biodiesel production from soybean oil is very p@ulResearchers have focused
on different catalyst systems, different solveats] different acyl acceptors. Soybean oil
has five fatty acids: approximately equal amouritsabmitic acid, oleic acid, and linolenic
acid (about 13% each), linoleic acid (approximat9so), and stearic acid (approximately
4%). The average US production of soybean oil fic®83 to 1995 was 6.8 billion kg, and
in 2002, soybeans were harvested from more thamiBi@n ha across the United States,
which accounts for 40% of the total world soybearpat [5]. This production capacity
accounts for more than 50% of the total availaliddsed oil for industrial applications. A
useful industrial application of soybean oil ishilmdiesel blends. According to Kinney and
Clemente [5], soybean oil-derived biodiesel pos&ssanced biodegradation, increased
flashpoint, reduced toxicity, lower emissions, amteased lubricity.

However, oxidative instability and cold flow in rnbern climates limit the
usefulness of a soybean oil-derived biodieselfagla The tools of biotechnology could be
utilized to modify the fatty acid profile of soybedor performance enhancement, which
may increase the attractiveness of biodiesel defirem this commodity crop [5]. There is
still some disagreement in the literature over dalative stability of biodiesel, and in
particular how well the “iodine value” charactees its stability.

The iodine value is a measure of the level of ‘atngation” of the fatty acids in
the oil, with more saturated fatty acids being lessceptible to oxidation. However, other
factors also significantly affect the stability,cbuas the level of natural antioxidants (such
as vitamin E) in the fuel [6].

Soybean oil has a high iodine value compared toynedimer biodiesel feedstocks
(indicating a relatively low level of saturationmpared to other oils, such as rapeseed and
canola), but Mushrush et al. [7] conducted storagability tests and found soybean
biodiesel (in concentrations up to 20%) to be stablthe “stable” fuel and to reduce the
instability in the “unstable” fuel significantlyln addition to fuel storage stability, fuel
solubility, and oxidative stability, seawater staypishould also be taken into consideration
in water environments [8]. According to Mushrustak{8], US Navy shipboard fuel tanks
compensate for diminishing fuel by the additionseawater to the fuel tank. The authors
found that this can lead to “fuel instability pleins such as filter stoppage and other

serious engine damage.” Presence of trace faiysan the oil and seawater led to the
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formation of a soapy emulsion at the interphaseeiMirsing recycled oil, care should be
taken to remove all acidic components or the bemliwill not be stable [9].

Freedman et al. [4] have investigated the effe¢hefmolar ratio of the alcohol to
oil, type of catalyst (base vs acid), temperaturé degree of refinement of the oil on the
yield of biodiesel. They reported a 98% yield afdiesel in 1 h using alkali catalysts such
as sodium hydroxide or sodium methoxide with alé®tsach as methanol, ethanol, and
iso-butanol [10]. For the alkali catalyzed reactitime effect of alcohol to oil ratio was
found to be the most important variable affectihg tyield, while temperature had a
significant effect on the initial reaction rate. éiihstudy also shows that acid catalysts
would be more effective when the degree of refingnoé oil was low, and for oils that

had a high free fatty acid content.

8.2.1 Enzyme catalysts
Biocatalysts are gaining more attention nowadayd have the potential to

outperform chemical catalysts for biodiesel productin the future. New biochemical
routes to biodiesel production, based on the usmpymes, have become very interesting
[11-17]. Most of the articles published have usedaety of substrates such as rice bran
oil, canola, sunflower oil, soybean oil, olive odnd castor oil. Several lipases from
microbial strains, including Pseudomonas fluoresdég,19], Pseudomonas cepacia [20],
Rhizomucor miehei [19], Rhizopus oryzae [21], Caadirugosa [22], Thermomyces
lanuginosus [23], and Candida antarctica [14], haleen reported to have
transesterification activity.

Lipase has been shown to be effective in the tetagécation of sunflower oil in a
solvent-free medium [24]. One problem that arose tha inhibition of the enzyme due to
glycerol formation. A number of different acyl aptars have shown to be effective with
lipase as the catalyst. Methanol and ethanol aenbst commonly used alcohols. Longer
chain alcohols have also been shown to be effedtivethey provide lower yields than
methanol.

Recent studies using methyl acetate as the acgptmcand soybean oil show that
the use of this acyl acceptor does not lead tditibn of the enzyme [25]. Also, since no
glycerol is produced in the process, this methodesy convenient for recycling the

catalyst, and byproduct triacetylglycerol showsegative effect on the fuel property [26].
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The results of biodiesel production by transesteiion of olive oil using lipase as
a catalyst were recently reported [16]. The finahwersion and yield of biodiesel were
unaffected by initial enzyme concentrations abo@® ®J/ml olive oil. The optimum
reaction temperature was 60 °C. The effect of mbfié solvents and three different acyl
acceptors on the transesterification of trioleis éamodel compound) has been recently
investigated [27]. The yield of biodiesel (methyl ethyl ester) was monitored as a
function of time. The yield of the product was atkgiermined in a solvent-free system for
two different modes of stirring. The results indezhthat the highest yield was obtained in
a solvent-free system with mechanical stirring. hWétacetate was also effective as a

solvent and acyl acceptor.

8.2.2 Other catalyst systems
In an attempt to reduce the problems with separatiod soap formation, some

nonenzymatic heterogeneous catalysts have beestigated. ZrQ@, ZnO, SQ 2-/SnQ,
SO, 2-/1Zr0O,, KNO4/KL zeolite, and KNQZrO, are some solid catalysts that were studied
in the transesterification of palm and coconuf{28]. The reaction was carried out at 200
°C, 50 bar, 3 wt% catalysts, and a 6:1 molar ratimethanol to oil. All the solid catalysts
exhibited some activity for both palm and coconlitTthe sulfonated metal catalysts gave
the highest fatty acid methyl ester yields ovei@&D, gave an 86.3% yield for coconut oil
and 90.3% yield for palm oil. The study shows t&@X, 2-/Zr0O; is deactivated quickly but
can easily be regenerated. Other sulfonated s@lidlyst can be used to catalyze the
transesterification reaction. Recently, one ofrti@e interesting sulfonated solid catalysts
was derived from amorphous carbon [29]. Carbonsripgesent in compounds such as
starches and sugars provide a large number ofait@table for sulfonation. Studies were
performed using glucose and sucrose as carbonesourbe carbon source was pyrolyzed
at low temperatures resulting in carbon rings. $heets were then sulfonated by sulfuric
acid. The result is an inexpensive solid catallyat has properties similar to Nafion. The
authors show that it is an effective catalyst for esterification of oleic and stearic acid.
They claim an activity greater than half that olfwuic acid and greater than regular solid
catalysts at 80 °C.

