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1 INTRODUCTION

1.1 ANEED FOR RENEWABLE ENERGY

Energy is economically crucial for every industidatl country’s economy. For a
large majority, the dependence on foreign oil hesnban important concern, particularly
since the 1970s when an oil shortage generatedracnisis situation for all countries in
the entire developed world. Today more than evdrdespite all the protections taken to
prevent a highly fluctuating market, internatiopalitics are affected by this aspect of
foreign dependence.

The present effects of terrorism and instability tbé large world oil reserve
countries of the Middle East raise further conceahsut the supply stability. Chaotic
markets lead to high prices and slowing the econionaeveloped countries.

In the rural United States, like here in Oklahortiee effect of the production
decline has already impacted the economy. Majoccampanies are leaving the state,
relocating to bigger cities to manage economidaliffies.

The recent discovery of an increase in greenhoasegglevels, especially GOn
the earth’s atmosphere since the industrial reimiutraises concerns regarding the
quality of life for future generations. In ordergtabilize the concentration of these gases
in the atmosphere and prevent potential interfexerwith climate change, 169 nations
ratified the Kyoto protocol and committed to redubeir emission of C®from fossil

fuel combustion.



History shows that when absence of readily avalatll becomes a problem,
countries begin investigating alternatives to fosl. During World Wail the Fischer-
Tropsch process was used to convert synthesiodagiitd fuel. This process is being re-
examined.

Renewable energy sources could be one solution aaynof the problems
discussed above. One such energy source is eth@hel.availability of developing
technologies producing ethanol, with low environtaéimpact, makes it an increasingly
attractive fuel option.

Ethanol has been produced for thousands of yedinsgditom the time of the
Pharaohs. Today, fuel-grade ethanol is industripigduced from simple sugars and
yeast fermentation. This process generates largetigjes of byproducts once considered
as a waste, most being of cellulosic nature.

These agricultural wastes are called biomass. uSkeof biomass to produce fuel-
grade ethanol through enzymatic preparation amddatation is currently being studied,
but preparation processes of the biomass are eixpasd technologically challenging.

The solution could be in the implementing of anowative process that can bypass
these technological challenges, and produce etlieorola different type of fermentation
by transforming the biomass feedstock through gplemlow cost process, i.e. using

gasification to produce a gas that can then bedeted.



1.2 AN INNOVATIVE NEW PROCESS AND ITS

CHALLENGES

In the gasification-fermentation process low casirass is gasified producing a
producer gas, a mix of elemental gases that insligelrogen and carbon monoxide,
which is the primary focus of this study. These fa@a through an anaerobic fermentor,
containing a unique Clostridial bacterium curremiymed C. Carboxidivorans (B7first
obtained from an agricultural lagoon, and providgd Dr. Tanner at University of
Oklahoma (Lewis et al., 2002). Hydrogen and carbmmoxide are then converted to
ethanol and other valuable products, includingieastid, butanol and butyric acid. The
presence of oxygen, nitrous oxides, ammonia oritatise gas is inhibitive and possibly
toxic to the microorganisms depending on conceptrdévels.

Previous research shows the feasibility of thiscpss from mixed clean bottled
gases (Ghady, 1992, Klasson et al., 1992, Lewial.et2002). No research has been
published evaluating the impact of the gas qudiibm a gasifier on an anaerobic
fermentor. At present, there is no single sourceeohnical information that provides
effective guidance concerning the specialized regquents of such a process.

The tremendous advantages of this process oveoth#r ethanol producing
technologies is not only the low cost of the biosnaslized as the feedstock but also the
process simplicity, resulting in low production t<revious research indicates that this
process is technically feasible, its overall enmm@ntal impact on greenhouse gas,CO
would be positive, and it is economically compeét{Lewis et al., 2002). Such a process
would reduce dependency on foreign oil. This precesuld not increase greenhouse

gases emissions since the biomass does not haasikftiel origin. This process would



improve rural economies by offering a new revenug&ree, and help rural oil producers
on the decline to stay in the energy productionketalpy switching from fossil energy oil
to energy crop production and conversion. It woeiithance economic development, as

poorly utilized land would be given economic vahyebecoming productive.

1.3 OBJECTIVES

The overall objective of this study is to measune guality and quantity of
producer gas generated from the gasification ofouar kinds of biomass (low-cost
biomass, agricultural, and industrial waste) irbecth diameter, fluidized bed, pilot-scale
atmospheric gasifier. Results of this study areargnt to the overall gasification-
fermentation project in that the gas generateedsirito a bioreactor for conversion into
ethanol. The bioconversion process, i.e. convedamyto ethanol, is highly dependent on
gas composition.

It is important to understand what parameters arfie the quality of the gas used
in this fermentation. In this study, a number osifjeation parameters will be varied,
including biomass compositions, gasifying agenismiass-to-agent ratios, and operating
temperatures to determine the quality and quaatityrepresentative range of gas and tar
compounds. This study will also provide informati@m the removal of possible
contaminants by separating these compounds fromatetream.

The decision to use a fluidized bed gasifier wasglengarior to this study. Fluidized
bed gasifiers have a high heat and mass trangts aad an efficient mixing. They are
easily scalable and are well suited for lignocekid feedstocks. The pilot-scale fluidized

bed air gasifier at Oklahoma State University wasstructed utilizing an initial design



developed by Carbon Energy Technology, Inc. and @eamter for Coal and the
Environment at lowa State University. It is impaorttato note that the gasifier, as
originally designed, did not operate efficientlytivthe biomass used in this study and

lacked several systems necessary to measure gésifiparameters.

Specific objectives of the gasification study are:
1. Design and develop the modifications of an exisfloglized bed gasifier, including
a cleaning, cooling and storage system, to impgereerated gas quantity and quality.
2. Develop an analytical procedure to identify majar tompounds using various
feedstocks and process modes.
3. Evaluate the products of gasification from selesegharios:
A. Evaluate the effect of feed moisture contentirdy air gasification of
switchgrass.
B. Air gasification of switchgrass, corn glutendebermudagrass.
C. Low equivalence ratio (ER) flaming pyrolyticgifecation of switchgrass, corn
gluten, and bermudagrass.
D. Steam gasification of switchgrass, corn glutemg bermudagrass at different
steam to carbon ratios (S/C).
4. Model the gasification equilibrium with the differegasifying agents and operating

temperatures.



1.4 REVIEW OF LITERATURE

1.4.1Fluidized Bed Gasification

There are several existing technologies available atmospheric gasification.
These technologies can be classified in four mgioups: fixed bed updraft, fixed bed
downdraft, bubbling fluidized bed and circulatingidized bed.

An updraft gasifier is a counter flow unit where thir is introduced at the bottom
and the feed at the top. The incoming air at théobo of the unit first totally combusts
the outgoing char. Resulting hot gases then pasaidh the above feed bed where
reduction takes place and reduces the moisturecobmif the entering biomass. The
major disadvantage of an updraft gasifier is thateduces large quantities of tar in gas.
(Klass, 1998; and Reed, 1981)

Downdraft gasifiers use co-current flows, whereaaid low moisture feed are both
introduced at the top of the reactor where ignitimeurs. The hot pyrolysis gas flows
downward and reacts through the char bed. Thisessproduces virtually no tar but
often with far more unconverted char than otheifigadypes. (Klass, 1998; and Reed,
1981)

A bubbling fluidized bed gasifier consists of aioger of fine inert particulates of
silica sand or alumina, selected for size, denaitg thermal properties, resting on a
perforated plate. The agent (air, steam or oxygeifjrced below the plate and through
the bed. At a certain velocity (often minimum flizigtion velocity), all bed particulates
become suspended in the agent stream, resultindpeinbed behaving like a fluid.

Bubbling fluidization will occur depending on thatare of the particulate and stream



velocity. The feed is forced through the prehedteidized bed where friction reduces
the biomass ensuring good heat transfer. The aagestof this type of gasifier are
numerous, it accepts a wide range of fuel size,ehasiform temperature distribution,
provides high rate of heat transfer, and perfortvestagh conversion rate with low levels
of tar and unconverted char. (Klass, 1998; and RE@#11)

Circulating fluidized beds use higher gas velositiean bubbling bed resulting in
elutriation of the bed particles and char thatsmgarated from the gas stream outlet with
a cyclone and recirculated into the bed. It hasyr@nthe advantages of the bubbling
fluidized bed and is suitable for rapid reactiom®ugh with a less efficient heat
exchange. Their major disadvantage is the complexit operation and the internal
erosion at high recirculation rates. (Klass, 1998} Reed, 1981)

The gasifier currently used for this project is @bbling fluidized bed reactor,
which has been used in numerous applications (l¢ane al., 1996). Fluidized bed
reactors provide excellent mixing characteristibggh mass transfer reaction rates
between gas and solid mixtures, and are one ofmibst reliable methods available for
feedstocks that are prone to agglomeration in othees of gasifiers. Fluidized bed
reactors are also unique in that biomass fuel gfgarticle size or moisture content can
be gasified, thus accommodating a large varietipelf types (Reed, 1981). In addition,
fluidized bed reactors can be scaled up with camalle confidence (Natarajan et al.,
1998). Because of better mixing properties andebetmperature homogenization,
fluidized bed gasifiers are less prone to genenab levels of tar than other gasifier
types. This wide range of accommodations makes igr@at candidate for this

bioconversion project.



1.4.2Gasification Parameters

1.4.2.1Agents

Typical gasifying agents include air, steam, am@ust plus oxygen mixtures. The
composition of the raw gas produced depends ogak#dying agent used and the gasifier
operating conditions. In this study, oxygen willtri®e considered. The cost of oxygen
makes the process uneconomical (Gil et al., 1997).

Air is the most commonly used agent at demonstradiod commercial scales (Gil
et al., 1997). With the use of air, the reactigrexothermic and temperature-wise self-
sustainable. The flue gas from the air processalfed producer gas and typically
contains a large fraction of,Nalong with CO, C@ H,, CH,, water, tars, and higher
hydrocarbons. Mis an inert gas in this process, representing @bo¥ of the producer
gas, but it could contribute to the generationraté amounts of toxic NOand NH
(Cooper et al., 1986) . This volume of N costly in the cleaning and compressing stages
of the process since it cannot be separated frermik.

Furthermore, producer gas fermentation is massfearnimited because at mild
temperatures (bioreactor temperature ofGQ5 CO and H , the main constituents of
producer gas have aqueous solubilities of 77% #8% éat of Q on a molar basis,
respectively. These low solubilities result in loancentration driving forces, and, hence
low volumetric mass transfer rates to the bioreactedia (Bredwell et al., 1998; Worden
et al., 1997; Bredwell et al., 1995). The presente\, greatly reduces the partial
pressures of CO and;hh the gas, which reduces even further the massfier driving
forces from the gas to the bioreactor media. Klassbal. (1992) conducted a study

which involved CO uptake rate with time using vasanitial CO partial pressure. Their



finding shows an increase in the rate of the reactvith an increase in the CO patrtial
pressures.

When steam is used as the gasifying agent, thegtisefrom the steam process is
called synthesis gas or syngas, and does not ooMaithus increasing the patrtial
pressures of other important constituents such,a€8@, and CQ(Klasson et al., 1992).
While this gas is of higher heating value, steamifgation is an endothermic process,
i.e. not self-sustainable and thus requiring h&dte heat could be supplied via a separate
reactor where the char produced in the steam pgoseburned such as the Battelle-
Columbus demonstration unit in Vermont (Gil et 4B97). Although the char could be
used to provide heat to our fluidized bed reaattectric heaters were added to the bed
for experimental purposes, as demonstrated by DrBd&lie (Environmental Energy
Engineering, Inc.) in 1979 (Reed, 1981).

In oxygen steam gasification, exothermic partialdakion reactions of carbon
with oxygen provide the heat required by endothersteam reactions of carbon with
water, therefore maintaining thermal balance. Is gtudy, steam gasification (without
oxygen) will be examined and heat will be providgectrically. Klass (1998) discussed
the steam to carbon ratio. He stated that in oxygjeam gasification the hypothetical
amount of oxygen required is 0.27 mol/mol of carlao the amount of steam is 0.45
mol/mol of carbon. Selection of the temperatur@spure, reactant and recycle product
feed rates, reaction times, and oxygen-steam rat#os favor certain reactions and
products. The oxygen-steam ratio to maintain zetoenthalpy depends on pressure and
temperature conditions. At lower temperatures,akyggen-steam ratio value doubles for

each 100K in temperature increase, and increasek hass at higher temperatures above



about 1200C. CO and H tend to be maximized at lower pressures and high

temperatures, according to the following reactions:

C+H,0 - CO+H, (1.1)

C+050, -~ CO (1.2)

1.4.2.2Equivalence Ratio

The theory of gasification process design thermél}ances endothermic and
exothermic reactions. Carbon, oxygen, and/or stkgeu rates are controlled to balance
heat requirements of the design with or without lgauts (Reed, 1981).

According to Reed (1981), the equivalence ratio )(EdR air-blown gasification
should be between 0.2 and 0.4 for maximum chenaioalgy conversion into producer
gas. His studies found the optimum for gasificatod wood to be 0.255. Equivalence

ratio (ER) is defined as:

R= Weight of oxidant / weight of dry biomass

1.3
Soichiometric oxidant / dry biomass ratio 49

In his intent to establish a roadmap to biomassolggis, gasification and
combustion, Reed (1981) defines these three ideakpses. ER conditions are shown on
an ER diagram by three points P, G, and C as slowigure 1.1.

For Reed (1981), pure pyrolytic gasification (Pressitates external heat and
operates at 450 to 680. It produces a high heating value gas plus ZD#6 free carbon
and 30% of a low temperature tar. Isothermal ownveational gasification (G) occurs at
approximately 0.25 ER and produces gases like GCHamwith relatively small amounts
of free carbon. Reed defines the FP area as flapyngytic gasification a zone between

pure pyrolytic gasification or pyrolysis (P) andotisermal gasification (G). It uses

10



smaller amounts of £than conventional gasification passing througlee &f biomass at
700°C producing a flammable gas tar and free carbonERsncreases, the temperature

reaches a maximum at (C) point of stoichiometrimbastion.

2000 i
Yl

Temperature;C
P
1000 T/ i
i N P I+

€FP> |

‘ | (Reed, 1981)
0 H . =
0 5 : :
0.2 Equiv Ratio @

0 15 6.25

AirFuel Fatio
Figure 1.1 Equivalence ratio and air fuel diagram (Air/Fuel values shown for biomass)

1.4.2.30perating temperature

Gasification process temperatures also have afisigmi effect on combustion
products. In fluidized bed studies using sawdsshe feedstock, researchers found that
the quantities of all four major components in greducer gas, i.e. CO, GOH,, and
CH,, were affected by temperature (Wang and Kinosh82). As bed temperature was
raised from 708C to 900C, CO and H increased while levels of GOand CH
decreased. Research involving the gasificatiosughrcane bagasse indicated that as the
operating temperature was increased from 600 t6@a8e quantity of klincreased, but
the other three main components (CO ,C&nd CH) remained fairly constant (Gomez et
al., 1998). Similar studies have also shown thateasing the operating temperature

increases the total gas yield during gasificatiatéarajan et al., 1998; Gil et al., 1997).
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1.4.2.4Feedstock

1.4.2.4.1 Type

Gasification of biomass in fluidized beds has beswdied for many years.
Numerous works exist involving gasification of ars feedstocks such as sawdust,
woodchips, sugarcane bagasse, and solid waste g&amet al., 1996; Natarajan et al.,

1998; Wang and Kinoshita, 1992; Gomez et al., 1898ss, 1998; and Reed, 1981).

1.4.2.4.2 Moisture content

Klass (1998) and Reed (1981) mention that biomesdstock moisture content is
an important parameter to be considered. Moistorgent has been shown to have a
significant effect on the composition of the resgtproducer or synthesis gas and the
temperature of the process. A moisture contentébb is generally recognized as the
optimum for efficient thermochemical gasificatioh mwomass (Klass, 1998 and Reed,
1981). A low moisture content biomass saves apgpézienergy in later processing.
Exceptions are made in steam gasification in whigtier is one of the process feed
materials. According to Narvaez et al. (1996), ®sidvith sawdust have shown that an
increased moisture content in the feed increasesHhcontent of the gas, while
decreasing the quantity of tar present. The addddr seems to enhance both the steam
reforming and the water-gas shift reactions, buy rdacrease the temperature of the

steady state process for the same run conditions.

12



1.4.2.5Tar

The presence of condensable organic compoundsipribducer or synthesis gas
renders the gasification technologies unsuitabtesfecific applications. Tars condense
at reduced temperatures blocking and fouling paggiipment such as engines and
turbines (Klass, 1998).

In our situation, the lack of literature on theque microorganism, P7, used in this
bioconversion project forces us to consider thastnmwganic compounds could have a
toxic effect. Recent bioreactor experiments havews that tar can have an adverse
effect on the microorganism and that poor gas ahgawill inhibit biochemical pathways
(Lewis et al., 2002).

There is currently no standard analytical procedordar measurement. However,
a draft for such a standard (Energy project ERK@@9P-20002 (Tar protocol):
www.tarweb.net) has been elaborated. The guidefimesampling and analysis of tar
and particles in biomass producer gases are alaila®ppendix 8.3. These guidelines
have been prepared by representatives from theafisly organizations:

-European Commission (DGXII)

-Netherlands Agency for Energy and the Environn{siVEM)
-Swiss Federal Office of Education and Science

-Danish Energy Agency (Energistyrelsen)

-US Department of Energy (DOE)

-National Resources Canada.

13



1.4.3Gasification Chemistry and Modeling

1.4.3.1Mechanism of gasification

Reed (1981) describes the mechanism of biomasdypigaand gasification. He

suggests that biomass and heat alone result in. difeere must be a change in

composition if biomass is to be completely gasifiétie heat and mass flows during

biomass gasification are illustrated in Figure 1.2.

Process: Drying Primary Secondary Char Char
pyrolysis pyrolysis gasification| combustion
TempC: <120 200-600 300-800 800-1100 800-1500
Primary Secondary
char + char
A
Biomass Oil
\ 4 \ 4 A 4
Primary Re-formed Char Combustion
gas + gas gas gases
0 n 0 E
A ST S PR L o b Y
Legend: Heat Flow <--~--~-
Mass Flov <+———

Figure 1.2 Heat and mass flow in biomass pyrolysis and gasification
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Reed (1981) divides the mechanism of char gasidicgdprincipally composed of
carbon) into five sequential steps:
1. Diffusion of reactants to the char external surfdo®ugh the surrounding stagnant
film;
2. Pore diffusion of gas inside the particle;
3. Adsorption, surface reactions, and desorption erptire walls and/or on the external
surface;
4. Diffusion of products outside the pores; and

5. Diffusion of products through the stagnant film.

1.4.3.2Gasification chemistry

In the case of fluidized bed reactors, steps 2n@ 4 of char gasification are
minimized because the fluidized bed, with sand asedia, has a constant mechanical
grinding effect on char particles. Porosity of tier and gas diffusion have a negligible
effect on the reactions.

Most gasification reactions are reversible, and albtreactants transform into
products. At certain concentrations, the ratedefforward and reverse reactions reach a
dynamic equilibrium, defining the kinetics of theactions involved.

The chemistry of biomass gasification involves eliéint chemical reactions

depending on the process parameters (D.L. Kla£8)19
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Partial oxidation (air gasification)

Enthalpy

CeH100s + 0.5 0, — 5 H, + 6 CO
CeH100s + O, — 4 H, + 6 CO + H,0
CeH100s + O, — 5 H, + 5 CO + CO,
CeH100s + 1.5 0, — 3 H, + 6 CO + 2 H,O
CeH1005 + 1.50, - 5 H, + 4 CO + 2 CO,

CeH1005+20; - 5H, +3CO +3 CO,

Pyrolysis

(96 kJ @ 1000K)

(-142 kJ @ 1000K)
(-180 kJ @ 1000K)
(-389 kJ @ 1000K)
(-464 kJ @ 1000K)

(-745 kJ @ 1000K)

Enthalpy

CeH1005 — 5 H, +5CO + C

CeH1005 — 3H, + 5CO + CH,

CeH1005 — 2H, + 4CO + CH, + H,0+ C
CeH1005 — H, + 3CO + 2CH, + CO,
CeH100s — H, + 3CO + CH, + 2H,0+ 2C

CeH1005 — 2CO + 2CH, + CO, + H,0+ C

Steam gasification

(209 kJ @ 1000K)
(120 kJ @ 1000K)
(-16 kJ @ 1000K)

(-140 kJ @ 1000K)
(-152 kJ @ 1000K)

(-276 kJ @ 1000K)

Enthalpy

CgH1005 + H,O - 6 H, + 6 CO

CsH1005 + 2 H,O0 - 7H;+5CO + CO;,
CeH1005 + 3 H,O - 8H, +4 CO + 2 CO;,
CeH1005 + 7 H,O - 12 H, + 6 CO;,

CeH1005 + H,O - 4 H, + 4 CO + CO, + CH,y

(322 kJ @ 1000K)
(310 kJ @ 1000K)
(276 kJ @ 1000K)
(137 kJ @ 1000K)

(85 kJ @ 1000K)

CsH1005 + H,O - 2H, +2 CO +2 CO;, + 2 CHy (-175 kJ @ 1000K)
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(1.4)
(1.5)
(1.6)
(1.7)
(1.8)

(1.9)

(1.10)
(1.11)
(1.12)
(1.13)
(1.14)

(1.15)

(1.16)
(1.17)
(1.18)
(1.19)
(1.20)

(1.21)



1.4.3.3Modeling

Ciesielczy and Gawdzik (1994) developed a two-phaeelel taking the non-
isothermal character of coal gasification and thblbe growth into account. The bed is
divided into compartments in which the bubble lagedssumed to be constant.

Several models for the bubbling fluidized bed hyymamics have been
extensively used for coal combustion. To model dlescription of the hydrodynamic
behavior of the bubbling bed, Werther (1980) assuthe existence of a film between
the bubble and the emulsion phase, i.e. buffer Ziglagias et al. (2001) assumes that the
zone above the bed is divided in two perfectlyatiiregions. The first zone is just above
the bed where the bubbles burst out of the bed stifidcontain solid particles, i.e.
disengagement zone. Milioli and Foster (1995) eatald the amount of sand and fuel
material in this zone. Above the disengagement asree second perfectly stirred zone
where homogeneous gas combustion is taking plasepost-combustion zone. These
zones are displayed in Figure 1.3. The model assuhmee sources for heat generation:
homogeneous combustion of volatile, heterogeneoaunsbastion of biomass particles,
and heat transfer with sand and char.

Homogeneous zone—— »

Disengagement zone

Bubbling bed

Figure 1.3 Modeling of a fluidized bed gasifier

Sadaka et al. (2002) developed a two-phase moddalimlj the bed into three

zones: jetting, bubbling, and slugging. For eachezohydrodynamics, transport and

17



thermodynamic properties were included. Research&samed that the devolatilization
is instantaneous and considered the major compadards gasification model to be:,H
CO, CQ, H0O, CH, O,, Ny, char, and tarin two reacting systems. The first reacting
system is the bubble phase with a single gas pHds®esecond reacting system is the
emulsion phase with a solid carbon phase in addittothe gas phase. Sadaka et al.
(2002) approximated the tar yield according to ampieical equation developed from
four data points from the steam gasification cdstfrom Corella et al. (1989) as:

Tar, = 3598 * ¢”0029°Ts (1.22)
where T is average temperature (K) of the particles. Tloelehthen approximates tar and
C, compounds as CHThis approximation does not change the overalllts.

To find a solution to the differential equationstbé model, Sadaka et al. (2002)
divides the bed into multiple control volumes. Simns are calculated numerically by
using the finite element method solving for heatl amass transfer and equilibrium by
minimization of the Gibbs enthalpy of the system.

Because of the numerous previously mentioned appaiions involved in the
modeling of the gasification of biomass, this stwdil focus instead on modeling the
equilibrium of biomass gasification at temperatubesween 600C and 900C, where
most of the primary pyrolysis reactions are minim@he intent is to model the
gasification parameters and products concentrabares wide range of equivalence ratios
between 0 and 0.4 in the most pertinent temperatunge for gasification between 7@
and 900C. The mathematical model used in this study i®@uilibrium reactor; i.e. a

Gibbs reactor model, taking solid carbon and tar atcount.
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2 RESEARCH DESIGN

The present research involves the gasificationasfous biomass feedstocks for
which all producer gas characteristics are yet onkn The gasification process is an
integral part of the further development of a biogersion technology. It is important to
characterize, quantitatively and qualitatively gas and byproducts generated during the
gasification process.

The conversion of producer or synthesis gas froombass gasification to ethanol
has not been extensively investigated to date.o@gh many experiments have been
made with bottled gas, few (none in the literatunaye ever used actual producer or
synthesis gas from a gasifier through an anaefebimeentor. Traces of toxic compounds
created during the gasification could inhibit bieotical pathways for the production of
valuable products and/or harm the microorganismwi{teet al., 2002). To further
understand the overall process, experimentatiothengasification feedstocks, agents,
parameters, and toxic hydrocarbons reforming anméfmoval are necessary.

The first step of this study was to design and bbgvéhe modifications for an
existing fluidized bed gasification system in ortieiconduct experiments in steady state
atmospheric air gasification, flaming pyrolytic gastion and steam gasification of low
cost biomass (switchgrass, bermudagrass, and cleny For this purpose, the
modified pilot plant includes a computerized cohtamd data collection system, a

temperature controlled gas-sampling system, amdubBing and storage system.
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2.1 INITIAL DESIGN

The pilot-scale fluidized bed air gasifier at Oldate State University, from an
initial design developed by Carbon Energy Techngldgc. and the Center for Coal and
the Environment at lowa State University, considta fuel hopper, feed auger, injection
auger, reactor, and ignition system. A schemdtib@ initial system is shown in Figure
2.1.

The fluidized-bed reactor is 25-cm in diameter endonstructed of mild steel with
a 5-cm refractory lining. The bed is 30-cm high amhsists of sand particles with a
geometric mean diameter of approximately 90®. The air, supplied by piston
compressors, is injected into the plenum underngetidistribution plate at a volumetric
flow rate of 0.4 MYmin. Air is fed through the bottom of the bedatgh a distribution
plate which has 177 uniformly spaced 2-mm holemakually controlled metering auger
pushes the material from the bottom of the mixed dhrectly into a perpendicular
injection auger, which rotates at constant highedpand pushes the biomass into the
reactor bed. During startup only, the bed is predteavith propane gas up to 8@in
temperature. The biomass material is gasified astirs the high temperature fluidized

bed.
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The producer gas exits at the top of the gasifieer# it is centrifuged through a
13-cm diameter cyclone. Ashes are collected abtttom of the cyclone in a stainless
steel container.

This design functioned correctly and provided pramiugas. However several
difficulties were experienced in the areas of sggrtdata recording, ash collection,
process control and biomass feeding. Modificatii@se necessary to overcome these

difficulties.
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2.2 GASIFICATION SYSTEM MODIFICATIONS

The initial design was not functional. Thereforgesal changes to the gasification
system were necessary in order to achieve biomasi§iagtion with gas storage. The
challenges included correcting feeding system leaks, providing heat to the
endothermic processes, cleaning the produced gasetting up process controls and

data acquisition systems.

2.2.1Feeding system

The initial feeding system (Figure 2.2) describedthie previous paragraph was
able to handle loose non-compressible solids li@edvellets, but the system was unable
to function correctly with low density biomass suahchopped grasses. Because of their
compressibility, chopped grasses agglomerate, fagymplugs through the initial

components of the feeding systems.

Cyc|0ne .- Fluidized
y \7 bed gasifier

PM container

Metering % I L/
]
auger i
_ zf Injecting
. o B
“ Biomass [ auger

Injecting

Metering :Wv /auger motor
motor S e

Hopper / — Mixer

Figure 2.2 Top view of initial feeding system
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2.2.2Mixer

Chopped grasses do not flow consistently. Becafigheir compressibility and
bridging properties, they necessitate constant ngixio loosen them up and avoid
bridging around the metering auger.

The mixing system at the bottom of the tank coesdistf a 2.5-cm wide square
tubing placed across the tank diameter, weldedhenenhd of a rod linked through the
tank bottom plate to a worm gear reducer mountegctly under the tank. The torque
necessary for the mixing of a full tank of chopmrdss was too high for this setup,
resulting in breakdowns: broken welds, broken wgeas reducer and electrical motor
overheating.

The square tubing was replaced with a wider 5-cn2.bycm solid metal bar. This
new width allows the mixer axle to go through tle with a system consisting of two
metal keys, stronger than the previously used wé&lk electrical motor driving the
mixer was increased from 0.5hp to 1.0hp. A heavwy-avorm-gear reducer linked to a
large double sprocket system with a higher torqapability with a total ratio 875:1

replaces the directly linked worm-gear reducer.

2.2.3Metering auger

Located at the bottom of the tank, the meteringeawxits the bin 5-cm above the
bottom through a 7.5-cm diameter housing pipe. Thitsal system faced intermittent
jamming due to the agglomeration of the choppednbgs. When compressed in the

metering auger housing, chopped grasses stucletauper and formed a hard wood-like
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plug. This plug rotated in the housing with the emigesulting in no forward motion.
This plug sometimes reached the injection augessiog a jam.

Increasing the housing cross section verticallyiced the pressure of the material
around the auger, preventing plugging at this loocatThe 7.5-cm pipe was cut
horizontally with the top half raised 2.5-cm. Twd2Zm wide plates were welded along
each side, resulting in a sleeve with an oval ceegion. The added space above the
auger allows the biomass to remain loose and flovesily.

