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ABSTRACT

Alternative energy production through biomass gasification produces combustible gases, such as
carbon monoxide, hydrogen, and methane. These gases can be used for generation of direct heat,
electricity, or liquid fuels througkthe Fischer Tropsch process. However, a major limitation of the
overall process is the purity of the generated synthesisTastrs and particulategienerated in

the gasification processonstitute a major impediment to the commercial usthisftechnolgy
becausethey may condensenovalves, fittings, and therefore, hinddéyxe smooth running of an
engine. This research was aimeddeveloping a gas characterization and testing protocolthend
removal oftars and particulates in the synthesis gas géeeérfrom a downdraftiomassgasifier.

The tas and particulate sampling andanalysiswas based on a modified EPA Method 5. The
protocol modifications were done to suit the specific characteristics of the gasifier and the
generated synthesis gas. THsttprotocol involves gravimetric analysis of the particulates retained
on a high temperature glaBber filter and tars dissolved in a series of solvent bottles (with
acetone). Baseline studies using woodchips produced tar and particulates concewfrdti68s
g/Nm® +0.46 and 3.84 g/Nf1.16 respectively; whilgine pellets produced 0.85 g/Nm0.16 and
4.75g/Nm® + 0.07 respectively Downstream treatment using a catalytic bed of calcined dolpmite
albermale proprietary catalyst, and bag filiwere desgned for cleaning the raw gas.nA
investigation of the dolomiteed temperature on gas cleaning showed that at temperature above
750°C, about 90% and 50% of the tar and particulate were respectively removed; whiléGt 650
about 60% and 40% of tar and peulate were removed respectivelx. combined use of the
proprietary catalyst at 280 and bag filter reduced the tars and particulate concentration by

approximately 90% and 98% respectivelfne exiting gas was also characterized for its heating

viii



value anl found to be approximately 3.38 MJ/NntB.39 and 3.67 MJ/Nm30.09 for woodchips

and pine pellets respectively.



CHAPTER 1: INTRODUCTION
1.1 Background

The gasification of carbeoontaining materials to produce combustible gas iestabished
technology. Coal gasification has been the primary focus due to its higher energy density and ease
of transportation in comparison to renewable biomass resources (M&twé]I2005). Currently,
environmental issues and the need to augment orceepbasting power generation facilities have
shifted the focus of gasification development from-nemewable fossil fuel sources to renewable
fuel sourcesmainlybiomassThe ter m fibi omasso represents mat
from plants as result of the photosynthetic conversion process excluding materials embedded in
geological formations and transformedféssil (Quakeet al.,1999) In principle, biomass is a less
damaging and environmentally benign faelthe carbon dioxide releasébm the combustion
process iscapturedduring the plant growthOne of the mostimportant biomass fuels is wood,
howeverwood is often too valuable tme used for power generatiand the timber industry is able
to make better use of trees by processagn into construction materialEherefore residues such
as bark, sawdust, and odited pieces are frequently dses fuel. Many agricultural residues can,
indeed, be used as fuels. They include straw from grains, husks from rice, coconuts ortatiféee, s
from maize or cottonhagasse from sugarcarend animal manurén addition to these, dedicated
energy crops such as switch grass are being used as fuelssbisiog these biomass residues as
fuels may solve the environmental problem of how toasspof them (Quaket al, 1999).

Biomass gasificationis a thermochemical process that produces relatively clean and
combustible gases through pyrolytic reactidhe synthesis gas (also known as syngas or producer
gas)generated cabe an impodnt resourcesuitable for direct combustion, application in prime
moverssuch asengines and turbines, or for the productionsghtheticnatural gas (SNG) and

transportation fuelse(g. FischerTropsch diesel) (Boerrigtest al., 2004). Producing high qality
1



syngas to meet operational requirements of turbines or internal combustion engines is critical to the
successful implementation of biomass gasification. Specifically, the efficient and economic
removal of tars and particulates from the syngas are#jer obstacles to be overcome (Maniatis,
2001) Of the various gasifier typedhe downdraft gasifier is attractive for its simple and robust
construction, reliable operation, suitability with various biomass, high conversion ra®®%90

and productia of relatively clean syngas containing low tar and particulate concentrations
(Warnecke, 2000; Tatsiopoulos and Tolis, 2003).

For energy production, the major concerns about syngas are its heating value, composition, and
possible contamination (WeR005). The proportion of the combustible gases hydrogeh (H
methane (Cl), carbon monoxide (COpand steanin the syngas determines the heating value of
the gas. The composition afyngas depends on the biomass properties and gasifier operating
conditions. For a particular gasification system, operating conditions play a vital role in all aspects
of biomass gasification. These include carbon conversion, syngas composition, tar formation and
reduction (Deviet al., 2003). Syngas from biomass gasificatioontains tar and particulates as
impurities which can cause severe operational problems. Tar is undesirable because of various
problems associated with condensation, formation of tar aerosols and polymerization to form more
complex structures, which camamage internal combustion engines (ICEs), gas turbamesother
machinery (Devet al.,2005). Therefore, édforethe syngas can be used in a gas enginaudsine,
it must be cleaned of impurities, especially tars, a major impediment tepuedelise ofbiomass
gasificationtechnology Currently, there is no specific method for determining the concentration of
tar and particulates from biomass gasification. Developing a simple and effective protocol for
guantifying the gravimetric tar and particulatebiomass gasification is an important goal of this
study. Gas cleaning and tar retdaon have been the subject ofsearch on thermochemical

conversion of biomass for the production of energy and chemicals. Catatydiestructiorior coal
2



1)
2)

3)

gasificationhas been studied for sekal decadesnd a number of reviews have been written on
biomass gasificatio hot gas cleanup emphasizitige use of dolmites and nickel based catalyst
(Stevens, (2001); Suttoet al., (2001); Milneet al, (1998)). Physical treatma of syngas using
mechanical methods such as cyclone, scrulalmeiparticulate filtershas also been identified (Devi
et al. 2003) This study will also look at the effects of temperature on the performance of dolomite
and albermale proprietapatalyss for tar removal.
1.2 Objectives

The overallpurposeof this researchvas toinvestigatea biomass gafication process for the
productionof high quality syngas for use in an Ehgine The following objectives were identified:
To dewelop a protocol tguantifythe tas and particulatefrom biomass gasification.
To characterize the syngasoduced
To quantify thetars and particulate removal efficiencies using calcined dolomitealbermale
proprietary catalyst, and bag filter
1.3 Justification

The wide implementation of biomass gasification is hampered by the fact that there was no
economic incentive to use biomass e.g. biorb@s®d energy is more expensive than energy from
fossil fuelsbecausdossil fuels are easy to use machinery Biomass gasification is alsoore
complexthancoal gasificatiordue to variability in feedstock and lower energy cont®meof the
major issues in biomass gasification is deplwith the tarand particulateformed during the
process. Tarsra considered to be a complex mixture of the condensable fraction of the organic
gasification products and are largely aromatic hydrocarbons. Tars are problematic in integrated
biomass gasification systems as they may condense on valves and fittingsirgatheeability of
valves to function properlyParticulatesare solid particles that also clog engine parts and thus

affect the ability of engines to run smoothRhe purpose of this project is toavestigatetar and
3



particulats generated in biomass gjication. To adieve this objective a pilot scale downdraft
gasifier was designed and constructed in the Biological and AgriculRephrtment of the
LouisianaStateUniversity AgCenter

After this introduction, Chapter 2 presents an overviewiofass sources, gasifier typasd
gasification principtsand a review of literatureon gas cleaning and quality requirements for IC
Engines Chapter3 de<ribes a new protocol for tar and particulate characterizaGbapter 4
contains the results abhed fromthe initial baselineexperimental analysisand detailsthe
experimental study othe use ofcalcineddolomite and albermale proprietary catalysts, and bag
filter for syngas cleaning@nd conditioningA summary of this researdnd suggestionf future

work are presented @hapters.