If true, this catalyst offers an inexpensive aléive to immobilized enzyme
catalysts. However, studies carried out in our fatosy both with virgin oil and waste oll

showed substantially lower yields compared to ereysatalysts. In these studies, the
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catalyst was made by a similar technique, whiclolved pyrolizing the sugar first and
then sulfonating it. Sucrose was placed in tesédulb a tube furnace and was heated to
375 °C for a period of 15 h. The result was a blpolwder, which was ground using a
mortar and pestle. The black powder was combingld $80 mL of 96 wt% sulfuric acid
and was heated to 150 °C for 15 h. The solutiontivais vacuum-filtered using glass wool
filters. The solid was washed with distilled/ deiad water until the pH of the wash water
was near neutral. Experiments were run with triglalive oil, and used olive oil as the
source. The reactions were carried out at 85 °@ @i05 g of the sugar catalyst. An 8:1
molar ratio of methanol to triolein was used. Thelds in all cases were very small
compared to Novozym 435. A high temperature wasl,usecause runs at 40 °C showed
an even smaller yield.

Other catalyst systems have also been investigated.and Huang [30] have
reported the synthesis of biodiesel from soybehdmsing KF/ZnO catalyst. The catalyst
with 15% KF loading and that calcined at 873 K shdwhe optimum activity. The results
showed that the activity of the catalysts correlatell with their basicity. Wang and Yang
[31] investigated the transesterification of soybed with nano-MgO in supercritical and
subcritical methanol. The authors report an inaeasthe transesterification rate when

nano-MgO was added from 0.5 to 3 wt%.

8.2.3 Other recent advances
Recently, Fabbri et al. [32] reacted soybean oihwdi-Me carbonate (DMC),

which avoided the coproduction of glycerol. The mdifference between the biodiesel
like material, which the authors call DMC-BioD, ahtbdiesel produced from vegetable
oil and methanol (MeOH-biodiesel) was the preseoftdatty acid glycerol carbonate
monoesters (FAGCs) in addition to FAMEs. The awthmeport that the presence of
FAGCs influenced both fuel and flow properties, itihe distribution of main pyrogenic
compounds, including polycyclic aromatic hydrocarb¢PAHS), was not affected.

Dube” et al. [33] have developed a membrane redot@roduce biodiesel from
canola oil and methanol via both acid- and basaekgsis. Several tests, using food-grade
canola oil, were performed in the semibatch twosghanembrane reactor at various
temperatures, catalyst concentrations, and infeald loadings. The novel two-phase
membrane reactor was particularly useful in remgwvinreacted canola oil from the fatty

acid methyl ester product yielding a high puritpdiesel. In a recent article [34], canola
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oil was transesterified using methanol and causte reactor with membranes of varying
pore sizes.

It was shown that all the membranes could retaen danola oil in the reactor,
which indicated that the oil droplets present ia tleactor were larger than all the pore
sizes tested.

Other vegetable oils that have been used in biedipeduction include corn,
sunflower, cottonseed, peanuts, canola, and ragestmvever, expanding the use and
production of a particular feedstock must be evaldian terms of the environmental and
economic impacts.

According to a recent United Nations report, thebgl rush to switch from oil to
energy derived from plants will drive deforestatiguish small farmers off the land, and
lead to serious food shortages and increased poweltss carefully managed. The United
Nations report points to crops like palm oil, maizeigar cane, and soya and urges
governments to beware of their human and envirotmh@émpacts, some of which could
have irreversible and damaging consequences. Tthomkes sense to examine biodiesel
production from waste oil and other nonedible sesrd his will be done in the following

sections.

8.3 Waste oll

Several studies have been done on the productidmodfesel from waste oils or
animal fats [35] describing the feasibility of magiquality biodiesel from this feedstock
while identifying the problems with the free fatigids present in the raw materials. The
presence of free fatty acids and water in this $emk results in the production of soap in
the presence of alkali catalyst. Thus, addition@ps to remove any water and either the
free fatty acids or soap from the reaction mixtare required. Despite the lower reaction
rate associated with sulfuric acid-catalyzed tratesdication processes, this approach has
several advantages over the base-catalyzed medeqiditf employs a one-step process as
opposed to a two-step process; it can handle feekstith a high free fatty acid content;
downstream separation of the biodiesel is straogiiird; and a high quality glycerol
byproduct is produced.

The acid-catalyzed process suffers from a numbeirafbacks. In addition to the
low reaction rate, a drawback of the acid-catalypeocess is the requirement for the

reactor to withstand an acidic environment. Yetthao drawback to the acid-catalyzed
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process is that high alcohol to-oil ratios are ssaey to promote the conversion of oil to
fatty acid alkyl ester [10]. In their study on acdtalyzed transesterification of soybean
oil, Canakci and Van Gerpen [36] found that wateorgly inhibits the ester-formation
reaction. They recommended that the concentrafiovater in the reaction mixture should
be less than 0.5%. Therefore, water formed by #teriéication of free fatty acid would
limit the presence of free fatty acid in oil to 5¢towever, this is highly dependent on the
amount of alcohol present.

The use of insoluble solid catalysts (such as imhzell enzymes) facilitates its
removal from the glycerol and fatty acid alkyl espeoducts and leads to a reduction in
waste material requiring disposal. The biggest athge of enzyme catalysts is the
absence of soap formation. Aside from enzymes,rakkesearchers have attempted to use
acid or alkali solid catalysts (e.g., zinc and eaft oxides, calcium and barium acetates,
hydrotalcite, NaX faujasites, titanosilicate sturet10, calcium carbonate rock, tungstated
zirconia-alumina) [37]. Almost all the catalystgjuére temperatures in excess of 200 °C to
achieve conversions greater than 90% within the tatale of the experiment. Recently,
mesoporous silica multifunctionalized with both @angsulfonic acid and hydrophobic
organic groups such as allyl and phenyl was shaneteffective in esterifying free fatty
acids while excluding water, a byproduct that intisitthe reaction, from the proximity of
the active sites [38]. Such a catalyst seems piogtsecause of its relatively high surface
area, flexible pore size, and its potential for toolting catalytic functionalities at the
molecular level.

One of the authors, Vasudevan and his student YiaggShen, have recently
investigated biodiesel production by transestexifan of waste olive oil with methanol
and Novozym_435. Experiments were carried out vestigate the influence of the molar
ratio of methanol to triolein, mode of methanol &idd, reaction temperature, and mixing
speed on biodiesel yield.

For waste olive oil, the experiments results intdidathat a molar ratio of 9:1 for
methanol to triolein resulted in the highest bigdieyield. This ratio is higher than the
stoichiometric ratio of 3:1 probably due to theganece of other fatty acids in the feed and
due to the fact that waste oil was used. At ratigbier than 9:1, the yield became lower
due to enzyme deactivation by methanol.

Stepwise addition of methanol resulted in highetds of biodiesel probably due to
less inhibition of the enzyme by methanol. Highiedds of biodiesel were also obtained at
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a reaction temperature of 60 °C, which resultedhigher reaction rates and lower
inhibition of the enzyme active sites by methaiMiking speed in the range 100—-400 rpm
had relatively little effect on the yield. The efteof different acyl acceptors or solvents or
both on biodiesel yield was also evaluated. Thédsg yields were obtained when tert-
butanol and methanol were both present as solwsht&cceptor perhaps due to the
synergy that resulted as a result of better dispesf the oil in the mixture.

The efficacy of Novozym_ 435 was also determinedrdiysing the enzyme after
washing it with a solvent. The results showed thatyme was very stable and still
retained a high activity after several runs.