Because the initial feeding system did not allowight measurements, a
correlation of the metering auger rotation i.e. ypwth the mass flow rate was initially
attempted. Due to the compressible nature of clobgpasses, this correlation appeared
to be a function of the biomass pressure arounduler at the bottom of the tank, thus a
function of the biomass level in the tank. Resditsnot show sufficient repeatability and
were abandoned. This feeding system necessitatiffieeent measurement of the mass
flow rate than the metering auger speed. The waifjthe entire bin is now measured

with a load cell.

2.2.41njection auger

In the initial design, a rigid Tee junction existedtween the metering auger and
the auger that injected the biomass into the redm#d. At this intersection of the slow
moving metering auger and the fast rotating inggcauger, material would often form a
plug. This rigid junction also prevented an acceirateasurement of the small weight

variation of the low-density chopped grasses in ganson to the weight of the entire
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hopper system. This design also allowed producer tgaback flow into the tank.
Weather-stripping was used to prevent gas back itafthe tank was inadequate.

A 20-cm rotary feeder was designed, built and llestaon top of the injection
auger housing preventing hot gas from back flowifAigis new design permits the feed
tank to be disconnected from the injection systaltowing the tank to hang free from a

load cell for precise weight measurement.

2.2.5Rotary feeder

The sizing of the rotary feeder (Figure 2.3 and) 4s4 based on the special
characteristics of the chopped grass: low denditigh bridging capacity, high
compressibility.

The material must remain loose all along the fegdiystem until the sand bed.
Lack of data from the literature on the materiarelcteristics of the chopped grass drove
the choice for a volumetric flow rate capacity loé trotary valve equal or larger than the
metering auger maximum volume capacity.

The capacity of the rotary feeder depends on tveigdeparameters: rotor volume
capacity, rotor speed

Increasing the rotor speed would in fact incredsevolume flow rate capacity

but it would also increase the gas leakage throliglieeder.

Solid mass flow raterr'lS = ps XV, x RPM (2.1)

Rotary feeder gas Ieakag\eé\;as = Praio XVy X RPM (2.2)

26



Figure 2.3 Rotary feeder CAD
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Figure 2.4 Upgraded feeding system

With
m, : solid mass flow rate, th

O - solid density, kg/th

V.. : standard volumetric gas flow rate®/m

V., : revolving valve volume, tn

Praiio : feeder inner over outer pressure ratio

RPM : Valve rotation speed, round per minutes

The volume of agent (air or steam) fed to the fhed bed gasifier pilot is 17

m*h in order to sustain minimum fluidization, witm danner pressure of 0.07 atm
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(gauge). The maximum mass flow rate of choppedsgrakieved by the metering system
is 100 kg/h.

Since the width of the inlet was planned to be axipnately 1/8 of the perimeter
of the valve (8 cavities rotating valve), it wasessary to size the width to a minimum in
order to keep the valve diameter small. Lumps a@fpgled grass formed in the 7.62-cm
diameter metering auger housing, which could clog device inlet. Consequently, the
inlet width was sized to 7.62 cm (3 in.), the peziar of the rotary valve is 61 cm (24 in)
and the diameter 20 cm (8 in.).

Considering a lump of chopped grass as a ball had/tshape cavity, only the
first half of the lump can enter in the cavity. Téhepth of the cavity is then 3.8 cm (1.5
in.). Then, the final cavity volume is 502 €(80.6 irf) for a revolving volume (V) of 4 |
(245 irf). Using equation 2.1, RPM is then 3.2. Using eigua®.2, the theoretical

leakage of this airlock is :

Vg, = 13.7 l/Imin = 0.82 riih

To avoid accumulation of tar due to the gas baeiltdirhe airlock is kept under
agent pressure (air or steam) equal to the orfeeingactor, so that the leak itself does not
consist of hot gases and tar.

Because of air leakage through the rotary feeddrtlaa difficulty to quantify this
leakage using nitrogen particularly in the casestem gasification, a different tracer
other than nitrogen must be used

As a result, helium is used as the tracer becdusssia good response on the GC-
TCD for gas analysis and it is easily availablee Phnecision of the flow of tracer must be

of the most precise accuracy possible in ordeelp aon this data for cross calculation of
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all gases material balance. As Nitrogen was imtialsed, the data for the steam

gasification process are altered by the airlockdga high variability.

2.2.6Disengagement section

A disengagement section (Figure 2.5) built on tbthe existing gasifier increases
the cross section diameter from 25 to 53 cm betwee2-in. diameter exhaust pipe. This
feature allows the main stream velocity to decrdnsa ratio of 4.5:1 in order to prevent

sand elutriation from the fluidized bed gasifidopi

Figure 2.5 Top expansion disengagement section.
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2.2.7Electrical heating systems

Three superposed 7.5 kW electric conic spiral sthdqgating elements (Figure 2.6)
are installed in the reactor bed to allow the pssd® sustain bed temperature and act as
baffles to prevent slugging. The ends of the eldmerit through the gasifier wall for
connecting the 3 phase, 208 V electrical circuitiidelta configuration. Each phase is
actuated by a 100 A solid-state relay.

Because the minimum-bending radius of these heatlaments is 3.8 cm, the
baffle heaters are not present in a 7.6-cm dianogferdrical zone in the bed center. To
prevent channeling, three stainless steel grids W25-cm diameter holes are installed in

the center of each spiral coil to cover the opereader zone.

-l I s~

Figure 2.6 Baffle heaters in sand bed
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2.2.8Ash collection system

In the initial design, the ash collection systenmsisted of one cyclone and one
stainless steel container, and performed adequébelyow tar producing conditions.
When the equivalence ratio was reduced, tar comadiensin the pipe connecting the
cyclone to the stainless steel barrel induced agfomeration, and obstruction of the
pipe, thus preventing any ash collection.

The long pipe connecting the container to the ayeleequired shortening and, the
cyclone, to be maintained above tar condensing ¢éemtypre using electric band heaters.
For convenience, a 10-cm rotary airlock (Figure &hd 2.8) was designed and installed
15 cm underneath the cyclone. A second smaller etemncyclone with an identical
airlock is installed in series following the firi collect smaller-sized particulates and
enhance gas cleaning. Figures 2.9-11 show the mddffuidized bed gasification

process.
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Figure 2.7 Ash collection rotary airlock design

Figure 2.8 Ash collection rotary airlock
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Figure 2.11 Hot gas recycling turbine and lobe blower (left and center) and flare (right)
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2.2.9Scrubbing system

After the two cyclones, the producer gas passesitjir an ash trap (Figure 2.12)

and two vertical scrubbers (Figure 2.13) instaltederies. The purpose is to remove the

ash and tar from the produced gas.

Fife 2.12 Ash rap—solvent tank Figure 2.13 Scrubbing :nit

The ash trap-solvent tank (Figure 2.12) is compaxeal 38-in. L x 16-in. W x

12-in. Hyuack X 19-in. Hyone container with a sloped bottom filled with solvefthe
container is partitioned into two compartments byogpen base wall at about % of its
length; a bubbling compartment with a copper cehthexchanger (Figure 2.14) and a
decanting compartment Figure 2.16. Gas enters fr@artop at the rear of the tank and
bubbles in the longest partition through a bublde?;in. diameter, 24 in. long perforated
pipe located horizontally at the bottom of thattpian (Figure 2.15). Gas exhausts at the

top back of this first compartment just in front thfe gas inlet. Gas then flows out
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towards the first of two scrubbing columns, whick a series. Once wet, ash remains in
the solvent and decants at the bottom of the tragewuthe dividing wall. The solvent
flows up behind the wall in the second compartnarthe ash trap. Solvent is pumped
from the top of the ash trap of the second compamtmthrough a mini
aluminum/stainless steel suction strainer, 100 m&8hgpm capacity, 5.625 in. long, by
1.625 in. diameter, cooled through a 3-ton couaterent heat exchanger and sprayed at
the top of the columns at 3 gpm at 150psi (threezles on first column and one on

second column).

Figure 2.15 Bubbler Figure 2.16 Strainer
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The scrubbing system is composed of two 12-in. diamcolumns each packed 4
feet deep with stainless steel pall rings (0.75diameter by 0.75 in. long) with a total
approximate exchange area of 41.8 fthey are showered withPO cold solvent from
the column top down through the packed bed cowusent to the gas flow. Solvent is
collected at the bottom of the columns, and red/tdethe ash trap.

Water alone was first used as a cooling media talense the tar on the packing.
Because tar does not dissolve in water, acetoméxesd with the water at a ratio of 20:80
allowing the tar to dissolve in the liquid phasa;reasing the scrubbing efficiency. To
avoid the evaporation of the acetone into the d@s@ the cooling of the liquid phase is
essential.

A 10-gal stainless steel drum filled with pall rinbas been setup at the column
exhaust to avoid droplets of liquid to be carriegt @ownstream. Clean gas then
circulates to a compressor-booster unit where dbrapressed at 400 psi. The gas passes
through a 0.5-ton water-cooled counter current leahanger to condense any excess
solvent. Located at the outlet of the heat exchamga liquid trap with an automatic
drain valve to the solvent tank.

Gas is then stored in tanks with 675 liters totgdaxcity. This volume provides over

two months of feed for the bench-top bioreactonrg at 4 psi and 200 cc/min.
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2.2.10 Data acquisition system and process monitoring

The process is monitored and controlled via nunereensors, all of which are
connected to a computer for process supervisiondatal acquisition. The SCXI system

data interface was purchased from National Instnimyevhich includes:

Computer card E-6425 with 2 analog outputs, 5 cansnor digital inputs/outputs
and 30 analog/thermocouple inputs

* Chassis SCXI 1000

e SCXI 1102 module for all inputs

* SCXI 1180 feed through panel for outputs

2.2.11 Computer program for process control

The programming interface used is National InstmismieLabView graphic
programming (LabView, 1999). The virtual instrumer@me is GAS11.vi (Appendix
8.6.1). Its basic principle is a continuous loopm@gram that updates all inputs and
outputs every 500 ms. It records all data to a-ukesen file every 10s. It is programmed
to automatically control biomass input, air inpatd process temperature. Figure 2.18
explains the various functions of the subprogramsd in Gasll.vi. The program’s

control panel is shown on Figures 2.19 and 2.20.
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Single update: updates all channels.

.p Alarm: sounds alarm on computer speaker.
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B AT ===
FBEG |!
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DI: reads digital input.

DO: writes to digital output.
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v
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RRAcounter outputs.

Gas Data: converts all channel signal voltagesita.d

Gas init: initializes hardware, and data file aondfegure all channels.

Flow biomass: transforms biomass bin weight intimiass flow rate, and

PID: controller for baffle and air heaters, biomass air flow rates.

Figure 2.18 VIs hierarchy in the main program
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Sensors
* Load cell (maximum 2268-kg capacity) is used to itworfeed hopper weight.

* 14 Type-K thermocouples used to monitor temperatafehe air heater outlet, in
and above the fluidized zone of the bubbling saedi kt the top of the gasifier, at
the venturi, and at the gas sampling flow meter.

» Differential pressure gage to measure the pressogethrough the bed.

» Differential pressure gage across a venturi usedeasure exhaust gas flow.

* Mass flow meter (30 scfm maximum) used to measufie\a.

Controls
» 3 phase, 220 V inverter to control the biomass flogtering auger.

» 1-cm opening, ¥4 turn valve and a 12 V actuatoottrol the airflow.
* Three 100 A solid-state relays to control the thraffle heaters.

* 75 A solid-state relay to control the air heater.
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2.3 AIR GASIFICATION PRELIMINARY ENERGY

BALANCE

The thermal balance between endothermic and exoibeeactions is the base of
an air gasifier design. Carbon and air feed rates @ntrolled to balance heat
requirements of the reaction without heat inputs.otder to study the process, it is
important to understand the heat requirement ofctiemical reaction for this gasifier
design.

The reaction is based on cellulose composition, anaoisture ash free (maf)
biomass input at 20 kg/h. For the following caltwla, 5%wt ash is assumed in the
biomass.

AHr
CeHi1005+2 O+ 7.52 N + Ash—> 5B+ 3 CO + 3 CQ+ 7.52N + Ash (2.3)

With AHgr=-745 kJ/mol @ 1000 K from equation (1.9)

Parameters a compound X:

Q« = sensitive heat of x, kW Cp« = specific heat of x, J/mol.K
my = mass flow rate of x, kg/h Qreact. = heat of reaction, kW
« = mole flow rate of x, mol/h AHR = enthalpy of reaction, kJ/mol
My = molecular weight of x, g/mol a,b,c,d,e,f,g = stoichiometric coefficients

Mass and mole flow rate calculations through thsifga on the base of a

biomass feed flow rate Oﬁh;m =20 kg/h
Mbiomass™ M¢ y 0, =6 * Mc+ 10 * My+ 5 * Mo (2.4)

Mbiomass= 6 * 12 g/mol + 10 * 1 g/mol + 5 * 16 g/mol

M biomass: 162 g/m0|

Foiomass= Myiomass * Mbiomass (2.5)
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FbiomaSS: 1235 m0|/h

Calculations for all other compounds are similar:

Example of G:

Mo, =2*Mo (2.6)
Mo, =2*16 g/mol

Mo, =32 g/mol

Fo, = 2* Foiomass (2.7)
Fo, =2*123.5 g/mol

Fo, =246.9 mol/h
m, = Mo2* Fo2 (2.8)
m,, =32 g/mol*246.9 mol/h / 1000g/kg

m,, = 7.9 kg/

For all reactants and products, the following ressate obtained:

From equation (1.15)

CeH1005+2 O+ 7.52 N+ Ash- 5H, + 3 CO + 3 CQ+ 7.52N + Ash

m (kg/h)  20.00 7.90 25.99 1 1.23 1037 16.30 2599 1

F (mol/h) 123.5 246.9 928.4 617.3 370.4 370.4 928.4
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The heat consumed to increase the incoming ambiet¢mperature (300K) to reaction

temperature of the reactor (1000K) is:
Qair =- Fair *Cpair *(TZ_TJ-) (29)
Fair = I:02 + I:N2 (210)

F,. = (246.9 mol/h + 928.4 mol/h ) / 3600 s/h = 0.3268/s
Q.. = - 0.3265 mol/s * 29 J/mol*K * ( 1000 K — 300 K )

Q,, =-6.63 kW

The heat released by the reaction is:

Qreaction = AHR * Friomass (2.11)

Foiomass= 123.5 mol/h / 3600 mol/s = 0.0343 mol/s

Qucien = ~745 kd/mol * 0.0343 mol/s

Q. = -25.56 kW

The heat lost by the hot exhaust gas (1000 K) tepthe reactor:

Que = (Fuy, XCPy, + Feo XCPoo + Fog, XCpeo, + Fyy, XCpy )X (T, = T,) (2.12)

Q;;as = ( 617.3 mol/h * 28.8J/mol * K + 370.4 mol/h * 29J/mol*K + 370.4 mol/h *

37.1 J/mol*K + 928.4 * 29.1 J/mol*K) * ( 300 K — 00 K ) / ( 3600 s/h)

Que = -13.48KkW
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Energy lost by the hot solids (1000 K) leaving teactor:

Qun = M XCpy X(T, - T,) (2.13)
m., =1 kg/h/3600s/h = 2.78*1kg/s

Q.. =2.78* 10 kg/s * 1 ki/kg.K * ( 300 K - 1000 K)

Q. =-0.19 kw

Overall energy balance:

Qir + Quucion * s * Qi = Qe

Qun = - 6.63 KW + 25.56 KW - 13.48 KW - 0.19 kW = -6 W

Qba]ame represents 20% of the heat generated by the cmtsin reaction in the fluidized

bed reactor. It is a sufficient excess to accoonhéat loss through the insulation.

2.4 MODIFICATIONS FOR STEAM GASIFICATION

Because steam gasification is an endothermic mgcthe fluidized bed gasifier
modifications for steam gasification mainly involtree installation of electric heaters and
a steam generator. The steam is be fed into thdiZbd bed gasifier plenum below the
sand bed and used to fluidize the bed insteadroFar conditions requiring a low steam
flow rate that will not satisfy minimum fluidizatng a high temperature air driven turbine
is used to recirculate outlet gases in order tontaai fluidization.

Steam reforming from equation 1.16:

CeH1005 + HLO —> 6CO + 6H 322kj/mole@21000K
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According to the above equation, for a biomass fegel of 20kg/h the steam feed rate
would be: ms;eam = moi;,mss *Muzo/ %i;m (2.14)
m,.. =20 kg/h * 18 g/mol / 162 g/mol = 2.22 kg/h

With the ideal gas law (PV=nRT) anddzn= m;eam » Msteam the steam flow rate is:

v;eam =—(Fs‘eam:,RxT) (2.15)

Va;am = 2.22 kg/h *1000 g/kg * 8.2*18 dn*atm/mol*K *373.15 K / (60 min/h * 18
g/mol *1 atm)

V... = 62.9 dn/min

V. =2.22cfm

Heat requirement for the steam will be:
Qsteam = Myeam * ( Cpiquid water * ( T2_T1) + Qlatentheatof evaporation + Cpsteam* (T3_T2) )(216)

Q... = 2.22 kg/h * ( 4.18 kJ/kg*K * ( 100-25 ) + 2258/kg + 1.97 kd/kg*K * ( 700-
100)) / 3600 s/h

Q... = 2.31 kW

And the reaction heat requirement would be:
Qre;lction =-AH R X I:biomass- (217)
Qre;cﬁon = 322 kJ/mol * 20 kg/h * 1000 g/kg / (3600 s/h62L.g/mol)

Qre:action - 11.04 kW
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Considering excess of 20% to account for heat tbgsheat requirement becomes:
(11.04 KW + 2.31 kW )* 1.2 = 16.02 kW

Three 7.5 kW - 240V spiral conic shaped heatingnel@s are superposed 7.62
cm apart in the sand bed and temperature controllreen connected in parallel, these
provided a total of 22.5 kW.

Because the exhaust mass flow rates will be lowan for air gasification, the
second cyclone is reduced in diameter for steanficgsn.

Although the biomass moisture content in steanfigation is not as important as
it is in air gasification, the biomass materialstéel are at the same moisture content
considered in the first objective. To maintain thermal balance in air gasification, heat
necessary for the endothermic reactions is mairdyiged by the double oxidation of the
carbon forming C@. In the steam gasification, heat is provided mwtly. The steam-to-
carbon ratio and temperature are not as dependeetaivalence ratio and temperature

as in the air gasification case.

2.5 ANALYSIS

2.5.1Solids analysis

In order to generate mass and energy balanceseo$ystem, flow rates of the
reactants and products are recorded. Biomass ifipurt rate is measured with the
combination of a load cell and a computer prograhcutating the variation of weight
with time. Solids outlet flow rate is measured thgb isokinetic sampling, filtration and
solvent extraction. After extraction of the taretbolids are dried and weighed. This

calculation necessitates isokinetic conditions re sampling probe. Proximate and
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ultimate analyses of each material tested and sporeling solid output are determined

through an external laboratory; Hazen Research, Inc

2.5.2Gas Analysis

Producer gas, synthesis gas and flame pyrolyti@agasampled from the exhaust
in syringes and then analyzed using a gas chromegibg GC) equipped with a thermal
conductivity detector (TCD). The GC uses Argon las tarrier gas. The injector is a
constant volume injection loop of 1.0 ml. The colums a packed type, Hayesep DB
100/120 mesh. Producer gas analysis results shdvogen (H), nitrogen (N), oxygen
(Oy), carbon monoxide (CO), methane ({fHcarbon dioxide (C¢), ethylene (GH,),
acetylene (@H4) and ethane (§g). Calibration of the GC was performed using Scpel
Scotty 2 analyzed gases mix 216 and mix 234, arhlaienand a certified specialty gas
mix containing 15% C& 25% CO, and 60% N See Appendix 8.1 for calibration
curves.

Temperature changes are programmed as follows don sample separation:

6min at 40C, ramp up to 14 at 100C/min, 20 min 1460C, then ramp down to 4C

at 100C/min.
Percentage volume results are corrected for paleair leaks during syringe
sampling using the oxygen peak, and are then rethewth results normalized in the

analysis, using Excel based software. See Chapter 4
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2.5.3Tar analysis

There is no standard analytical procedure for taasarement. Though a tar

protocol has been elaborated (Energy project ERK&999-20002 (Tar protocol)):

Guidelines for Sampling and Analysis of Tar andtielas in Biomass Producer Gases

(Appendix 8.3).

The guidelines describe the basic concept of thgpbag train which consists of

4 main modules and respective submodules. The madules are gas preconditioning,

particle collection, tar collection and volume m&asnent (Figure 2.21).

1.

In the preconditioning module (Module 1), the psxegas is heated to a constant
temperature of 300-350°C using a heated probe.s@hgling probe is designed
according to Abatzoglou et al. (2000).

In the particle collection module (Module 2), a teshfilter, maintained at the
same temperature as the probe, collects the dobiafsthe gas.

The tar collection module (Module 3) consists aethsubmodules. In the first
submodule, the gas is cooled resulting in moisamd some of the tar being
collected in a condenser at a temperature of appeigly 20°C. A liquid quench,
which facilitates cleaning of sampling lines aftiee sampling, is optional. In the
second submodule, tar and volatile organic compeRe@C) are absorbed into
the solvent at -20°C in a series of impinger bettll the third, and optional
submodule, a backup VOC adsorber collects resitf@C’s which may have
penetrated the impinger train. The backup VOC dmgois not necessary when
enough impinger bottles, appropriate solvents aolteation temperatures are

used.

53



4. The volume-sampling module (Module 4) consists lae¢ submodules. The
purpose of these submodules is to: (a) maintairsémeple flow by a pump (not
needed in pressurised gasification); (b) adjust aadtrol of flow rate; (c)

measure the sample volume; and (d) vent the gas. Agpendix 8.3 for

information on the sampling unit operation.

A1l

L

L)

EO'__H

—_—
>as Flow
—

||_ | 4 Module 1

—
—

1 Isokinetic sampling probe
N
g I:)probez I:)pipe
Module 2
\ljl High temperature ceramic filter
Module 3 Module 4
Irrrnprlqgerr tral : Pump and flow measurement
| I | —
Yacuum
Pump
=Rl E Ty
= 2B 2 L5 | L | H. Raotameter Totalizer
EEEEEN '

Figure 2.21: schematic of the sampling probe and impinger train connected to the
pilot plant exhaust pipe
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2.5.3.1Experimental procedure

Tar sampling is performed intermittently during astg state operation of the
gasifier. A stainless steel sampling probe (Figu22 and 2.23) (0.683 cm in diameter
designed according to 1998 tar sampling guidelilek)cated inside the gasifier exhaust
pipe, where the gas temperature is approximatedyG5The gas flow rate in the probe is
set with the rotameter valve after the vacuum pumpnaintain isokinetic sampling
conditions. It is preferable to have the valve poaitive pressure environment in order to

prevent eventual oxygen leakage into the system.

- [ 1

> led,=25mm
. L v~
D, = Dy/10 , 2-in. NPT

L¢ = 3*Dg+La+L, =210 mm > plug fitting

Figure 2.22 Sampling probe design

The ratio of the pipe diameter and the samplingzleodiameter must be at least
10 so that 1% of the gas is sampled.

The sampling apparatus (Figures 2.21, 2.24 and 2d@tsists of:

o filter e vacuum pump
» series of condensers * rotameter
» series of impingers * turbine gas flow meter

* VOC backup with activated carbon flow totalizer (in computer program).
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Figure 2.23 Sampling probe

A high temperature Y-turn valve is placed betwdenprobe outlet and the filter.
The filtration device is a stainless steel filt@lder SFA-300 with ceramic or fiberglass
thimble filters, maintained at approximately 260with a band-heater. All pipes before
and after the filter are heated to prevent tar easdtion. At the filter outlet, four glass
condensers in series are maintained in an ethglyeel bath at a controlled temperature
of -5°C. Upon exiting the condensers, the gas is drawoutgh one acetone-filled
impinger plus a dry impinger, both immersed in &mykene glycol bath at or below —
20°C. Sample flow rate is maintained at around 1lin/fudepending on isokinetic
conditions for the gasifier exhaust flow rate) gsia vacuum pump at desired time

intervals.
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Upon completion of sampling, all unheated partstref sampling system are
rinsed with acetone to collect tar deposits, anxedhiwith the acetone collected from the
impingers, and condensers. At this point, a 20acoe is taken for gas chromatography
mass spectrometry (GC-MS) analysis. The remainti¢heo solution is evaporated and

guantified gravimetrically.

Coolant

pumps

Cold Finger unit pump PID
-20C 5C

A 4
A

v |

Figure 2.24 Schematic of the cold bath regulation in sampling unit

To cool the bath of this sampling system (Figur242and 2.25), a single cold
finger unit is immersed into the second impingethpenaintaining a temperature below -
20°C. The temperature of the first impinger bath wegutated using a PID controlled
flow of coolant from the second bath to maintairtemperature at °&. (For more

technical information about this unit and how ihsusee Appendix 8.2)
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Figure 2.25 Sampling unit

2.5.3.2Gravimetric analysis

To evaluate the tar concentration gravimetricdl§Qcc of acetone-tar solution is

evaporated in a buchi rotavapor according to theedunes in Appendix 8.3.

2.5.3.3Tar GC-MS analysis

A quality analysis of the tar is performed with £ ®1S through a 60-m long,
0.25-mm diameter capillary column with a 028 thick diphenyl dimethyl film.

Using a method (Appendix 8.4) built from three et standard mixes (referred
to as BTEX, Mix 4, PAHs), and one internal standaddled to each sample tested, the
GC-MS provides the composition of the tar for 2Xnpounds for each process and
biomass material gasified.

The methodology offered in the guidelines (Append3) is applied for

determination of the tar concentration in the gas.
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Once the solutions from the sampling and rinsinghefimpinger train and from
the ash soxhlet extraction are mixed togethertdted volume is recorded assWen: A
1-ml sample is placed in the GC-MS with |20of internal standard.

Once recognized and quantified, those compounds dbald be potentially
harmful to the downstream bioreaction are iderdifeaxd will merit further testing this
experiment.

The expected compounds in the tar are: carboxytidsa sugars, alcohols,
phenols, guaiacols, mixed oxygenates furans, aiosatpolycyclic aromatic
hydrocarbons (PAH), and nitrogen containing arocsati The present analysis

concentrates on the main compounds of the tadlist&able 8.1 in Appendix 8.4.
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3 AIR GASIFICATION OF MOIST SWITCHGRASS

Knowledge of the effects of biomass moisture cantem gasification process
parameters and resulting producer or synthesisgaposition for selected feedstocks is

essential to further develop the gasification-fantagon bioconversion process.

3.1 EXPERIMENTAL PROCEDURE

For the first series of experiments with moist siwjrass only, the water and tar
sampling system was different than the procedurd us all other experiments. It
consisted of a stainless steel sampling probe ¢i0in diameter) located inside the
gasifier exhaust pipe in laminar flow conditionshexe the gas temperature is
approximately 60%C. The sampling apparatus consisted of a filtereehvertical
condensers in series, and a series of impingehsgiitemperature 1.0-cm diameter valve
was placed between the probe outlet and filter. filtvation device was a stainless steel
wire mesh (rated at 0.4 micron), maintained at exiprately 356C with a band heater.
All pipes, before and after the filter, were bam@dted to prevent tar condensation. At the
filter outlet, three glass condensers in seriesewaaintained at & as a water trap.
Upon exiting the condensers, the gas was drawnudgwra series of three acetone-filled
impingers, and a dry impinger, immerged in an ethgl glycol bath at —-2C. Sample
flow rate was maintained at 11.2 I/min using amager and a vacuum pump to maintain

isokinetic conditions.
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Upon completion of sampling, all unheated partdhaf sampling system were
rinsed with acetone to collect tar deposits, mixath the acetone collected from the
impingers, and evaporated af6Qunder atmospheric pressure. Remaining water etpl
were separated from the tar through a centrifugapimcess. Water and tar were both

guantified gravimetrically.

3.2 BIOMASS PREPARATION AND PROPERTIES

Moist switchgrass was cut the morning of Novemb2r 2002, and allowed to
field cure before round baling in late afternoomorbales were immediately processed
in a tub grinder with a ¥2-inch screen for size etaun and then gasified. Six additional
bales were stored under cover, with four beingfieiglly dried until they reached
successively lower levels of moisture content. eAfbeing dried to the approximate
desired moisture content, the bales were process#e tub grinder and gasified. The
initial three target moisture levels were 30, 2t 40% wet basis.

The bale drying system consisted of a compressor,elactric air heater
electronically controlled to maintain a temperatofe7C, and a series of perforated
galvanized pipes for distribution of the air withire bales. Each bale was equipped with
a 5-cm diameter pipe, perforated every 15 cm ailtsigngth with 8 holes, each 0.8 mm
in diameter. Airflow rate through the bales wasntaned at 0.14 Afmin.