CHAPTER 2: LITERATURE REVIEW
2.1Biomass as &uel

Biomass simply refers to organic materials originated from plants (wood, crops etc.) and
animal wastes. Different biomass conversion prosepseduce heat, electricity and fuels. Among
all biomass conversion processes, gasification is one of the most prorbisiige{ al, 2003). An
assessment of the use of biomass as a fuel requires a basic understanding of their composition,
characteristicsand performance. Each type of biomass has specific properties that determine its
performance as a fuel in combustion or gasification devices or both (@uabkL999). The most
important properties relating to the thermal conversion of biomassnaigure content, ash
content, volatile matter, and energy density. In addition to high temperature gasification, biomass
can be used to produce energy via low temperature microbial gasification process where methane is
mainly produced anaerobically.
2.1.1Moisture Content

This i s the amount of water in the material,
This weight can be on a wet basis, on a dry basis, and orandgsh basis. Biomass materials
exhibit a wide range of moisture conteand since this affects its value as a fuel source, it is
important that the basis be stated whenever moisture content is mef@3uaa#tet al., 1999) If
the moisture content is excessive, the combustion process may not {saistEliing and
supplementiafuel must be used, which could defeat the objective of producing energy by biomass
combustiorfor captive use or market (Kdg 1998)
2.1.2Ash Content

This refers tothe inorganic component in biomass. It is expressed in the same format as the
moisture content. This property is especially important under high temperature gasification as

melted ash may cause problems in the regQuanaaket al, 1999)
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2.1.3Elemental Composition

Theashfree organic componesdf biomassarerelatively unform. The major components are
carbon, oxygen, and hydrogen. Most biomass may alsaioom small amount of nitrogen (Quaak
et al.,1999) Table 2.1 lists the major elemental components in biomass (BTG, 1987).

Table 2.1 Elemental Composition of Typicali@nass as derived from Ultimate Analyses

Element Symbol Weight percent (dry and adree basis)
Carbon C 44-51

Hydrogen H 5.56.7

Oxygen @] 41-50

Nitrogen N 0.120.60

Sulfur S 0-0.2

Source: BTG (1987). Thermehemical conversion of biomass to eneldMIDO, Vienna.
2.1.4Volatile Matter Content

The part of the biomass that is released when the biomass is heated is referred to as the volatile
matter. Biomas$eedstockcontairs a very high proportion of volatileorganicmaterial, 70 to 90%
for wood (Klass 1998)
2.1.5Energy Density

The energy densitsefers to the potential energy available per unit volume of the biomass.
dependent on the feedstock heating value and bulk delmsigneral, the biomass energy density
of biomass isbout ondenth of that of fossil fuel@Quaaket al.,1999) Table 2.2 lists the heating
value of some biomass sources and their corresponding moisture and ash contents.
2.2 Biomass Gasification Principle

The chemistry of biomass gasification imgar to that of coal gasification in the sense that

thermal decomposition of both solids occurs to yield a mixture of essentially the same gases

6



Table 22: Typical Characteristics of Different Biomass Fuel Types

BiomassType Lower Heating Value| Moisture Content| AshContent(dry) (%)
(kJ/kg) (%)

Bagasse 7,7068000 40-60 1.7-3.8

Rice husks 14,000 9 19

Wood 8,400617,000 10-60 0.251.7

Cotton residues

Gin trash 14,000 9 12

Stalks 16,000 10-20 0.1

Source: Quaakt al.,(1999)
(Klass 1999. However,biomass gasification occurs under much less severe operating conditions
than for coal feedstock because its main constituents, the -tiglgen cellulosics and
hemicellulosics, have higher reactivity than the oxydeficient, carbnaceous materials in doa
(Klass 1998) The thermechemical processes involved in gasification drging, pyrolysis,
oxidation, and reduction.
2.2.1Drying

This phase involves evaporation of the moisture contained in the biomass. At temperatures
above 108C, water in thebio-fuel is converted to steam. Part of this vapor may be reduced to
hydrogen during gasification and the restsma as moisture in the produced syngas.
2.2.2Pyrolysis

The bicfuels begin to pyrolyze at temperatures above’@Q@Vei, 2005). Thisis the thermal
decomposition of the fuel into volatile gases and chiae proportion of these components is

influenced by the chemical compositions of-hiels being fed and the operating conditions of the



gasifier (Wej 2005).The main process of theahdecomposition of biomass can be represented as
follows:

CeH1¢0s5 + Heat —» yCyH,+ qCxH O + CO + C (2.2)
2.2.30xidation

After pyrolysis, there is an oxidation zone where gyrolysis products move into the hotter
zones of the gasifieAir is introduced into the oxidation zone under starved oxygen conditions.
The oxidation takes place at temperatures ranging froral@0CC (Wei, 2005). The principal

oxidation reactions ar&s follows(Wei, 2005)

C+Q, —» CO, + Heat (2.2)
Ha + 1/20, — H,O+Heat (2.3)
CO +1/20,—» CO+Heat (2.4)
CH, + 3/20, —»CO + 2HO (2.5)

2.2.4Reduction
The reaction products of the oxidation zamntinually move into the reduction zone where
there is insufficient oxygeneading to reduction reactions between thé dgases and chaiThe

principal reactions are as follod/ei 2005)

CO, + C + Heat—» 2CO 6 (2.
C + H,0 + Heat —» CO + h 2.7)
CO + HO + Heat—> CO; + H; (2.8)

In this zone, the sensible heat of the gasescirad is converted into the stored chemical
energy in the syngas. Therefore, the temperature of the gases is reduced during this process (Wei

2005).



2.3 Gasification Systems

Gasification is a form of incomplete combustion; heat from the burning) fe@l creates gases
which are unable to burn completely, due to insufficient amounts of oxygen from the available
supply of air. By weight,syngas from gasification of wood contains approximat&f21%
hydrogen (H), 10-20% carbon monoxide (C0O},1-13% carbon dioxideand1-5% of methae, all
of which are combustiblplus nitrogen (M) (Heeschet al, 1999) The nitrogen is not combustible;
however, it does occupy volume and dilutes $iyegas as it enters and Imsrin an engineA
generalized reactioredcribing biomass gasification is as follo{izayton, 2002)

Biomass +air (or H0) Y CDH,0, Ex0CH,; and N+ tars + particluates (2.9

The actual biomassyngas composition depends on the gasification process, the iggsify
agent, and the feedstock composition [Beenackers and van Swaaij, (1984); Hos and Groeneveld,
(1987)]. Various gasification technologies have been under investigation for converting biomass
into a gaseous fuel. A characteristic of the various gasiete way in which the fuel is brought
into contact at the gasification stage. Four types of reactors exist: updraft or countercurrent
gasifiers; downdraft or courrent gasifiers; crosdraft gasifiers; and fluidizetled gasifiers.
2.3.1 Fixed Bed Gasifers

Fixed bed gasifierhave gratesuilt in to support the feedstock and maintain a stationary
reaction bedThey are relatively easy to design and operate but have limited capacity. Therefore,
fixed bed gasifiers are preferred for small to medagale applications with thermal requirements
up to 1 MW (Klein, 2002). Fixed bed gasifiers can be diassas either updraft or downdraft
depending on the method of air introduction.
2.3.1.1Updraft or Countercurrent Gasifiers

In this type of regtor, air is taken in at the bottom, and the gas leaves at the top. The biomass

moves counter to the gas flow and passes successively through ggymigation reduction, and
9



hearth zones. In the drying zmnthe biomass is dried. In tipgrolization one, it is decomposed
into volatile gases and solid char. The heat for pyrolization is mainly delivered by the upward
flowing producer gas and partly by radiation from the hearth zone. The advantages of this type of
gasifier are its simplicity, relativeljow gasexit temperatte, high thermal efficiency ands a
result, biomass with high moisture content (up®86 wb) (Quaaket al, 1999)can be gasified
without any predrying of the feed. Moreover, size specifications are not very critical for this
gasifer (Beenackers and Maniatis, 1996). Major drawbacks are the high amounts of tar produced.
2.3.1.2Downdraft or Co-current Gasifiers