Wang et al. [39] investigated lipase-catalyzed laddgsis of soybean oil deodorizer
distillate (SODD) for biodiesel production. In thegstem, free fatty acids and glycerides
were converted to biodiesel simultaneously.

Butanol was adopted as the reaction medium in wthiehnegative effects caused
by excessive methanol and byproduct glycerol wénereated. There was no obvious loss
in lipase activity even after 120 cycles. Studigs asudevan and Shen have not
demonstrated such high enzyme stability.

The addition of a cosolvent to generate a homogeneeaction mixture has been
discussed [40]. While this enhances reaction ragmifecantly, the cosolvent must
eventually be separated from the biodiesel andrégaires additional processing. Another
issue that has an adverse effect on biodiesel ptiuis the removal of residual
triglycerides and glycerol from the biodiesel produrhe employment of multiple water
wash steps creates an environmental challengeodihe ineed to treat the wastewater. The
presence of unreactable materials in waste oikléaghoor flow properties of the biodiesel
in cold weather. The use of homogeneous base sttalgupled with the presence of free
fatty acids and the chemical nature of the reaatmmponents serve to yield a low quality
glycerol byproduct.

If the goal is to reduce or eliminate the formatmfnsoap and/or to process more
waste oil and produce high quality biodiesel angtglol, then enzyme catalysis is very
attractive. Unfortunately, the process is not ecoically viable. In 2005, Novozymes
(Bagsveerd, Denmark) in conjunction with NationalnBwable Energy Labs (NREL)
announced a 30-fold enzyme cost reduction in theve@sion of pretreated corn stover to
ethanol. The cost of the enzyme was approximat@y(gal of ethanol. A similar
reduction in the cost of lipase would make enzymatansesterification/esterification
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process economically very viable. In fact, curresgearch in our laboratory and other
laboratories is focused on ways to minimize inadton of the enzyme by methanol. This
can be achieved by utilizing different acyl acceptand solvents (such as tert-butanol or
higher alcohols), which in turn will increase thammber of times the enzyme can be
regenerated and reused. Thus, if better solversdaveloped that minimize enzyme
deactivation and/or if better enzymes are madeutiiradirected evolution resulting in an
increase in the number of regenerations, thendbeaf the enzyme can be proportionally
higher. Elimination of solvents and the use ofragls acyl acceptor-solvent will also lead
to a reduction in costs.

There is also renewed focus on finding alternaes dsr the byproduct glycerol or
to convert glycerol to more useful products (inahgd methanol or ethanol) via
fermentation. Focus should also be on technologiasmprove the conventional process

for biodiesel production by perhaps utilizing mear® reactors to handle waste oil.

8.4 Nonedible sources

Nonedible oils, like Jatropha, Pongamia, Argemddastor, Sal, etc., can be used
for the production of biodiesel. Jatropha curcas tramendous potential for biodiesel
production. A tropical plant that grows in low tah rainfall areas (rainfall as little as 25
cm per year) can be used to reclaim marginal soil.

Shah et al. [41] have investigated three differépaises (Chromobacterium
viscosum, Candida rugosa, and Porcine pancreagpfmsesterification of Jatropha oil in a
solvent- free system to produce biodiesel; onladg from Chromobacterium viscosum
was found to give appreciable vyield. Immobilizatiaf lipase (Chromobacterium
viscosum) on Celite-545 enhanced the biodieset \tel71% with a process time of 8 h at
40 °C.

Tiwari et al. [42] optimized the three importantacdon variables in biodiesel
production—methanol quantity, acid concentratiarg eeaction time for reduction of free
fatty acid (FFA) content of Jatropha curcas oile @ptimum combination for reducing the
FFA of Jatropha curcas oil from 14% to less thanwés found to be 1.43% v/v,BO,
acid catalyst, 0.28 v/v methanol-to-oil ratio, aB8-min reaction time at a reaction
temperature of 60 °C.

This process gave an average yield of biodieseiofe than 99%. The fuel

properties of Jatropha biodiesel were found todmeparable to that of diesel.
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Karmee and Chadha [43] have investigated biod@seluction from the nonedible
oil of Pongamia pinnata by transesterificationtad trude oil with methanol and KOH as
catalyst. A maximum conversion of 92% (oil to est@as achieved using a 1:10 molar
ratio of oil to methanol at 60 °C. When tetrahydrah was used as cosolvent, the
conversion increased to 95%. Important fuel progerof methyl esters of Pongamia oil

biodiesel compared well with ASTM standards.

8.4.1 Algae-based biodiesel
There is growing interest in algae-based biodiespkcially as more states in the

United States mandate blending biodiesel with petra diesel. In the following
paragraphs, we examine the pros and cons of algsedtbiodiesel. It is important to keep
in mind that any biofuel is ultimately a means ofiecting solar energy and storing it in an
energy dense chemical. To make such a systemiaeffas possible, it is beneficial to
understand the entire process from beginning to end

Photosynthesis begins with a photon being captbyed 2p electron in a ring of
conjugate double bonds within a pigment moleculgh(the 2p electron being part of a
conjugate pi bond), causing a p—p* excitation (whtire energy level of this excitation
determines the wavelength of light that can be rikated,” with the pigments in
photosynthetic organisms allowing the capture astphs with wavelengths from 400 to
700 nm). Recently published research [44] appearfinally explain the near 100%
efficiency with which this captured energy is tranitted to the reaction center of a
chloroplast. Their observation of coherent eledtrooscillations between donor and
acceptor pigment molecules (classically viewed mshanging energy through virtual
photon emission and absorption) demonstrates theelika behavior of the excitation
energy transfer through the chromophore, accounfimg almost loss-less energy
transmission.

At the reaction center, the excitation energy igdugo split CQ and HO
molecules, ultimately producing carbohydrates (tilgio the many steps of the Calvin
cycle), with an overall process that can be sunmwedrias 6C®p 12HO p photons !
CeH1206 p 6C p 6H;

A crude analysis of the quantum efficiency of plsgtihesis can be done without
getting into the details of the Calvin cycle; ratlsemply by looking at the photon energy
required to carry out the overall reaction and ¢hergy of the products. The Z-scheme,

164



wellestablished in photosynthesis research, inegé#tat eight photons must be absorbed
to split one C@ and two HO molecules, yielding one base carbohydrate,(@Hone Q
molecule, and one 4 (which, interestingly, is not made of the sanm@ret as either of
the two input HO molecules).

With the average energy of “photosynthetically ibatale radiation (PAR)”
photons being roughly 217 kJ, and a single carb@igd CH20) having an energy content
taken to be one-sixth that of glucose [(CH20)6]46% kJ/ mole, we can make a rough
maximum efficiency of 26.9% for converting capturgmlar energy into stored chemical
energy. With PAR accounting for 43% of incident lgyint on earth’s surface, the quantum
limit (based on eight photons captured per CH2Qipced) on photosynthetic efficiency
works out to roughly 11.6%.