Moisture content of the switchgrass was determammbrding to ASTM standard
E1756-01. Switchgrass samples were sent to HazeraReh, Inc., for proximate and
ultimate analysis (Table 3.1). As can be seen, sivéchgrass has a relatively low

hydrogen and nitrogen content.
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Composition
Ultimate C H O N Ash & S
% db wt 50.15 6.92 37.07 0.52 5.34
Proximate Volatiles Fixed Carbon Ash
% db wt 79.09 15.64 5.27

Table 3.1 Proximate and ultimate switchgrass analysis
3.3RESULTS

The artificial drying process resulted in five dist moisture contents (wet basis):
34%, 29%, 25%, 19%, and 9%. The first observedcetie switchgrass moisture content
on gasifier operating conditions was the effectreactor bed temperature. Figure 3.1
shows the change in gasifier operating temperdtarreach moisture content at various
equivalence ratios. It can be clearly seen thahaisture content is increased, operating
temperature is decreased. For biomass moisturerisnabove 19%, bed temperature
could not be maintained at 8@ in the range of ER chosen for the experiment. The
temperature difference is as much as°@Between the high and low moisture contents
for a given equivalence ratio. This loss in temperis the consequence of both the

additional latent heat of water vaporized and thao¢ghermic chemical reactions with the

water.

. 34% MC
S

o 29% MC
2

©

g A 25% MC
S

(]

— X 19% MC
©

(]

@ 0.20 0.25 0.30 0.35 0.40 0.45 % 9% MC

Equivalence Ratio
—Linear

Figure 3.1 Effect of switchgrass moisture content on gasifier operatingemperature at various
equivalence ratios.
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Figure 3.2 shows the mole percent composition efoua components of the
producer gas resulting from gasification of switEsg at moisture contents (wet basis) of
9%, 19%, and 29%, respectively. Each data poiptesents the average of three
replicate samples. As shown, CO production ratiges 15-20%, H from 4-8%, CQ
from 15-20%, while the other hydrocarbons are tkaa 5%.

Figure 3.3 shows a direct comparison of the pradnatf CO, H, CO, and CH
at various moisture contents. As switchgrass mgstontent increases, production
levels of both CO and Hgreatly decrease, GGQlightly increasesand CH slightly
decreases. A decrease in production of carbon yr@a@nd hydrogen are consistent
with the decrease in operating temperature of #s&igr.

An additional experiment was conducted in which flaelized bed gasifier was
operated at an ER of 0.3 with switchgrass at 19% KitCexternal heat source was used
to increase the input air temperature to °850allowing the bed to be maintained at a
temperature of 80C. The concentration of the components in the pred gas

increased to: 5.8%4H20.0% CO, 14.0% CQand 5.2% CH
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Figure 3.2 Producer gas composition with switchgrass at moisture otents of a) 9%, b) 19%, and
C) 29%.
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Figure 3.3 Effect of switchgrass moisture content on production of COH,, CO,, and CH, at an
equivalence ratio of 0.27.

Table 3.2 shows all gasification products as atfoncof moisture content at an
equivalence ratio range of 0.27-0.3. All valuesteld are in units of weight percent of
incoming biomass feed. Products shown include adleg as well as tar, ash, and water.
As shown, levels of CO, Hand CH clearly decrease with increasing moisture content.
Also, levels of tar and ash remain relatively canstat about 2% and 8% of feed flow
rate, respectively. Of the ash values given, dufth be noted that chemical analyses
revealed that approximately 36% of the ‘ash’ saspl@lected in the cyclones was fixed
carbon. Due to the difficulty of tar and water m@@ment and the variability of the
results, values determined in this experiment doappear to change appreciably with
respect to changes in moisture content of the bssmét is generally observed, however,

that tar production increases at lower values of@&Rll moisture contents.

65



M.C. Gasification Products (% Feed Weight)
(Yow.b.) H, CO CH, CO, HO Ash
9 0.90 37.91 5.74 55.92 1 17.7
19 0.59 34.54 4.62 51.07 4 20.2
25 0.37 29.85 3.83 56.46 4 28.0
29 0.43 29.42 3.41 50.01 P 21.0

Table 3.2 Gasification products (in % wt of the feed) at various lgels of switchgrass moisture
content, using an equivalence ratio range of 0.27-0.3. |Aklues shown are the average of at least

three replicates.

90% of the carbon entering the process in the bésneconverted to producer gas, with
the remainder going to tar and ash. Depending enntleisture content considered,

approximately 30-40% of the carbon is convertedCO, 25-35% to C@ and the

remainder to other hydrocarbons, tar and ash.
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3.4 CONCLUSIONS

For this gasification-fermentation process, it esidable to maximize both CO
and H production, to be converted into ethanol by anaerabetogenic microorganisms.
This study showed that elevated biomass moisturgenats decrease the operating
temperature of the gasification system by as mschC for a 20% change in MC.
Decreased operating temperatures alter the conmposiof the producer gas.
Specifically, CO and K concentrations were lowered by 30-40 % when irsinga
moisture content from 9% to 29%. Changes in thangty of ash, tar, and water
produced during gasification did not seem to sh@e&csic patterns with changes in
biomass moisture content.

As in all gasification systems, waste heat is akvayconcern. It was also briefly
shown in this situation that gasification of mastitchgrass can be performed with the
same output levels of - CO and CH if the loss of temperature due to the water
evaporation is compensated for with an externalrcsouof heat input, as was
accomplished by heating the incoming air.

Other biomass (bermudagrass and corn gluten) vwasiéed at the most adequate
moisture content obtained from the conclusion of flist series of air gasification
experiments and at various equivalence ratios gAflification experiments were run at
steady state and at the same constant airflowtgataintain the same fluidization of the

bed.
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4 GASIFICATION AT LOW MOISTURE CONTENT

During these series of experiments with low mossttwntent (approximately 10%)
biomass, the tar sampling system used was the esw@ided in chapter two. The solvent
was acetone because it provided better resultsisogmopyl alcohol particularly at low
equivalence ratio (ER).

Some of the acetone-washed particulate matter was t® Hazen Research
Laboratories, along with three types of biomass dmximate and ultimate analyses.
Results are shown in red in Table 4.1.

The pilot plant is programmed to start automatycat night on a ramped-up
temperature set point to allow a slow warm up aresgrve the gasifier refractory from
thermal shock. The start up procedure is describelppendix 8.2. The program is
described in Chapter 2. All experiments are dorth thie process at steady state.

All biomass were allowed to dry down to a moistaomtent of 9 to 10% wb. The
two grasses (switchgrass and bermudagrass) weppetavith a tub grinder with a %2-

in. screen. The majority of the particles were agpnately % in. in length.
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4.1 BIOMASS PROPERTIE

Biomass properties in Table 4.1 are based on ukirmad proximate analysis (italics).

Properties Switchgrass Bermudagrass Corn Gluten
Atomic %wt db Total biomass PM Total biomass PM Totair@es PM
C 49.67 50.08 45.67 44.13 47.50 47.57
H 5.27 0.68 4.76 0.64 5.49 0.68
@) 40.31 1.97 34.77 2.15 37.28 2.21
N 0.57 1.00 1.83 1.42 3.88 3.09
S 0.07 0.15 0.33 0.65 0.40 0.20
Ash 4.11 46.12 12.64 51.01 5.45 46.25
HHYV (Btu/lb) 8056 7346 7459 6509 8432 7135
MAF Btu/lb 8401 13635 8537 13287 8918 13274
LHV (Btu/lb) 7353 6991 6765 6218 7627 6858
# of atom of C 6 6 6 6 6 6
# of atom of H 7.64 0.98 7.50 1.04 8.32 1.03
# of atom of O 3.65 0.18 3.43 0.22 3.53 0.21]
# of atom of N 0.06 0.10 0.21 0.17 0.42 0.33
C6HxOy g/mol 138.07 75.81 134.32 76.55 136.83 76.37
CHO %wt db 95.25 52.73 85.20 46.92 90.27 50.46
SR 1.34 1.37 1.25 1.21 1.33 1.30
# of atom of C 1 1 1 1 1 1
# of atom of H 1.27 0.16 1.25 0.17 1.39 0.17
# of atom of O 0.61 0.03 0.57 0.04 0.59 0.03
# of atom of N 0.01 0.02 0.03 0.03 0.07 0.06
CHxOy g/mol 23.01 12.63 22.39 12.76 22.81 12.73
CHO %wt wb 86.93 50.18 77.28 44.82 81.65 48.51
Hf kJ/mol CHxOy -126.23 -16.46 -128.14 -24.44 -119. -25.39
Hf kJ/kg CHxOy -5485.4 -1302.4 -5724.1 -1915.8 B2 -1994.3
%wt whb Switchgrass Ash S Bermudagr:hss Ash/ B Corn Glytensh GG
H20 8.73 4.84 9.30 4.47 9.55 3.87
C 45.33 47.66 41.42 42.16 42.96 45.78
H 4.81 0.65 4.32 0.61 4,97 0.65
0 36.79 1.87 31.54 2.05 33.72 2.12
N 0.52 0.95 1.66 1.36 3.51 2.97
S 0.06 0.14 0.30 0.62 0.36 0.19
Ash 3.75 43.89 11.46 48.73 4.93 44.46

Table 4.1 Biomass characteristics; proximate and ultimate analysis, stoichiometric ratio,
molecular formula and enthalpy of formation at 298K
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4.2 AIR GASIFICATION RESULTS

4.2 .1Temperature profiles

Air gasification temperature plays an importanteras it improves carbon
conversion to the gas when it increases, hencerpertance of the thermal insulation of
the gasifier. Air gasification experiments are doate or slightly above minimum
fluidization with an ambient air flow rate inlet &7 to 20nvh.

Literature states (Reed, 1981) that the reactortéegberature for air gasification
depends directly on the ER. A well-defined rangesio gasification is between 0.2 to 0.4
ER.

Temperature profiles in Figures 4.1, 4.2 and 4@easent the air gasification of
switchgrass, bermudagrass and corn gluten, respctat 9% moisture content in the
fluidized bed gasifier (FBG) pilot plant. The datanfirms that in the case of air
gasification temperature is clearly a function &.EAs ER values decrease so does the
bed temperature. This reduction in temperatur@aesconsequence of an increasing lack
of oxygen. The reduction of the number of exotherpxidations such as the formation
of CO, gives way to an increase in endothermic reactiéithough the amount of
oxidations of C to CO increases, it only releas@saf the heat of the second oxidation
from CO to CO2.

The average temperature difference between theabedhe fluidized bed gasifier
outlet is around 15@ for switchgrass, bermudagrass and corn glutere [Enge
variation of the outlet temperature data is cormsideto be more of a measurement
problem. The average difference decreases with B&lyndue to a decrease in residence

time in the reactor.
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The bed temperature influences the residence #weat decreases, the volumetric
flow rate in the constant cross section of thefgasilecreases as well. But the amount of
gas produced has more influence on this variahastream velocity than the decrease in
temperature. Because the inlet air flow rate iswa@med constant for all ERs, the amount
of biomass fed to the fluidized bed gasifier isreased to lower the ER value. This
increase in feed rate increases the amount of geduped and influences greatly the
residence time of the gas in the reactor.

While running using the same conditions all biom&sderials do not gasify at the
same temperature for the same ER. Corn glutenigmsit 728C for an ER=0.25,
bermudagrass and switchgrass reach higher tempesatt0C and 778C, respectively.

All temperatures are maintained at or below the’80® avoid bed agglomeration
particularly in the case of corn gluten and berngudss where high ash content make
them prone to agglomeration. These ashes conteati abmpounds consisting of K, Na,
Mg, and Ca, which have melting points that arehsljgabove 80€C.

Analysis using ion chromatography (IC) revealed tha proportions of K Na',
Mg" and C& are the same covering the sand particles thaoamghted after a corn

gluten run compared to the corn gluten materialfits
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4.2.2Gas compositions

Gas compositions during air gasification displayeé&igures 4.4, 4.5 and 4.6 show
only the four major gases:,HCO, CQ, CH,. For switchgrass, bermudagrass and corn
gluten, all gas concentrations are increasing Waitthecrease in ER inducing a drop in
temperature as endothermic reactions are takingtoverm these higher concentrations.
Although it is not shown, the concentration of ogen decreases with ER as the
proportion of air supplied is decreased with lo&& values.

In the ER range experimented, switchgrass prod@@slevel between 15 and
20%, slightly higher than bermudagrass and corteglwhich have CO levels between
12 to 15%.

Bermudagrass gasification shows slightly higherlévels 5 to 7%, compared to
corn gluten and switchgrass gasification at 5%.

These concentrations were measured by GC analytss the gas cooled to
ambient temperature. It must be noted that thetgesaare not representative of the
levels at the bed or outlet temperature of thehefpilot plant. This point will be further

discussed in the equilibrium modeling in Chapter 5.
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Figure 4.5 Dry gas molar composition from air gasification of bermudagrass
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Figure 4.6 Dry gas molar composition from air gasification of corn gluten
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4.2 . 3Water

In all three biomass cases shown in Figures 48,aad 4.9, water production
increases rapidly in the ER range from 0.35 to 8\Ritchgrass, bermudagrass and corn
gluten do not produce equal amounts. Corn glutemyres from 150 to 450 g/Nm
whereas the water for switchgrass is measured ketw&30 and 380 g/Nin
Bermudagrass generates the less water with valetegebn 100 and 250 g/Ninn the
same ER range. Water concentrations shown reflechydrogen levels before the gas is
cooled which shifts the equilibrium towards watevsguction.

An exponential trend line could be a good matchtf@se data. This choice of
function implies a water concentration close toozéosr ER = 1, which could be
satisfactory, since hydrogen production reduceb witreasing ER, inducing a decrease
in water shift. However, a polynomial is a bettdroice, because it is important to
consider that at ER = 1, or stoichiometric comlmrstthe water produced should be at its
highest level. It is then possible that the lasagmints at the highest ER, showing what
seems to be minimums on all three graphs, Figurés 448 and 4.9, are not data
dispersions due to measurement error, but highelesaf water content suggesting an
increasing amount of combustion versus gasificateactions between the minimum at
its respective ER and when ER = 1. These multigidrdgen pathways to water in the
gas stream, explains the presence of a minimurhdrrange of ER 0.25 to 0.3, which
also correspond to the best air gasification rgiRged, 1981). The polynomial equations
shown in Figure 4.7 and 4.9 for switchgrass anah gguten account for 68 to 80 %,
respectively of the variation in the observatiaddswever, the polynomial equations for

bermudagrass Figure 4.8 accounts for only 44%eof/driation in the observations.
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Figure 4.8 Water concentration in gas from air gasification of bermudagrass
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Figure 4.9 Water concentration in gas from air gasification of corn gluten
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4.2 4Tar

Figures 4.10-12 show both the results of the gratiim and GC-MS tar analysis.
The latter procedure is more precise because tnangetric method looses some of the
lighter compounds in the solvent evaporation steyrgss. On the other hand, the GC-
MS method may be a challenge for heavier polycyaliomatic hydrocarbon (PAH)
compounds as polycyclic molecules of 4 cycles dmuve, face challenges to enter the
capillary column of the GC-MS and remain in thesgtjon port. Both methods are highly
dependent on the precision of the sampling step.

In air gasification of switchgrass and bermudagrat® levels increase
exponentially from 10 to 20 g/Ntat ER = 0.35 and up to 50 to 60 g/fvith ER =
0.15 for switchgrass and 0.17 for bermudagrass.

The gravimetric data for corn gluten are the restiin oven drying method of the
sample before the tar guidelines recommended ayretzaporator. However, this still
does not explain why the GC-MS data show a decriease amounts. It appears the data
for higher ERs are higher than expected becauseethainder of the GC-MS data for
corn gluten seems to agree with the levels founswitchgrass and bermudagrass. One
hypothesis is that the high ash content of the gtuten could have affected the catalysis
of tar.

All six curves match an exponential type equatisrs@en in the literature (Corolla
et al., 1989), resulting in tar approaching zerocatbustion conditions ER=1. The
equations for tar (GC-MS) shown in Figure 4.10 dridl account for 80% to 90% of the
variation in observations. However the equationTar (GC-MS) from gasification of

corn gluten shown in Figure 4.12 does not explaevariation of the observations. The
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exponential is not a proper match and more likedpersion in the data measurement is

too important.
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Figure 4.10 Tar concentration in gas from air gasification of switchgrass
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Figure 4.11 Tar concentration in gas from air gasification of bermudagrass
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Figure 4.12 Tar concentration in gas from air gasification of corn gluten
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Tar atomic compositions, shown in Figures 4.13444nd 4.15, and average
molecular weight do not depend on the ER, nor @y ttepend on the temperature since
ER and temperature are interrelated in air gasifina

Tar average atomic composition is constant regssdtd the conditions of air

gasification (Table 4.2).

C H O N MW
Switchgrass | 7.785 | 8.060 | 0.390 | 0.054 | 108.640
Bermudagrass| 7.383 | 8.855 | 0.406 | 0.251 | 107.460
Corn gluten | 7.170 | 8.866 | 0.341 | 0.355 | 105.357

Table 4.2 Tar average atomic composition and molecular weight in air gasification

Another interesting aspect of the tar is, despite aaerage atomic weight
relatively constant at all conditions of air gasafiion, the enthalpy of formation (Figures
4.16, 4.17 and 4.18) varies according to a trerad th almost linear. Procedure for
calculation of enthalpy of formation is in Append®5. The significance of this is
although the atomic composition is not changing,hture of the compound is changing
towards compounds of lower free energy as the ERRedses. A similar trend is also
found in bermudagrass and corn gluten but dispersiothe data due to technical
difficulties during storage and analysis of thesamples make the trends less apparent.
The equation shown in Figure 4.16 accounts for 8%e variation in the observations

for switchgrass.
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Figure 4.13 Switchgrass average tar atomic composition vs ER vs temperature in air

gasification.
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Figure 4.14 Bermudagrass average tar atomic composition vs ER vs temperature in air

gasification.
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gasification.
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Figure 4.16 Enthalpy of formation of tar at 298K for air gasification of switchgrass.
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Figure 4.17 Enthalpy of formation of tar at 298K for air gasification of bermudagrass.
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Figure 4.18 Enthalpy of formation of tar at 298K for air gasification of corn gluten



4.2 .5Carbon to gas efficiency

As ER decreases in Figures 4.19, 4.20 and 4.2Hoss the conversion of the
carbon from the biomass to the gas. For all thiemass types, the conversion decreases
from 80-90% for an ER of about 0.3 to 50% for ERuea between 0.15 and 0.2.

Switchgrass and bermudagrass conversion valuehiginer than corn gluten for
the same ER values. As ER decreases, bermudagagissas 90% conversion, further in
ERs than switchgrass. Bermudagrass conversiors s&tticing at lower ER values than
switchgrass. Bermudagrass conversions reduce yafpdend at the same level than
switchgrass for the same ER value.

Excel is unable to calculate an appropriate cuitted for the carbon C to gas
efficiency itself, but does for both C to tar eféincy and C to particulate matter (PM)
efficiency as exponential forms.

Since the sum of the three efficiencies is 100%,kbst curve fitting for C to gas
efficiency is 100 minus the two exponential terrhthe two other efficiencies:

Effc o gas_‘loo - Eft to pm- Effctotar (4.1)
Although tar increases as ER decreases, unrea&tlkdrcin the char remains the primary
reason for the reduction in efficiency.
The equations shown in Figure 4.19, 4.20 and 4&@bunt for 56% and 86% of the
variation in the observations in particulate matted tar, respectively, for switchgrass to

over 80 to 90% for bermudagrass and corn gluten.
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Figure 4.19 Carbon to gas efficiency from air gasification of switchgrass
100 m Ctogas
90 = = m CtoPM
80 . " C to Tar
o 70 ﬁ.—ll
°\, 60 - .. —— Expon. (C to PM)
S 50 1 " Expon. (C to Tar)
5 40 y = 215.59e %™
O 30 A 2
20 - R =0.9568
_ -5.4342x
10 - y = 23.691e
0 T T T T T T T 1 Rz =0.9646
0.00 0.05 0.0 0.5 0.20 0.25 0.30 0.35 0.40
ER

Figure 4.20 Carbon to gas efficiency from air gasification of bermudagrass
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Figure 4.21 Carbon to gas efficiency from air gasification of corn gluten
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4.2.6Carbon to CO efficiency

Figures 4.22, 4.23 and 4.24 show the carbon to @@iemcies of the air
gasification for all three biomasses. All threepdra seem to show a maximum efficiency
around the ER 0.25 to 0.3. The presence of a maxrimmuogical since no carbon goes to
CO at combustion conditions ER=1, and at low ERda@ns the tar and char portion
increase exponentially. This value of maximum &dficy is verified in the literature
(Reed, 1981) and other fluidized bed gasifier tssul
The equations shown in Figure 4.22, 4.23 and 4c@éunt for 45% of the variation in
the observations for bermudagrass to approximasly5% for switchgrass and corn

gluten.
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Figure 4.22 Carbon to CO efficiency from air gasification of switchgrass
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Figure 4.23 Carbon to CO efficiency from air gasification of bermudagrass
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Figure 4.24 Carbon to CO efficiency from air gasification of corn gluten
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4.2.7Enthalpy of the gas

Figures 4.25, 4.26 and 4.27 show the enthalpy efgts versus ER. The enthalpy
of gas increases as ER decreases. This is due forthation of methane a high heating
value (HHV) gas and higher concentration efaid CO.

Switchgrass and corn gluten show the most variatibrheating value in the
produced gas from 4000 to 6000 kJ/kg between ERs3&f to 0.18. The HHV of the gas
from bermudagrass increases and then stabilizasvatue close to 4000 kJ/kg as ER
decreases in the same range as switchgrass.

The equations shown in Figures 4.25, 4.26 and A&#& a wide range of data

points, which does not provide a meaningful tremelli

4.2 .8Enthalpy of reaction

Figures 4.28, 4.29 and 4.30 show the standard lpmgkaof the air gasification
reaction versus ER in the fluidized bed gasifidotpplant. As the enthalpy of reaction
increases steadily for switchgrass with lowering B&mudagrass and corn gluten reach
a maximum at different values of enthalpy and ERO00 kJ/kg of CKO, fed to the
reactor at ER = 0.15, -4000 kJ/kg at ER = 0.22peetvely. Switchgrass shows a higher
enthalpy of reaction at -2500 kJ/kg of (Bj for ER=0.18. It is expected that this value
for switchgrass would have reached a maximum ad ivehe experiments were
conducted at a lower ER.

The equations shown in Figure 4.28, 4.29 and 4c80umnt for only 40% of the variation

in the observations for corn gluten to over 99%sfoitchgrass and bermudagrass.
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Figure 4.25 Enthalpy of gas from air gasification of switchgrass
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Figure 4.26 Enthalpy of gas from air gasification of bermudagrass
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Figure 4.27 Enthalpy of gas from air gasification of corn gluten
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Figure 4.28 Standard enthalpy of reaction from air gasification of switchgrass
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Figure 4.29 Standard enthalpy of reaction from air gasification of bermudagrass
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Figure 4.30 Standard enthalpy of reaction from air gasification of corn gluten
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4.3 ELAMING PYROLYTIC GASIFICATION

4.3.1Temperature profiles

In this experiment, the temperature of the reaistonaintained at 77&. There are
two reasons for this choice; 1) a limitation in treg element sheath maximum
temperature of 83C and 2) the likelihood for bermudagrass and coluteg to
agglomerate the bed at temperatures above@00

Figures 4.31, 4.32 and 4.33 show steady tempestaxeept in the case of pure
pyrolysis of bermudagrass while using two heatexsabse one failed, when the system

was limited in power to sustain the desired tentpeesof 773C.
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Figure 4.31 Flaming pyrolytic gasification of switchgrass temperature profile
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Figure 4.32 Flaming pyrolytic gasification of bermudagrass temperature profile
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Figure 4.33 Flaming pyrolytic gasification of corn gluten temperature profile




4.3.2Gas composition

Figures 4.34, 4.35 and 4.36 show the dry gas coitmqus for flaming pyrolytic
gasification. Percentages of combustible gasesreatgst interest, CO andjHare
increasing exponentially for switchgrass and beraguass between the values of ER
where air gasification experiments ended, about @dtvn to 0.0 for pure pyrolysis.
Within this ER range, CO increases from 20 to 4@%sfvitchgrass and from 15 to 30%
for bermudagrass. Hncreases from 5 to 22% for switchgrass and froto 26% for
bermudagrass. CHncrease from 5 to 14% for switchgrass and bermrads. On the
other hand C@ remains stable for switchgrass, and has a sligtitease of 3% for
bermudagrass.

In the case of corn gluten, G@ctually decreases 6% while COy, Find CH
remain relatively constant. Experimentation of cgtaten towards pyrolysis could not
verify increases in those gas concentrations aefoRs, because of repetitive bed
agglomeration at these conditions limited the stiedyther experimentation could be of
interest, if the bed agglomeration can be avoidddlewmaintaining a temperature

adequate for high gas conversion and low tar priatuc
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Figure 4.34 Dry gas molar composition from flaming pyrolytic gasification of switchgrass
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Figure 4.35 Dry gas molar composition from flaming pyrolytic gasification of bermudagrass

60 m H2
m CO

= 50 - CH4
£ CcOo2
R 40
5
£ 30
©
S 20
(&) ._'_,J_.—-—-
c
S 10 1 _

0 T T T T T T T 1

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

ER

Figure 4.36 Dry gas molar composition from flaming pyrolytic gasification of corn gluten
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4.3.3Water

The water measured comes primarily from the comwersf the H to water as the
equilibrium changes during cool down. Figures 4838, and 4.39 show a large increase
in water production for switchgrass and bermudagriasthe order of 250 g/Nhand 600
g/Nm® respectively, with a small decrease for corn glufEhese values are in the same
order as air gasification. After cool down, thedlsvof H stabilized at higher Hgas
compositions than the ones in air gasification.

Because of limited data for bermudagrass and cloiery it is difficult to assess if
these opposite variations are reflecting the tr@ithming pyrolytic gasification of these
materials or if analytical measurement are at fault

Technical difficulties during the storage and asayof samples were common,
resulting in significant variability, making it di€ult to identify trends.

The equations shown in Figures 4.37, 4.38 and dc88unt for 75% of the

variation in the observations for switchgrass.
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Figure 4.37 Water concentration in gas from flaming pyrolytic gasification of switchgrass

800 ¢ H20 conc

—Poly. (H20 conc)

y = 25233x? - 8323.1x + 745.47
R? = 0.9828

a o
o O O
o O O

N W b
o o
o O

Concentration, g/Nm”3|

[y
o
o

0

0.00 0.05 0.10 0.15 (IJE%O 0.25 030 0.35 0.40

Figure 4.38 Water concentration in gas from flaming pyrolytic gasification of bermudagrass
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Figure 4.39 Water concentration in gas from flaming pyrolytic gasification of corn gluten
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4.3.4Tar

Similar to the previous process discussion, Figdrd, 4.41 and 4.42 show both
the results of the gravimetric and GC-MS tar analys

In flaming pyrolytic gasification and pyrolysis WitER=0.2 to 0, switchgrass and
bermudagrass reach tar levels between 25 to 110mg/Nar levels increase
exponentially from 25 g/Nfnat ER = 0.2 up to 110 g/Nhat ER = 0.

As for the previous process, the gravimetric datacbrn gluten are the result of an
oven drying method before the tar guidelines recemuhed a rotary evaporator. This
explains why the gravimetric tar is so much higtan the GC-MS data.

In flaming pyrolytic gasification and pyrolysis,egtcorn gluten tar GC-MS data
show a slight reduction in tar, not an exponentiatease as expected. This confirms the
hypotheses shown previously in air gasificatiomat ttorn gluten, unlike switchgrass and
bermudagrass, has a reduction of tar as ER desredsen temperature is maintained
around 775C.

In flaming pyrolytic gasification and pyrolysis, | akix curves match an
exponential-type equation, resulting in tar apphiag zero at combustion conditions
ER=1 and increases as ER decreases.

The equations for tar (GC-MS) shown in Figures 441@1 and 4.42 account for

over 83% of the variation in observations.
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Figure 4.40 Tar concentration from flaming pyrolytic gasification of switchgrass

\1

Concentration, g/N

m Tar grav.

s Tar GCMS

Expon. (Tar grav.)
—— Expon. (Tar GCMS)

0 T T T T

0.00 0.05 0.10 0.15 0.20
ER

0.25

0.30

0.35

0.40

y = 90.916e > %%
R? = 0.9614

y = 102.81e 8598
R? = 0.976

Figure 4.41 Tar concentration from flaming pyrolytic gasification of bermudagrass
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Figure 4.42 Tar concentration from flaming pyrolytic gasification of corn gluten
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Flaming pyrolytic gasification tar atomic compostti (Figures 4.43, 4.44 and
4.45) and average molecular weight do not depen&Rnbut seem to depend on the
temperatures. Although the effort is to keep bedperature at 77&, as temperature
decreases near pyrolysis by lack of electricalihggiower (one element malfunctioned)
there is a slight change in tar atomic composition.

Tar average atomic composition shows little chanfpg switchgrass,
bermudagrass and corn gluten in flaming and purelytyc gasification. Average results

are in Table 4.3.

C H O N MW

Switchgrass | 7.818 | 7.903 | 0.279 | 0.043 | 106.773

Bermudagrass| 7.662 | 8.955 | 0.332 | 0.219 | 109.279

Corn gluten | 7.705 | 9.088 | 0.264 | 0.379 | 111.296

Table 4.3 Tar average atomic composition and molecular weight in flaming pyrolytic
gasification and pyrolysis
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Figure 4.43 Switchgrass average tar atomic composition vs ER vs temperature in flaming

pyrolytic gasification and pyrolysis.
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Figure 4.44 Bermudagrass average tar atomic composition vs ER vs temperature in
flaming pyrolytic gasification and pyrolysis.
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Figure 4.45 Corn gluten average tar atomic composition vs ER vs temperature in flaming

pyrolytic gasification and pyrolysis.