In the downdraft gasifier, air is introduced into downward flowing packed bed or solid fuels
and gas is drawn off dhe bottom. The zones are similar to those in the updraft gasifier; but the
order is somewhat differerfQuaaket al., 1999) A lower overall efficiency and difficulties in
handling higher moisture and ash content are common problems in small downslaibdizcers.
In addition to these drawbacks, it is important for downdraft gasifiers to maintain uniform high
temperatures over a given cregtional area in the reaction chamber. These factors limit the use
of downdraft gasifiers to a power range ofsléisan 1 MW (Turare, 1997; FAO, 1986; Warnecke,
2000; and Maniatis, 2001)his gasifier is however,preferred to updraft gasifier for internal
combustion engines because of the low tar content associated wsinglas(Quaaket al, 1999)
2.3.2Fluidized-Bed Gasifiers

Fluidizedbed gasification was initially developed to overcome operational problems of fixed
bed gasification of fuels withigh ash contentout is suitable for large capacities (more thién
MW) in general (Quaalkt al, 1999) The fuel is fed into a suspended (bubbling fluidibed) or
circulating (circulating fluidizeebed) hot sand bed. The bed behaves like a fluid and is
characterized by high turbulence. Fuel particles mix quickiy whe bed material, resulting in

rapid pyrolysis and a relatively large amount gdses.Major problems with fluidized bed
10



gasification are the resulting high tar content (up to 500mdyNwdei, 2005), incomplete carbon
combustion, and poor response todiadanges. Problems with feedimgstability of the reaction
bed, and flyash sintering in the gas channels can occur with som&uéie (Van Den Aarsest
al., 1982;FAO, 1986;and Maniatis, 2001). There are two principal types of fluidized bed gasifier
namely, bubbling fluidized bed (BFB) and circulating fluidized bed (CHBE circulating type
separates angecycles flyash from the reaction bed while the bubbling type does not. Fluidized
bed gasifiers have been the focus of appreciable researcldesedbpment for large scale
generation. Many commercial fluidized bed gasifier applications have been seen in Europe and the
U.S. over the last decades; for example, avii/8 CFB project at McNeil power station at
Burlington (Vermont, USA), a-5MW BFB project at Paia (Hawaii, USA), a W BFB pilot
plant of Enviropower Inc. in Tampere (Finland), aMW CFB power plant at Pols (Austria), a
109MW CFB fAEnergy Far mo pr -MNEERpovetplaR at Radergdorft a |l y
(Germany) (Klein, 2002; ahSpliethoff, 2001).
2.4 Gas Quality Requirements

The product gas formed from biomass gasification contains both combustible and
noncombustible components. The combustible gases includg CH, and H. The major
noncombustible components are £®,0, and N, in addition to organic (tars) and inorganic
impurities (Alkali metals, BS, HCI, NH), and particulates (Dayton, 2002). The generation & H
is of little importance in biomass gasification as long as the biomass contains less than 0.5% sulfur
content. NH is dependent on the nitrogen content of the biomass and biomass with less than 2%
nitrogen is safe for gasification (Turare, 1997).

In gasification, tar is defined as a mixture of organic compounds in the product stream that are
condemsable in the gasifier or in downstream processing steps or conversion devicese{Milne

1998). The gas quality indicates the extent to which the gas is suitable farsendquipment or
11



process and is represented by several parameters including a&heromoposition, tar and

particulateconcentration, and Lower Heating Value (LH&)d is dependent upon the requirements

of the end use itsell.he gas quality for power generation is tabulated below.

Table2.3: Typical Characteristics of Fixefled and FlulizedBed Gasifiers

Characteristic Fixed-bed downdraft Fluidizedbed
Fuel: size (mm) 10-100 0-20

Ash content (% wt) <6 <25
Operating temperaturéQ) 8001400 750950
Control Simple Average
Turndown ratio 4 3

Capacity (MW) <25 1-50

Tar content (g/r) <3 <5

LHV (MJ/m°) 4.5 5.1

Source: van Swaat al, (1994)andBTG (1993).

Table2.4: Gas Quality Requirements for Power Generators

Parameter Unit IC engine Gas turbine
Particles mg/Nm° <50 <30
Particle size pm <10 <5
Tar mgNm? <100 N/A
Alkali metals mgNm? N/A 0.24

Source: Stassen (1993) amdilne et al, (1998)

12




2.5GasConditioning

Before the producer gas can be used in a gas engine or turbine, it must be cooled and cleaned
of tars, alkali metals, and dust. Basicathgre are two main options for controlling the tar content
in gasifier product gas depending on where tar is removed; either in the gasifier itself (primary
measures) or outside thasifier (secondary measures) (Dewval.,2003).
2.51 Primary Methods

This is achieved by optimizing biomass fuel properties and/or gasifier design and operating
conditions. An ideal primary method concept eliminates the use of secondary treatments. These
methods are not yet fully understood and yet to be commemgila|Deviet al.,2003). The primary
measures include: proper selection of the operating conditions, the use of catalysts during
gasification, and proper gasifier design.
2.51.1 Temperature

Biomass gasification is carried out at relatively higinperatures (above 8%0) (Deviet al.,
2003). Increasing the temperature in the gasification of sawdust in a fixed bed gasifier produces a
decrease in the total number of detectable tar species (Kineshita1994).
2.51.2 Pressure

Pressurizé and atmospheric gasifiers are currently used in advanced biomass gasification
designs. Experiments involving gasification of Wisconsin whole tree chips indicated that when
pressure was increased to 21.4 bar, the amount of total tar decreased (Kni@ht, 200
2.51.3 Gasifying Medium

Air, steam, steanoxygen mixture and carbon dioxide have been used as gasifying media.
Heating value of the producer gas with air as the gasifying is lower because of the high percentage

of nitrogen produced. Steam gastion produces a gas witlhlower percentage of nitrogamd a
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higher percentage of hydrogeHowever, steam gasification is endothermic and hence sometimes
requires complex design for heat supply in the process @ei,2003)
2.51.4 EquivalenceRatio (ER)

Equivalence ratio can be defined as the ratio of the actual air fuel ratio to the air fuel ratio
needed for complete combustidrhis is an important factor in biomass gasification using air as
gasifying medium. Tar yield decreases asiBEfteases because of more availability of oxygen to
react with volatiles in the flaming pyrolysis zone (Kinostetaal, 1994). However, a higher ER
value tends to favdrigh carbon dioxidecontent in the producer gas at the expensg/dfogenand
carban monoxide, and therefore a lower heating value
2.51.5 Catalysts

The use of catalysts during biomass gasification affects the producer gas composition and
reduces the tar yield. Three group of catalyst materials have been applied in biomasdigasif
systemsalkali metals, nommetallic oxides, and supported metallic oxides. Alkali metals are
considered as primary catalysts. They enhance char formation reactions duringchenmaal
conversion [(Antal and Varhegyi, (1995); Raveendsaal., (1995 & 1996); Richards and Zheng,
(1991)].

2.51.6 Gasifier Design

A two-stage gasifier has been studied in the Asian Institute of Technology (AIT), Thailand
(seeFigure 21) (Devi et al.,2003) and it resulted in a gas of tar content about§in®, about 40
times less than a singitage reactor under similar operating conditions @uail.,1994). In a twe
stage gasifier, tars formed during pyrolysis (first stage) are decomposed in the reduction zone
(second stage). Thieechnical University oDenmark also designed a tv8tage gasifier (se@gure
2.2) (Devi et al., 2003) where a combination of pyrolysis of the biomass feed with subsequent

partial oxidation of the volatile products in the presence of a charcoal bed was achieved. The
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modifications made in the gasifier design should be able to produce a gas of high heating value
with low tar content, and it should be economically feasible.
2.5.2 Secondary Methods

This is achieved by applying downstream cleaning processes. These methbdsptasial

or chemical and include the following:

| o

e E
Pyrolytic zone Frimary air

(1% staga)

Pyaclysis gas \ Tar

Gasifier

A

Faduction zone Secondary air

(2™ stage)

lTaIﬁae Zas

Figure2.1: TwostageGasifierConcept Devi et al.,2003

1) The use of cyclone, baffle filter, ceramic filter, fabric filter, rotating particle separator,
electrostatic filter andr scrubbes. These are normally placed external to the gasifier.