In reality, most plants fall well below this thetecal limit, with global averages
estimated typically between 1 and 2%. The reasonsuch a difference generally revolve
around rate limitations due to factors other thghtl(H20 and nutrient availability, for
example), photosaturation (some plants, or portahplants receive more sunlight than
they can process while others receive less thay tbeld process), and Rubisco (the
protein that serves ultimately as a catalyst fastpbynthesis) also accepting atmospheric
02 (rather than CO2), resulting in photorespirati@easing some of the already captured
carbon.

In the United States, the average daily incidenérsenergy (across the entire
spectrum) reaching the earth’s surface ranges @000 to 22,000 kJ/m2 (varying
primarily with latitude). If the maximum photosyetic efficiency is 11.6%, then the
maximum conversion to chemical energy is aroun®@;2,550 kJ/m2/day, or 3.8 9 1012
J/acre-year in the sunniest parts of the country.

Assuming the heating value of biodiesel to be 0.G37gal, the maximum possible
biodiesel production in the sunniest part of theitéth States works out to be
approximately 28,000 gal/acre-year, assuming 10@¥version of algae biomass to
biodiesel, which is infeasible.

It is important to keep in mind that this is stiyich theoretical “upper limit” based
on the quantum limits to photosynthetic efficienapd does not account for factors that
decrease efficiency and conversion, or the effyerwith which algae convert
carbohydrates into triglycerides (which is not weplantified at this point, and is dependent
on many environmental factors). Based on this sngmalysis though, it is clear that
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claims of algal biodiesel roduction yields in exxed 40,000 gal/acre-year or higher
should be viewed with considerable skepticism.

While such yields may be possible with artificighting, this approach would be
ill-advised, as at best only about 1% of the eneuggd to power the lights would
ultimately be turned into a liquid fuel (clearlyn@needs to look at the overall efficiency).

This upper limit also allows us to assess how tmgfficient many crops are when
viewed strictly as biofuel producers. With soybegiedding on average 60 gal of oil (and
hence biodiesel) per acre-year, the actual fueldymtion is staggeringly small in
comparison to the amount of solar energy availaldhes should further make it clear that
using typical biofuels for the purpose of electyicigeneration (as opposed to the
transportation sector) is an inefficient means arnlessing solar energy. Considering that
photovoltaic panels currently on the market achiege efficiencies (for solar energy to
electrical energy) of the order of 15-20%, with ttayer photovoltaics and solar thermal-
electric systems achieving efficiencies twice tivattrial runs, biomass to electricity
production falls far behind (considering typicadupl photosynthetic efficiencies of 1-2%),
with conversion of that biomass energy to electrzeergy dropping the net efficiency to
well under 1%.

Viewed in this light, it becomes clear that biofuelust offer some other benefits in
addition to fuel production, to be energetically Gzonomically) appealing, in terms of
how efficiently we can harness an energy sourckr(s®mergy) and turn it into a higher
value form. Corn and soy, which dominate US agtizcel have long been grown for
producing animal feed. The emerging ethanol andliesel industries, which have
primarily relied on these crops, are ultimately gproduct from crops grown as a food
source for humans and animals. But, the relatil@lynet photosynthetic efficiency of the
crops, and low total fuel yields, means that neiieea desirable approach if our goal is
producing more fuel than that could be producethftbose crops as a coproduct of animal
feed production.

As the search for other feedstocks continues, ilavbe desirable to look for crops
that can give a high net conversion of solar eng¢oggnergy in the form of fuel, while
providing additional side benefits (coproducts, éxample), since the net efficiency for
harnessing solar energy through photosynthesidiqual fuels is rather low.

Aquatic species such as microalgae have becomalampbecause of the potential
for significantly higher average photosynthetid@éncy than with typical land crops, due
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to their aquatic environment providing them withtbeaccess to water, GGand nutrients
(depending on the system they are grown in). Addéily, while land crops may require
substantial energy inputs for irrigation, plantifgytilization, and harvesting, these can be
greatly minimized with an aquatic crop, with a wedisigned system. Unfortunately, there
are significant challenges to making this an ecdnalty viable energy crop.

While any form of biomass can be processed inta@d fuel through various
thermochemical processes (such as pyrolysis orfiggsin and Fischer-Tropsch
synthesis), the energy and economic requirementsuoh processes are substantially
greater than is required for transesterifying plai$ into biodiesel. Therefore, it is
desirable to have a higher oil content to minim@a®cessing costs (energetic and
economic).

The storage of energy as oil rather than as cadrabgs slows the reproduction
rate of any algae; so, higher oil strains genergilyw slower than low oil strains. The
result is that an open system (such as open racpaays) is readily taken over by lower
oil strains, despite efforts to maintain a cultafédigher oil algae. Attempts to grow higher
oil extremophiles, which can survive in extreme ditons (such as high salinity or
alkalinity) that most other strains cannot toler&i@ve yielded poor results, in terms of the
net productivity of the system. While an extremdgpimay be able to survive in an extreme
condition, that does not mean it can thrive in stmhditions.

Many research groups have therefore turned to wemetpsed photobioreactors of
various designs as a means of preventing cultufepse or takeover by low oil strains, as
well as decreasing the vulnerability to temperafiuetuations. The significant downside
is the much higher capital cost of current photamaactor designs. While such high costs
are not prohibitive when growing algae for prodigchigh value products (specialty food
supplements, colorants, pharmaceutical produats), ét is a significant challenge when
attempting to produce a low value product suchuat fTherefore, substantial focus must
be placed on designing much lower cost photobidtoesa@nd tying algae oil production to
other products (animal feed or fertilizer from thtein) and services (growing the algae
on waste stream effluent to remove eutrophyingienis, or growing nitrogen fixing algae
on power plant emissions to remove NOXx emissions).

An additional challenge, when trying to maximizé mioduction with algae, is the
unfortunate fact that higher oil concentrations achieved only when the algae are

stressed—in particular due to nutrient restrictiohBose nutrient restrictions also limit
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growth (thus limiting net photosynthetic efficiencywhere maximizing that is a prime

reason for using algae as a fuel feedstock). Hobatance the desire for high growth and
high oil production to maximize the total amountodfproduced is no small task. One of
the goals of DOE’s well-known Aquatic Species Papgrwas to maximize oil production

through nutrient restriction; however, their stishowed that while the oil concentration
went up, there was a proportionally greater dropeproduction rate, resulting in a lower
overall oil yield.

One approach to balancing these issues has beeasstdly tested on a small
commercial scale (2 ha) by Huntley and Redalje ,[48$ing a combination of
photobioreactors and open ponds. The general agpraavolves using large
photobioreactors for a “growth stage,” in which algal strain capable of high oil content
(when nutrient restricted) is grown in an enviromiat promotes cell division (plentiful
nutrients, etc.)—but which is enclosed to keepathér strains. After the growth stage, the
algae enter an open raceway pond with nutrienttditioins and other stressors, aimed at
promoting biosynthesis of oil. The nutrient limitats discourage other strains from
moving in and taking over (since they also requir&rients for cell division).