Another interesting aspect of the tar is that despn average atomic weight
relatively constant at all conditions of flamingrplytic gasification and pyrolysis, the
enthalpy of formation of switchgrass (Figure 4.4f)es not vary since the process
temperature is maintained relatively constant. Tisfirms that tar is mainly a function
of the temperature.

On the other hand, since temperature was not ghlrfew@intained to the same
value for bermudagrass and corn gluten, a lineaatuan of the enthalpy of formation
can be observed as in air gasification. Dispersiotie data due to technical difficulties
during storage and analysis of the tar samplesfgigntly altered the accuracy of the
result trends. The equations shown in Figure 4¢ifbant for 40% of the variation in
observations. The equations shown in Figures 4mlf 4448 have only very few data

points, which is insufficient for a meaningful tcime.
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Figure 4.46 Enthalpy of formation of tar at 298K for flaming pyrolytic gasification of
switchgrass.
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Figure 4.47 Enthalpy of formation of tar at 298K for flaming pyrolytic gasification of
bermudagrass.
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Figure 4.48 Enthalpy of formation of tar at 298K for flaming pyrolytic gasification of corn
gluten
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4.3.5Carbon to gas efficiency

As ER decreases in Figures 4.49, 4.50 and 4.5Hoss the conversion of the
carbon from the biomass to the gas. For all thiemass types, the conversion decreases
from 80% for ER around 0.3 down to 50% for pyradysif switchgrass, 30% for
pyrolysis of bermudagrass.

When air gasification was converting around 50%6@86 of the carbon to the gas
at an ER of 0.2, flaming pyrolitic gasification the same ER is able to achieve 70% to
80% of conversion with corn gluten being the lowaesti switchgrass the highest of these
values. This confirms the importance of maintainmegctor temperature as high as
possible, and how a small decrease of the temperafu50C from 775C for FPG to
725°C for air gasification can disrupt the carbon casian process.

Switchgrass and bermudagrass conversion valuehiginer than corn gluten for
the same ER values. Bermudagrass stays closeféa80version more than switchgrass
as ER starts to lower, before reducing rapidly tdower level of conversion than
switchgrass at pyrolysis. But optimum temperatsraat sustained for this particular ER
for bermudagrass which explains the loss of conwerat pyrolysis.

As for air gasification, Excel is unable to caldalan appropriate curve fitting for
the efficiency data, but it is able to do so fotthsets per material.

Since the sum of the three efficiencies is 100%,kbst curve fitting for the hard
to fit efficiency is 100 minus the two other trelmkes efficiency terms. For the cases of
switchgrass and corn gluten:

Effc .o pm=100 - Eft 1o gas” Effc to tar
(4.2)
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For bermudagrass:

Effcto gas— 100 - Eft 1o pm- Effc to tar
(4.3)

Although tar increases as ER decreases, unreaatidrcin the char remains the
main reason for loss of efficiency.

The equations shown in Figure 4.49 account for 6@Pb6the variation in
observations for carbon to tar and 72% for cartmmds. For bermudagrass, (Figure
4.50), the equations offered account for 99% ofvidugation in carbon to tar and 80% for
the carbon to gas. The equations shown in Figus& Have only very few data points,

which is insufficient for a meaningful trendline.
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Figure 4.49 Carbon to gas efficiency from flaming pyrolytic gasification of switchgrass
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Figure 4.50 Carbon to gas efficiency from flaming pyrolytic gasification of bermudagrass
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Figure 4.51 Carbon to gas efficiency from flaming pyrolytic gasification of corn gluten
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4.3.6Carbon to CO efficiency

Figures 4.52, 4.53 and 4.54 show the carbon to @i0iemcies of the flaming
pyrolytic gasification for all three biomasses. R = 0.2, compared to air gasification,
FPG reaches conversion 10% higher for all thrembgses tested.

Considering the difficulty of sustaining temperatal the way down to ER=0 for
pyrolysis all three graphs show a slowly decreagiffigiency from 35 to 25% between
the ER values 0.2 and O.

It is important to note that despite a lower carliongas conversion than air
gasification, FPG achieved levels of carbon to Gidversion equal and sometimes
greater than air gasification with no inert gaghia gas stream.

The equation shown in Figure 4.52 account for 61%e variation in observations
for carbon to CO for switchgrass. For bermudagrédagure 4.53), the equation offered
account for 82% of the variation in carbon to C@eTequation shown in Figure 4.54

have only very few data points, which is insuffidiéor a meaningful trendline.
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Figure 4.52 Carbon to CO efficiency from flaming pyrolytic gasification of switchgrass
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Figure 4.53 Carbon to CO efficiency from flaming pyrolytic gasification of bermudagrass
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Figure 4.54 Carbon to CO efficiency from flaming pyrolytic gasification of corn gluten
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4.3.7Enthalpy of the gas

Figures 4.55, 4.56 and 4.57 show the enthalpy efgts versus ER. The enthalpy
of the gas increases as ER decreases from 0.2%owth little variation in conversion,
then past 0.15 to pyrolysis the variation in emiiahcreases greatly up to values around
16000 kJ/mol for switchgrass and bermudagrass. iShikie to a large increase in the
formation of methane a HHV gas dnd CO.

All three biomass types seem to show the sametiariaf heating value in the
produced gas from 6000 to 8000 kj/kg between EResbf 0.2 to 0.15 and up to 16000
kJ/mol at ER = 0.

The equations shown in Figures 4.55 and 4.56 a¢dourd8% and 99% of the
variation in observations for carbon to CO for sWgrass and bermudagrass. The
equation shown in Figure 4.57 have only very fevageoints, which is insufficient for a

meaningful trendline.
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Figure 4.55 Enthalpy of gas from flaming pyrolytic gasification of switchgrass
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Figure 4.56 Enthalpy of gas from flaming pyrolytic gasification of bermudagrass
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Figure 4.57 Enthalpy of gas from flaming pyrolytic gasification of corn gluten
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4.3.8Enthalpy of reaction

Figures 4.58, 4.59 and 4.60 show the standard lprekaof the gasification
reaction versus ER in the fluidized bed gasifies. iAincreases steadily for switchgrass
with lowering ER, bermudagrass and corn gluten coona maximum of 0 kJ/kg of
CHOy fed to the reactor at ER = 0 in pyrolysis condifioThough each biomass having
different enthalpy values at ER=0.2, switchgrags00 kJ/kg, bermudagrass: -4000
kJ/kg and corn gluten: -4500 kJ/kg of &bj. Corn gluten curve does not show any data
at ER = 0. However it is expected from the trenat tine enthalpy of reaction for corn
gluten would have stabilized around 0 kJ/kg of,OfHas well, if experiments were to
have been conducted for pyrolysis.

The equations shown in Figures 4.58 and 4.59 a¢dou®5% of the variation in
observations for switchgrass and for 84% for bermguass. The equation shown in
Figure 4.60 have only very few data points, whishinsufficient for a meaningful

trendline.
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Figure 4.58 Enthalpy of reaction from flaming pyrolytic gasification of switchgrass
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Figure 4.59 Enthalpy of reaction from flaming pyrolytic gasification of bermudagrass
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Figure 4.60 Enthalpy of reaction from flaming pyrolytic gasification of corn gluten
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4.4 STEAM GASIFICATION

Steam gasification is tested with varying steancddson ratios at different
temperatures for each biomass material. Resultw $he concentrations in CO ang,H
carbon conversion to the gas, and the tar produftioeach material. These experiments

show differences between the steam gasificatioditons of the different materials.

4.4.1Temperature profile

In this experiment, the temperature of the reattoset at 778C. The reasons
motivating this choice are the same limitationshase for flaming pyrolytic gasification,
i.e. the heating element sheath maximum temperatuB5CFC and the likelihood for
bermudagrass and corn gluten to agglomerate thatteabut 80TC.

Figures 4.61, 4.62 and 4.63 show steady tempegtaxeept in the case of low
steam to biomass ratio S/B of bermudagrass and gloten; running on two heaters

limited to sustainable temperature to 7C5
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Figure 4.62 Steam gasification of bermudagrass temperature profile
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Figure 4.63 Steam gasification of corn gluten temperature profile
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4.4.2Gas composition

Figures 4.64, 4.65 and 4.66 show the dry gas coitnus for steam gasification.
Percentage of combustible gas of greatest inte€&€3t,is increasing for switchgrass from
30% up to 40% between the S/B ratios from 1.1 dow@.5. Bermudagrass, on the other
hand, shows lower or equal values of CO andvith almost constant values through the
same range of S/B ratios. Despite a much lowertoedoed temperature than the
switchgrass runs, corn gluten shows similar comaéinhs of CO but with lower values
in Ho. In the same range of S/B;ldecreases from 35% down to 23% for switchgrass
and from 28% down to 15% for corn gluten.

On the other hand, CHremains stable at about 10% for switchgrass,
bermudagrass and corn gluten at all S/B values. St&ys constant for bermudagrass but
decreases with Hfor switchgrass and corn gluten. These variatiansoncentration of
gases from switchgrass and corn gluten corresponthé variation in reactor bed
temperature discussed in the previous paragraphgliite noticeable that although corn
gluten was a bad candidate for air and flame ptimlgasification because of
temperature limitations due to an agglomeratioremil inducing lower concentrations
in gases of greatest interest, it is a potentialdgoandidate from steam gasification with

compositions matching those of the switchgrass.
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Figure 4.66 Dry gas molar composition from steam gasification of corn gluten
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4.4 3\Water

In steam gasification, the level of water as shawifrigures 4.67, 4.68 and 4.69
are, as expected, well above those measured itwth@revious processes. Little of this
water measured comes from the conversion of thhvater, as the equilibrium is less
likely to shift towards water production during ¢@own because of the excess of water
that is already present in the gas.

Figures 4.67, 4.68 and 4.69, show a large decr@aseater production for
switchgrass from S/B 1.1 to 0.4, for bermudagrem® fS/B 1.3 to 0.6 and for corn gluten
from S/B 1.2 to 0.4, in the order of 600 g/Rirh500g/Nmi, and 600 g/Nr) respectively.

Switchgrass, bermudagrass and corn gluten follgelgnomial trend that reaches
a minimum of 900 g/Nrin the case of switchgrass and corn gluten an® 228nt for
bermudagrass at S/B = 0.5.

The polynomial equations shown in Figures 4.678 46d 4.69 account for 82 to

99.9 % of the variation in the observations.
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Figure 4.67 Water concentration in gas from steam gasification of switchgrass

Concentration, g/Nm”3

4500 ¢ H20 conc
——Poly. (H20 conc)

N
o
o
o

500

o

y = 4554.8x% - 6113.4x + 4324.8
R% = 0.8261

PR NN W®
a1 a1

o o
o O O O O
o O O o o

500

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
S/B

Figure 4.68 Water concentration in gas from steam gasification of bermudagrass
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Figure 4.69 Water concentration in gas from steam gasification of switchgrass
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4.4.4Tar

Similar to the previous process, Figures 4.70, 4aid 4.72 show the results of
both the gravimetric and GC-MS tar analyses foarmstegasification runs. In steam
gasification, switchgrass reaches GC-MS tar leveitween 80 to 125 g/Nin
bermudagrass between 50 to 100 g?Namd corn gluten between 25 to 100 g/Nirar
levels follow exponential trends for switchgrassl @orn gluten. The same trend would
have been expected from bermudagrass but it hasimam of 50 g/Nm at S/B = 0.9
primarily due to measurement error than a reprasgataspect of tar production because
of the dispersion of the data.

As for the previous processes, the gravimetric é@taorn gluten are the result of
an oven drying method of the sample, prior to thggested tar guidelines identified
which recommended a rotary evaporator. This explaimy the gravimetric tar is
sometimes so much higher than the GC-MS data. Bedip¢ changes in reactor bed
temperatures experienced for switchgrass and datargas S/B decreases, tar is also the
lowest in this range of S/B ratios for both switchgs and corn gluten since the
extrapolation of the exponential trend of corn gfutar decreased approaching this value.

The equations for Tar (GC-MS) shown in Figures 4@ 4.72 account for 76% to

92% of the variation in observations for switchgraad corn gluten, respectively.
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Figure 4.70 Tar concentration in gas from steam gasification of switchgrass
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Figure 4.71 Tar concentration in gas from steam gasification of bermudagrass
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Figure 4.72 Tar concentration in gas from steam gasification of corn gluten
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Flaming pyrolytic gasification, tar atomic compasit (Figures 4.73, 4.74 and
4.75) and average molecular weight do not dependRBn but seem to depend on
temperature. Although the effort is to keep bedperature at 77%, as temperature
decreases near pyrolysis by lack of electricalihggiower (one element malfunctioned)
there is a slight change in tar atomic composition.

Tar average atomic composition shows little chanfpg switchgrass,

bermudagrass and corn gluten in steam gasificatieerage results are in Table 4.4.

C H O N MW
Switchgrass | 7.698 | 8.081 | 0.482 | 0.013 | 108.346
Bermudagrass| 7.480 | 9.007 | 0.521 | 0.259 | 110.729
Corn gluten | 7.272 | 8.795 | 0.299 | 0.263 | 104.524

Table 4.4 Tar average atomic composition and molecular weight in steam gasification

Another interesting aspect of the tar is, despite aaerage atomic weight
relatively constant at all conditions of steam fieaiion, the enthalpy of formation of
switchgrass and bermudagrass Figures 4.76 anddé.fiot vary much since the process
temperature is maintained relatively constant. T¢osfirms that tar is primarily a
function of the temperature.

On the other end, since temperature was not pbrfewintained to the same
value for corn gluten, it is more difficult to olge a linear variation of the enthalpy of
formation. Dispersion of the data due to techniliiculties during storage and analysis
of the tar samples significantly altered the accyiat the result trends.

The equations shown in Figures 4.76, 4.77 and d4ct®unt for 60% to 80% of

the variation in observations for all three bionesss
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Figure 4.73 Switchgrass average tar atomic composition vs ER vs temperature in steam
gasification
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Figure 4.74 Bermudagrass average tar atomic composition vs ER vs temperature in steam
gasification
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Figure 4.75 Corn gluten average tar atomic composition vs ER vs temperature in steam
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Figure 4.76 Enthalpy of formation of tar at 298K for steam gasification of switchgrass.
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Figure 4.77 Enthalpy of formation of tar at 298K for steam gasification of bermudagrass.
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Figure 4.78 Enthalpy of formation of tar at 298K for steam gasification of corn gluten.
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4.4 5Carbon to gas efficiency

As S/B ratio decreases in Figures 4.79, 4.80 a®il, 40 does the conversion of the
carbon from the biomass to the gas. The variatfdd @ gas conversion is very different
for the three biomasses experimented. These diifeseare not only the consequence of
the biomass type, but are primarily the resulthef difference in reactor bed temperature
achieved during the experiments.

For switchgrass, the conversion stays in the 5608 range with a maximum at
S/B of 0.8. For bermudagrass the conversion rembatazeen 30 and 40% with a
maximum at about 0.85 S/B. The temperature farrieterial was 78 to 100C lower
than the one for switchgrass, which can explaia tmportant change in C conversion.
This confirms the importance of sustaining reatied temperature as high as possible,
and how a small decrease of the temperature frd&nC7# 700C can disrupt the carbon
conversion process.

Although corn gluten is experimented with a lowemperature than switchgrass
but comparable to the one of bermudagrass, theecsion obtained does not reach a
maximum like switchgrass and bermudagrass. Theasion for corn gluten is higher
than the one of switchgrass with values of 75%/Bt@& 1.1 dropping to 55% at S/B of
0.5.

In this process, tar levels depend on the biomassway that is opposite to how
temperature usually influences the production of though switchgrass had the
highest bed temperature, it produces the highest\als; 12 to 16% tar as S/B decreases
from 1.1 to 0.5. Bermudagrass stays around 5%ctarsa the range of values of S/B and

corn gluten climb from 5% to 10% tar in that sanaage. More experiments are
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necessary to confirm this result. At this pointyrcgluten which has such better results
than the other processes is a great candidateadamsgasification. Unreacted carbon in
the char still remains the main reason for lossfiafiency.

As shown in Figure 4.79, the polynomial equatioosoant for nearly 100% of the
variation in carbon to gas and 88% of the carbopatdiculate matter. In Figure 4.81, the
equations account for 88% of the vatiation in carb@ gas and 92% of the carbon to

particulate matter.
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Figure 4.79 Carbon to gas efficiency from steam gasification of switchgrass
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Figure 4.81 Carbon to gas efficiency from steam gasification of corn gluten
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4.4.6Carbon to CO efficiency

Figures 4.82, 4.83 and 4.84 show the carbon to @i@iemcies of the steam
gasification for all three biomass materials. Coredato air and flaming pyrolytic
gasification at the optimum range of 25 to 30% @weion to CO, steam gasification
reaches conversion efficiencies slightly lower $aritchgrass and bermudagrass around
25%, but shows a higher conversion for corn glate®4% of the carbon input. This last
result is very interesting considering the temperatvas at 700C during these runs and
not at 778C as originally planned. Further experimentationldaletermine if the high
ash content or particular nature of the ashes of gtuten is responsible for this high
conversion level.

It is important to note that, despite a lower carlio gas conversion than air
gasification, steam gasification, as does flamiplytic gasification, achieves a level of
carbon to CO conversion equal and sometimes grédaearair gasification, and without
inert gases present in the gas stream, which iseat @dvantage for gas fermentation
downstream.

The equations shown in Figures 4.82 and 4.84 at¢dourd5% and 87% of the
variation in observations for switchgrass and cghluten, respectively. The equation
shown in Figure 4.83 for bermudagrass has a widgeraf data points, which does not

provide a meaningful trendline.
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Figure 4.82 Carbon to CO efficiency from steam gasification of switchgrass
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Figure 4.83 Carbon to CO efficiency from steam gasification of bermudagrass
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Figure 4.84 Carbon to CO efficiency from steam gasification of corn gluten
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4.4.7Enthalpy of the gas

Figures 4.85, 4.86 and 4.87 show the enthalpy efgtis versus S/B. The enthalpy
of the gas increases remain in the range of 15®0®,000 kJ/kg for switchgrass with a
maximum at 0.85 S/B. Bermudagrass gas enthalpyesakre slightly lower than
switchgrass values (considering a lower reactortbetperature for bermudagrass) with
an increasing trend from 12,000 to 15,000 kJ/k¢SHA3 ratios decreases. Corn gluten
produces the highest enthalpy of the three gaseduped at 18,000 kJ/kg decreasing
slightly towards 16,000 kJ/kg as S/B decreasesiavith a bed temperature at 7Q0

The equations shown in Figures 4.85 and 4.87 a¢dour®9.8% and 57% of the
variation in observations for switchgrass and cgluten, respectively. The equation
shown in Figure 4.86 for bermudagrass has a widgeraf data points, which does not

provide a meaningful trendline.
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Figure 4.86 Enthalpy of gas from steam gasification of bermudagrass
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Figure 4.87 Enthalpy of gas from steam gasification of corn gluten
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4.4 .8Enthalpy of reaction

Figures 4.88, 4.89 and 4.90 show the standard lprekeof the steam gasification
reaction versus S/B ratios in the fluidized bedifgas The enthalpies of reactions have,
for most cases, positive values indicating the #meonic nature of the process.
Switchgrass values are between 500 to 1000 kJ/KQHD, fed to the reactor, while
bermudagrass is lower, around 0 kJ/kg and correglatecreases from 1500 to 1000
kJ/kg with lowering S/B ratios.

The equations shown in Figures 4.88 and 4.90 a¢dourd4% and 78% of the
variation in observations for switchgrass and cghluten, respectively. The equation

shown in Figure 4.89 accounts for 56% of the veammin observations for bermudagrass.
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Figure 4.88 Enthalpy of reaction from steam gasification of switchgrass
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Figure 4.89 Enthalpy of reaction from steam gasification of bermudagrass
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Figure 4.90 Enthalpy of reaction from steam gasification of corn gluten
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4.5 OVERALL TAR CHARACTERISTICS

4.5.1Average atomic composition

For the three gasification processes used in thidysthe atomic compositions of
tar for all three feedstocks gasified in the terapge range of 700 to 800 are very
similar as provided in Tables 4.2, 4.3 and 4.4. &kerage of those 9 results for each
element, representing 100 gasification experimavita over 210,000 tar compounds
tested, provides the average atomic tar compositomall biomasses and all processes

experimented as:

C7.553H 8.62300.368 N 0.204

This result is of particular importance for theugigrium modeling discussed in
Chapter 5. It is the basis for considering the hiyesis of tar as one molecule with

properties averaged from empirical data.

4.5.2Average molecular weight

From the above average atomic tar compositionattezage molecular weight for

tar can also be calculated for all biomasses dmt@esses resulting in the following:

MW, = 108.045 g/mol

4.5.3Average determination of the free enthalpyAG(T) for tar

Because it is difficult to find free enthalp¥G(T) functions for all 210 tar
compounds, as opposed to the enthalpy of formatienfree enthalpy for tar is the result

average of the one of the major compounds. Corisgléne average proportion of the
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first 10 main compounds of tar for switchgrass (€al.5), the sum represents

approximately 75% of the total mass of the tar.

Mol. Mol.

Substance Formula Weight A B C %

Benzene C6H6 78.114 81.078 0.16 1.76E-05 28.89
Toluene C7H8 92.141 47.987 0.24 2.45E-05 17.65
Phenol C6H60  94.113  -98.451 0.22 1.34E-05 13.72
Ethylbenzene C8H10 106.167 27.095 0.34 2.82E-05 9.78
Methylphenol C8H100 122.167 -130.92 0.32 1.80E-05 8.22
Styrene C8H8 104.152 146.28 0.22 2.08E-05 5.77
Xylene C8H10 106.167 15.327 0.35 3.11E-05 5.01
naphthalene C10H8 128.174 147.69 0.25 1.91E-05 3.97

dimethylnaphthalene C12H12 156.227 79.111 0.45 2.61E-05 3.73

methylnaphthalene C11H10 142.2 113.27 0.34 2.27E-05 3.26

Weighted averages 31.978 0.24635 2.073E-05 100
Table 4.5 Average tar composition for free enthalpy AG,(T) calculation

The function for free enthalpy of tar is then:

AG,,, (T) =31978+0.24635<T + 2.073x10° xT? (4.4)

Major Tar compounds free enthalpy —e—benzene
—=— toluene
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—x— methylphenol
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Figure 4.91 Average tar free enthalpy.

131



S EQUILIBRIUM METHODOLOGY

5.1 EQUILIBRIUM MODELING

Gasification of several biomass types was modeléith @ Gibbs reactor at
atmospheric pressure representing equilibrium @ mhajor compounds at different
temperatures and Equivalence Ratios.

What is a Gibbs reactor? A Gibbs reactor is a fafmequilibrium reactor. It
minimizes the total Gibbs energy subject to a ni@tbalance. When the variation of the
free enthalpy G (or Gibbs energy, or thermodynaputential at constant pressure and
constant temperature) of a thermodynamic systemirisnized (AG = 0), the system is at
equilibrium. If a mixture of chemical species ig ab equilibrium:AG # 0, any reactions
that occurs at constant pressure and temperatusermmuimize the total Gibbs energy G
of the system untAG = 0.

In this type of reactor, only the feed and prodstteams are specified, but the
reactions are not. Considering a reversible chdmeeation of ideal gases A, B, C and D
with respective stoichiometric coefficient a,b,@dahsuch as equation 5.1.

A+2e . Sc+9p (5.1)
a a a

For each gas chemical species, the free enthalpy is

G =AG’ +RTIn(P) (5.2)
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For this reaction the free enthalpy variation is:

AG = [E(Gg +RTIn(R.)) +%(Gg +RT In(PRy)) —E(Gg +RTIn(R;)) - (G, +RT In(PA))j

(5.3)
AG = (geg +%Gg —geg —ng + RT(gln(Pc) +%In(PD) —gm(PB) - In(PA)j (5.4)
¢ 9
AG = (7G°)+ RTIn| 7¢ 5 (5.5)
P! pa
AG =AG° +RTINM (5.6)

Equation 5.6 gives the value AG of the reaction whatever the conditionsAG
# 0, products and reactants are not at the sameripal’. The reaction is going to take
place in such a way th&G is negative; the potentials of the reactantstardproducts
tend to equalize and the total free enthalpy of dhstem tends toward its minimum.
When equilibrium is reached, the result is:
AG=AG°+RTInM =0

ac° (5.7)
AG°=-RTInM or M=e R

The equilibrium constant (K) is this particular walof M for which equilibrium

AG°

made: AG°=-RTInK or K=e R (5.8)
For this ideal gas reaction, the equilibrium law is
pYi c d
! pPa pa
— Products —
K= Pﬂmp-vj =-t Z (5.9)
ReactantsJ PAl PBa

This previous description is for ideal gas, but saene principle applies for all

single phase systems, and K becomes a functidreddtivity:
[1&

K =Podits_ where ais the activity of the chemical specie i.
a ]

]
Reactants
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It is important to note that gasification is nogiagle phase system. Although the
products of interest are gases, gasification igrdresformation of a solid phase reactant
to a mixed gas phase/solid phase product. In nasiZed bed modeling, the first aspect
is a devolatilization step where it is assumed thast of the carbon in the biomass is
instantaneously transformed into the gas phaseéa<0EL, and CQ. This consideration
leaves the solid phase out of the equilibrium daltens. The instantaneous hypothesis
of this transformation relies on the negligible extpof the char porosity in fluidized bed
reactor because char is reduced to a fine powtas maximizing the mass transfer
between the solid phase and the gas phase.

In the equilibrium model described in this chapsaiid carbon is considered to
be a powder so fine that it reacts as a gas. Atthocarbon boiling point is at a
temperature of 5100K, for the necessity of the mathe hypothesis of elemental pure
carbon interacting with the gas mixture is formethtFurthermore, the effect of pressure
on the activity of a solid is very small, so théidty of carbon solid is considered to be
unity: a._ =1.

Calculating the product fractions at equilibriunnsists of minimizing the free
enthalpy by solving a nonlinear system of equatiauslving:

» free enthalpy for each compound

* number of moles for each compound

* mole balance and

e atomic balance.
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5.2 PROGRAM

5.2.1Program inputs

The program for this model was created using Lab\jeaphic programming from

National Instrument (1999). The program requests tiser to enter the following

parameters:

Gasification agents:

Air

Pressure (Pa)

Temperature (K)

volumetric flow rate (rfYh)

Steam mass flow rate (kg/h)

Biomasses and chars compositions (array of fowedyp
C, H, O, N, S and ash (wt % db)

Moisture content (wt % wb)

biomasses flow rates (kg/h wb) (array of 11 usedifrable)

biomasses and chars HHVs (J/kg)
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5.2.2Program flow diagram

Enter inputs:

e Air flow rate (m3/h)
e Air pressure (Pa)
* Air temperature (K)
Recalculate data Yes / No? ° S_team o ELD (i)
« Biomasses flow rates (kg/h)
Yes . - o
NO . B!omasses composmons %db
* Biomasses moisture contents %wb Initial calculations before main loops:
e Biomasses HHVs (J/kg) e Air (molls)
* Chars compositions %db «  Biomasses & chars atomic compositions
¢ Chars HHV (J/kg) & enthalpies of formation
¢ Reaction temperatures (K) e  Biomasses & chars %wb compositions
¢ SRs
. ERs matrix
e S/B matrix
/ Temperatures FOR LOOP n=0 to 7 \
/ For each temperature case: Biomasses FOR LOOP n=0 to 3 \
/ For each temperature & biomass case: ER or S/B FOR LOOP n=0 to 10
Feed initialization:

. Total number of mole of CHON (agents & biomasses) (mol) /
. Biomasses atomic mole flows of CHON (mol/s)

e Chars atomic mole flows of CHON (mol/s)

v

H2, N2, CO, CH4, CO2, C2H2, C2H4, C2H6, H20
Specific heats and Enthalpies of formation calculations

Y

Gibbs equilibrium
Nonlinear system solver

+ Next

Biomass

ER or S/B

Gas mixture calculations @ equilibrium:

«  Specific heat

. HHV

. Enthalpies of formation Next

*  Enthalpies of reaction Tempgrature

\_ \ J
\ /

Building data arrays and clusters for 2D graphs of mole flow rates and gas yields

2D graphs of mole flow rates and gas yields vs ER 1 /1IN > . .
(or S/B) for each temperature case Display of mole flow rates and gas yields data arrays

;»‘ Read data from global variables }—ka{ Save data to global variables ‘

Graph WHILE LOOP Juntil STOP command

Temperature?
Scroll array from
index 0 to 7

Biomass type?
Scroll array from
index O tp 3

2D Graphs 4 biomass types at chosen temperature: 3D Graphs H2, N2, CO, CH4, CO2, H20 F( T, ER (or
. gas yields S/B)) at chosen biomass type. (plan projections, axial
. enthalpies of reactions rotation, transparency, view latitude and longitude,

. HHV gas mix axis inversion, plot style and color map style)

Figure 5.1 Program flow diagram
3D-graphic.vi: The results of the main programdbtifour biomasses may also be

viewed all at once with a simple stand alone 3Dphmvi program that calls the same
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global variables. This virtual instrument (vi) isluntarily kept separated from the main

program for facility of use, but it is also possildd add this vi to the main program.