2) Tar cracking downstream the gasifier either thermally or catalytigsltliyough, these methods

are reported to be very effective in tar reduction, in some cases they are not economically viable

(Devi et al, 2003. Figure 2.3 illustrates the secondary method of gas cleaning and conditioning.
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Figure2.2: TwostageGasifier Devi et al.,2003
2.5.2.1 Cyclone
The Cyclone is the most widely used technique to separate the Syngas framstthaedlash
entrained in the gas stream. The basic principle behind cyclone separatarseisetatrifugal force

to makeit possible to separate dust particles from a gas stream. A cone section causes the vortex

Tar
Gasifier [2Y"-925 | removal Tar free gas
Biomass —» — > Gas » Application
cleanup
+ Tar
*
Air/steam

Figure2.3: Tars Reduction bySecondaryMethodgDevi et al.,2003).
diameter to decrease until the gas reverses on itself and spthe gpnter to the outlet pipe or

vortex finder. The shape of the cone induces the stream to spin, creating a vortex. Larger or denser
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particles are forced outward to the walls of the cyclone where the drag of the spinning air as well as
the force of gravit causes them to fall down the sides of the cone into an outlet (Seinfeld, 1975;
Svarovsky, 1984). The separation efficiency of a cyclone is usually expressed as the particle size
that will be separated with 50% efficiency (Fredriksson, 1999).
2.52.2 Patticulate Filters

To separate particles from a flowing gas, some type of fitey be used. A filter has two
important characteristics: its efficiency and resource consumptioneffibency is quantified as
the fraction of incoming particles whi@re retained by the filter. The efficiency of a filter depends
on many parameters, of which the particle size is often the most impoftaat.resource
consumption can be divided into initial costs and costs of operaignp(essure drop and use of
matrials) as well as maintenance costs. The pressure drop often dependsTbe tlesource
consumption can be divided into initial costs and costs of operaignp(essure drop and use of
materials) as well as maintenance costs. The pressure drop efiendd on theccumulated

amount of particles, and may well define the practical capacity of the filter.

Figure2.4: Cyclone Separatdflobal Air Filtration Systems Ing.
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Filter media are materialwhich collect particles from a contaminated gas passing through.
BagHfilters, cartridge filters and granular filters belong to this category. Filter materials may be of
the surface collection types.g. GoreTEX and TetraTl[EX membranes) or depth collection type
(glass fibers and granular filteréifindsgaul, 200QYhe particles are collected on the fibers by
interception and diffusioninterceptionis when a particle hits a fiber due to inertia effects or
because the particless large enough to touch the fiber as it passes. Interception is the most
important effect for larger particles (eth) (Hindsgaul, 2000)Diffusion is when the Brownian
motions of the particle bring it in contact with the filter material. Diffusion is the major collection
effect for submicron patrticles (sfin) (Hindsgaul, 2000)Hindsgaul, 2000 identified two common
types of filters namely, baghouse and cartridge filters
A) Baghouse Filters In baghouse collectorshe dust filled air stream passes through fabric bags
that filter the dust particles. Bags are made of different material such as woven or felted cotton,
syrthetic, or glasdiber and the choice of one over the other may depend on the temperature of the
raw gasFigure 25 shows a baghouse filter arrangement. An advantage of this setup is the ability to

do maintenancen one filter while in operation.

Clean air ,J L
outlet
I Sy
TN A =
Filter
bags
1N
E.i::rair -

Hoppear

Figure 2.5: Baghouse Filtex(Menardi, 2003)
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B) Cartridge Filters: Cartridge filter carbe surface or depitype filter. Depthtype filters capture
particles and contaminant through the total thickness of the medium, while in surface filters
(usually made ofhin materials like papers, woven wire, and cloths) particles are blocked on the
surface of the filter. The membrane and fibrous type of filters have been used for gasification
(Hindsgaul, 2000). It can be generally stated that if the size of filter suganereased, higher
flows are possible, the filter last longer, and the dirt holding capacity incr€&egisdge filters are
normally designed disposable: this means that they have to be replaced when the filter is clogged.
2.52.3 Electrostatic Precipitators (ESP)

Electrostatic precipitators operate by charging and collecting particles in a strong electric field
between a central electrode and the wall. Gravity forces the mixture of tar and dust to the bottom of
the precipitator where it can lbemoved. Onlywet ESP can be used to remdae froma biomass
gasifier gas, becaudar condensation on dry ESPs precipitation electrode would progressively
inhibit particle removal. With ESPs, particle removal efficiencies of more than 99% are pfssible
particl es as(Mkheead.l1998.s 0. 05&em
2.52.4 Rotating Particle Separator (RPS)

This is a technique used to separate small particles from a gas or liquid. The filter consists of a
large number of small parallel channels, which tabund a common axis. The specific shape of
the channels is not important. Centrifugal forces drive the solid or liquid particles towards the
walls, where the particles stick as a result of the centrifugal force, Van der Waals force, or surface
tension.The patrticles collected and agglomerated on the channel wallsraoged periodically by
injecting pressurized air at high velocity in reverse flow direction into the channels. This is done by

a nozzle moving over the rotating filter element at periodiervals without disturbing the
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operation of the RPS. The technique is proven for removal of small particles or droplets, down to
O.1em from gases adnKanmaindee2003) t emper atur e (
2.52.5 Cooling Towers and Venturi Scrubbers

Cooling/scribbing towers are usually used after cyclones as the first wet scrubbing units. All
Aheavy taro components condense there. Howeve
the gas flow, thus rendering the tar removal rather inefficient. VerdubBers are usually the
next step(Milne et al, 1998). A venturi scrubber accelerates the waste gas stream to atomize the
scrubbing liquid and improve the ghguid contact. In a venturi scrubber, a throat section is built
into the duct that forces tlgas stream to accelerate as the duct narrows and then expands. As the
gas enters the venturi throat, both gas velocity and turbulence increase. Depending upon the
scrubber design, the scrubbing liquid is sprayed into the gas stream before the gas entmunter
venturi throat, or in the throat, or upwards against the gas flow in the throat. The scrubbing liquid is
then atomized into small droplets by the turbulence in the throat and ejpaptiete interaction is
increased. After the throat section, thexiuie decelerates, and further impacts occur causing the
droplets to agglomerate. Once the particles have been captured by the liquid, the wetted particulate
matter and excess liquid droplets are separated from the gas stream by an entrainment section
which usually consists of a cyclonic separator or mist eliminator (Corbitt, 1990). The correct
selection and dimensioning of wet gas cleaning systems requires information on the particle size
distribution in the gas. There are no reliable sets of tar drogketdsstributions from biomass
producer gasg<orbitt, 1990)

A major issue with using wet gas cleaning systems is the wastewater generated and this
economic effect needs to be taken into consideration when recommending such teqMilgaes

et d., 1998)
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2.52.6 Thermal Cracking of Tars

Ther mal processes raise the temperature of
heavy aromatic tar species into lighter and less problematic species, such as hydrogen, carbon
monoxide and metme. For this process, it is suggested that temperatures exceé@ l10@dder
to rediuce tars effectively (Milnet al.,1998).
2.52.7 Steam Reforming

The addition of steam, over and above that formed from the water and oxygen in the
feedstock, habeen reported to produce fewer refractory tars, enhance phenol formation, reduce the
concentration of other oxygenates, have only a small effect on the conversion of aromatics, and
produce tars that are easier to reform catalyti¢diyne et al.,1998)
2.52.8 Partial Oxidation

Oxygen or air added to steam seems to produce more refractory tars but, while enhancing the
conversion of primar tars When oxygen is added selectively to different stages, such as in
secondary zones of a pyrolysisecker reactor, tars can be preferentially oxidifbtine et al.,
1998).
2.52.9 Catalytic Cracking of Tars