The economic picture Huntley and Redalje [45] pnéset is perhaps rosy due to the
inclusion of substantial revenue from selling a hhiglue carotenoid coproduct,
astaxanthin. Producing coproducts is perfectly fared desirable; unfortunately, the
potential market for a carotenoid is far smallerthhe potential market for biodiesel—so,
it could only help out with the economics of fuebguction until that market is saturated.
Since carotenoid synthesis increases with oil ®gif) the same conditions can be
employed though to maximize total yield of eacts(ieng in an average oil yield of 25%
of dry weight, using Haematococcus pluvialis).

The average biomass energy production reported oytléy and Redalje [45] of
763 GJ/halyear at their site in Hawaii works outitnet photosynthetic efficiency of just
over 1%, based on an assumed average daily solatiosm of 19,300 kJ/m2 (or 70,445
GJ/halyear, calculated by NREL based on the Ndtfdokar Radiation Database).

Unfortunately, this is not substantially differeinobm what is routinely achieved
with typical land crops. However, the average aélg reported was 422 GJ/halyear,
roughly 0.6% of incident solar energy, equatingot@r 1,200 gal of biodiesel per acre-
year—far better than conventional oil bearing cropthile their trials can be counted a
success by many measures, it is worth pointing hmwt low the yield is in terms of
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comparison to the potential yield based on the mumartimits of photosynthetic efficiency,
as well as compared to other means for harnessiiag snergy. It should be no surprise
though that their yield achieved came well shorttled potential yield, since nutrient
depletion in the open pound phase greatly limitd devision and hence biomass
production (ultimately limiting photosynthetic effency for converting sunlight to
chemical energy). An open pond system probablydctel useful in cultivating high oil
algaes either through the approach taken by Hurtely Redalje [45], in which nutrient
restriction in the pond prevents any form of aldgeen growing well (thus preventing
takeover) and forcing oil concentration in the algaultivated in a nutrient-rich
photobioreactor stage, or through the use of amiatil “extremophile” algae that can
survive in an extreme environment (such as very lsglinity) that other strains cannot
tolerate. One form of this approach would be ergimg algae to be resistant to an
inhibitor that would be dumped into an open pondkeep other strains out, but this is
likely to be controversial.

It may also be possible to increase algal biosysmshef oil by identifying the
enzyme that regulates lipid production and attemgptio increase its activity through
genetic engineering. Acetyl-CoA carboxylase (ACQasatalyzes the carboxylation of
acetyl-CoA to maloynl-CoA, believed to be the rheiting step in fatty acid synthesis in
plants and animals [46]. While efforts focused @nefic manipulation to increase the
activity of ACCase have been going on for at ld&syears, and certainly much has been
learned in that time, the research has not yethezhthe stage of actually being able to
substantially increase the net oil yield from algaed thus increase the commercial
viability). Most of the research has focused oneli@ping a detailed knowledge of the
enzymatic pathways for lipid biosynthesis, beforegibning to pursue genetic
modification.

NREL has identified a gene that plays a large moleontrolling ACCase activity,
and has studied naturally occurring genetic mutation algae strains that affect oil
synthesis [47].

Another area where genetic engineering of micraatgauld prove useful would be
reducing the size of pigment antenna. Algae tendhdee long pigment antennas for
absorbing incident sunlight, to allow individuallseo thrive in low-light conditions. This

also results in individual algae “harvesting” neorenergy (photons) in individual
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photosystems than the metabolic processes canehamith excess energy being radiated
as heat or fluorescence.

In high light conditions, without good agitation totate the algae nearest the
surface, up to 80% of incident sunlight can be a@dghrough this photosaturation [48].
Maximizing efficiency in high sunlight would reqeireither physical agitation or other
means to rotate algae to the solar exposure regiorghortening (through selective
breeding or genetic manipulation) of the pigmerteanae to reduce the amount of light
harvested by each algae.

Overall, while there is significant interest in alldpiodiesel; it is important to keep
in mind that this is still years away from beingadg for actual commercial
implementation. If we want to grow high oil algaésp approaches appear possible—the
use of an “extremophile” that can tolerate exteenonditions, and therefore be grown in
an open pond under those conditions (which oth@inst cannot tolerate), or the use of
photobioreactors for keeping invasive strains aot] optimizing the growth environment.
The biggest challenge with the latter approach he fcapital cost of current
photobioreactors.

Unfortunately, the focus does not appear to be @vebbping lower cost
photobioreactors to bring down the capital costlaiding a “photobioreactor farm,”
which ultimately will present a barrier to commaeaication.

Many current designs use vertical tube systemsclwhequire expensive metal
support structures. Economic viability will likelyequire much simpler, less expensive
systems that can be placed on the ground—suchngsesiroughs covered with plastic

film.

8.5 Biodiesel: Advantages/Disadvantages

From a national & global perspective biodiesel lnge a number of advantages:

e Fossil fuels. Although one can argue about thenéxté the world’s reserves of
coal, oil and natural gas it is indisputable tHamately the supply of these fuels is
limited.

e Greenhouse gas emissions. The burning of fossik famce the start of the
industrial revolution over 150 years ago has ineeeathe level of carbon dioxide
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and other “greenhouse gases” in the atmosphere.r&earcher deftly expressed
this by stating that “Within a few centuries, we aeturning to the atmosphere and
the oceans the concentrated organic carbon steresedimentary rocks over
hundreds of millions of years”. What harm this @nd) to our planet is, as you all
know, the subject of serious debate. Biodiesehid ®© be approximately neutral in
this regard since the vegetable matter will haveodiied carbon dioxide while it

was alive.

* Reducing Air Pollution. Use of biodiesel reducesgnair pollutants especially in

urban areas.

» Geopolitical. For petroleum oil importing natiortsreduces their dependence on
unstable countries & regions for their energy sigsplBiodiesel does have some
disadvantages, for example in terms of power amth@uy particularly in colder

climates, but this is not to the extent that wadddract from its use.

8.5.1 Food and/or Energy
Now almost everything we eat can be convertedanizel of some sort. Whenever

the food value of a crop drops below its fuel vathe market will convert it into fuel. This
dynamic has the potential to drive up world fooitgs and destabilize governments in
low-income countries.

Until quite recently we thought of ourselves asnbein the food sector. With the
unprecedented interest in biodiesel we now findselres being considered to be in the
energy sector as well.

Mineral oil prices are now affecting vegetable miices (Figure 8.1). In the short
term this has the potential to distort prices fegetable oils and fats since the normal
supply and demand factors will continue to appbareless of mineral oil prices.

A number of large biodiesel factories have been arel being constructed in
Europe, Asia and the Americas to cater for thecgpated demand; so many in fact that in
Malaysia the authorities have stopped issuing fiesrfor anymore to be built.

If all these factories operate at anywhere nedrdapacity it will divert a very
substantial portion of vegetable oils away fromirtheaditional use in food and into

energy. The effect can only be to push up the pofcedible oils, everything else being
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equal. However, if this is overdone governmentsti@aarly in developing countries, are
likely to use taxation to redress the balancempadrting countries such as Europe, public
opinion will not support the subsidizing of palm, garticularly if this threatens the rain
forests or the economics of local crops and taicigs will be shaped accordingly.