5.2.3Virtual instruments (VI) hierarchy

Fa]sulates the air agent mole flow rate from volumetric flow rate with the ideal gas lawr

Calculates atomie taole flow rates and et wh compostions of biotnasses from et db
cornpositions, moisture conterts and mass flow rates

ICalculates Equrralence Ratios from biomasses mass flow rates, ¥ewt db compostions,
rnoisture contents and Oy mass flow rate

ICaloulates Stearn to Biomass Fatios from binmmasses mass flow rates, Yot dh

pompositions, moisture conterts and Hy O mass flowr rate
\ = [Calculates atoric corapositions and ernthalpies of fonmation (F295E) of
=0 | hypothetical rolecules of biomass or char from et db corpositions and
poodstiure content

Caloulates atorae male flow rates of hiomasses (rolfs) from Yt wh
porapositions and biomasses flow rates

Caloulates atorae maole flow rates of chars (molis) from St wh
cornpositions and biomasses flow rates

Calculates atomic rnraber of moles of materials C, H, O, N entering the
= reactor from biomasses, chars and agents atowde flow rates

Fa]zulates individual gases specific heats (@298 & @T) in JnolK & Ike/k, |

Ba5 Fa];:ulates indlividual gases enthalpies of fonmation (@298K & @T) |
He.

[T F]hhs ehetgy minimization, nonlinear systern solver |

@n Fa]zulates the gas mixture specific heats (@292K and @T) |

(E| | [Caloulates the gas rixture enthalpies of formation (R29EE & @T), free energy (Q2PEK), HHY
e i KE@29EE) and enthalpy of reaction (@298K)

R lDef'me and control all 30 graphic properties |

- |G1c.halvam}:1es storage |
Crata

Figure 5.2 VI hierarchy
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5.3 VIRTUAL INSTRUMENTS (.vi) CALCULATIONS

The following calculations are shown in vi hierayqfigure 5.2).

5.3.1Dry to Wet basis.vi: % composition basis conversion
@

db+wabs

This virtual instrument calculates wet basis petage composition of the

biomass from a dry basis percentage compositiont iapd moisture content.

wtwb
wtwb wtdb

— 0
% i = 0% ix 2007 % HeOboras (5.10)
100

5.3.2CHO.vi: conversion to atomic composition

This virtual instrument defines the propertieshd biomasses. It calculates

the ratio of atoms C, H and O for each biomasserbtsis of one carbon. This defines a

hypothetical molecule of biomass with the form,CH

H%

0%
Atomic#,, = x = M, Atomic#, =y = Mo (5.11)
C% © C%
M M,

MC

This virtual instrument also calculates the entigalpf formation of this

hypothetical molecule of biomass from the measttdy (J/kg) of a biomass sample.
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Considering the stoichiometric combustion of thigpdthetical molecule of

biomass:
X Yy X
Cony+ (1+Z_§)Oz D m]ﬁl - C02 +E HZO (512)
and
HHV =" products- ) reactants (5.13)
sinceAH,, =0
AHCHXoy =AH, co, +AH; Ho ~ HHV (5.14)

sinceAH ; o, =—39351@.mol “andAH ; , , = -28583@.mol
DH (g 0, = ~39351Q.mol ™ - 285830 .mol ™ xg— HHV  (5.15)
5.3.3ER.vi: calculation of ER ratio

biomasses air gasification and it is defined ardutated in this vi.

The ER is the abscise variable that permits theapawison of various

Considering the stoichiometric combustion of biosnas
1 CHOy + (1+x/4-y/2) @ - 1 CO + X/12 HO (5.16)

The stoichiometric ratio is:

| Mo x|1+25-Y
_ mass of oxygen for combustion _ 2 4 2
mass of dry biomass

SR

(Mc+ XM + Y5 Mo )|
% CHO,gress
(5.17)
From equation 1.3, the equivalence ratio (ER) is:
Gasification ratio _ Massofoxidant / Mass of dry biomass @ gasification

~ Soichiometric Ratio (R) ~ Mass of oxidant / Mass of dry biomass @ combustion
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Mo,

. wtwb
Mbiomass X (1_ % H Zobiomassj

ER = < (5.18)
M, x(1+—yj
2 4 2
(Me XM, +yx Mo)x| g -0
% CHO, s

5.3.4SB.vi: calculation of S/B ratio

This vi calculates the steam to biomass ratiliéndase of steam gasification,

Mseam + Mmoisture

that is define as follow: S/B= -

Ll (5.19)
MoiomassX (1_ % H ZObiomassj

Whether the data display would use ER or S/B facee, is defined in the main

program by the comparison of the agents mass #esr

5.3.5Biomass composition conversion and Char compositio
conversion VIs

@ svd Technically the same, these two vi's calculaterétomole flow rate of
biomass and char from % dry basis composition, % besis moisture content and

biomass mass flow rate.

4 wtwb
; % i
F - 1000x Mbiomass X %0 Ibiomass (520)
| biomass 3600x M; x100
wtdb
. ® 0/ '
o = mbiomx% (5.21)
% AShChar
wtdb
. 0/ )
l:i char — mbiomassxvv?dbAShw (522)
% AshChar
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5.4 FREE ENTHALPY CALCULATIONS

To calculate the equilibrium concentrations witle thonlinear equations system
solver, it is necessary to build the set of equestiith known parameters.
The known values of the nonlinear equations systelver are:
» the free enthalpy value of each individual gasge@tess temperature T
* the atomic elemental mole flow rates of Carbon, tdgen and Oxygen in the

chemical system

5.4.1DG Knovel.vi: free enthalpy calculations from Knové
tables

temperature dependant equations of the Knovel dagab

This vi calculates free enthalpy of the variousnpounds of the gas from

AG =A+BxT+C xT? (5.23)

A B q
0__|/0.0000E+0 [0.0000E+0 [0.0000E+0 ||H2
0__1/0.0000E+0 0.0000E+0 [0.0000E+0 | N2

0.0000E+0 |0.0000E+0 |0.0000E+0 |02

-1,.0994E+2-9.0000E-2 |5.7289E-7 || CO

-7.4826E+18.0000E-2 |1.7205E-5 || CH4
-3.9300E+20.0000E+0 |5.9300E-7 | CO2
2.2846E+2 |-6.0000E-2 |2.2383E-6 ||C2H2
5.1887E+1 |5.0000E-2 |1.5435E-5 | C2H4
-8.4856E+11.7000E-1 2.4303E-5 |/C2H6
-2.4200E+24.3500E-2 |6.1000E-6 ||H20

Table 5.1 AGKnovel database

The temperature limitation of the Knovel databasa maximum of 1000K. Free
enthalpy values calculated from specific heat (&m) enthalpy of formation ¢Hvalid

up to 1500 K of the gas compounds are comparectwv&l data:
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4[|JO 6(|)0 860 10|00 12|00 : 4(IJO 6(|)0 8(IJO 10|00 12|00
Figure 5.3 AG calculated and AG from the Knovel database

460 6(|)0 8(I)O 10‘00 12‘00
Figure 5.4 Difference AG calculated - AG from the Knovel database

Because of the limitation in temperature of the ¥Welodatabase equations, the
values of free energies were calculated from sjgelséat and enthalpies of formation of

the gas compounds (next section), but a user ns&ytiDG Knovel.vi if preferred.
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5.5 COMPOUNDS FREE ENTHALPY CALCULATIONS

Free enthalpy at standard temperature T=298K:

AG° =AH° -T°xAS° (5.24)
Or
_AH° - AG®
AS° = — (5.25)
Free enthalpy at a temperature T (Kelvin):
AG" =AHT -T xAS' (5.26)
With
AHT =AH® + LT ACpdT (5.27)
AST = AS° + j APt (5.28)

Using equation 5.27 & 5.28 in equation 5.26, tlee fenthalpy becomes:
AGT =AH® + || ACPT - T(AS" + j ACpy j (5.29)

Using equation 5.25 in equation 5.29, the freeapthbecomes:

(5.30)

AGT = AH° +jTT0AdeT —T[AH ~AG +f AdeTJ

T° ° T
Because the functions defining Cps (Table 5.2)garen divided by the ideal gas

constant R, equation 5.30 becomes:

AGTzT—(AGOT_OAH ) ane °+R[ AdeT RTj ACp (5.31)
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Specific heat variatioACp across any reaction:

ACp= > Cp - >.Cp

products reactants

Integral from the enthalpy term in equation 5.31:

T ACp (Cpi _ Cp, ﬂ
dT = — | dT
'[ro R '[ |:products R re;\n& R

[y ij;(c—sde_— ST (%’M

product reactantg

Integral from the entropy term in equation 5.31:

ACPp 4 Cp) Cp
I" ar 'JLZ( RTJ Z£ RT HdT

T ACp T(CP ) or | T(Cp
'[ R T C productJiJ‘ O( RT dei| re%ntl;[ru( RT dei|

Using equation 5.34 & 5.36 in equation 5.31, tleefenthalpy becomes:

acr =T =H) e sr s (2|~ 3 (2

o

[0} o
T product RT

B Cp, T(Cp
R pZU [ RT de} ZD( RT

reactant
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(5.33)

(5.34)

(5.35)

(5.36)

(5.37)



Specific heat calculation of each gas ( Smith 1 996):

BoprpxTac T (5.38)

Using equation 5.38 the integral from the enthagyyn equation 5.37 becomes:

[N EPar= 3 DT (Cp' )dT} > [L [Cp' de} (5.39)

product reactant

jTTO&Rp'dT =y ILT(A +BT +CT? +%)dT} -y ITT[A +BT +CT? +%de}

product reactantg

(5.40)
T ACp BT2 CT® D | [ _ BT? CT® D |
Io—' dT = Z IAT + 1+ ——'} - z AT+ —+-2 ——'}
T R product 2 3 T To  reactantg 2 3 T TO
(5.41)

Using equation 5.38 the integral from the entrapyntequation 5.37 becomes:

TACp o _ T(Cp _ T(Cp

b T _p%mﬁ"(ﬁ)ﬂ ZD[RT jﬂ (5.42)
T AC [ o1
-["R—'IE)IdT: ZJ;[T"(?-FB-'_CT-'_ de} > J'o(_I'A_‘+B+CT+T de}

product reactants
(5.43)

[BRgr= 3 iA,In(T)’fB.T+C'T2 - D } -y _Aln(T)+ Ez.,T+Ci2T2 -i}

2
RT product: To  reactanty 2T TO

(5.44)
Using equation 5.41 & 5.44 in equation 5.37, tlee fenthalpy equation becomes:

AGiT :T (AGI T—OAHi )+AHio

2 3 i 2 3 T
+R Y AT+BT L0 - AT+B'T LD
product 3 T To  reactant 2 3 T To

-RTx Y IAIn(T)+B,T+C‘;_2— D, T -y [Aln( )+ BT+C_2rz D TO

2 2
product: 2T TOo  reactant 2T T

(5.45)

The calculation oAG; for the array of gases is performed through two vi

%] Cp Equil gases.vi H:G%| EquilEnthalpiesl.vi
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5.5.1Cp Equil gases.vi: gases heat capacities calculat®

This vi calculates specific heat values of eachfgam []:

%:A+3T +CiT2+% (5.46)
[Cpig/R = A + BT + CTA2 + DTA-2|
- B C D
H2(Flo[1[3.2490E+0 4.2200E-4 [0.0000E+0 |8.3000E+3
N2£|3.2800E+0 5.9300E-4 |0.0000E+0 [4.0000E+3
02{3.6390E+0 [5.0600E-4 |0.0000E+0 [-2.2700E+4
€0 |3.3760E+0 [5.5700E-4 0.0000E+0 |-3.1000E+3
CH4|1.7020E+0 |9.0810E-3 | -2.1640E-6 |0.0000E+0
C02[/5.4570E+0 |1.0450E-3 | 0.0000E+0 [-1.1570E+5
C2H2|6.1320E+0 |1.9520E-3 [0.0000E+0 |-1.2990E+5
C2H4/1.4240E+0 [1.4394E-2 |-4.3920E-6 [0.0000E+0
C2H6(1.1310E+0 [1.9225E-2 |-5.5610E-6 |0.0000E+0
H20/3.4700E+0 |1.4500E-3 0.0000E+0 |1.2100E+4
C(s)||1.7710E+0 |7.7100E-4  [0.0000E+0 |-8.6700E+4
Table 5.2 Cp coefficient (Smith et al.1996)
o . T (Cp T (Cp.
This vi also calculates the integrals terj}mg(—'de andj . (—'de
™\ R T\ RT
T(Cp BT? CT® D
IO(—de: AT +———+1 _——L (5.47)
™\ R i 2 3 T .
r(C [ ct’> b |
[ (ﬂJdT= Aln(T)+BT +-= -—iz} (5.48)
T\ RT i 2T° |,

Only reactions from pure elements were considecedte calculations of the

integrals ofACp, except for the pure elements themselves, ke.Nd, and Q for which

AG" =0
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ACp calculations of non elemental compounds:

1

C,+-0, - CO
e Carbon monoxide: 2 1 (5.49)
ACp =Cpg, _ECpoz - Cpcs
Meth G, +2H, -~ CH, (5.50)
4 ethane: .
ACp = CpCH4 - ZCpH2 - Cpcs
Carbon dioxid Cs+0Q, - CO; (5.51)
4 aroon dioxide: .
ACp = Cpgo, ~Cpo, —Cpc,
Acet 2C.+H, - C,H, 552)
d cetylene: .
Y ACp = Cpy,,, ~Cpy,, = 2Cp,
" 2C,+2H, - C,H, 553)
i ene: .
g ACp = Cpg , ~20p,,, ~2Cp,
- { 2C, +3H, - C,H, 550
i ane: .
ACp =Cp., —3Cpy,, —2Cp,
1
~0,+H, - H,0
. Water: 2 (5.55)

1
ACp =Cpy o —Cpy, _ECpoz

To build values forﬂoA—(leodT and ﬂD%dT in vector array,j; (C—deT and

TO

J ' (%de arrays are multiplied by the following matrix dulom the above reactions

equations 5.49-5.55:

DCp matrix
H2 N2 02 CO CH4 CO2 C2H2 C2H4 C2H6 H20 Cs
%:ilo_l‘ o |[A2
=0_lllo. | 00 0.0 || N2
fo.0 |02

0.5 |1. 1.0 | [cO
0.0 {0.0 /1.0 10.0 [0.0 0.0 0.0 0.0 [-1.0 | |CH4
-1.0 /0.0 10.0 /1.0 [0.0 [0.0 0.0 [0.0 [-1.0 ||CO2

0.5 J0.0_J0.0 Jlo.0 Jo.0 Jo.o o5 Joo oo fo.o 1.0 Jj\C2H2

0.0 100 Jo.0 (00 0.0 100 o5 100 Jo.0 1.0 ||(C2H4
S o N N o M 2 s o a0

H20

Table 5.3 ACp reactions matrix
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5.5.2Equil enthalpy w char.vi: enthalpies of formation and

free enthalpy calculation

H:6%| This vi calculates enthalpies of formation andefenergies values of each

individual gas from equation 5.31:

AG° —AH.°

AG =T A ———

T

+0H° +R[" —ACRpi dT -RT | —AF(;f’i dT

From the following values:

DGi(/ mole)@298K

H2
N2
02
CO
CH4
CO2
C2H2
C2H4
C2H6
H20

C(s)

0.00

0.00

0.00
-137169.00
-50460.00
-394359.00
209970.00
68460.00
-31855.00
-228572.00
0.00

Table 5.4 AGi at 298K (Smith et al.,1996)
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DHfi(j/ mole)@298K

H2
N2
02
CcO
CH4
COo2
C2H2
C2H4
C2H6
H20

0.00

0.00

0.00
-110525.00
-74520.00
-393509.00
227480.00
52510.00
-83820.00
-241818.00
0.00

Table 5.5 AHfi at 298K (Smith et al.,1996)




5.6 EQUILIBRIUM CALCULATION

This chapter discusses the culmination of the ¢aticuns for the entire system of
non linear equations. At constant atmospheric presge gas phase system containing
the species: i CO, CH, CO, CH,, CH, GCHi HxO, will reach equilibrium

depending only on the temperature and the numbeotd of C, H and O in the system.

5.6.1Mole balance equations

Carbon balance:
Neo + Mgy, +Ne, +2XNg . +2XNy +2XNg,, +7.722xn. —n. =0 (5.56)

Hydrogen balance:

2xn, +A4AXNg, +2XNg,, +AXN., +6XNng,, +2xn, ,+7.997xn, -n, =0 (5.57)

Oxygen balance:

Neo +2X Ny, +N, o +0377xN0; —n, =0 (5.58)
Total mole balance:
ny, ML Ney, + Neo, + Nen, + Ne i, + Ne . + Ny o +Npy ~Ngy =0 (5.59)

In the hypothesis of ideal gases, the 10 equilibraquations, one for each

chemical species, are of the form: AG , In(y, )+ Ziaik =0 (5.60)
RT — RT
Where
AG; = free enthalpy of the compound i. T = temperature in Kelvin.
M = Lagrange coefficient for the element k.y; = fraction of the compound i.
R = ideal gas constant. ax = number of element k in compound i.
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The 10 equilibrium equations from equation 5.6( tor each chemical species are:

Ho: %Hn(ym% 2;—HT =0 (5.61)
CO: %Hn(ywﬁ% +% =0 (5.62)
COy: AE;OZ +In(ycoz)+%+2% =0 (5.63)
CHa: %+In(y%)+%+4é—fl'_ =0 (5.64)
CoHy: %Hn(y%% Z%J’ZQ_HT =0 (5.65)
CoHa: %Hn(y%% Z%MQ_HT =0 (5.66)
CoH: %Hn(y%% 2%+6g—ﬁr =0 (5.67)
H,O: Ai;zo +In(y, o)+ 22—; +% =0 (5.68)

Defined by empirical data from the previous chaptes tar equation becomes:

LG In(y;, )+ 755325 +8,6237% +036822 = (5.69)
RT RT RT RT

In addition to the gas phase system, the unreaetdxbn is taken into account in
the model:

AG, 1
S +In +-£ =0 5.70
< (ve.) = (5.70)
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The resolution of this nonlinear system of equatisndone with one of the
following vis depending on the type of compounds searched:
sithss| Equil Yield.vi solves for: b, CO, CH,, CO;, H,0

aithid] Equil Yield All.vi solves for: H, CO, CH,, CO,, C:Ha, CoHa, CHa, HO

githsS| Equil Yield tar.vi solves for: i CO, CH, CO,, H,0, tar

sitbsd Equil Yield All n tar.vi solves for: b} CO, CH,, CO,, C;H, C:Ha, CHa, H20, tar
Each of the \ also calculate the mole flow rates of the compsuffdm the
solution yield of the solver considering the ingats (N) not included in the solver and

readjusting for the total number of moles withafter solver calculations.
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5.6.2Cp Equil mix.vi and Equil Enthalpies mix.vi: gas mix
heat capacity and enthalpies calculation

rix] The calculation o\Gyx for the gas mixture at equilibrium is done through

two Vis:
Cp Equil mix.vi
0 Cpu = 2.(Cpy;) Imol/K (5.71)
products
0 Cp= Y (Mj Jlkg/K (5.72)
products i

Hsiill Equil Enthalpies mix.vi

0 AG,, = Z(AGiyi) (5.73)
products

0 HHV,, = > (MHHVy,) (5.74)
products

0 AH?..= Y(vaH?) (5.75)
products

o AHT = > {yi(AH?i +Rfo(%deﬂ (5.76)
products i R

(5.77)

f mix

0 AH? =AH? , —AHY

Biomass—Char )
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6 MODELING RESULTS

This chapter highlights the gas compositions ptediédrom the modeling program
described previously. The compositions resultsgaren at the chosen temperature of the
model. The compositions from the fluidized bed fiasiare the results of GC-TCD
analyses at ambient temperature. The gas starisgazhen exiting the gasifier. During
cool down, equilibrium does change the compositadnthe gas. This decrease in
temperature modifies the equilibrium consuming &hd producing water. As water
condenses, the equilibrium is shifted further i@ $ame direction consuming most of the
Ho.

In equilibrium models, cooling the gas down to 29&#§ults in H being totally
consumed. The pressure of saturation of water | gas must be taken into

consideration, explaining why data show low leal$1,.

6.1 TAR AND CHAR CHARACTERIZATION

In most models, (Sadaka et al., 2002) tars aralefimed as such, but assumed to
be part of the Clifor mass balance reasons. This assumption is siaad the amount of
tar is small in comparison to the other compounds.

The model developed in this research focuses ormldapite the small amounts

being generated by the fluidized bed gasifier.
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Tar is generated in the primary char during theolygis. In this model a small
variation in the definition of char greatly influe#s tar production.

The tar and chars are not element-defined in amgbdae. Ultimate analysis of
char for switchgrass, bermudagrass and corn gkhiew similar results in the ER range
for air gasification. For this model, that this qoosition will be the same for flaming
pyrolytic gasification, pyrolysis and steam gasifion. Table 6.1 shows ultimate and

proximate analysis results of char sampled at uarleR after soxhlet extraction.

Atomic composition| K, kJ/mol
Switchgrass @Ho.1600.0N0.02 -16.46
Bermudagrass 0.1/ 00.04No.03 -24.44
Corn gluten G@Ho.1700.0No0.06 -25.39

Table 6.1: Char average atomic compaosition and enthalpy of formation

In most models, because char is mostly carbors, @#ssumed to be pure carbon
element with an enthalpy and free energy of zemweVer, ultimate analysis of the char
shows the presence of other compounds, thus cimat & pure element with an enthalpy
of formation AH:%). Even so, with no empirical data on char from tshgrass,
bermudagrass and corn gluten, the standard fréalpgtof char is assumed to be 0. The
Cp(T) for char is assumed to be that of graphite.

For equilibrium modeling, it is necessary to hay&TJ function, AH;° and AG°
for each compound present in the system. In thé®e dmth pure carbon and char are

considered.

154



An extensive review of literature resulted in ndadan tar. Therefore, the attempt
is made in the model to define tar from the emaplridata collected in previous
experiments.

It was concluded from previous experiments thatatmic composition was

almost constant and could be averaged to:

C:7.553H 8.62300.368N 0.204
In these experiments, tar was analyzed for 210 comgs, with 10 of them
constituting approximately 75% of the total tar mals$ is then possible to hypothesize
that tar free enthalpy closely follows the weightederage of these 10 compounds.
Equation (5.4) gives:

AGTar (T) =31.978+0.24635xT + 2.073x 10—5 x-l—z

For the two following cases (Figures 6.1 and 62¢, model was run in air and
flame pyrolytic gasification at a constant incomiaig flow, of 17ni/h and varying the
biomass flow rate from 10 to 1000 kg/h.

Figures 6.1 and 6.2 are tables of graphs resufiiagn the Labview model,
showing the fractions for the three biomass typ@gt¢hgrass row 1, bermudagrass row
2 and corn gluten row 3) being studied for the tifferent hypotheses considered, i.e.
Csoiig and char, at a temperature of 1023K (&0 In both tables of graphs, the first
column of graphs shows the fractions of gases, Maisture Ash Free (TMAF). The
second and third columns of graphs show the frastaf gases, tar, water and solids at

high, and low fraction scale.
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O.IO 0.I1 0.2 0.I3 . 0?1 0.|2 0.I3 0.I1 0.I2 0.I3 -
Figure 6.1 Gas and Cs fractions from Gibbs equilibrium of air gasification of switchgrass
row #1, bermudagrass row #2 and corn gluten row #3 at 1023 K in raw gas column #2-3
and tar moisture ash free gas columns #1

|
.3 0.4
Figure 6.2 Gas and char fractions from Gibbs equilibrium of air gasification of
switchgrass row #1, bermudagrass row #2 and corn gluten row #3 at 1023 K in raw gas
column #2-3 and tar moisture ash free gas columns #1
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Graphs (Figure 6.1 in the case of the pure carlypotheses) show that there is
little variation in gas, tar and solids composisdmetween the different biomass types.
Switchgrass and bermudagrass show a slightly higlaetion of CO (0.01) than corn
gluten. However, corn gluten shows a slightly higleeel of H, (0.02) with a little more
water (0.01) and less G(Q0.01) than switchgrass and bermudagrass. Fothedle
biomass types, CH G, gases and tar levels are low or do not existiattémperature.

The differences between experimental and modeksctién are not only due to
the change in equilibrium of the various gas spgecasidered during gas cool down, but
also of other type of parameters than the thermaxhym equilibrium as the consideration
of particulate matter (PM) as non-elemental car@mpound.

Graphs (Figure 6.2 in the case of the char hype#)eshow that there is little
variation in gas, tar and solids compositions betwehe different biomass types.
However, there is a large difference between tlobse hypotheses results and the pure
carbon hypotheses results (Figure 6.1). The gasidres of CO and Kare reversed and
are larger in comparison to the pure carbon hypetheesults, particularly for CO.,H
and CO are higher by a factor of 1.1, and 1.5 2& 2espectively, as ER varies from 0.4
to O.

Although there are little difference between biomgges, the variations in char
fraction in the stream are quite important particiyl for switchgrass. This is the result of
the analysis of the PM product from air gasificatiof switchgrass that has a HHV
slightly higher than the PM resulting from bermudess and corn gluten air gasification.
Hence, the resulting enthalpy of formation is lowknmr switchgrass PM than

bermudagrass PM and corn gluten PM. Consideringadhge Cp(T) function for all three
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biomass types, this HHV measurement directly infaes the free energy value of the
char in the model.

Because it was not possible to measure the conmgosif the char for each
gasifier run, the hypothesis was made that PM waldcys have the same proportion of
CHO as for air gasification.

In the char hypothesis, case methane anddaSes have fractions similar than in
the pure carbon hypothesis case. For all three d8sps, £gas levels are low or do not
exist. However, tar appears at an ER of 0.17 aaeases to a maximum fraction of 0.25
at ER = 0. Tar varies with an exponential trenthabe experimental data.

In the series of 12 3-dimensional Figures 6.3 1@ gtemperature is changed from
773K (500C) to 1123K (850C) both for air and flaming pyrolytic gasificati@nd for
steam gasification for all three biomass typesthi case of air and flaming pyrolytic
gasification, ER is changed from 0.4 to 0 and ia tlase of steam gasification, S/B is
changed from 1.25 to 0.4. (Note: vertical fractaas is set at a maximum of 0.6 except
in the case of tar and,@ases that are set at 0.1)

In all PM hypothesis cases, it is interesting t® se Figures 6.3 to 6.14, the same
behavior of the tar and solids model regardlesh@process type.

As expected, CO andztbbtain maximum values at low ER and high tempeeatu
regardless of the Giq or char hypothesis, as does the enthalpy of thetiom. Though it
is interesting to note that in the char hypothease, the enthalpy of reaction maximums
are shifted slightly from the ER=0 (S/B=0) and nmaxim temperature top left corner of
the graph to a position with still the maximum pbks temperature but at an ER of

approximately 0.12 or S/B of approximately 0.22.
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A better definition of the tar in the model witlvariation of its composition taken
into account when ER or S/B varies would probaliange the coordinate of these

maximums shifting slightly along the ER or S/B axifiese maximums are displayed in

Table 6.2:
Air gasification and Air gasification and Steam Steam
flaming pyroysis flaming pyroysis gasification gasification
gasification gasification Csolid char
Csoiig hypothesis Char hypothesis hypothesis hypothesis
(MJ/mol) (MJ/mol) (MJ/mol) (MJ/mol)
Switchgrass 54 57 53 50
Bermudagrass 49 52 48 44
Corn gluten 43 46 42 40

Table 6.2 Maximum values ofAHR at 298K for Csjig and char hypothesis

Switching between the two hypotheses, i.e. frogi(@o char, affect only slightly
the value of the enthalpy of reaction maximum, easing it by 3 MJ/mol in the case of
air and flaming pyrolitic gasification, while deasing by up to 4 MJ/mol in the steam

gasification case.
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Figure 6.5 Gas, tar and solids fractions and enthalpy of reaction, in air gasification of corn
162

gluten in the Cs hypothesis



; v ;.,%

2 ;
YN &
o s "’ oo | T Q, @
O SRV | S T >
wowm w m o o T
BT R g A
o) T 8
O (@) O

& $

& &

$ o ¢4

ﬂqu ; yq nw_o
iy 5 s < e
T BN pf‘ ot | L 5 oo | T
SRR T O @) O B
SN g LRRARRN g PV/

Figure 6.6 Gas, tar and solids fractions and enthalpy of reaction, in air gasification of
163

switchgrass in the char hypothesis



&
50 %5
AN N o
e) 80 | T o @
b, C, 2,
(@] @w.ﬁ_ ) I 3
LEEEE S _uw_ g M
o~ H_HG rnm
O
8} S &)
# X # )
& FTTTTTRE
¢ LS ¢ LS
| L% A nw_m
199\ %0 A < AN
sl BN 0»'0 5 | T 5 W | T
WG | O S WY | R
o, O Y ~
000000 7 R (@)

Figure 6.7 Gas, tar and solids fractions and enthalpy of reaction, in air gasification of
164

bermudagrass in the char hypothesis



»
)
4. W
0 80 | I Q 8
@) @«m_ﬁ_ ) I o
wowm w m o o I
000000 7 <
# N
&
@vo
& f
W)
&
»
)
50
6
) © —
Ly ) I
N2 o6 O H2 <
4,0 O O O
30,40}0902010. _uw_ i
# . # . # .
7 ¢
%a LS %a LS %a LS
& 8 &
5 5 & 5
2 & o 2
_ 4 %,
ol e 5 O,_6 S e, s
N i T \ ) e ’ ‘ f)
T . N %, & b %, 4
W | O S RN AN I A
P—— T ~ T
A b E AR (@] A

Figure 6.8 Gas, tar and solids fractions and enthalpy of reaction, in air gasification of corn
165

gluten in the char hypothesis



»
% 4
s 3
< A e! X ’
2 5 o @ )
e mron om0
sBERER < AL
BRIRRY
&
7T 7 gt &
S77 0 &
LR
RIS ¢ 5
x LY
4
y
o~ © <
7)) .
3 5 S s 40
gaw%.hsﬁﬂow%q U
#
g
% LS
&
2 w
< < % ! ﬁw_o.
H Hn/_ - ; ©
) %) o B
e m om0 ~
&qon.,owon..o..uo% (@]

, in steam gasification of

166

, tar and solids fractions and enthalpy of reaction

switchgrass in the Cs hypothesis

Figure 6.9 Gas
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In the next series of Figures 6.15 to 6.23, datéhefexperimental conditions:
CHO feed rates, ER, S/B and temperatures, are doadée model and solved with the
char hypothesis. The result is a series of 2D-gga$playing fractions versus ER or S/B
ratios where each data point is at the experimdigdltemperature recorded during the
fluidized bed gasifier run. From these graphs, mmarison with the real data would be
possible if the non linear solver virtual instrurh@ould have found solutions for low
temperature (298K). Assistance was sought from ddati Instrument Research and
Development responsible for Labview performancehisTdepartment recognized the
problem with the nonlinear equation solver virtirdtrument, but was not able to make
the appropriate correction.