The research on catalytic, hgas cleanup has involved (a) incorporating or mixing the
catalyst with the feed biomass to achievecalled @talytic gasification or pyrolysis; and (b)
treatment of gasifier raw gas in a second bed or beds. Two main classes of catalyst have been
studied: nommetallic and metallic oxides. The most widely used-nmmiallic catalysts are calcined
dolomites and maggsites, zeolites, and olivir{f®ayton, 2002) Metallic oxides used as catalyst are
generallyNickel based catalystsecause they have proved to be efficient for tars and ammonia
decomposition in laboratoiscale gas purification experiments (Hepola, 1998her transition

metals such as Cobalt and Molybdenum may be used as well (Btila¢, 1998) Although
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dolomite is the most widely used catalyst and has been proven to be a very effective bed additive in
terms of tar reduction, it has some critical Lations. Dolomite is softer and thus gets eroded by
the silica sand particles. Also, some dolomite particles break during the calcinations and result in a
large production of fines leading to increasmdryoverof solids from the bed.Dolomite is a
calcum magnesium ore with the general chemical formula CaMggC@hat contains
approximately 20% MgO, 30% CaO, and 45%,@@ a weight basis (Dayton, 2002).The use of
calcined dolomites in biomass gasification for tar cracking and removal has been the &fubject
interest in hot gas cleaning. Delgaetoal. (1996) studied the use of calcined dolomites in biomass
gasification with steam. The catalytic decomposition of biomass tars using calcined dolomites was
also reported by Devet al. (2005). Calcination of @lomite involves decomposition of the
carbonate mineral, eliminating G@ form MgOCaO. Complete dolomite calcination occurs at
fairly high temperatures and is usually performed af@@DCFC (Dayton, 2002) and restricts its
effective use to these relaly high temperatures. Aznaat al. (1997) performed experiments
involving a bed of calcined dolomite placed after a biomass fluidized bed gasifier in which
gasification was made with steasrygen mixtures to clean the raw syngas. The dolomite was
calcired for 2 hours at 96Q in an external oven and weighed before its introduction into the
reactor. The temperature of the catalytic bed reactor was measured at both the center and at its wall.
Experimental results showed a tar elimination 609086 with spae time of 0.060.15 kg calcined
dolomite K" and an increase in the gas yield by 0140 n? at standard temperature and pressure
(STP) pekg ary, ashfree(daf) biomass fed (Aznaet al.,, 1997).

An alternative of dolomite can be naturally oming particles of olivine which is a mineral
containing magnesium, iron oxide and sili€apagnaet al. (2000) have found the tar reforming
activity of Olivine comparable to calcined dolomite. Olivileeadvantageous in terms of its ability

to withstandfriction and desnot easily breakDevi et al.,2005) However, there is still ambiguity
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on the prospective use of olivine as a tar decomposing catalyst. It is not yet well known how tars
behave in the presence of olivine and hence more attention dh@golen to find out whether
olivine could produce a clean gas with very low tar content (Bteai.,2005).

Nickel based catalysts have been found to almost completely remove the tar and are also very
effective for NH removal at temperatures aBo800C (Wanget al.,1999). The main limitation of
using Nickel based catalysts is severe deactivation of the catalyst. This deactivation occurs mainly
when the catalyst is placed right after the gasifier; the high tar concentration has a devastating
effect on catalyst activity. More recent work has included dual systems with catalysts such as
dolomite serving as a guard bed for highly active catalysts such as Nickel based reforming
catalysts.Catalytic processes can operate at much lower temperature8q6@) than thermal
processes, alleviating the need for expensive alloys for reactor construction @relin@003).
Also, unlike physical processes, catalytic cleancmgvertsthe tar, eliminating waste disposal
problems. Potentially, catalytic crang processes provide the simplest and most effective means
of removing tars while retaining the sensible heat required for efficient use of the producer gas in
close coupled applications. The use of a catalytic reactor downstream of the gasificatmrhieesact
proven to be a more effective approach to tar destruction (Kuekelg 1993). In using catalysts
as gas cleaning technique, there is almost no difference in the lower heating value of the gas
produced as the increase in the hydrogen productocompensated by a decrease in carbon

monoxide, and there is hardly any change in methane production (Garalla999).
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Figure2.6: VariousOptions of Gas Cleaning Technologies (Miketal., 1998)

Table2.5: Reduction of Tarand Particulates Various Producer Gas Cleaning Systems

Techniques Temperature®C) | Particles Reduction (%) | Tars Reduction (%)
Sand bed filter 10-20 70-99 5097

Wash tower 50-60 0-98 10-25

Venturi scrubber n/a n/a 50-90

Rotational atomizer <100 9599 n/a

Wet electrostatic Precipitatg 40-50 >99 0-60

Fabric filter 130 70-95 0-50

Rotational particle separatol 130 85-90 30-70

Fixed bed tar adsorber 80 n/a 50

Catalytic tar cracker 900 n/a >95

SourceHasleret al.,(1999)
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CHAPTER 3: A NEW PROTOCOL FOR TARS AND PARTICULATE S
CHARACTERIZATION

3.1 Introduction

One of the most challenging issues concerning biomass gasifigaitiba tar and padulates
formed during the process. Tars are considered to be a complex mixture of the condensable fraction
of the organic gasification products and are largely aromatic hydrocarbons @flie 1998).
Tars and particulates are problematic in integrdiganass gasification systems as they may
condense on valves and fittings, hampering the ability of valves to function properly. They also
clog fuel lines and injectors in internal combustion engines (BPeal., 2005). Currently, there is
no specific mdtod for determining the concentration of tars and particulates from biomass
gasification. Reliable sampling and analysis of these impurities from biomass gasification is needed
for an efficient process development and economical operation of gasifigrss ktudy, a pilot
scale downdraft gasifier with an average throughput of 6.6 kg/h was used to establish the
characterization of tar and particulates from gasification of woodchips.

This chapter presents a simple and effective procedure for meashe tar and particulates
produced from biomass gasification operated at atmospheric pressure using EPA standard.
3.2 Material Description and Preparation

A pilot scale downdraft gasifier was designed and constructed in the Biological and
Agricultural Department of the Louisiana State University AgCeritee gasifier was constructed
using a cylindrical vessetlith 85cm in height and 6@m in diameterCypress mulch woodchips
obtained from hardware stores in Baton Rouge, Louisiana dried to betdiesamd Y% moisture
content were used for this study. The woodchips whrgpedto sizes less thah cm with a 2.5
Horsepowerrotary tree limb chippéshredder from Chicago Electric Power Tools (Model No.

92281) In addition, pine pellets obtained froahardware storén Baton Rouge, Louisianavere
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also used for experimentation. The pellets were abhd@i cm long, 0.635cm in diameter,and
dried to 3.2% moisture contenthe gasification process was g¢ad out at atmospheric pressure
and air was useds the gasification agent. The determination of tars and particulates in the syngas
produced was carried out in two steps: sampling and analysis.
3.3 Gasifier System Operation

The fixed bed @sifier system used in this project was designed andtraoted in the
Biological and Agricultural Department of the Louisiana State University AgCehfter. a series
of initial tests, the system was modified for this stu@iie gasifier consists of a feeder unit,
gasification furnace, a gas flare, aamtemgrature monitoring system
3.3.1Feeder Unit

The gasifier feeder unit was designed to allowtfatchprocesgyasification It consists of two
7.62cm pipes with knife gate valves between and at the top of the [piped.level detectomsere
incormporated into the feed systeifhe detectors were made from metal rods inserted through the
feeder pipes and the depth of the feed in the unit was gauged by the movement ofAferrdte
feed was weighed, it was manually loaded into the system. Usengate valves and feed level
detector, materials were reloaded during gasification.
3.3.2 Gasifier Furnace

The gasification systemwvas a fixed bed downdraft gasifier with air as the oxidaht.
cylindrical furnace height was 72cen and 10cm in dianeter.The gasification chambevas open
to atmospheric conditions from the air blower. A grate at the bottom of the chantveted
supportfor the biofuel and maintaiaed a stationary reaction be8ix K-type thermocouples were
connected to the wall dhe furnace from top to bottom with approximatétym distance between

adjacent thermocouples.