VEGETABLE OIL PRICES 1997 - SEPTEMBER 2006
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Figure 8.1: vegetable oil prices 1997-2006

8.5.2 Alternative Fuels
They say necessity is the mother of invention & thas certainly been true for

fuels. For example, Germany, which is petroleumrdmat coal-rich, invented a process
(Fischer-Tropsch) in the 1920s which produced é&gtuel from coal. It was used by
Germany & Japan during WWII to produce alternativels. Germany’s synthetic fuel
production reached 6.5 million tonnes in 1944,

Although biofuels are a reality, some experts aegligting that within a decade,
current biofuel production methods could be replaby what are known as “second
generation” fuels. These “second generation” fusld be produced by the use of
lignocelluloses, which is, basically, the use obrbass or everything that grows. This
includes the non-edible parts of existing cropgrdn plants that can be grown on soils &
climates unsuited for food crops.

There are other alternatives like electric hybridgdrogen and fuel cells, algae,
human and animal waste etc., but in present, pedirms, biodiesel and other biofuels

offer the most promising alternative for the imnagdifuture.
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8.6 Conclusions

Biodiesel is a clean-burning fuel that is renewadtel biodegradable. A recent
United Nations report urges governments to bewdréh® human and environmental
impacts of switching to energy derived from plants.

There should a healthy debate about turning foodscor animal feed into fuel and
the consequences of the switch to biofuels neete twarefully thought out. The focus of
biodiesel production needs to be on sources liketavail and grease, animal fats, and
nonedible sources. It is important to ascertairriaripiwhat quantities of these materials
may be annually collectible, and what proportiorahsportation-fuel needs these sources
could supply. Current research has focused on thesas as well as on algae-based
biofuels. Many technical challenges remain andehaslude development of better and
cheaper catalysts, improvements in current teclyyoltor producing high quality
biodiesel, use of solvents that are no fossil-basedversion of the byproducts such as
glycerol to useful products such as methanol ahdretl, and development of low cost
photobioreactors
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Chapter 9

Analysis of process variables in
biodiesel synthesis.
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9. Analysis of process variables in biodiesel
synthesis.

9.1 Introduction

In recent years, biodiesel has gained a primaryortapce position in global
biofuel scenario. The production has increased dtiaaily due to rising prices of fossil
fuels, development of policies and incentives, amateasing concern for environmental
sustainability [1, 2].

During 2008, the biodiesel industry has sufferadaor stopping place in Europe
and in America and South-East Asia. The main reasaattributed to the relationship
between the price of diesel and agricultural présluln the past two years, the prices of
wheat, oil plants, and products for animal feed agdcultural products in general have
had an enormous increase so that the market pfibgodiesel is ultimately tied to the
price of fossil fuels. In order to post the prodwmictof biodiesel from food crops, it was
decided to develop good technology to optimizeptasuction of this biofuel from waste
materials such as fried oils or animal fats.

This choice allowed us to pursue a triple aim. tFiree choice of using waste
materials as triglycerides source provides a lowest of biodiesel produced. The
emancipation from traditional energy sources alloggo pursue the objectives set by the
Kyoto Protocol with regard to biofuels targets thaiuld be utopian to think to reach only
by using traditional crops [3].

In this last option, it allows to find a solution the disposal of this waste material
that otherwise it would be a cost for society.

Hence the idea of developing a fluidized bed reactdhich could synthesize
biodiesel by using heterogeneous catalysts. Thiddwmaximize the amount of catalyst to
be used and make it easier and its economic regevel reuse.

Moreover, the choice of this innovative reactor fgguration has enabled us to
develop an untested continuous process certainhg suited to an industrial scale-up and
then a further effect of reducing production costated to a scale effect.

In the experimental work some acidic zeolites hasen tested in order to combine
the advantages of heterogeneous catalysis with dtheantages of the acid one.

Heterogeneous catalysis guarantees us an easyergcand reuse of the catalyst used
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while the acid property of catalysts used permigj¢d transesterification reaction without
saponification by-product. This is a way to redeosts for separation and purification of

biodiesel product [4, 5].

9.2 Analysis of variables and optimization of the

production process

The used oil is a raw material with a higher contgnmpurities and a much higher
fraction of free fatty acids than palm or rapese#s, usually used for the production of
biodiesel [6, 7].

That increased levels of free fatty acids may imdws explained above (88.1), a
marked presence of secondary reactions and theradathe high production of soap by-
products during the transesterification reactiohisTimplies a greater expenditure in pre-
and post-treatment, a rise of the section of séiparand loss in yield of final product
desired.

Therefore the use of an innovative catalysis thatlts in secondary reactions and
production of soaps give you an edge in terms st e# installation and especially in

economic terms due to the low cost of funds hanf8e€].

9.2.1 The catalysis
From studies of literature, the acid catalysislhagely been tested and works well,

but with lower reaction rate than the more commasid catalysis. The clear benefits of
acid catalysis are the absence of secondary reactb saponification reaction thereby

reducing separation and purification of the finadguct.
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Fig. 9.1: Flow-sheet of a traditional plant for biodesel production by use basic catalysis.

On the flow-sheet, shown in Fig. 9.1, which repnésea typical process of
biodiesel producing using conventional basic catalywere shown, circled in red, the part
of the plant that might be relieved using the d®@tkrogeneous catalysis [10, 11].

Indeed, as mentioned, the use of an acid catalysidd avoid the presence of
secondary reactions such as soap formation withmdessity of their separation.
The absence of these by-products would then lead ®asing of the entire separation and
purification section of the product and oils preattment section with a significant cost
savings.

The first heterogeneous catalysts tested has hméic zeolites (Beta, Silicalite-1,
FAU-X) already prepared [11, 12].

The use of this kind of catalysts had the advantagembine the benefits of acid
catalysis (no saponification reactions so an irsgdayields in biodiesel and significant
easing of separation and purification section) witle advantages of heterogeneous
catalysis (easy recovery and reuse of the catalyst)

This choice of using heterogeneous catalysis Haweadl us to study also different

and more efficient reactor configurations [11, 13].

9.2.2 The reactor
The greatest part of research on biodiesel hasyalfecused on the use of batch

reactors in which reagents were mixed together witle catalyst, traditionally

homogeneous, and at the end the reaction time pi®dere then collected.
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The choice of using heterogeneous catalysts htsamhprovided the developing of
continuous reactor configuration different fromditeonal batch reactors.

Continuous processes in fact offer significant atl®ges over batch process.
Firstly, they are more suitable for subsequent styial scale-up and therefore they bring
with them the economic advantages connected witllesq like production cost
reduction. Moreover, this choice about the reacgfioes us the chance to change and
optimize in continuous the reaction time makingpatmuous spillage of the product. This
is also a way to move the reaction toward the prtsdiormation.

The idea underlying all subsequent experiments twadesign and optimize a
continuous reactor where the catalyst was packsitléenso ensuring a close contact
reagents/catalyst.

Being acid catalysis slower than the traditionasibecatalysis, one of the key
variables in this type of configuration is the atef reaction temperature, which would
clearly be high. So it becomes crucial in the destd the reactor to optimize the
technology to provide the necessary heat to thaingasystem.