The model shows CO levels higher than fdr air gasification and flaming
pyrolytic gasification similar to the experimentalsults at 298K measured by the GC-
TCD. The model also calculates a maximum of CO betwER=0.2 and 0.25, and an
increase in methane and tar with decreasing ERBar S

The model also confirms the experimental order @ @nd H for steam
gasification with H fractions above CO fractions and a higher metHawmel than air
gasification.

For flaming pyrolytic gasification, the level of Cand H at ER=0.2 are higher

than air gasification for the same ER and contiriaéscrease as ER decreases.
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Figure 6.16 Data from flaming pyrolitic gasification of switchgrass modeled equilibrium
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Figure 6.17 Data Steam Gasification of switchgrass modeled equilibrium

173



T omiserun| G el
.

Figure 6.19 Data from flaming pyrolitic gasification of bermudagrass modeled equilibrium

Figure 6.20 Data from steam gasification of bermudagrass modeled equilibrium
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Figure 6.21 Data from air gasification of corn gluten modeled equilibrium

Figure 6.22 Data from flaming pyrolitic gasification of corn gluten modeled equilibrium

Figure 6.23 Data from steam gasification of corn gluten modeled equilibrium
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6.2 EQUILIBRIUM CHANGE DURING GAS COOL DOWN

As previously discussed, gas cool down has a fagni effect on the gas
equilibrium. Figures 6.24 to 6.28 show the effe€tsach cool down for pyrolysis
conditions of switchgrass in Figure 6.24 to claseambustion conditions in Figure 6.28,
with HSC Gibbs reactor model (HSC5 2002).

In each figure, as temperature decreases CO anddH% decrease while GO
and HO increase. The presence of methane in gas sampleates that the cool down
equilibrium is not totally reached as methane ixim&ed around 35 and almost
absent at ambient temperature and af800

Gasification equilibrium results of HSC5 (HSC5 2p@&ibbs reactor modeling of

1 mol of CH »/00 .03 (Switchgrass) from pyrolysis to near combustion.
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Figure 6.24 Gas cool down after pyrolysis, O, =0 mol
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/ CONCLUSION

7.1 ACHIEVEMENT OF OBJECTIVES

7.1.1Design _and develop the modifications of an existing
fluidized bed gasifier.

Significant modifications were successfully incaged in an existing fluidized
bed gasifier pilot plant reactor enabling it to dygerated as an air, steam and flaming
pyrolytic gasifier, and pyrolyser. Three differdnomass types were used to evaluate its
operation efficiency. In addition, the feeding &yst was successfully modified for
compressible chopped grass material handling anddensity solid flow measurement.
An isokinetic gas particulate matter sampling systéth condensable products sampling
were successfully designed and implemented. A fast gecycling loop system for
pyrolytic mode operation was designed, construched operated successfully. A
computer program controls the pilot plant functiemgomatically and has the ability to
measure and record process parameters for massnangly balance analysis. The user
managing the plant can manually activate the cleaand compression process of

producer and synthesis gas for storage for gasefe@ation downstream.
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7.1.2Develop an analytical procedure to identify major &r
compounds.

An analytical procedure was successfully establisbe the bases of the tar
guidelines. The use of acetone as a solvent wadsrped to the isopropyl alcohol offered
by the tar measurement guidelines. A total of 2d@@ounds were calibrated for the GC-
MS method. During the time of these experimentsrehwere no officially recognized

standard for tar measurement.

7.1.3Evaluate the products of gasification

7.1.3.1A. Air gasification of switchgrass at different fe@ moisture contents.

Bed temperature decrease was the main conseqoéraeincrease in biomass
moisture content. This temperature reduction induceeduction in concentration of the
gases of primary interest, CO and. Hhough gasification of high moisture content
switchgrass can be performed with the same ougwatid or better as dry switchgrass, if

the temperature in the reactor can be maintainezktgrnal means.

7.1.3.2B. Gasification using various feedstocks

7.1.3.2.1 Air gasification of dry switchgrass, bermudagrass ad corn gluten.

Air gasification was successfully achieved in thedized bed pilot plant using
switchgrass, bermudagrass and corn gluten. Gas amngms, tar and water were
measured and analyzed after gas cool down.

Air gasification temperature was found to be dep@mncn equivalence ratio for

all three biomass types. Carbon to CO efficiencg Yeaind to be maximized at ER=0.25
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to 0.3 for all three biomasses at values of 30 %66 3of the incoming carbon for
switchgrass, and 25 to 30% for bermudagrass andglaten. At this same equivalence
ratio range, tar levels are found to be 10 to Mimy/for switchgrass, 15 to 20 g/Nrfor
bermudagrass and 30 to 35g/Nfar corn gluten. All were relatively constant itoanic
composition.

High heating value of the gas was highest for ggtten at -5000 kJ/kg of gas
compared to switchgrass and bermudagrass withdic#000 kJ/kg. The enthalpy of the
air gasification reaction stayed between -400G690 kJ/kg of feed for all three biomass
types. Water was produced at a similar rate foitrakte biomass types at 150 to 200

g/Nm®.

7.1.3.2.2 Flaming pyrolytic gasification of dry switchgrass,bermudagrass and corn
gluten.

Flaming pyrolytic gasification and pyrolysis weracsessfully achieved in the
fluidized bed pilot plant using switchgrass, beramihss and corn gluten. Gas
compositions, tar and water were measured and zethlfter gas cool down.

Reactor temperature was set to @and mostly maintained as close to that set
point as possible throughout the experimentatidthohgh the temperature, which is the
key parameter for gasification was fixed, the Carbwm CO efficiency was found to be
maximized at ER = 0.1 to 0.2 for all three type8:t8 38% of the incoming carbon for
switchgrass, 28 to 33% for bermudagrass, and Z8% for corn gluten. At this same

equivalence ratio range, tar levels increased exmitadly with equivalence ratio from 25
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to 50g/Nnf for switchgrass bermudagrass and corn glutenwgarrelatively constant in
its atomic composition.

Though the high heating value of the gas is ire@ddetween the same values for
all three biomass types in the same equivalente range (0.1 to 0.2); -6000 to -8000
kJ/kg of gas, this increase seemed to occur towtaedkwer end of the equivalence ratio
range, leaving the high heating value value clégel6000 kJ/kg between 0.2 and 0.15
equivalence ratio values. The enthalpy of the asifgcation reaction stayed between
-3000 to -1500 kJ/kg of feed for switchgrass ananoelagrass and between -4000 to
-1000 kJ/kg for corn gluten. The lower value, 14000 kJ/kg, was a sign that despite the
agglomeration complications, corn gluten requiesslexternal heat than switchgrass and
bermudagrass to achieve similar results within thrgye of equivalence ratio. However,
this is arguable because water, that influences ethialpy of reaction, showed a
decreasing trend in corn gluten from 275 to 180 ng/Nwhile it increased for
bermudagrass from 100 to 150 g/Rend from at 100 to 325 g/Nnfor switchgrass

across the same equivalence ratio range.

7.1.3.2.3 Steam gasification of dry switchgrass, bermudagrassnd corn gluten.

Steam gasification was successfully achieved irfltheized bed pilot plant using
switchgrass, bermudagrass and corn gluten. Gas azitigms, tar and water were
measured and analyzed after gas cool down.

Reactor temperature was set to ®&nd maintained as close to set point as
possible throughout the experimentation. Althouwh temperature was fixed, the carbon

to CO efficiency was found to be maximized at S/B.6 to 0.8 for switchgrass with
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27%, S/B = 0.8 to 1.0 for bermudagrass with 15% &f8l= 1.0 to 1.2 for corn gluten
with 35% of the incoming carbon. This value of cartio CO efficiency for corn gluten
makes this feedstock an excellent candidate f@anstgasification. When carbon to gas
efficiency is maximum for each biomass type,ddncentration is around the same value
of 25%, and tar levels are the lowest for cornegiufTar is also relatively constant in its
atomic composition.

The high heating value of the gas is maximizechatdame values of S/B ratio
around 0.85 with -16,000 kJ/kg for switchgrass at®8l000 kJ/kg for corn gluten. The
enthalpy of the steam gasification reaction stagsirad 0 kJ/kg of feed for switchgrass
and bermudagrass, however it is at 1000 kJ/kgdan gluten. This higher value of 1000
kJ/kg shows that more heat was provided to achwieer results with corn gluten than
switchgrass and bermudagrass. This observatiorgisable because water measurement
made after cool down, which influences the enthalpseaction calculation, is showing a
lower value for corn gluten maximum gas HHV at 13@€n7 than the two other grasses
1250 g/Nni for switchgrass and 2500 g/Nnfor bermudagrass. Further research is

necessary in corn gluten steam gasification toioarthese initial results.

7.1.4Modeling of the gasification equilibrium.

An equilibrium Gibbs reactor model was programmed.abView. The model
can calculate equilibrium of air, flaming pyrolytnd steam gasifications and pyrolysis
at different temperatures steam to biomass and/algmice ratio for four biomass types
with 2D and 3D graphics. The characterization &f tir and char defined in laboratory

experiments was implemented. The model was alsgranamed to calculate equilibrium
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of the high temperature outputs at 298K with wagenoval from the equilibrium due to
its condensation during the gas cool down for campa of the model results with GC-
TCD data. Technical difficulties with the virtuahstrument provided by LabView,

prevented the solver from finding solutions to @mperature equilibrium.

Considering the particulate matter as char withHBOCcomposition and a free
enthalpy not equal to zero, allowed, the model riorease tar production to more
realistically level, and decrease char production.

It is satisfactory to assume tar as one hypotHetoampound for equilibrium
modeling, because tar atomic composition remairgtstant through most gasification
processes at constant temperature.

Tar and char taken as non-pure element influeneetl ether production in their
equilibrium modeling.

All three biomass types are suitable for gasifaratbut show better results in
different processes. Switchgrass showed the bsstitsefor all gasification processes of
all three biomasses tested. It is matched by cdutery using steam gasification.
Bermudagrass like corn gluten induces agglomeratiothe bed when the reactor bed
temperature exceeded about 800The high ash content of corn gluten might have a
catalytic effect on the gasification reaction. Badagrass showed better results than corn

gluten except in steam gasification.
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7.2 EUTURE RESEARCH

At the process level, particulate matter combustionld generate enough heat to
replace the electrical heaters. An additional inngclone was installed before the
expansion to protect the hot gas recycling loopit and to collect PM for combustion
inside the gasifier. It was combined to a finngaedocated below the cyclone as an inner
PM combustor. The intent of this gasifier-combustoncentric design is to allow the
separation of the flue gas and syngas, and geneeateinside the bed and the freeboard
of the gasifier. Future test will reveal if the hé@m the PM combustion and the heat
recycled from the gas outlet as steam would allbgy dystem to be energetically self-
sustainable. Also this design allows possible iuse of the pilot plant as a recirculated
fluidized bed gasifier if the finned pipe is nodfevith air but simply used as a sand
recycle open the gasifier bed. At the sampling llemeprovement can be achieved by
increasing the accuracy of the isokinetic condgiand sampling flow measurement. At
the modeling level, characterization of the chatafinitely important to further the study

of this modeling hypothesis.
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8.2 PROCEDURES FOR FLUIDIZED BED GASIFIER

PILOT PLANT AND TAR SAMPLING SYSTEM

8.2.1Procedure for Automatic Start.

1. First check for biomass in the hopper.

2. Plug in the plenum heaters in the extension cotdvb¢he gasifier and plug
the extension cord at the south east corner cditinex Lab near the entrance.

3. Flip the main switch of the baffle heaters on atiorth wall.

4. Connect the electrical devices such as the masgsrfleter (Check), load cell
(Check), power supply to the two electrical aineaplugged in (Check)

5. Open the main air valve (Set pressure @ 75 psadito mode with solenoid
valve or 50 psi for normal use with actuated valve)

6. Check that the bi-pass valve (needle valve blackiled is closed and that the
yellow valve is open of the gasifier.

7. Set air lock needle valve to 1.5 scfm to be reagotly on mass flow meter.

NOTE: Plug in the sampling system the night befonenning for the temperature

of the second ice bath to reduce to at-least 22®Isius. During that night

switch off temperature control of first ice chesidcording to gas flow).

8.2.2Starting the Gasifier Program

When a user starts the program, he can indicdte agme under which he wants to save
the data on the system (Text.dat by default). At ploint the programs is running.

1. In the program the user go to the ‘Auto Start $#cton the program panel
and indicates the delay before start in hours amtutes (from the time at
which the auto start button is activated).

2. After this step the user indicates the rate at Wwhite temperature baffle

heaters setpoint is going to rise (degrees/ mimjaon up the Gasifier bed.
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3. Next check the air flow rate by activating air b@osvalve on the program

panel. (flow rate should be between 10 and 12 séltegulate flow with
pressure regulator on the main line from step agraph 8.2.1, it should be
around 75psi. Switch off air booster after check).

Switch ‘Auto Start’ on, switch baffle heaters orthvihe desired set point (air

heater and plenum heater are not part of the &aitt).s

8.2.3Procedure After the Gasifier is in Temperature

1.

a bk~ 0N

Start the cyclone airlocks (No. 1 & 2), heatersraye cyclones (the heaters
should be set at 408).

Start piston vibrators (timer) if desired.

Start injection auger.

Start the feeding airlock and hopper mixer.

Start steam generator and check for water inflo®.2tgal/min on rotameter
when solenoid valve opens. Enter this value onlgan&oiler water inflow.

On the program panel set air valve to desired p¢age (0.425 at 50 psi is

usual setting).

7. Next switch off the ‘Auto start’ as soon as thefkiw rate starts to increase.

8. If steam is used start plenum heater and steamumegasnt system.

9. Then open the steam valve on the steam generaditrfav the stable steam

flow rate.

10. Switch on the biomass with desired frequency and fea the time set in

biomass array minutes for accurate biomass flow.

11.Set stoichiometric ratio according to the biomasgeeimented and desired

Equivalence Ratio (ER) in air mode. Switch air madeautomatic when all

parameters are in range.

12. Switch off heaters if desired.

13.0pen tracer valve at graduation 70 on rotametechvts 23.5 liters/min and

switch on tracer mass flow meter (zero calibratitay be required).

194



8.2.4Procedure for the Gravimetric Tar Analysis

o~ W b

Start the Coolant.

Start the rotary evaporator water bath (RO or Dienaand set it to 5&.

Place the round bottom flask (250ml) in the ovarbimin at 110C.

Cool down the round bottom flask in the desiccators

Weigh the round bottom flask on the precision scatd write down the

weight (up to 1d g accuracy).

Take a clean beaker (100ml). Pour some of thedlatisn obtained from the

gasification run into the beaker.

Pour solution from the beaker into the burette (50m

Measure 50 ml of solution with the burette into tbhend bottom flask. Repeat
the operation a second time to obtain a total 6frbQ

Place the round bottom flask with the solution lo@ totary evaporator. Lower
the rotary evaporator so that the round bottonkfiashalf way into the water

bath and start rotation at 100 rpm.

10.Open the upper vacuum knob on the rotary evapocatwienser and close the

lower knob in such way that the injection tube ® n the path of the

condensing solvent.

11. Start the vacuum pump; trim the vacuum valve sb\hauum is between 40

to 50 KPa, in order to initially have 4 dropletsr pecond according to the

guidelines.

12.Check for presence of water in round bottom fldisthere is water then inject

Nitrogen so that vacuum pressures do not go loteen 85 KPa of vacuum.
Continue until traces of water disappear. If thisr@o trace of water in the

flask, time 15 min until end of the experiment.

13. Stop vacuum pump and break vacuum in the rotargaasor.

14.Raise rotary evaporator until the flask out of weger, dry flask outer surface

with paper towel and remove flask from rotary evapar. Place flask in the

desiccators to cool down according to guidelines

15.Weigh flask and note down the value.
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8.2.5Procedures for the tar-sampling system

8.2.5.1Cleaning the probe which is full of ashes

1.

First the compress air plug has to be attachebegort, which is behind the
U-Tube Manometer.

The two round black knob valves of the U-Tube maetmare closed and the
three way valve (A black knob which is above thenpcessed air port is
turned to the right).

Compressed air is passed through the probe stassyre ports by opening
the Red valve on the compressed air line'{8a turn only) and by changing
direction on three-way valve several times.

Return the three-way valve back to initial posititarned to the right with the
air still open. There are 4 valves, which havedmpened to clean the probe.
First open the Yellow valve and with a wire bruséan the passage until it is

ash free. After that open the green valve and dearpassage. Now keeping
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the Green Valve open close the yellow valve in orte flush out some
residual ashes. Repeat the same procedure by gpim@rkRed and the Black
valves.
Now close all the valves except the compressedafire with three way valve
turned to the right (open towards inner probe ctatessure port). The reason
for a leakage of compressed air is to keep asloes &ccumulating into the
probe prior to an experiment.
Note: The two circular knob valves over the U-TubManometer must be closed
while cleaning and the three-way valve turned teethght. The three-way valve
and compressed air valve will be closed at the beiig of a sampling

experiment.

8.2.5.2Cleaning the Filter Casing, the Connecting Tube &lte Impingers

1. Make sure that the filter casing and the connediithg are free of ashes and
tar. To ensure this, the entire passage has tonbedr with acetone 2 to 3
times after every run or untill there is clean anetcoming out of the lower
end of the tube.

2. Check the first impinger in the first ice chest &y kind of impurity. If there

are any impurities then clean the first impinged anse it with acetone.

8.2.5.3Steps to be followed during the run: Preparing thesystem for a run:

1.

Take a clean ceramic filter. Keep it in the overlafPC for 5 minutes ( to

remove moisture.

Place the filter to cool down into the desiccatooider.

Weigh the filter on a precision weighing scale awote the weight (accuracy
up to 0.1 mg)

Next bring the filter and place if into the filteasing along with the Vitton
seal (‘O’ Ring).
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Note: The seal should be about 3 to 4 mm below tibyg circumference of the
filter. Make sure that al 4 valves on the probe exist are closed before

fixing the filter casing.

5. After placing the filter with the ‘O’ Ring into thecasing the entire
arrangement is properly fixed to the exhaust pgddke sure that the screw
squeezes the ‘O’ Ring between the exhaust portlandilter casing. Switch
on the heathers placed on the filter casing anddn@ecting tube by flipping
the switch to the ON position. (Make sure thatttrermocouples on both and
the electric plugs are connected to the contraisyniAllow the temperature
of the casing and the connecting tube to reaclo 4®® to 500 Degree F.

The Thermocouple plug for [ F
the thermo couple installed of

the filter CaSing. Temperature
control unit for
the heater
Electrical connector for the installed on the
heater installed on the filter filter casing
casing.
The Thermocouple plug for TemperatL_Jre
the thermocouple installed o control unit for
: the heaters
the connecting tube.

installed on the

connecting tube

and the 4-Valve

Electrical connector for the system

heater installed on the
connecting tube.

6. Connect the glass elbow adapter at the end ofdhaecting tube by using
the black plastic nut, which has a vitton ‘O’ Rihgused into it. Make sure
that the ‘O’ Ring and the black plastic connectingt are over the
connecting tube,
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Note: The stainless connecting tube should be 101to mm inside the glass

elbow adapter and then black plastic nut is tighezhthe elbow adapter.

7. Now connect the larger end of the glass elbow ® itilet of the first
impinger and clamp it using the metal clamps.

i

GAS INLET PORT

GAS OUTLET
PORT

METALIC CLAMP

GLASS ELBOW ADAPTER
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8. Place all the impingers into the two ice chesteréhare 4 impingers in the
first ice chest and 2 in the second ice chest. iBefmaking any connections
make sure that the impingers are properly submeigedthe coolant and
are properly located between the two plexi — gtassd plate holders.

Note: The inlet of the impinger is right at the tognd the outlet is a ‘U’ tube on

the side. Check the ‘O’ Rings for damage on thedahlnd the outlet joints

and replace them if necessary.

9. After all the checks are done, add the followingoants of acetone into the
impingers: first Impinger 200ml, last Impinger Oamd 150 ml in all the

other impingers.

INPINGER

10. Once the entire setup is ready, make the connectsrfollowed. Connect
the elbow adapter which is on the connecting tuler the inlet of the first
impinger. Then connect the outlet of the first ing®er to the inlet of the
second with the glass U-connectors (the connectaesrepeated in the
counter-clock wise direction in which the impingen® placed along the

periphery of the first ice chest.)
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The glass U-
connector.

The connecting

tube.

The glass U-
connectors.

Theglass elbow
adapter connected
to the tube.

First ice chest =\ WS \etallic clamps.

11. The outlet of the last impinger should be connedtedhe inlet of the

column containing activated carbon. The outleth& tolumn goes to the

inlet of a vacuum pump.

12. After all these connections are done, check traKithermocouple and the

flow sensor (black plug) are connected to theirendng ports. One

measures the outlet temperature of the gas and oteasures the flow of

the gas.

13. Test system for leakage according to guidelines.

14. Before running the system, check that the temperatuthe second ice

chest is —2BC and that the first one is arountCelsius.
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Blue valve
| (Open during run
time.)

Switch for
vacuum pump
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Turbine flow
meter (flow of
clean syn-gas.)

The rota-meter (used to
maintain isokinetic
conditions) i.e. a constant
value on the flow meter that
will balance the level in the
U-tube Manometer.

8.2.5.4The Sampling System @ Run Time.

1. Flip the switch of the vacuum pump to the ‘ON’ gmsi. Immediately open
the green valve above the exhaust port. Then ¢heseed valve, which is on
the compressed air tube, and close the black \atdese the compressed air
valve. The two circular black valves placed on ditber sides of the U-tube
manometer are open. (Make sure that the two kdves above the Vacuum
Pump are in the following position; extreme riglaiwe closed and the valve

at the left open.).
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Right Sde View ]

black valve.

The 3-Way | _—[ b/

The compressed| __—
air port. :

Probe cleaning
valves (red yellow | S
& black) N

Green valve: gas an|
ashes enter the filter
when the valve is
open

The two round black
knobs of the U-tube
manometer.

2. Check if there level of water in the manometereigeled. To equalize them
use the Rota meter and adjust the value of thé@awon the flow Meter.

3. Once the system is at isokinetic conditions, alibt run until a gas volume
of 150 | has been sampled through the system. &medusly maintain the
isokinetic conditions by constantly checking thenmaeter and by using the
black valve on the Rota meter.
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8.2.5.5Procedures to be followed After the Run is Completd

Once the run is completed, the system is turnedfbllowed:

Turn off the vacuum pump by flipping the switchdf§ position. Then close the Green
valve above the filter housing once the vacuum quesis zero. Close the two Black
knobs attached to the U-tube manometer. Then tiirthe heaters on the filter housing

and the connecting tube by switching off the poteehe temperature control boxes.

l ¥ = i 8 Temperature control units
| -
= :
T-F =
I | pr s
i
L g
o FRN
! f i il 1E . Electrical switch board for
! [ et | the temperature control
ﬂlr - .FUIJ PN units

1. Once the system is turned off, let it cool down.

2. Remove the glass elbow adapter and place it irakdvavith clean acetone allow
all the tar to get dissolved into the acetone.

3. Allow the filter housing and the connecting tube dool down. Mean while
reverse the position of the two blue valves. (Thes are shown in the picture
below.)

4. Remove the metal clamp fitted at the outlet ofl#ts¢ impinger and disconnect

the plastic hose. Fill the last impinger with cleaetone.
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Plastic
hose with a

glass elbow

Blue valve adapte

1: closed

Blue valve
2: open

The tar
collecting
system.

5. Connect the longer end of the tar collecting systesnich is attached with the
acetone resistance hose and a glass elbow adaptém® inlet port of the first
impinger. Attach the metal clamp in order to engheg there is no leak.

6. Now insert the tar collecting system with the rubls¢éopper into a 4000ml
Erlenmeyer flask. The rubber stopper should bespslown hard to make sure
that it is air tight.

7. Start the vacuum pump and adjust the flow to 6 tn8n. Then the system
flushes counter current to the gas sampling flow ail the tar and acetone

mixture from all the impingers flow into the coniidkask.
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8. Refill the last impinger (with the vacuum pump sskigd off) with clean acetone
and flush the system. Repeat this process untilgaiuclean acetone out of the
impingers.

Note: Check the first impinger if there is ammoniga white precipitate at the
bottom of the impinger or stuck to the walls) theimain the acetone and add a
measured volume of DI water (Deionized Water) aridsblve the ammonia.

9. Refill all the impingers with fresh clean acetoné&hwthe specified quantity
mentioned in section 4.3 step 9.

10.If recycled acetone is used make sure to keep rekldample for data analysis
later.
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8.3 GUIDELINES FOR TAR MEASUREMENT
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1. Abstract

This Guideline provides a set of procedures for the measurement of organic contaminants and particles in producer
gases from biomass gasifiers. The procedures are designed to cover different gasifier types (updraft or downdraft fixed

L ; : o o 2 5 i
bed or fluidised bed gasifiers), operating conditions (0 - 900°C and 0.6 - 60 bars) and concentration ranges (1 mg/m,” to
300 g/my ).

The Guideline describes a modular sampling train. and a set of procedures, which include: planning and preparation of
the sampling, sampling and post-sampling. analysis, calculations, error analysis and reporting.

The modular sampling train consists of 4 modules. Module 1 is a preconditioning module for isokinetic sampling and
gas cooling. Module 2 is a particle collection module including a heated filter. Module 3 is a tar collection module with
a gas quench (optionally by circulating a liquid), impinger bottles and a backup adsorber. Module 4 is a volume-
sampling module consisting of a pump, a rotameter. a gas flow meter and pressure and temperature indicators. The
equipment and materials that are required for procuring this modular sampling tram are given in the Guidelne.

The sampling procedures consist of a description for isokinetic sampling, a leakage test prior to sampling, the actual
sampling and its duration. how the equipment is cleaned after the sampling, and how the samples are prepared and
stored.

Analysis of the samples is performed via three procedures. Prior to these procedures, the sample is prepared by Soxhlet
extraction of the tars on the particle filter and by collection of all tars in one bulk solution. The first procedure describes
the weighing of the particle filter to obtain the concentration of particles in the biomass producer gas. The bulk tar
solution is used for two purposes: for determination of gravimetric tar and for analysis of individual compounds. The
second procedure describes how to determine the gravimetric tar mass from the bulk solution. The third procedure
describes how the solution can be analysed by GC-MS or GC-FID to obtain the concentrations of individual tar
compounds.

2. Aim of this Guideline

This Guideline is aimed to give a set of procedures for the measurement of organic contaminants and particles in
producer gases from biomass gasifiers. Biomass gasifiers can be updraft fixed bed gasifiers. downdratt fixed bed
gasifiers and fluidised bed gasifiers. operating under atmospheric or pressurised conditions. The Guideline is aimed to
measure organic contaminants and particles in the concentration range typically from 1 mgin,’ to 300 g/m,’ at all
relevant conditions (0 - 900°C and 0.6 - 60 bar).

As organic contaminants (“tars”) from pyrolysis or gasification of coal are similar in nature compared to (high
temperature) biomass gasification tars. also coal tars can be measured with this Guideline.

The procedures and methods described in this report differ from most of the methods used for sampling organic
compounds present in the gaseous emissions from various industrial processes such as flue gases or automobile exhaust
gases. The differences are related to the fact that the concentration level of the organic species present in the producer
gases exceed the concentrations found in flue gases generally by more than 3 orders of magnitude. Hence the methods
described within this Guideline are not intended to be applicable for sampling organic components in ftrace
concentrations (ppm or sub-ppm range).

The Guideline. previously entitled ‘Protocol’. has now been changed to ‘Guideline’ thus providing a ‘temporary status’.
A standardisation trajectory at CEN has been initiated. with the aim to convert the Guideline to a Standard.

The Guideline describes sampling and analysis of organic contaminants in product gases from gasification of biomass.
Biomass in this Guideline is defined as uncontaminated organic materials of non-fossil origin. The Guideline can also
be applied for non-biomass materials (that is: for sampling and analysis of organic contaminants from gasification of
contaminated organic materials of non-fossil origin. such as waste wood. sludge and manure). However, this can only
be undertaken for analysis of the same compounds that are found from uncontaminated organic materials. In other
words: The Guideline is not specifically designed to measure organics formed from gasification of the contaminated
organic materials or from interactions between these contaminants and gasification products of the biomass. Examples
of such organic contaminants are halogenated compounds, monomers of degradation of plastic materials, and
compounds containing nitrogen and sulphur apart from the most common ones also found in biomass producer gases
listed in Appendix 13.2.

h
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3. Definitions

b.p.