26



At the beginning of an experiment, the temperaturaitaong system was initializednd the
gasifier was started. During the course of the project, emgpérature monitoring systems were
used Initially a Campbell ScientifidVlicrologger (21X) was used angvas later replaced with a
USB-based data acquisition hardwatdoflel: USB-TC, MeasuremenComputing Corporation)
During start up, the air blower wagdi turned on, drawing @ospheric air into the gasifiet
approximatelys m*h to 8.5 m*h. Generally a high air flow was favored during start up to generate
a faster warm up and ignition of the systeiihe grate vibrator cycled on and off at a-pre
detemined frequency to move the biomass feed through the gasifier. As the biomass was
combusted, more material was fed into the gasifier through the feeslemsyhe gasification
process followed that described for downdraft gasifiers. Generally, biomassyaes four steps
during gasification: drying, pyrolysis, oxidation, and reduction. The syngas, including impurities,
was designed thow through a pipe connected to the furnace.

3.3.3 Gas Flare

The syngas exiting the gasifier was channeledgasaflare chambdor combustion. This was
necessary to minimize air pollution during the process of experimentatidnto confirm the
presence of combustible gases
3.4 Syngas Sampling

The syngas sampling was performed during stable operating conditions of the gasification
process. This is indicated by the generation of a steady self sustainable flame from the burning of
the gas being produced. To get reliable data, it was importanthinegampling conditions are
maintained at defined values during the experiment. The sample gas flow rate decreased from
approximately94.4 cm®s to 78.7 cm’/s after 30 minutes of samplingecause of plugging in the

connection lines and in the filter assdymi his factorwasconsidered when planning the setup for
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sampling line. One measurement point from the gasifier was sufficient to produce a representative
data on the level of impurities.
3.4.1 Preparation of Sampling Equipment

It was importantto ensure that all sampling equipment was in good operational condition
before startup. The sampling lim@askept as short as possible and a leakvestperformed on the
sampling train to ensure gas tight connection. Prior to using the equipment intmonnéh a site
measurement, all glass equipmesaiscleaned according to an internal laboratory instruction.
3.4.2 Outline and Principle of Syngas Sampling

The structure of the gas sampling process is shovgire 3.1 below. It was based on EPA
Method 5 for measuring particulate matter emissions from stationary sourcessadapted to
measure gravimetric tar and particulate matter generated during biomass gasification. Unlike the
EPA standard, it does not include determination of moistureenbim the gas. The probe apitbt
tube assembly was not used in this protocol to measure the gas velocity; however, the gas flow

analysis was done using the flow regulator and flow meter.

e ™ Backup YO

Acisorber

Impinger Bottles with Acetone Regulatordeter
Filter &zsembly in & Heated Owven Wacuum Pump

Figure3.1: Tars and Particulates Sampling Train
Gas poduced from the gasifier trawa through copper connection tubing to the filter
assembly where the particulates are collected. At temperatures aroui@l 2tdst of the tar

contained in the gas pa&skthrough the connection tubing to a series of impirgdties containing
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acetone in which itvasdissolved. A backup tar adsorber is optional and may not be needed. The
vacuum pump generatasuction for the process and tthew regulator controllednd measurckthe
volume of gas sampled.

The measurenm principle of this procedure wassed on the discontinuous sampling of a gas
stream containing tar and particulates underkisetic conditions. The sampling of tar and
particulateswas performed simultaneously, and thgstemwas set up to measure timpurities
guantitatively. The procedurgdescribedn the following sections.
3.4.2.1Particulate Collection

The particleswere collected in an external filter assembly placed in an oven and heated to
250°C to prevent the condensation of tamsthie filter and in the copper tubing. Glass microfiber
filter with particle etention size 0.pm and 90 mndiameter(Whatman GF/F Cat No 1825 090)
was usedThe filter papewas preheated to more than 260for about 15 minutes before being
used to obta the tare weight. Millipore stainless steel pressure filter hal@srused to ensure a
gas tight filter system.
3.4.2.2Tar Collection

A sampling train comprising four (4) impinger bottles connected in series was used for
collecting the tarsn the sampled gas stream. The tars were dissolved in approximatelly @0
solvent in each bottle. Acetone was found to be an appropriate solvent because of its high solubility
(EPA Method 5).
3.4.2.3Volume Measurement

The sampling trainvas conrected to a vacuum pump and gas flow meter. The pump getherate
the needed suction for the syngas samgpliThe gas flow ratevas 944 cm’/s. The gas meter
readings and start times wareted andecorded. The volume of gas sampled was determined from

the flow meter/regulator.
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3.4.3Duration of Sampling

The amount of time needed to collect a representative quantity of tars and particulates
depened on the concentration observed which has the effect of clogging the filter paper. It also
depeneéd on thesize of the connection tubing. This protocol was prepared usinguaréer inch
diameter copper tubing in the sampling procassl sampling lasted fapproximately80 minutes.
3.4.4SampleAnalysis

Analysis was done within 24 hours after samplto avoid contamination of the collected
syngas and impuritieI.he techniques used in determining the tar composition could bEI& D
which positive identification of individual tar compounds is performed or by gravimetric method,
or a combination of @ith depenohg on the end use of the of the gasification products. This
procedure describes the gravimetric method of analyzing both the tars and particulates.
3.4.5 Determination of Gravimetric Tar

All condensed tar particlagere washedrom the tansfer lines (e.g. copper tubing) using the
high purity acetone and combined with the tar collected in the impinger bottles. The mass of
gravimetric tar was determined through solvent evaporation. The results were calculated using the

following equation:

C =—* (3.1)

Where: C, = Concentration of tar in syngas (FIm
W, = Weight of tar (g)

V, = Volume of sampled gas n
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3.4.6 Determination of Particulates

The particulate concentration was calculated from the difference in weight betweemethe t
weight of the filter and the dry particulate containing filter obtained after drying in oven sé€Cat 60
for approximately 30 mins and allowed to acclimatize in a desiccator. The following equation was

used to quantify the particulates in the gas sirea

c W (3.2)

Where: C_ = Concentration of particulates in syngas @/m
W, = Weight of particulates (g)
V, = Volume of sampled gas {n

3.4.7 Estimation of Syngas Flow Rate and Yield
The following procedure describes the determination of the syngas flow nate¢hfeagas yield
and the gasifier load. It is based on a total carbon balance and can be applied when the following

are established:

. Stable gasifier operation

J Syngas composition is known

. Fuel feeding rate (kg/h), fuel moisture and carbon content are known

o Solid or liquid carbonaceous effluent streams (bottom ashes, particles, tar) and their carbon

content are known.

The calculation of the syngas flow rate based on an elemental carbon balance can be written as:

~
qm, fueICCfueI + Z qv,agenpcagent :qv,gas' 6Cgas + CtarCQar + CparticlesCCpanicles /+ qm,ashCCash (33)

Where: q,, . = Fuel feeding rate (kg dry biomass/h)

cc,,, = Carbon content of fuel (kg C/kg dry biomass = 0.47 for woody biomass)
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O .gent = Gassification agent feeding rate {im)
CC,q.: = Carbon content of gasification agent (kg é/m
Oy, 4as = SYNQas generation rate i)

cc,,s = Carbon content of necondensable gases (CO, £QGH;,) in the syngas (kg Cfip
c,, = Tar concentration in the syngas (kgjm
cc,, =Carbon content of tar (kg C/kg tar)

C = Particulate concentration in syngas (kiym

particles

cC =Carbon content of particulates (kg C/kg dry biomass)

paricles
Omash = BOttom ash rate (kg dry ash/h)
cc., = Carbon content of bottom ash (kg C/kg dry ash)

Generally, the gasification agent does ooftain carbonaceous gas components, toys,, =0.