The idea behind the design of the new reactor ifmtiesel synthesis is to work in a
continuous process using heterogeneous catalysts.

But, considerations of maximizing the reaction kicee and so the necessity to
work with high temperatures and with a large caabmount led us to develop different
ideas to find the reactor configuration that woeldure the highest performance in terms
of biodiesel yield and energy efficiency [10].
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Chapter 10

Synthesis of biodiesel from waste source:
A comparative analysis between continuous and
discontinuous process
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10. Synthesis of biodiesel from waste source: a
comparative analysis between continuous and
discontinuous process.

10.1 Introduction

Biodiesel production represents one of the mosactive alternatives to the traditional
diesel fuel derived from a petroleum refinery, &s@éy by considering the recent steep increase
in the petroleum cost and the predicted shortadessil fuel.

The American Society for Testing and Materials (AMTdefines biodiesel fuel as
monoalkyl esters of long chain fatty acids derifemm a renewable lipid feedstock, such as
vegetable oil or animal fat.

The most widely used and effective catalysts imdesterification step are sodium and
potassium hydroxide. Acid catalysts have beendesteeffective in this reaction, too.

Despite alkaline catalysis is characterized byghdui reaction rate in comparison to an
acid-catalyzed reaction, some severe drawbacks Ineuatcounted in this case: the presence of
moisture and free acidity that strongly influenlse process performance and economics.

In fact, both water and free fatty acids (FFAs)cteapidly with the catalyst, consuming
it and giving way to long-chain soaps.

Moreover because of their specific properties dbalow an efficient separation of the
pure glycerol in the final step of the process.etter of fact, when the source oil contains a lot
of FFAs (> 1%), an acid pre-treatment have to l@iag.

The necessity to improve the economic competitisera this process with respect to
petroleum-derived diesel fuel and the increasirapgl market demand of biodiesel results in a
growing interest toward the utilization of wastevmaaterials of both vegetal and animal origin.

The main problem involved in the utilization of #ee low-cost raw materials is
represented by the high content of free aciditegffatty acids, FFAs) that must be reduced
below the threshold limit value of 0.5-1.0% by wsi¢o ensure the feasibility of the subsequent
transesterification step.

A great economical disadvantage for the improvihgeaparation and purification cost
due to the great amount of by-products.

In order to exceed these problems, the actiigome catalysts has been studied.
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Acid transesterification allows obtaining a biodieproduction without formation of by-
products.

The idea to use some acid catalysts zeolites (MEAU-X) to join the advantages of the
heterogeneous catalysis with those obtained byathé-transesterifcation has been taken in
account.

Moreover, using heterogeneous catalysis give ugptssibility to investigate different
reactor configuration, Plug-flow reactor, more ahlie for continuous industrial operation
respect to the traditionally studied batch confagian.

Opposite to the relatively high availability in theerature of batch experimental data, no
any information has been reported concerning thssipdity to perform the esterification

reaction of long chain fatty acids with methanoplag flow reactor using zeolites as catalyst.

10.2 Aims of the work

The aim of this work has been to compare the pasdioces of olive oil and cooked oll
source in acid and heterogeneous transesterificaaried out in a batch reactor and in a Plug-
Flow Reactor.

The results of these two processes have been cethparterm of product yield and
reaction rate.

A comparison with the traditional base homogenematslysis process has been done,
too.

The optimization of the reaction parameters (terafpee, reactants ratio and catalysts

amount) has been carried out.

10.3 Experimental session

The experimental runs have been performed in asicldsatch reactor and in a PFR
planned ad hoc for these tests.

This reactor is generated by a continuous seriemniofo CSTR. Every micro-CST
reactor is made by vessel in which heterogenedasysts are fluidized.

Figure 1 shows the flow-sheet of CST reactor.
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Scheme of the reactor: 1, reactor; 2, circulation
thermostat; 3, stirrer; 4, sampling valve; 5, indicator for pressure
transducer; 6, indicator for liquid-phase thermocouple; 7, reactor
jacket.

Figure 10.1: Scheme of experimental apparatus usirzatch reactor.

N

1, catalyst bed reactor PFR; 2, circulation thermostat; 3, stirrer;
4, pump; 5, two neck flask; 6, condenser.

Figure 10.2: Scheme of experimental apparatus usirgug flow reactor.

This kind of reactor gives us the possibility torwavith a large amount of catalysts
without any problem of mixing and it gives us thenoce to change and optimize in continuous
the reaction time making a continuous spillagenefpiroduct.

This is also a way to move the reaction towardptteelucts formation.

The acid zeolites have been synthesized with stdnpieocedures. The used obtained
materials have been characterized by usual tecésiqu

The methyl esters content was determined by GOCysisalusing an internal

standardization method.
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The transesterification reaction performed intotie different reactors was carried out
at reaction temperatures ranging betweenl@0 °C. Molecular ratio of methanol/oil fed was
included between 4/1 and 20/1.

Table 10.1 shown the different parameters invettija

Table 10.1 Parameters investigat:

Parameters Investigation range
Oil/Methanol ratio 1/4 -1/20
Temperature 60 — 140 °C
Catalyst amount 10 — 30 %wt
Reaction time 24 -48 h

Reactor configuration Batch - PFR

10.4 Results and discussion

Initially, olive oil transesterification reactiofgave been carried out in order to evaluate
the effective feasibility of acid zeolite transeatation.

A series of test at different temperature, havenbeerformed using MFI, FAU-X and
BEA catalysis.
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Figure 10.3: Comparison among the experimental convgion in MFI,FAU-X and BEA Catalysis
Transesterification (Plug-flow reactor; T=65°C; Cafalyst amount 15%wt; Oil/MeOh ratio 10/1) and KOH
Catalysis Transesterification (batch reactor; T=65€; Catalyst amount 15%wt; Oil/MeOh ratio 10/1)
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Figure 10.3 and shows us like the three zeolitetede are effective to catalyze
transesterification reaction both, and it give usomparison between traditional KOH catalysis
and acid zeolites catalysis about reaction rate.

MFI/FAU-X/BEA Catalyisis Transesterification
(Catalyst amount 15%wt; Oil/MeOh ratio 10/1)

120 ~
100
._’_,_.___.—.———*__:—_:
>
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a ¢ a8
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> 40 .
» —®— PFR BEA Catalysis - T=140°C
+— PFR - MFI catalysis - T=140°C
]
20 —e—PFR-FAU-X Catalysis - T=140°C
—m—Batch - KOH cat - T=140°C
0 T T 1
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Figure 10.4: Comparison among the experimental comvsion in MFI,FAU-X and BEA Catalysis
Transesterification (Plug-flow reactor; T=140°C; Cdalyst amount 15%wt; Oil/MeOh ratio 10/1) and KOH
Catalysis Transesterification (batch reactor; T=140C; Catalyst amount 15%wt; Oil/MeOh ratio 10/1)

Acid catalyst transesterification shows a reactiate lower than KOH catalysis
transesterification, but it's also able to achi@avgood conversion, close to traditional catalysis

process, after 24 h, at temperature of 140°C.