Biomass:

BTX:
GC-FID
GC-MS

Gravimetric tar:

IC engine:

Organic compounds:

Producer gas:

Particles:

Main gas stream:
Normal conditions:
Slip gas stream:

Tar:

VOC:

XAD:

PTFE:

Boiling point

Uncontaminated organic materials of non-fossil origin such as wood, straw or short rotation
forestry fuels

Benzene, Toluene and Xylenes
Gas Chromatography — Flame Ionisation Detector
Gas Chromatography — Mass Spectrometer

Evaporation/distillation residue from partticle free sampling solution(s) determined by
gravimetric analysis (see Chapter 8.1.4)

Internal Combustion Engine
Generic term for individual organic compounds listed in Appendix 13.3

Gas produced from thermal biomass conversion reactor (gasifier). May include also
pyrolysis gas

Solid residue from particle filter after solvent extraction or solid residue from filtration of
sampling solution(s) (Chapter 8.1.4)

Producer gas stream in gas pipes of gasification reactor
273.15 K, 101325 Pa—= 1.01325 bar, dry (according to DIN 1343)
Representative (small) part of the main gas stream

Generic (unspecific) term for entity of all organic compounds present in the producer gas
excluding gaseous hydrocarbons (C1 through C6). Benzene is not included in tar.

Volatile organic compounds. Generic term for organic compounds (e.g. with b.p. < 250°C)
which exhibit a considerable vapour pressure at room temperature. VOC represent the
lower boiling fraction of gaseous hydrocarbons (C1 through C6) and tar.

Not an abbreviation of a substance. XAD is a registered trademark of Rohm & Hass (It).
XAD is a resin of polystyrene (XAD-2 and XAD-4) or polyacrylic (XAD-7 and XAD-8).

Polytetrafluoroethene

213



Energy project ERK6-CT1999-20002 (Tar protocol)

4. Units and indices

Notation and units (in agreement with ISO 9096):

Sign Parameter Unit
a Linear coefficient -
a Effective nozzle area m’
A Surface area m’
C Mass fraction of carbon -
c Concentration in producer gas kgf'lnﬂ3
cc Carbon content (non-condensable gases = CO, CO,, CHy, C:H,, C;H, ete.) kgC/ m;’ or
kg C / kg biomass’
d (Inner) diameter m
A Error
K Water vapour concentration kg/m®
H Mass fraction of hydrogen -
1t Mass flow (of fuel, ash, producer gas) kg/h
M Mass kg
N Number -
P Absolute pressure Pa or bar
Py Pressure at normal conditions: 101325 Pa = 1.01325 bar (according to DIN 1343) Pa or bar
Pam Ambient pressure Pa or bar
Ap Differential pressure Pa or bar
A Mass flow rate kg/h on dry basis
qQv Volumetric flow rate 1n113;-'11
RF Response Factor
Density kg/m®
G Standard deviation
t Sampling time (total) h
cc Carbon content (non-condensable gases = CO, CO,, CHy, CH,, CH, ete.) kg C m,’ or 1
kg C / kg biomass
T Temperature (absolute) K
To Temperature at normalconditions: 273.15 (according to DIN 1343) K
€] Temperature °C
v Velocity m/s
v Volume m,’
v Gas volume flow rate m,’/ hr
v Velocity of producer gas in duct m/s
ng Gas yield m,’/kg biomass'
> Average
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! Biomass on dry and as-free (daf) basis
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Used subseripts:

Sign Subscript means

A Individual compound

a Actual conditions in sampling plane
act Actual, measured at the gas meter
agent Gasification agent

ash Solid residue from gasification process
drygas Dry producer gas (not including H,O)
c Compound

D Main gas duct

F Particle filter

fuel Solid biomass

z Any gas measuring devise

gas Producer gas

zasif. agent

Gasification agent/agents

H-Ogas Water in the producer gas

i Individual value

is Internal standard

N Sample nozzle

n Normal conditions (DIN 1343, in English often called standard conditions)
P Quantity of particles

<p= Average pressure

particles Particles in producer gas

p.0 Dry clean particle filter

p.l Dry loaded particle filter obtained after sampling and Soxhlet extraction
Pt Pitot tube

s Compound

sol Quantity in the tar solution sample

solid Solid residues from gasification (bottom ashes, fly ash)

tar Organic compounds in producer gas

T Quantity of “Gravimetric tar”

W Water vapour

0 Start of the sampling procedure

1 Stop of the sampling procedure

Sign Superscript means

Moisture included
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5. Measuring principle

5.1. Overview

The required level of information about the gasification products often depends on the end use of the gas. In some
applications a very rough estimate of the gas heating value is sufficient for successful operation while very detailed
chemical characterisation of the effluents may be needed 1n another application.

The measurement principle is deseribed in this chapter. The principle is based on the discontinuous sampling of a gas
stream containing particles and organic compounds (tar) under isokinetic conditions. The mstructions of isokinetic
sampling of flue gases are given in the standards ISO 9096 or VDI 2066.

The aim of the principle has been to keep it as simple as possible. This is because the measuring conditions can vary
from ‘comfortable’ laboratory rooms to an executive plant gasifier where there is no customised room for
measurements or measurement apparatus. Also the weather conditions can be challenging. for instance in northemn
Europe measurements might have to be performed at temperatures below 0°C.

The tar and particle sampling system consists of a heated probe, a heated particle filter. a condenser and a series of
impinger bottles containing a solvent for tar absorption. The bottles collecting tar are placed in a cold bath so that
gradual cooling of the sampled gas from about 20°C to the final temperature - 20°C takes place. The gas 1s sampled for
a specified period through the sampling line and filter. The flow rate is maintained with the aid of either process
pressure or a pump. The sampling train set-up with solvent impingers is designed for flow rates up to 0.6 11}1[3;’{ h.

The sampling lines including the filter are heated to prevent tar condensation. However. to avoid thermal decomposition
of organic compounds, these temperatures must be properly selected. In updraft gasification the temperature of the
sampling line and the particle filter should be 100-125°C, whereas in downdraft and fluidised-bed gasification 300 —
350°C has been found as suitable temperatures

The tar collection occurs both by condensation and absorption utilising impingers containing isopropanol, which was
found to be the most suitable solvent. The volume, temperature. pressure, and gas flow rate through the equipment are
measured after the impinger bottles. The gases from by-pass lines and sample gas are vented safely to atmosphere.

Immediately after sampling the content of the impinger bottlesis decanted into a storage bottle. All surfaces (including
metal surfaces) contacting the gas, at temperatures lower than the process temperature, are washed with the solvent. The
washes are combined with the actual sample. This is easy to arrange in atmospheric processes, but very difficult in
pressurised systems. The storage bottle is stored tightly closed at cool, < 5°C, temperature for later analysis.

In general. sampling of tar and particles is performed simultaneously except for pressurised and/or large-scale gasifiers
(=20 MWth) where a sampling strategy based on separate sampling of tar and particles is applied. In pressurised processes,
isokinetic operating conditions would require much higher sampling flow rates than 0.6 m,/h when using the minimal
nozzle diameter of 4 mm. Hence tar sampling is performed non-isokinetically for pressurised gases. Non-isokinetic tar
sampling is also practical in large-scale atmospheric gasifiers where the pipe diameter is large.

Tsokinetic sampling is also not necessary when only tar is sampled and when the gas temperature under study at the
sampling site exceeds 350°C. Such temperatures generally safely avoid tar condensation in the form of aerosols and/or
droplets and also minimises adsorption of organic species on particles.

For non-isokinetic sampling the alignment of the probe in relation to the gas flow is not so stringent, also more freedom is
available for the design of the probe nozzle to reduce blockages. This is important especially in pressurised gasification
since the probe cannot be removed from the gas line during operation.

5.2. Basic concept of the sampling train

The modular sampling train consists of 4 main modules and respective submodules. The main modules are gas
preconditioning, particle collection, tar collection and volume measurement.

In the preconditioning module (Module 1) the process gas is cooled or heated, depending on the process temperature, to
a constant temperature of 300-350°C using a heated probe. For updraft gasifiers a temperature of 100-125°C should be
chosen. With pressurised gasification the pressure is reduced to atmospheric pressure. The module includes an airtight
(sealed) lock.

In the particle collection module (Module 2) a heated filter. maintained at the same temperature as the probe, collects
the solids from the gas.
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The tar collection module (Module 3) consists of three submodules. In the first submodule the gas is cooled and
moisture and some of the tar is collected in a condenser at a temperature of approximately 20°C. The use of a liquid
quench, which facilitates cleaning of sampling lines after the sampling. is optional. In the second submodule tar and
VOCs are absorbed into the solvent at -20°C in a series of impinger bottles. In the third and optional submodule a
backup VOC adsorber collects residual VOC's which may have penetrated the impinger train. The backup VOC
adsorber is not necessary when enough impinger bottles, appropriate solvents and collection temperatures are used.

The volume-sampling module (Module 4) consists of three submodules. The purpose of these submodules is to: (a)
maintain the sample flow by a pump (not needed in pressurised gasification); (b) adjust and control of flow rate; (c)
measure the sample volume; and (d) vent the gas.

The concept of the modular sampling train is shown in Figure 5-1. Table 5-1 sunumarises the function of each module.

Module 4

Submodules

Y

~Module 1] [Module 2

Gas
flow

Module 3

Submodules

Figure 5-1:  Concept of the modular sampling train. The liquid quench is optional.
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Function Equipment

Module 1 (Gas preconditioning) | Gas cooling, pressure letdown Nozzle, valves, sampling lines

Module 2 (Particle collection) | Separation and collection of solids Heated filter (high temperature)

Module 3 (Tar collection)

SubModule 3.1 Moisture and partial tar condensation | Condenser at 20°C
SubModule 3.2 Tar and VOC collection Impingers with solvent at T < -20°C
SubModule 3.3 Backup VOC sampler Adsorber tower (act. carbon, XAD,

others) at Ty, or lower

Module 4 (Volume sampling)

SubModule 4.1 Gas suction Pump

SubModule 4.2 Gas volume integration Gas meter, needle valve (adjustment
and control of flow rate), pressure
and temperature indicators

SubModule 4.3 Vent/exhaust gas handling Outdoor ventilation

Table 5-1:  General description of modules and submodules with purpose and equipment used

5.3. Description of sampling module 1 (gas preconditioning)
5.3.1. General

The sampling line consist of a sampling probe (the part that enters gasification conditions), a sampling port (through
which the probe is mounted) and additional heated tubes and valves. The line should be short, small in volume and as
simple as possible. Additional joints, valves, filters, etc., should be avoided to minimise the risk of leaks. When
designing the sampling line, cleaning of the line, sufficient cleaning of sample gas and prevention of condensation
should be considered.

5.3.2. Isokinetic or non-isokinetic sampling?

For high-temperature (> 350°C) sampling, where the tar is completely in gas phase, non-isokinetic sampling is sufficient
for measuring tar. In non-isokinetic sampling the alignment of the probe in relation to the gas flow as well as the shape of
the probe nozzle can be designed more freely to prevent the nozzle from blocking. This is important especially during
pressurised operation since the probe cannot be removed from the gas line. Both straight-ended nozzles and those angled at
45° can be used.

Isokinetic sampling requires a special probe. The design of such a probe is described in Paragraph 6.3.
5.3.3. Gas preconditioning for atmospheric gasifiers

The sampling line for an atmospheric process is shown in Figure 5-2.
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> Heated sampling
probe

4
f \
/
> Shut-off Stuffing box Shut-off

valve valve

Figure 5-2:  Sampling line for gases containing solid and gaseous
impurities at atmospheric pressure.

The sampling line is designed in such a way that the probe can be removed through the shut-off valve (ball valve)
during operation of the gasifier. The design of the stuffing box is shown in more detail in Paragraph 6.4. A second shut-
off valve (ball valve) is mounted between the probe and the particle filter for shutting off the sampling line at any time
(also in case of leaks). The valve should be resistant to process temperature (high temperature shut-off valve). Electrical
heating of the sampling line prevents condensation of water vapour and condensable gases (clogging of the sampling
line). The insulating material should completely cover the sampling line and particle filter to sustain the minimum
necessary temperature level and to avoid the formation of cold spots (possible tar condensation) in the line or in the
filter.

When tar only is measured. the particle removal from the sample gas can be carried out also at the process temperature
with a ceramic filter positioned at the tip of the probe (SiC is a suitable material, since it has very little or no catalytic
effects on tar decomposition).

The pressure and temperature of gas is measured at the sampling point.
5.3.4. Gas preconditioning for pressurised gasifiers
For pressurised gases a sampling strategy with separate sampling of tar and particles is required. The gas

preconditioning is composed of an inline ceramic filter for the particle collection followed by a pressure relief device
(Figure 5-3). The whole sampling line is heated and tar is sampled at ambient pressure.

) ; Purge (nitrogen
Ceramie filter e ( gen)

— ~C__ > Flow control

//Jz E:__

- valve

R
)
)

J
]
N
|
J

p>1bar

C) Shut-off Shuteoff Flow control and

pressure relief
valve

g
-

valve valve

Figure 5-3: An example of a sampling line for a pressurised process for tar measurement only

A shut-off valve is positioned first in the sampling line enabling shut off at any time (also in case of leaks). The shutoff
valves must endure the gas temperature (maximum 400°C) at the process pressure. The material of the valves must be
carefully selected for each process.

Pressure relief is carried out in stages with three manual control valves. It can also be performed with one valve only
(flow control), but a steadier pressure relief and higher reliability in service (leaks due to contamination of valves) are
achieved by installing several valves. Pressure relief and clogging in the sampling line are monitored by pressure
measurements.
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The flow of sample gas is regulated by the last control valve in the line, from which the gas is led througha PTFE hose
or through a glass pipe into the condenser. This line should be kept to a mininmm length.

Condensation of water vapour and condensable gases before the condenser is prevented by electrically heating the
sampling line to 300-350°C. This will prevent blocking of the sampling line. Blocking problems can also be minimised
by using two parallel sampling lines equipped with facilities for purging and solvent washing. The type and number of
particle separators in the sampling line is chosen on the basis of solids contents in the sample gas. Quartz and fibreglass
filters can be used as hot filters. When measuring tar only, ceramic filters can be employed.

As it is not possible to remove the probe from the sample port under pressurised conditions, the sampling probe and the
filters can be cleaned by nitrogen purge. Nitrogen flush lines are positioned to ensure that the most important valves and
gas lines are cleaned in both directions.

The nitrogen flush of the probe tip has to be continuous except during the sampling.

5.4. Description of sampling module 2 (particle filter)

Particles are collected in an external heated filter system. Quartz filters (absolute filters) must be used as filter material.
Retention capacity of the filters should be at least 99,998 % of the particles of size 0,3 pm (DOP standard").

Plate filters are used for particle concentrations below 20 mg/m,’ (VDI 2066, part 7). The recommended minimum
diameter for the plate filter is 90 mm.

For particle concentrations above 20 mg/m,’. filter thimbles are used. Dimensions of filter thimbles are selected for
subsequent Soxhlet extraction procedures. The recommended dimensions for the filter thimble are a diameter of 30 mm
and a length of 77 or 100 mm. As a general indication, a filter surface area of 100 cm” allows the collection of several
grams of particles without significant increase in pressure drop over the filter. This is valid for sample flows of 0.6
m’»/h and for producer gases containing high temperature tar.

The filter holder must be gas tight. An example of a possible way to mount the filter is shown in Figure 5-4.

/ ke Quazfitter thinble
I /
/

Comection to b T il //////////////////4
Senpling probe ;

Cormection to
Inpingsr frain

drh

7

RS

Shut-oft
vahe
Filter housing (heated)

Figure 5-4: Module 2: the heated particle filter. This figure shows one of the possible ways to mount the thimble
filter in the housing.

The material of the filter holder should not affect the composition of tar compounds and must endure 50°C higher
temperature than the operating temperature is (e.g. AISI 310, AIST 316). A thermocouple is placed inside the filter
holder to measure the gas temperature at the filter.

The temperature of the filter is critical and has to be sufficiently high in order to prevent filter plugging caused by the tar
build-up, but low enough to prevent further reactions of tar on the filter surface. Operating temperatures are given in
Paragraph 5.8.

In case of non-isokinetic tar sampling applications, the particle removal from the sample gas can be undertaken with a
ceramic filter at the process temperature. which is positioned at the tip of the probe. SiC is a suitable material for this filter.
since SiC has very little or no catalytic effects on tar decomposition. Reverse flow, high-pressure nitrogen purge should be
available to clean the SiC filter from particles.

! The test method was developed in USA during World War IL DOP is Bis(2-ethylhexyl) Phthalate and is (like other Phthalates) an
undesirable compound according to National and EU environmental rules. The most common test acrosols nowadays are Latex
particles or DEHS Di (2-ethylhexyl) Sebacate or DOS Dioctyl Sebacate. The term ‘DOP test” is used in everyday language, but
DOP is not used any more.
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The temperature of the stainless steel filter holder (AISI 310, AISI 316) and the SiC filters should be < 700°C to prevent
any catalytic change in the concentrations of tar compounds.

5.5. Description of sampling module 3 (tar collection)
The module 3 is schematically shown in Figure 5-5.

The connection between the hot metal tubing and the impinger bottle should be designed accurately to assure the
tightness of the joint. The joint can be practised for instance in the following way. The end of the metal tubing is formed
identical to the male glass ball ground joint so that it fits the female ground joint of the impinger bottle. The radius of
the metal ground joint should be the same or slightly smaller than the similar glass joint. The smaller radius makes the
cracking of the glass female joint due to different thermal expansion less likely, but then special attention is needed to
the sealing of the joint.

From particle
filter To pump and flow
adjustement and
control

Backup VOC

‘ -
Moisture collector / collector

Impinger bottles Ice bath

Figure 5-5:  Module 3 of the sampling train: impinger bottles and VOC collector

5.5.1. Moisture collector

In the moisture collector, water and tar are condensed from the process gas by absorption in isopropanol at 20°C. The
heat released by gas cooling and condensation is removed either in an external water bath or by an additional heat
exchanger before the condenser. The heat exchanger may be necessary for high moisture producer gases (e.g. from
steam gasification) and designed to meet the demands of the gasifier (see also Chapter 7).

The condenser is a standard impinger bottle (reference arrangement) or can optionally be equipped with an internal
liquid quench system which is especially suitable for producer gases containing higher tar levels. The end of the metal
tubing connected to the impinger bottle is formed identical to the male glass joint so that it fits the female ground joint
of the impinger bottle. When using a liquid quench, isopropanol is the circulating liquid. The working principle of the
liquid quench is described in Appendix 13.4.

5.5.2. Liquid tar impingers

After the moisture collector the gas is passed through a series of impingers (at least 3, preferentially 5) each containing
approximately 50 ml of solvent. Direct condensation of the liquid effluent without diluting media, e.g., with cold
trapping. can result in further reactions of the trapped compounds.

Optionally measures can be taken to disperse the gas flow and thus enhance both mass and heat transfer. One possible
measure is the use of glass beads, which can be used in all impingers or in some only. The impinger bottle is half-filled
with glass beads. Another possibility is the use of glass frits. either as large as the diameter of the impinger bottle or
mounted as filter to the bottom of the impinger bottle gas inlet tube. Fine-meshed frits give better results than coarse-
meshed frits, it is recommended to install at least one G3 frit in the impinger train.

15
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Standard glass impingers (100 ml or 250 ml volume) with an inner tube diameter of 4 mm are used. Alternatively, it is
also possible to use a modified impinger design as shown in Appendix 13.5.

Temperatures of the impinger bottles are 20°C for the moisture collector and the first three impinger bottles, and -15 or
-20°C for the last two impinger bottles. Cooling liquid can be either made of a mixture of salt/ice/water, or a mixture of
dry ice with isopropanol or by a mechanical cooling device. The bath should be insulated.

5.5.3. Backup VOC sampler

The optional backup VOC sampler collects the residual solvent or VOC’s which may have penetrated the impinger
train. The backup VOC adsorber is unnecessary when using several impingers in series, appropriate solvents and
collection temperatures. It is primarily used as a pump and volume metering protection device. The backup VOC
sampler contains an adsorbent such as activated carbon, XAD or Tenax. The temperature of the adsorbent should be kept
low (= 50 °C) to prevent decrease in sampling capacity. With XAD or Tenax. the compounds, which have penetrated the
tar impingers, can be recovered and analysed.

5.5.4. Alternative sampling train

During preparation of the Guideline. the partners have gathered experience of the use of the described sampling train.
This configuration is the standard configuration. One of the project partners has gained experience with an alternative
configuration which is described in Appendix 13.6.

5.6. Description of sampling Module 4 (volume metering)

Figure 5-6 displays the Module 4 equipment: a pump, a flow indicator, pressure and temperature measurement and a
volume flow meter.

5.6.1. Sample gas suction device

The gas suction pump (vacuum pump) must be oil free, airtight and pulsation must be minimal. Membrane pumps are
recommended because of easy clean up and maintenance. The gas pump must be able to displace at least 1 nfy/h at an
absolute pressure of 0.5 bar. A flow control valve is recommended to adjust the sample flow rate.

There is no need for a pump when sampling pressurised gasification systems at pressures much larger than 1 bar.
However, for slightly overpressurised gasification systems (up to 1.5 bar) a pump might still be needed.

Flow
indicator

Volume
flow meter

Flow control
valve

Pump —

Connection to VOC
adsorber and liquid
impingers bottles

Figure 5-6: Pump and flow measuring equipment in Module 4.
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5.6.2. Sample gas meter

To determine the volume of sampled gas, a calibrated dry gas meter with thermocouple is used. The pressure drop over
the volume-measuring device should not exceed few hundred Pa.

The gas flow during the removal of flushing gases and essential sampling is monitored with a rotameter. Preferentially,
a rotameter is located between the pump and the volume-measuring device, which is used to adjust and compensate the
sample flow. A temperature indicator and a barometer is used to correct for temperature and ambient pressure to normal
conditions.

The exhaust gases from by-pass lines and sample gas are vented safely to atmosphere.

5.7.  Equipment and materials

For sampling line temperatures below 200°C, PTFE or glass tubing is used. For higher temperatures up to 700°C,
stainless steel tube (AISI 316 or AISI 310) is a suitable material.

When the temperature exceeds 700°C the accumulation of the catalytically active matter (for example limestone or
dolomite) to the tip and bends of the probe may prove problematic.

The equipment and materials required for the construction of sampling system are presented in Table 5-2. All materials
and equipment used in sampling should be compatible with national safety regulations. In case the sampling
environment is classified as potential explosion area (e.g. standard EN 60079-10) electrical equipment used in sampling
should fulfil the required national safety regulation for potentially explosive atmospheres (e.g. standard EN-50014).

Table 5-2:  Materials and equipment for sampling system.

Probe : Acid-proof stainless steel, ATSI 316 or Fire-proof stainless steel, AISI 310
Condenser: Acid-proof steel, ATST 316, glass
Ice bath

Compression cooler

Filter: Quartz fibre filter, size 30 x 77mm

Max. temperature 950°C

Retention capacity 99.998% (0.3 pm). DOP-stand.

Filtration: Filter holder: Acid-proof steel, AISI 316

Ceramic filter: Silicon carbide, 50 x 30 x 135 mm

Silicon carbide. o.d. 12.7 mun, i.d. 20.5 mm, length 100 - 300 mm

Liquid quench Peristaltic pump (3 Vh: 3 m riser level) with Tygon tube, PTFE and stainless
steel tubing
Backup VOC adsorber e.g. activated carbon, XAD or Tenax
Pumps (e.g.): Membrane pump
Rotameters (e.g.): Standard rotameter for gas flow rates 1 - 20 l/min
Gas meter: Dry gas meter
17
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Impinger bottles: Material is standard laboratory glass (100 ml or 250 ml)
Glass beads: o.d. 6 mm
Solvent: Isopropanol, minimum purity 99 %

The solvent should not include GC detectable amounts of relevant tar
compounds (blank determination by GC essential).

Cold bath: Acid-proof steel, ATST 316

Salt, Ice
Sample bottles: 500 ml storage bottle with PTFE coated screw plug (GL45) and pouring ring
Gaskets in the filter holder ete. PTFE or graphite or copper or Viton

5.8.  Design operating conditions for the sampling train

The design sample gas flow rate of the solvent impingement sampling train is 0.1 — 0.6 m°y/h whereas the minimum
absolute pressure in the sampling duct is 0.6 bar.

The volume of the gas sampled depends on the tar content of the gas. The recommended minimal sampling volume is
0.1 lllﬂ3 for all producer gas types. The total content of tar in the solution should be at least 100 mg/kg for gravimetric
analysis and about 10 mg/kg (10 ppm) of solution for each compound analysed by GC. However, the GC detection limit
is significantly lower for single components (0.25 ppm).

The sample probe temperature in updraft gasifiers is maintained between 100 and 125°C and in downdraft and
fluidised-bed gasification at 300-350°C.

The temperature of the particle filter varies with the gasifier type. When sampling high temperature tar from downdraft
and fluidised bed gasifiers, the preferable filter temperature is 300-350°C or higher in order to avoid condensation of tar
on carbon rich particles. When sampling low temperature tar from updraft gasifiers the filter temperature is 100°C to
avoid polymerisation of the tar.

At filter temperatures above 250°C, Viton gaskets or plate rings made of copper can be used for the filter hausings
sealing. At temperatures below 250°C, PTFE can be used.

5.9.  Site specific sampling train set-ups

The application of a sampling procedure is dependent on the gasifier type. Most of the gasifiers fall in four categories,
which are: 1) fixed-bed updraft, 2) fixed-bed down-draft, 3) fluidised-bed and 4) entrained-flow. In the Appendix 13.1
(Figure 13-1), the basic principles of these gasifier types and typical operating behaviour are shown.

Tar concentrations and its composition and particle concentration depends on the gasifier type and design. on the operating
condition, feedstock etc. The tar concentration in countercurrent (updraft) gasifiers is usually high (typically 100 — 200
g/m’,) compared to other gasification applications (tar content usually under 20 g/m’,). Fluidised bed gasifiers typically
produce the highest particle concentration.

Table 5-3 provides an overview of various site specific sampling train arrangements. The term ‘Raw Gas’ in the figure
means gas collected direct from the gasifier without any gas cleaning. The term ‘Clean Gas’ in the figure means gas
cleaned either catalytically, by scrubbing or physical methods (ceramic or bag filters etc).
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. Fixed bed Fixed bed FB/CFB FB/ CFB

Gasifier type . .
cocurrent countercurrent| atmospheric pressurised

Sampling site RawG |CleanG| RawG |CleanG | RawG |CleanG | RawG | CleanG
Module 1 (Gas conditioning) X X X X X X X X
Module 2 (Particle collection) X X X X X X X X
SubModule 3.1 (Moisture/tar condensation)| X (X) X X X (X) X (X)
SubModule 3.2 (Tar/VOC collection) X X X X X X X X
SubModule 3.3  (Backup/guard filter) X x) X X X X X (X)
SubModule 4.1 (Gas suction) X X X X X X - -
SubModule 4.2  (Volume integration) X X X X X X X X
SubModule 4.3 (Offgas handling) X X X X X X X X

Table 5-3:  Overview of sampling train arrangements depending on gasifier type.
Remarks: X = Reference arrangement; (X) = site specific; - = not needed: RawG = Raw gas after

gasification reactor (before gas cleaning): CleanG = Clean gas after gas cleaning.

The complete reference set-up of the isokinetic sampling train for tar and particles from biomass producer gases at
ambient pressure is shown in Figure 5-7.

Probe Particle filter
(heated) Flow
. indicator

Volume
flow meter

Backup
adsotber

Water bath
(T=20°C)

" Salt and ice
Gas washing bottles bath
(T=-120°C)

Figure 5-7:  Atmospheric and isokinetic sampling train for tar and particles with removable
probe and pitot tubes for flow measurement

Remarks: The set-up is based on the use of isopropanol as a tar collecting solvent: alternatively to the pitot tube, an O-
type probe can be used for isokinetic measurement
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5.10. Type of solvent used

The condensate and the organic compounds present in the producer gas are collected in a solvent. Direct condensation of
the liquid effluent without a solvent as a diluting media can result in further reactions of the trapped compounds. The
reactivity is suppressed by the solvent. Direct condensation of the effluent also causes that tar aerosols (which are
formed when the producer gases cools down, ie. in the moisture collector) will likely pass the condenser. The
absorbing liquid captures these aerosols and the design of sampling train and the choice of the solvent has been
optimised to perform this function.

The modular sampling train set-up displayed in Figure 5-1 to Figure 5-7 can be used for both water miscible and non-
water miscible (non-polar) solvents.

The boiling point (evaporation rate) and the water solubility are the main parameters, which influence the sampling
train set-up:

- With water miscible solvents exhibiting a medium volatility (like isopropanol), a liquid quench with the solvent can
be used as an option for gases with high tar levels.

- With water miscible solvents exhibiting a high volatility (like acetone), the first impinger (kept at 0°C) after the
condenser can not be filled with solvent. Also the liquid quench option with the solvent canmot be used. Instead
conventional cooling (with heat exchangers) or a liquid quench with water can be used.