Rearranging the equation gives:

q CC o —C cC
Y _ v,gas _ fuel ash fuel™™“ash (34)

gas
qm, fuel CCgas + CtarCCtar + CparticlesCCpanicIes

WhereY,, =producer gas yield (kg dry biomass)

C , =Ash content of fuel (kg/kg dry biomass)

ash fue
However, a simple and direct analysis of the volume of gas produced can be determined from the
biomass conversion rate using the following equation:

V,
CR= -9 (3.5)
W,

Where: CR= Conversion rate of biomass

V,, =Total volume of sygas produced
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W, =Weight of biomass consumed

3.5Syngas Composition Measuremerand Heating Value

The syngas produced from the woodchip gasification contains many components, but only
CH,, CO, CQ, H,, and N were cosidered in this project. The gas mixtwas measured with a
TCD gas chromatograph (SRI MG #1). The gas was collected overnanOfiger using a syringe
and the sample was immediately injected into the already calibrated GC. The calibration of the GC
wasdone with a known mixture of Airgas containing theagas the synga® be identified.

The heating value of a gas cannot be measured directly, but only with respect to a reference
state. The most widely used is the Lower Heating Value (LHW)s Tises water vapor as its
reference state. The heating value of the syngas was calculated from the concentration of
combustible gases in the mixture.

Lower Heating Value (LHV) = %btLHV p2 + %CH*LHV chg + %CO*LHV o (3.6)
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CHAPTER 4: RESULTS AND DISCUSSION OF EXPERIMENTAL DATA
4.1 Introduction

In this section,results of experiments conducted to test the suitability of the sampling
protocol developed for tar and particulates from biomass gasificatios Chapteralso presents
the experimental procedure and results obtained from using calcined dolomgeetary catalyst,
and bagfilter as tas and particulatesemoval technique Conditions identical to those used in the
base study were usedali experimentsnvolving gas cleaning
4.2 Experimental Results Summary

A total of 9 runs for cypress mulch woodchips ab@runs for pine pellets were included in
this study. Due to the complex naturetbé gasification process, some problems were observed
during the initial phase of this projecA major problem had to do with the feed unit operation
which meant that the biomass feedstock got stuck in theliggp@opper and did not flow through
to the furnace easily. Even aft@peated modificatiathere wee still quite a few problems with
the feed mechanisis described abovAnother problem was that themperaturenonitoringand
recording instrument used at the early stage (21X Micrologger) did not give real time temperature
data, thereby making it diffult to monitor fluctuations in gasifier temperature. The USB
system was installed to solve this problem but there were dif@suitgetting it to work properly.
4.3 Gasifier Temperature Profile
The process occurring in the gasification chamberth@snost complex development in this study
because temperatures iearby location and with timeand showed unsteady distribution trends
The temperatures of the gasifier wglll, T2, T3, T4, T5, T6) within the furnace, were
continuously measured and oeded by the computerized control system. Temperature averages
were calculated within a 30 seconds interaald average temperature profiles were cre&igdre

4.1 shows typical gasification temperature profiles during different test runs.
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Figure4.1 TypicalGasifierWall Temperaturérofile from Gasification ofWoodchips

In the abovetemperature profile, Ttepresents the thermocouple immediately above the
grate, and T2 to T6 represent the thermocouple® \placed approximatelfy cmadjacent to one
another. The wall temperatures generally increased with increase in air flow from the air blower.
The average air flow rates were betwéef and 8.5 m%h. The gasifier was designed so that
pyrolysis occurredraund the zone defined by T2 to T4.

4.4 GasComposition and Heating Value

The average yields of measured syngas components for woodchips are listed in Table 4.1,
and average Yyields for pine pellets are listed in Table 4.2. The results indicatre aonsistent
data for pine pellets when compared to woodchips. This due to the variability in the moisture
content of the woodchips (11 to 17 %) while the pellets were actually treated and had a consistent
moisture content of 3.2%. A comparison withadpublished on gasification with similar systems is
presented in Table 4.3. Due to the difficulty in measuringvith a TCD chromatograph using

helium as mobile phase, the data forrly not be as precise as it could have b&ae. average
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concentratioa of the combustible gases namely: carbon monoxide (CO), hydroggn afil
methane (Ck) obtained were within the limits reported in previous work (Heescal., 1999).
However, the rather high percentage of Nitrogen (N) in the gas mixture could bmeddg the

fact that air was used as the gasification medium. The use of pure oxygen will result in higher
percentages of the combustible gases. However, no additional efforts were made to lower the
nitrogen contentThe attempt to minimize the air flowdm the blower did not seem to have any

noticeable effect on the gas composition, but rather reduced the velocity of the syngas flowing from

the gasification chamber.

Table 4.1: Summary of Syngas Composition and Lower Heating Value for woodchips

Run No. | CH, (6{0) H> CO; N> LHV
(% Vol.) (% Vol.) | (% Vol.) (% Vol.) (% Vol.) (MJ/Nm?)
1 1.58 10.42 10.62 12.56 64.82 3.03
2 1.45 14.70 13.82 11.22 58.79 3.87
3 1.20 9.05 12.47 13.34 63.93 2.92
4 1.87 10.65 10.82 12.03 64.72 3.18
5 1.95 13.98 10.39 12.75 6092 3.58
6 2.17 13.75 11.22 13.09 59.77 3.72
Average | 1.70 12.09 11.56 12.5 62.16 3.38
STD 0.36 2.33 1.33 0.77 2.66 0.39
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Table 4.2: Summary of Syngas Composition and Lower Heating Value for pine pellets

Run No. CH, (6{0) H> CO; N> LHV

(% Vol.) (% Vol.) (% Vol.) (% Vol.) (% Vol.) (MJ/Nm?)
1 2.08 13.55 11.77 13.65 58.30 3.73
2 2.10 14.12 10.95 12.58 60.04 3.72
3 1.96 12.80 11.60 12.72 60.85 3.57
Average 2.05 13.49 11.44 12.98 59.73 3.67
STD 0.08 0.66 0.43 0.58 1.30 0.09

Table 4.3: Comparison &yngas Composition with Published Data

Parameters Published Data Experimental Results Experimental Results
Woodchips (Average) | Pine pellets (Average)

H, (% Vol.) 1521 11.56 11.44

CO (% Vol.) 10-22 12.09 13.49

CO, (% Vol.) 11-13 12.50 12.98

CH, (% Vol.) 1-5 1.70 2.05

N2 (% Vol.) 3963 62.16 59.73

LHV (MJ/Nm®) 4.05.6 3.38 3.67

45 Gravimetric Tar and Particulates

The process of tar and particulate sampling was initiated only after the temperatures in the
gasifier approached steady st@ind there was evidence of combustible gases produced, indicated
by a self sustaining flame.Tables 4.4 and 4.5show the results obtained for gravimetric tar and

particulatef the prefiltered syngas for woodchips and pine pellets.
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Table 44: Summaryof Tar and Particulates Concentratlmefore gas cleaningVoodchip$

Run No. Tar Concentrationg{Nm>) Particulate Concentratiog/(Nm®)
1 2.12 4.35
2 1.45 251
3 2.23 5.30
4 1.45 4.88
5 1.52 3.25
6 1.02 2.76
Average 1.63 3.84
STD 0.46 1.16

Tale 45: Summary of Tar and Particulates Concentraliefore gas cleanin@inePellets)

Run No. Tar Concentrationg{Nnv) Particulates Concentratiog/Nnr)
1 0.97 4.78
2 0.91 4.79
3 0.67 4.67
Average 0.85 4.75
STD 0.16 0.07

4.6 Biomass ConversiorRate
The analysis for biomass conversion rate was determined from the amount of syngas yield

per unit weight of biomass. The average yield for woodchips and pine pelltabaetedoelow:
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Table 4.6: Summary of Weight of Biomass ConsumedalTdolume of Syngas, anBiomass
ConversiorRate for Woodchips

Run No. Weight of Biomass Total Volume of Biomass Conversion
Consumed (kg) Syngas (Nm) Rate (Nni/kg)
1 6.50 7.65 1.18
2 9.75 10.20 1.05
3 9.75 10.84 1.11
4 9.75 9.56 0.98
5 6.50 7.01 1.08
6 6.50 1.27 1.12
Average 8.12 8.75 1.09
STD 1.78 1.65 0.07

Table 4.7: Summary of Weight of Biomass Consumed, Total Volume of SyngaBicanass
ConversiorRate for Pine Pellets

Weight of Biomasg Total Volume of | Biomass Conversio
Run No. Consumed (kg) Syngas (Nm) Rate (Nn/kg)
1 12 15.30 1.28
2 12 15.94 1.33
3 12 15.94 1.33
Average 12 15.73 1.31
STD 0 0.37 0.03
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4.7 Gas Cleaning and Conditioning

As mentioned earlier, the successful implementation of biomass gasificatigasfangine and
turbine based power projects or for fuel cell applications or Fistioggsch depends on the
effective and efficient removal of tar from the syngabapter2 provided an overview ofarious

gas cleaning and conditioning equipment.