Only BEA catalysis appears to be no effective angesterification reaction. It could be
due to tridimensional porous structure of BEA zeoli

The great influence of temperature on acid traesésation is shown in figure 10.5.

A series of tests at different temperature haven lmegried out for the three acid zeolite

selected.
Tested zeolites need an elevate temperature vallgd (°C) to show a reaction rate

compared with base catalysts (KOH).
The best catalysts activity is given from FAU-X ttedso shows a greater sensibility at

temperature value exchange.
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MFI/FAU-X Catalyisis Transesterification
(Catalyst amount 15%wt; Oil/Me Oh ratio 10/1)
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Figure 10.5: Comparison between the experimental cemrsion in MFI and FAU-X Catalysis olive oil
Transesterification at different temperature (Catalyst amount 15%wt; Oil/MeOh ratio 10/1)

Figure 10.6 and 10.7 show the trend of biodieseldyV/s time for olive oil and cooked
oil transesterification reaction at low (T=65°C)Yamgh (T=140°C) temperature.
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Figure 10.6: Comparison between the experimental cerrsion in olive oil and cooked oil transestericatin
(MFI Catalysis; plug-flow reactor; T= 65°C; Catalyst amount 15%wt; Oil/MeOh ratio 10/1)
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Figure 10.7: Comparison between the experimental cemrrsion in olive oil and cooked oil transestericatin
(MFI Catalysis; plug-flow reactor; T= 120°C; Catalyst amount 15%wt; Qil/MeOh ratio 10/1)

From Figure 10.6 we can see how the two processe® s similar trend for low
temperature reaction.

Figure 10.7, instead, shows that olive oil soueaction has, at the first time, a higher
reaction rate respect to cooked oil source reachahthe two reactions both achieve to a good
product yields.

By a comparison between Figure 10.5 and Figure @@.6ave the confirmation (also for
cooked oil transesterifications) that productjoeld and reaction rate are strongly influenced
by reaction temperature and that we need high tetyre to reach a conversion close to
traditional basic catalysis transesterification.

The important advantages of this kind of catalymie the absence of soap-products
formation also in cooked oil process and so itdiegiility to the high FFA substrates. In fact,
acid catalyzed transesterification reaction aldowas to reduce the acidity of the oil used as
triglycerides sources. This parameter for biodidgel is closed to 0.5 mg KOH/g by the EN
14214 normative. Further, the stream of glycemt be recovered free by catalyst derived
impurities.

The different reaction parameters (catalyst amaundtoil/Methanol ratio) optimization is

performed caring out the transesterification reewcét fixed value of temperature
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Figure 10.8: Comparison between the experimental cerrsion, changing catalyst amount, in batch reactor
and plug-flow reactor cooked oil transestericationfMFI Catalysis; T= 65°C; Oil/MeOh ratio 10/1; t=24 h)

PFR-Betc Comparison
100 (T=140%C; Oil/MeOH ratio 10/1; time=24h)

é /
e
© 70
> ——PFR - MFI catalysis - T=140C
——Batch - MFI catalysis - T=140C
60 —— PFR - FAU cat - T=140C
—— Batch - FAU cat - T=140C
50 T T T T
0 5 10 15 20 25

Catalysts amount [%owt]

Figure 10.9: Comparison between the experimental cerrsion, changing catalyst amount, in batch reactor
and plug-flow reactor cooked oil transestericationMFI Catalysis; T= 140°C; Qil/MeOh ratio 10/1; t=24 h)

Figure 10.8 and 10.9 show us the influence of gataimount on biodiesel production.
Excess of catalyst leads the transesterificaticactren to the product formation and to a

conversion. Reactions carried out in PFR show atgresensitivity to this parameter, in fact, this
new configuration is able to use all catalyst added
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Figure 10.10: Comparison between the experimental ngersion, changing oil/methanol ratio, in batch
reactor and plug-flow reactor cooked oil transestecation (MFI Catalysis; reactor; T= 140°C; Catalyst
amount 15%wt; 1; t=48 h)

In Figures 10.10 is reported the conversion in ylethters for different oil/Methanol ratio.
In this case, excess of methanol leads transestidin reaction to the product formation too,
which depends on methanol excess used. Reactiomsdcaut in PFR show a greater sensibility

to this parameter.

10.5 Conclusion

All tested catalysts are able to catalyze the #&stesification reaction both of olive oil and
cooked oil fatty acids.

The plug-flow reactor is able to carry out olivé a@nd cooked oil transesterification. Every
micro CSTR is a perfect fluidized bed that guarastie perfect mixing of the catalysts with the
reactants mixture. In this way, the perfect plugafl the complete use of the catalyst fed (also
for elevated amount) is insured.

All acid catalysts tested needs an elevate temperaalue (> 80 °C) and methanol amount to
show a reaction rate compared with base catall(€$d].

The fastest step of reaction is the triglyceridesak-up to glycerol and free fatty acids
formation. The second step, the esterification asehe slowest that require high time and
temperature.

In the two processes and for every kind of catalyssted, we obtain a different amount of
methyl- esters.

An important advantage of this kind of catalysighe absence of soap-products formation
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with a large amount of glycerol.

In fact, this kind of catalysis guarantees the abseof soap-products formation and it's
applicability to the high FFA substrates.

Tests carried out had shown the great influenaceagtion variables on the reaction rate and
product yield in olive oil and cooked oil to bioded acid catalyzed transesterification. Moreover,
working at high temperature is a need to achiefieah conversion comparable to the traditional
basic catalyzed transesterification.

PFR has shown a greater sensibility than batchititvadl process to reaction parameter
variations.

PFR has also shown us a greater flexibility to with great catalyst amount and with an

excess of methanol.
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Conclusions

A cleaning section upgradind has been carried ndtthe technologies proposed is able
to remove tars, sulphuric pollutants and acid coumgls from syngas produced.

So the producer gas coming from the ENEA Trisaiaddech Centre dual fluidised bed
steam gasification pilot plant appears to havedmgaate quality in order to be used as fuel for a
MCFC.

Moreover, the simulations carried out confirm threag flexibility of absorbtion tower
that is able to remove the pollutants for the tlyasification technologies analyzed

The performed simulation, the combination of MCF@hwbiomass steam gasification
does not imply any significant increase in the alleefficiency with respect to conventional
conversion devices such like gas engines.

The use of MCFC for power generation offers valaabhvironmental benefits with
respect to conventional technologies, such likersteurbine or combined cycle power plants.

In biodiesel synthesys, all tested catalysts ale &b catalyze the transesterification
reaction both of olive oil and cooked oil fattyigs:

All acid catalysts tested needs an elevate temyreratalue (> 80 °C) and methanol
amount to show a reaction rate compared with batsdysts (KOH).

Tests carried out had shown the great influenaceadtion variables on the reaction rate
and product yield in olive oil and cooked oil tooBliesel acid catalyzed transesterification.
Moreover, working at high temperature is a neeactueve a final conversion comparable to the
traditional basic catalyzed transesterification.

Continuous system has shown a greater sensibiidy toatch traditional process to
reaction parameter variations.

Morevore, continuous configuration has also showrawgreater flexibility to run with
great catalyst amount and with an excess of methano
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