4.8 Catalytic Bed Setup and Experimentation.

The catalytic bed conversion systemas arranged to treat a portion of the syngas produstd
before the sampling traifhe experiments for cracking the tar component were carried out using a
fixed-bed reactopackal with granulated dolomitémore than 2.36 mm diametefjhe fixedbed

hadan internaldiameter of 19 mm and length of 182nm made from a steel pip&€his catalyst
bedwas placed inside a muffle furnack.schematic diagram of the experimental setupes in

Figure 4.2. Catalystdepth in the pipe wa$01.6 mm andupported by wire mesh at both ends of

the pipe Prior tothe experimentationnvolving dolomite calcination was donat 850C in an oven

for 2 hours Albermale proprietary catalyst was alssed as tars removal material. Finally, a
combination of the proprietary catalyst and {i¢tgr was used to minimize both tars and
particulates to within acceptable limifSuring each run, samples of the raw syngas were drawn
into the catalytic bed by éhvacuum pump before passing through the tar and particulate sampling
system. The gas sampling flow rates were equivalent to that used during the initial experimentation
procesgapproximately 94 cris).

4.9 Effect of Dolomite Bed on Tas and Particulates Yield

The dolomite bed was designed to minimize the tars and capture fine particulates generated in the
syngas. The amount of these impurities passing through the sampling train after leaving the

dolomite bed was considerable less than what was deternbefate the gas treatment.
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Experimental data showed about 90% tar removal and 50% reduction in particulates collected.

Tables 48 and4.9 show the experimental results obtained a’85@peration of the dolomite bed.
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Figure4.2 GasificationSetupShowingDolomite Arrangement

The setup above shows theerational arrangement of biomass gasification with tiseatad
particulateseduction equipment

Table4.8 Summaryof Tarsand Particulates Concentratiafier Dolomite BedPine Pellets)

Run No. Tar Cancentration(g/m®) Particulate Concentratidig/m®)
1 0.12 2.09
2 0.07 2.08
3 0.09 1.86
Average 0.09 2.01
Standard Deviation 0.02 0.13
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Table4.9 Summary of Tagand Particulates Concentration after Dolomite Batbodchips)

Run No. Tar Corcentration (g/Nm) Particulate Concentration (g/Njn
1 0.19 197
2 017 2.33
3 0.20 2.50
Average 0.19 227
Standard Deviation 0.015 0.27

4.9.1Effect of Temperature onDolomite Performance

The catalytic bed temperature was varied to analyze itsteffesyngas cleaning. Using the same
amountof dolomite (8.5g) bed temperatures ranging from 8500 950C were chosen for this
study. Experimental data showed a fairly sharp increase in the performance of the dolomite as
temperature increased up to 850but at remained quite steady between®°858nd 956C. The

results are tabulated below:

Table4.10 Effect of theDolomite Bed Temperature (Pine Pellets)

Temperature®C) | Tars Concentration (g/Nrf) | Particulate Concentration (g/Nm)
650 0.34 3.42
750 0.10 2.85
850 0.09 2.10
950 0.08 2.14

4.10 Effect of Albermale Proprietary Catalyst on Tars and Particulates.
The proprietary catalyst was used at different bed temperatures for the gasification of pine
pellets. Tests showed little effedin the operation of the catalyst at the temperatures investigated.

Table 4.11 summarizes the results obtained.
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4.11 Tars and Particulates Concentration after Proprietary Catalyst and Bagrilter.

A final tars and particulates removal experimentatsing the proprietary catalyst at 260
and bagfilter was done using pine pellets. The results showed considerable reduction of tars and
particulates impurities to within the limit referenced in the literature as the minimum for operating

an IC engineThe results are tabulated in table 4.12.
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Table 4.11 Summary of Tars aRdrticulates after Proprietary Catalyst

Temperaturg’C Tars conentrationg/m® | Particulats concentrationg/nt
600 0.08 1.96
500 0.09 2.00
250 0.09 2.07

Table 4.12Tars and Particulates after Proprietary Catalyst andF#lsey

Temperaure °C | Tars concentrationg/n? | Particulats conentration g/nt
250 0.08 0.07
250 0.06 0.06
250 0.06 0.07
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CHAPTER 5: OVERALL CONCLUSIONS AND RECOMMENDATION FOR FUTURE
RESEARCH

5.1 Overall Conclusions

Gasification of woodchips and pine pellets at atmospheric pressure showed that it was

possible to produce a combustible gas from a downdraft gaJihersyngas composition and an

estimation of the resulting heating value were presented in Chaftars4ind particuhtes analysis

and control were experimentally tested with dolomAtéermale proprietary catalysts, and bag

filter. The dolomite wasreated to varying temperatures of 860750C, 850C, and 956C. The

proprietary catalyst was treated to B00500C, and 250GC. Thefollowing conclusions can be

drawn from this research.

A protocol for characterizinghe tar and particulates generated from a biomass gasification
process was designed from existing EPA procedure (EPA Method 5).

The tas and particulate corncentration in theaw gasanalysis for woodchips was found to
be quite inconsistent and did vary appreciaBlyreason for this might be due to different
temperature profiles observed duridgferent test runsHowever, gasification of pine
pellets did poduce a more consistent set of data.

Dolomite and the Albermale proprietary catalylségl significant effect on the presence of
tarsin the syngas produced from gasification.

Experimental results showed an even distributiotaf and particulate concentation for

the different runs in the pasteaning analysis of the syngas produced from both woodchips
and pine pellets.

The temperature of the catalyst bed was a factor in the performance of the dolomite. As
temperatures increased from 860there was aisible increase in the effectiveness of the

catalyst as a tar removal technique.
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e The Albermale proprietary catalyst used did not show any difference in its ability to reduce
the tars concentration between 8D@nd 256C.

e Gas cleaning and conditioning ngia combination of the proprietary catalyst and the bag
filter showed a significant reduction in the level of tars and particulates to within acceptable
limits for use in an IC engine.

5.2 Suggestions for Future Research

The experiments conductkin this research were to characterize the tar and particulate using
gravimetric analysis. More work needs to be done in understanding the chemistry taf
generated. It would also be desirable to investigate the particulate size distribution.

The biomass feedstock was manually loaded into the gasifieh made thevhole process
quite tedious It is recommended that the feeding system should be automated to ensure easy
loading of feedstock during the gasifier operatibhe energy conversioefficiency of the gasifier
was lower than expected and therefore, performance evaluation and modification of the gasifier
need to be carrieddata collection conditions and measurement accuracy should be improved, such
as by using a more sensitive gagorhatograph (GC) for analyzing the syngas composition
especially for more accurate hydrogen gas determindtiovould also be of interest to determine
the water vapor content in the syngas.

In the research described in this thesis, the amadmislomite used in all the test runs were
kept constant. Further work needs to be done to study the effect of space velocity on the cleaning
efficiency of the dolomiteand proprietarycatalyss. Finally, more species of biomasiould be
tested to evalua the performance of the gasifier design and the characterizaititewr and

particulate impurities.
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APPENDIX A BIOMASS USED IN GASIFICATION PROJECT

Photo Al: Cypress Mulch Woodtips

Photo A2: Pine Pellets
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