- With non-polar solvents (like iso-octane) a liquid quench with the solvent cannot be used (at least two-phase
liquids or even formation of emulsions occurs). Instead conventional cooling (with heat exchangers) or a liquid
quench with water can be used. Besides. attention should be paid to possible formation of ice on the tip of (small)
impinger tubes.

In this Guideline 1sopropanol has been selected to be the most appropriate solvent. The R&D that was performed to
come to this selection is described elsewhere (Neeft. Knoef, Zielke, Sjostrom, Hasler, Simell, Dorrington, Abatzoglou,
Deutch, Greil, Buffinga, Brage. Suomalainen, 2001).
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6. Planning and preparation of sampling

6.1. Requirements for the plant operating conditions

Measurements should be performed during stable and known operating conditions of the gasifier. The characteristic
operating conditions (such as heat rate, gas production rate, fuel type) during the sampling are summarised together
with the plant specification i the sampling logs (Chapter 13.7.4).

6.2. Requirements for the mai gas stream

The flow in the main gas duct must be undisturbed for ideal isokinetic sampling. The measuring port(s) should not be
positioned in bends or near ventilators, valves etc. As a general rule, the length of the main gas duct before the sampling
port should be at least 5 times its hydraulic diameter D and at least 3 times its hydraulic diameter after the sampling port
(ISO9096 or VDI2066, part 1). The number of sampling points at one port depends of the diameter of the gas pipe. The
instruction to calculate the number of sampling points is given in ISO 9096 or in VDI 2066 (part 1).

Preferentially the main duct is in a vertical position for the mounting of the sampling port. The gas velocities in the
main gas duct should be higher than 5 m/s.

6.3. Requirements for the sampling line

The sampling line should be kept as short as possible. To prevent plugging problems, the inside diameter of the sampling
line should be at least 3 mm. The sample nozzle diameter can be calculated with the equations given in Paragraph 7.1.
The minimal nozzle diameter is 4 mm according to ISO 9096 and 5 mm according to VDI 2066, part 2. In this
Guideline, the nozzle diameter should at least be 4 mm. Design parameters for nozzle shapes used to isokinetic
measurements can be found in ISO 9096 or VDI 2066.

The sample probe is positioned in the same direction as the flow or positioned at a 90° angle to it. The sampling line is
heat-traced at a constant temperature over the filter. The probe is maintained at the process temperature, but above tar
condensing temperature, so as to prevent any condensation in the probe. Since high temperature gas cools very quickly.
tubes made of stainless steel are appropriate. For gas temperatures below 200°C, PTFE or glass tubing can be used. For
gas temperatures above 600°C, special material such as Inconel is preferred. The temperature of stainless steel sampling
probe (AISI 310, AISI 316) should be limited to below 700°C preventing changes to the concentrations of tar
compounds.

To avoid particle deposition in the sampling tubes. the gas velocity in the tubes must be higher than 25 m/s. The
temperature of the tube must be 300 - 350°C to prevent the particles adhering to tar condensed on the tube walls.

Gas contact times with hot parts of the sampling line should be minimised.

In atmospheric sampling the sampling probe is cleaned after each sampling either by flushing with nitrogen pulses or by
dismantling and cleaning it manually. As it is not possible to dismantle the probe between samplings in pressurised
conditions, the probe and the filters are cleaned by nitrogen purge.

6.3.1. Measurement of actual gas velocity
Tsokinetic measurement requires the knowledge of the actual gas velocity at the sample point or the use of an O-type
probe (see Figure 6-2).

Gas velocities in producer gas streams at near ambient pressure are preferentially measured with (calibrated) pitot tubes.
The instructions for using pitot tubes are given in ISO 9096, an example of the layout is given in Figure 6-1. Pitot tubes
must be heated to process temperature, back-flushing facilities being advantageous.
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Figure 6-1: Pitot tubes for measurement of the producer gas flow.

In pressurised gasification applications removable pitot tubes cannot be used and hence gas velocities at the probe tip
can not be measured. Alternatively, an O-type probe has been found to work well for pressurised producer gases (Figure
6-2). The O-type probe is also suitable for atmospheric applications.

If there is no velocity meter available calculation is performed according to Paragraph 7.1.
6.3.2. O-type probe for isokinetic sampling

Isokinetic sampling can be performed using an O-type probe configuration (Figure 6-2) both for sampling atmospheric
pressure gas and pressurised gases. For sampling from pressurised systems an O-type probe configuration is the
preferred choice. This type of probe has been found to operate relatively well under pressure.
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Figure 6-2  The configuration of the O-type probe

Isokinetic sampling is required for particles and low-temperature tar sampling points (temperatures under 350°C), where a
proportion of the tar can be present as aerosols in the gas. In the case of isokinetic measurements the number of
measuring points is defined by the diameter of the gas pipe. Details are found in ISO 9096 or VDI 2066. For non-
isokinetic sampling one measurement point is sufficient.

6.4. Requirements for the sampling port

Sufficient space must be available to ensure easy access to sampling ports and placement of sampling equipment.
. ~ ! - s . . . -

typically an area of 4 m". There should be good air-conditioning in the sampling site and exhaust gases must be sately

vented to atmosphere. Work in the vicinity of pressurised systems should be avoided or kept to a minimum.

In pressurised gasification processes. the O-type probe (Figure 6-2) or other sampling probe(s) must be mounted before
the start-up of the plant. The nitrogen flush through the probe tip has to be continuous except during the sampling.
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In atmospheric processes, probe mounting during operation is possible. The mounting must be carried out safely both
for producer gases with positive or negative pressure since combustible and poisonous sample gas exhibits a potential
risk of explosion, fire and poisoning.

The joint of the atmospheric sampling probe is illustrated in Figure 6-3. The sampling port includes a main shut-off
valve (a 2" ball valve) which must be assembled before plant startup. The sampling probe with the gas tight joint
(stuffing box) can be mounted during gasifier operation. The stuffing box structure enables mounting the probe.
warming the probe after mounting and displacing the probe without the danger of a gas leak.

Manifold O -ring gasket Bush  Tightening nut
tube 1

obe(out) + 2 mm
B

"'_"‘“Q B
Graphite
Main
gas pipe
Bush

Ball valve

Figure 6-3:  Sampling port with lock consisting of ball valve and stuffing box (the sampling
probe is not shown)

6.5. Preparation of the sampling

6.5.1. Gas velocity meter

The pitot tube is the only measurement principle described within this Guideline which allows a measurement of the
absolute gas velocity in the main gas stream. However, its use 1s limited to gases near atmospheric pressure. Accurate
gas velocity measurement asks for calibrated pitot tubes. The pitot tubes are preferentially heated to process
temperature. Possible plugging can be tested e.g. by gently blowing nitrogen through the tube. The preparation and
calibration instructions of pitot tubes are found in ISO 9096.

6.5.2. Particle filter

Filter thimbles or plates must be preconditioned according to Paragraph 8.1.2. A fast. easy and gas-tight clamp system
should be used at both ends of the filter holder.

The filter holder including the filter is heated to its set value.

[
(¥
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6.5.3. Moisture collector

Prior to sampling the moisture collector cooling system is checked. The preparation procedure depends on the chosen
collector system. However, sufficient time should be allowed to ensure that the cooling system reaches the required
temperature.

In case where a liquid quench system is used. the recirculating system is filled with the chosen liquid. After that. the
liquid pump is switched off.

6.5.4. Tar impingers

The solvent used for tar absorption and the (optional) glass beads used for improving heat and mass transfer are added
in gas impinger bottles. In each impinger, approximately 50 ml of solvent is added. The drop-collecting bottle is placed
after the impingers. The entire impinger train (incl. drop separator) is placed in the salt/ice bath. For a sampling
temperature of —20°C, this cooling procedure requires approximately 30 minutes.

The cooling liquid can either be a mixture of ice/salt/water or of isopropanol/dry ice or by cryostatic cooling of
isopropanol. When using an ice/salt/water cooling mixture, make sure that the mixture is wet.

6.5.5. Cleaning of equipment before site measurements

Before using the equipment in connection with a site measurement, all glass equipment (sampling probe, impinger
bottles, fritts, transport bottles etc.) have to be cleaned according to an internal laboratory instruction. Oil or tar
contaminated glass equipment have to be put to soak in an alkaline bath (pH 11-12) for 24 hours. After this the glass
parts have to be washed in a laboratory dishwasher with the following program:

L. Primary rinse with soften water
2. Wash at 85 °C for 45 minutes.
3. Rinse 4 times with demineralizated water.

After this, the glass parts are heated in an oven to 500°C for 2 hours in order to remove possible organic residue on the
glass.

After cooling, the glass parts are sealed with plastic wrap (parafilm).

PTFE hosing has to be rinsed with DCM and acetone under save laboratory conditions until the tubes appear clean.
From time to time. the cleaning procedure is checked by analysis of rinsing liquid. After washing. the tubes are sealed
with plastic wrap (parafilm).

6.5.6. Choice of correct nozzle size

The diameter of the sampling nozzle is normally determined by the requirement that the isokinetic sample flow in the
beginning of a measurement should equal to about 70% of the sampling trains pump capacity. In this Guideline the
sample flow rate is limited to 0.1-0.6 m’,/h. The calculation of the correct nozzle size appears from Paragraph 7.1.
6.5.7. Backup VOC adsorber

The backup VOC sampler is positioned as specified and prepared according the type of adsorbens selected.

6.5.8. Gas suction and volume metering

The calibrated gas volume meter and the pump are connected to the sampling line and to the vent gas lne. The
temperature and the atmospheric pressure are measured.
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7. Sampling procedures

7.1. Isokinetic sampling

Isokinetic sampling means that the velocity entering the sample probe (nozzle) must equal the free stream velocity of
the gas being sampled:

vy = Vy (Eq. 7-1)
When the sample gas velocity v’y is higher than the gas velocity in the duct v’,, the sampling is designated as over
isokinetic. Since over isokinetic sampling implies lower sampling errors in particle concentrations and exact isokinetic
sampling is not always possible in practice, the sampling should to be conducted within the following limits

Il
095 <

v <115 (Eq. 7-2)

Va
Within this Guideline, two isokinetic sampling principles and one quasi isokinetic principle based on a mass balance are
described. The principles are:
a) Measurement of dynamic pressure with a pitot tube followed by determination of actual gas velocity and isokinetic
flow rates
b) Measurement of static pressure difference with an O-type probe and adjustment of isokinetic sampling conditions

¢} Estimation of the producer gas generation rate by applying a mass balance

7.1.1. Adjustment of isokinetic sampling based on pitot tube measurement

Pitot tubes measure the pressure difference between the total pressure and the static pressure = the dynamic pressure in

the sampling line. When using a standard pitot tube, the gas velocity v; at a sampling point is expressed as

o = ||I2'APPt — 7' (Eq. 7-3)
S APY 4-3600

In connection with this Guideline the dried gas sample flow rate ¢y, is measured by a gas volume meter. The velocity
in the nozzle opening amounts to

Vo= G _ _ % .paﬂ?ﬁ+P8,273'15+®a.{1+ Ly \\|
Y a3600  a-3600 p,,+p, 2731540, | 0804 )

(Eq. 7-4)

From equations 7-1, 7-3 and 7-4 1t follows that the volumetric gas flow rate through the gas meter becomes
[ +
.pam+pn 27315 OE 1

e 2
0 = yApp 36004 |— 7
(1+—L=

0.804

(Eq. 7-5)

\'p; pmn+pg 27315_@.&"

)

7.1.2. Adjustment of isokinetic sampling conditions using O-type probe

Isokinetic sampling is best performed using an O-type probe, which incorporates separated hollow chambers
surrounding the nozzle. The hollow chambers (measurement chambers) are provided with a number of holes internally
and externally which connect the chambers with the interior and the exterior of the nozzle through which the main
stream of gases pass. The static pressure in the chambers is monitored via pipe connections to the pressure gauge.
Figure 7-2 shows an O-type nozzle of this design, however, it has the disadvantage that special fabrication is required.
A simpler O-type probe is illustrated in Figure 7-1.
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Figure 7-1 Smmple O-type probe Figure 7-2 O-type probe

[sokinetic sampling conditions are achieved by equalising the interior and exterior static pressure signal. When the
difference between the two signals is zero, the gas velocity in the nozzle is deemed to be the same as outside the nozzle.
Continuous equalisation is established by means of the bypass valve on the vacuum pump.

A series of tests have been carried out in order to determine the magnitude of errors resulting from deviations from the
zero pressure. The tests show that in low velocity streams significant sampling errors may result from small deviations
from zero pressure. For example, in a duct with a gas velocity of 5 m/s, a 40% sampling error may result from a 12 Pa
deviation from zero. For a gas velocity of 15 m/s, the same deviation from zero would result in only a 3% sampling
error. In sites where steady flow conditions frequently do not exist and in low velocity streams the use of O-type probe
is not reliable and it is useful only as a rough means of adjustment to approximate isokinetic conditions.

7.1.3. Estimation of isokinetic sampling based on calculation from the gasifier load

Where pitot tubes or O-type probes can not be used or are not available, the producer gas flow rate and the isokinetic
sampling rate can be calculated from a mass balance. The method presented here determines the producer gas flow rate
from the gas yield and the gasifier load and can be applied to all types of gasifiers.

The calculation method presented here is based on a total carbon balance and can be applied when the following
requirements are satisfied:

a) Gasifier operation is stable:

b) Main gas composition (CO, CO,, CH,) are known:

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

d) Solid or liquid carbonaceous effluent streams (bottom ashes. particles, tar) and their carbon content are known.

The general calculation of the producer gas flow rate based on an elemental carbon balance can be written as

g”“:ﬁra.’ Ccﬁiel'iz qT".ﬂgt’m CCags’m = q!",gas ' (.chnsicmrccrm‘ +Cprrm'(.-':’: Cc_p‘mnr:'e:, ] + gm,ns_q (’th (Eq' ""-6)
with D, st = Fuel feeding rate [kg dry biomass / h]

CC o = Carbon content of fuel [kg C/kg dry biomass] (= 0.47 for woody biomass)

v agent = Gasification agent feeding rate [m’,/h]

CCueens = Carbon content of gasification agent [kg C / m’y]

Gy gas = Producer gas generation rate [m’y/h]

CC g = Carbon content of non-condensable gases (CQ, CO, CH.) in producer gas [kg C/ m’,]
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Cor = Tar concentration in producer gas [kg/nr'y]

cc,, = Carbon content of tar [kg C / kg tar]

C particias = Particle concentration in producer gas [kg/m’y]

CC paices = Carbon content of particles [kg C / kg dry biomass]
Do =  Bottom ash rate [kg dry ash / h]

CChp = Carbon content of bottom ash [kg C / kg dry ash]

Generally. the gasification agent does not contain carbonaceous gas components, hence ccge.,: = 0. Dividing equation by
the fuel feeding rate and rearrangement gives the specific producer gas yield

qr CChy — Cuy cc,
e _ V.gas _ Sitel ash, fuel ash .
Your = = (Eq. 7-7
GM,ﬁfe; chn’_‘ T Gy CCyp T Cpanisfes Ccpm'ﬁ(.-'c’.‘
with Y. . = Producer gas yield [m’/kg dry biomass]
Cosh el = Ash content of fuel [kg / kg dry biomass]

The method determines the dry producer gas yield on dry basis and does not require any information on the moisture
content of the producer gas. Multiplication of the gas yield by the fuel feeding rate (dry basis) provides the actual
producer gas flow rate (dry basis: 0°C, 101300 Pa). As the sampled gas volume 1s also measured as dry gas, the target
isokinetic sampling flow can be controlled during sampling by monitoring and adjusting the gas meter.

Analogous to the pitot tube velocity measurement, the calculation of the effective isokinetic sampling conditions from
equation (Eq. 7-7) can also be performed after the sampling.

The producer gas vield is a characteristic feature of the chosen gasification reactor under the given operating conditions
(load, fuel moisture, fuel type ete.). Examples of producer gas yields are given Table 7-1.

Countercurrent fixed | Cocurrent fixed CFB
bed gasifier bed gasifier gasifier
Fuel moisture wt% (daf) 50 16 15
Ash content wt% (daf) 1 1 1
C m bottom ash wt% 1 50 10
H: % 18.0 14.2 14.8
COs % 7.0 12.9 15.0
coO % 32.0 18.0 154
CH: % 5.0 1.9 4.2
Particle mg/my, 200 1,000 20,000
C m particles wt% 80 80 80
Tar mg/my, 100.000 1.000 20,000
Cin tar wit% 60 90 90
Gas yield according to (Eq. 7-7) Yeas m’o/'kg (daf) 1.84 2.73 2.23
Fraction of C in particles, % of total C in 11.3 1.0 155
bottom ash and tar gas

Table 7-1 Calculated producer gas vields from various gasifiers using wood as fiiel
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Remarks: A survey of typical gas composition. tar and particle concentration from various gasifier reactor
types is given in Appendix 13.1. Carbon content of the fuel is 49 wt% (typical for leavy wood): carbon
content in particles, bottom ash and tar are estimated from typical experimental data.

For a typical cocurrent gasifier, the fraction of carbon found in the bottom ash, particles and tar typically amounts to 1%
of the total carbon in the gas. Hence, the carbon in the carbonaceous effluent streams has no significance for the
producer gas yield calculation for such type of gasifiers. For countercurent and fluidised bed gasifiers, the amount of
carbon in particles and tar ranges from 10% to 15% of the total carbon in the gas. In these cases, some (pre) information
of the tar and particle levels is required to determine gas yields accurately.

Another method for estumation of the producer gas flow rate which can be used e.g. for cocurrent gasifiers coupled to
IC engines is based on the determination of the displaced gas volumes within the engine cylinders [BTG, 2000 and
Ramackers. 1985]. This method requires the cylinder volume, the engine speed and air supply and the oxygen content in
the exhaust gas.

7.1.4. Calculation of nozzle diameter

The nozzle diameter is chosen in order to adjust the welocity in the nozzle to the surrounding duct velocity.
Furthermore, the correct choice of nozzle contributes to obtain a suitable duration of sampling and a suitable sample
flow rate. The suitable sample flow rate through impinger bottles is often a barrier for proper isokinetic sampling.
Several CEN standards recommend a flow rate between 8 and 33 I'min for Midget and Greenburg-Smith impingers and
a flow rate between 1 and 3 I/min for impinger bottles with frits. A specially designed VTT impinger is suitable in the
range of 2 to 10 Vmin.

With a maximum flow rate of 10 I/min and a minimum nozzle diameter of 5 mm it is possible to make isokinetic
samplings up to a maximum gas velocity of 8.5 m/s on the condition that there are constant gas conditions through the
sampling train. As producer gas normally contains some humidity and has a higher temperature than the gas in the
sampling train, the veloeity will be higher than 8.5 m/s in practice.

A general expression for caleulation of nozzle diameter based on known gas velocity (measurement with pitot tube
including moisture content) appears from the following equations:

+p, 273.15+0O
V'N ca 3600 = qr{-:\.’ = ijg (1+ fn ) Do pb . . a (Eq. 7-8)
0804 p,, +p, 27315+ G)g
the nozzle face area a
e + 273.15+0
a = A'qi(u J )-pm” ., 2 (Eq. 7-9)
'y 0804 p, +p, 27315 +®g
where 0.1 = g = 0.6 m’yh and the nozzle diameter dy is calculated as follows
4-a
dy = — (Eq. 7-10)

A general expression for calculation of nozzle diameter based on the assumption of a gas vield shown in Table 7-1
appears from the following equation:

With a gas yield value from Table 7-1, which fits the present abject, it is possible to calculate the wet producer gas flow
q;-ﬂ and the gas velocity 1«‘;1
. 101300 (273.15+ @
g;_b == }ﬂaj . ‘?”ﬁw.; A ( G) i ] + f?’.‘
BT soa e ) 0.804

(Eq. 7-11)

235



Energy project ERK6-CT1999-20002 (Tar protocol)

, qr ~
v = _9m (Eq. 7-12)
a A -3600

The appropriate nozzle area is expressed by

/s

: ) 273,
qr. ) Gy 27315 (p,, tP,
a = A-—‘[fg = 44— 0804 _ 4. - {h _ (p L) (Eq. 7-13)
Iy qra Y, -y, -101300-(273.15+0 )

g

Gy 1+

According to ISO 9096 the minimum nozzle size should be 4 mm.

7.2.  Sampling train leak test

Leaking of the sampling train can be tested either by pressurising or underpressurising the entire sampling train starting
from the particle filter inlet to the gas meter inlet. The test should be done at a pressure, which 1s 0.2 bar above or below
the maximum sampling over or under pressure.

Pressurising of the train is carried out gently feeding gas from a cylinder into the particle filter inlet and the rest of the
sampling train. The exit of the gas pump is locked by a ball valve. The pressure in the sampling line is
monitored/observed by a pressure indicator (should stay constant). Possible leaks can also be detected as gas bubbles in
the impingers or by leak indicators. Stopping the gas supply from the cylinder and carefully opening the shutoftf valves
after the pump terminates the leakage test. The pressure release procedure must be undertaken with utmost care and
generally lasts for at least one minute.

The vacuum leakage test is done by using the gas metering pump. A shut-off valve is placed in a closed position at the
inlet of the particle filter. The gas pump is turned on and the pressure is gently reduced to its desired value. Possible
leaks are detected as gas bubbles in the impingers or by monitoring the gas meter reading. Termination of the leakage
test 1s performed by carefully opening of the ball valve at the particle filter inlet while the pump 1s still displacing.
When gas bubbles penetrate the condenser and the impingers, the gas flow rate is reduced by gently opening the bypass
valve over the pump. The pressure release procedure must be performed with utmost care and generally lasts for at least
one minute,

If the gas mixture to be studied does not contain oxygen, leaks can be detected also during sampling by an oxygen
analyser connected to the sampling line.

7.3. Execution of sampling

It 1s preferred that the gas composition, the gas temperature and the static pressure in the gas line are measured and
recorded continuously.

The leak test of the sampling train (see Paragraph 7.2) must be made before the probe and the particle filter are

mounted.

The sampling apparatus for atmospheric gasifiers is designed such that the probe can be inserted and removed from the
sampling port during gasifier operation without any gas leaks or entry of air into the gas line. The probe is inserted via
the sampling port to the closed shut-off valve. The procedure is as follows:

1. Ensure that the sampling port is free from tar and particle deposits between the ball valve and the gas line. Ensure
that the ball valve can be operated easily and that the stuffing box can be tightened.

5]

Ensure that the impinger train is connected correctly and that the stop valve in the sample line is closed. Mark the
distance from the sampling peint to the stuffing box on the sampling probe. Insert the probe into the lock and
tighten the stuffing box slightly. Heat the sampling probe to its set value and cool the impinger bath to its set value.

3. TImpurities must not enter the nozzle opening during insertion and withdrawing of the probe. Do not touch any walls
with the nozzle opening.

4. Open the ball valve and move the heated probe forward into sampling position (normally one point in the centre of
the gas line is sufficient in gas lines with a diameter smaller than (or equal to) 350 mm). In gas lines with a larger
diameter, the number of sampling points have to be determined according to ISO 9096. The nozzle axis is held at a
right angle to the gas flow direction. Tighten the stuffing box.

5. Mount the particle filter and heat to its set value.
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6.  Wait for the correct sampling temperature.

7. Read the gas volume meter. Record the starting time. Turn the probe tube until the nozzle faces directly upstream.
start the vacuum pump, start the timing device and open the stop valve. Then adjust the control valve to give the
required flow reading as calculated according to nozzle size. gas velocity. etc.

8. Monitor the rotameter, which is used as a indicator of the gas flow and the static pressure measurement at the gas
volume meter. Adjust the control valve as necessary throughout the sampling period to maintain isokinetic
sampling. Record the temperature and static pressure at the gas volume meter at regular intervak. During sampling
check the temperature of the impinger cooling bath and the temperature of the filter housing.

9. Ocecasionally agitate the condenser cooling liquid and the impingers to ensure even temperature distribution in the
cooling media.

10. When an adequate quantity of tar and particles has been collected or if the pressure drop in the sampling train
prevents isokinetic sampling. the sampling has to be terminated (see Paragraph 7.4).

11. Close the stop valve in the sample line, stop the timing device, stop the vacuum pump and nun the probe tube
through 90 °. Dismantle the particle filter. Withdraw the probe until the ball valve can be closed and then remove
the probe with great care in order to avoid contact with any deposits within the gas line or the sampling port.

12. Record the time for stopping and the gas volume meter; as soon as possible remove the filter cartridge from the
filter housing and store it in solvent in a tightly closed bottle, to avoid polymerisation of tar during cooling. Then
clean the sample line (see paragraph 7.5) and prepare the samples for subsequent analysis (see paragraph 7.6).

13. When the probe is not removed (e.g. press. gasifiers), the probe is flushed with N;.

‘When it is necessary to repeat the measurements of the tar and particle concentration, then repeat procedures 1 to 13.
Prepare the next sampling (including leakage test) as soon as possible and be sure that comparable plant conditions are
available. Normally. between 2 and 6 measurements should be sufficient for determination of tar and particle content in
producer gas. If the gasification process is not quite stable, it could be necessary to carry out even more measurements.

7.4.  Duration of sampling

The actual quantity that is collected depends on the concentration. sampling time and pump capacity. For low
concentrations, increased sampling time and pump capacity will be needed in order to collect an adequate quantity.
Otherwise, improvement of the weighing procedure is necessary to obtain an acceptable weighing error.

With gravimetric measurements of tar and particle concentrations it is assumed that the weighing inaccuracy is better
than 5%. To achieve this, an adequate quantity of tar and particle matter has to be collected. With an error of 0.2 mg per
weighing, and considering the fact that the collected amount is calculated from the difference of two weightings (5% =
0.3 mg). an adequate quantity of gravimetric tar in the sample for the analysis amounts to about 6 mg.

For GC based individual compound analysis. the adequate compound quantity amounts to about 5 to 10 mg/litre
solution. The sampling duration can be calculated on the basis that 300 ml solvent is used for sampling and equipment
cleaning and 300 ml of solvent is used for the Soxhlet extraction procedure from the particle filter. In case where the
optional liquid quench system is used, an additional amount of approx. 300 ml of solution will be generated.

In connection with high concentration measurements the minimum sampling time for collection of an adequate quantity
of matter can be < 30 minutes. In this case it is recommended to sample more matter than the minimum matter required.
If the particle filter clog up within 30 minutes, it is recommended to stop the measurement and start a new measurement
with smaller nozzle and lower sample flow rate, but still in accordance with isokinetic sampling.

In comnection with low concentration measurements it is recommended to use the largest nozzle possible and the
highest allowed sampling flow rate. also in accordance with isokinetic sampling.

With high moist gas, a large amount of condensate will be generated thus requiring adequate volumes of condensers.
Generally. also the moisture content of the gas is determined thus a certain amount of condensate is required to
accurately determine the gas moisture.

7.5.  Equipment cleaning after sampling

After termination of sampling. the unheated parts of the sampling train must be rinsed in order to collect tar deposits
from the train. Disconnect the flexible tubing from the probe tube. With a wash bottle inject solvent into the hose and
shake until the hose appears clean. Use no more solvent than necessary. Transfer the rinsing solvents to a storage bottle.
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7.6. On-site preparation and storage of samples for analysis

The sampling solution is stored in a sealed, dark bottle, which is marked with a clear identification label and kept at a
temperature < 5 °C until analysis. In some cases (e.g. countercurrent raw gases) it may be necessary to store the liquids
in nitrogen atmosphere and in dark bottles. The analysis is preferably performed as soon as possible and should be
completed within a month after sampling. Instead of a dark bottle. also a glass bottle can be used that is kept in the dark.

The particle filter must be handled with great care. When removing the filter from the housing it is imperative that no
particles are added to or dropped from the filter. Tt is also imperative that no filter material is lost during handling.

The filter cartridge is stored in solvent in a jar with sealed screw cap. At least the same solvent must be used for the
filter storage as for the Soxhlet extraction, preferably the same solvent as for sampling and/or for analysis). The storage
jar is marked with a clear identification label and it is kept at a temperature < 5 °C until analysis.

The plate or membrane filters are stored in a sealed Petr1 dish with a suitable diameter.
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8. Analysis of samples

Biomass tar is a complex material consisting of hundreds of compounds, varying widely in polarity and molecular mass.
The main products from the thermal processing of biomass are carbon monoxide, carbon dioxide, hydrogen and
methane. However., small amounts of organic ‘contaminants’ are formed as undesirable by-products and it is a common
perception that these toxic by-products will have detrimental effects both on down-stream treatment plant and power
generation packs, and if emitted to atmosphere. the local environment. Reliable sampling and analysis of these products
from biomass gasification is essential for the successful process development and economical operation of commercial
gasifiers.

During the tar formation period in the gasifier the free radical content is high rendering the tar mixture unstable and
reactive. When the tar is 1solated and allowed to cool down polymerisation/oxidation reactions occur resulting in a high
molecular weight material with complex structures. The analysis of the tar should be performed as soon as possible after
sampling but within one month, minimising any polymerisation/oxidation reactions.

Positive identification of the condensed material as biomass tar is performed using GC-MS, which is used to identify
the compounds present in the tar. The presence of tar is indicated typically by the presence of the US-EPA suite of PAH
compounds, phenols and BTX. Quantitative determination of each compound can then be performed either by GC-MS
or GC-FID analysis using internal standards. It may be necessary for the process operator to quantify certain
compounds present in the tar and to use these as markers in order to improve the gasification process.

Not all of the tar constituents are amenable to GC analysis, because of the presence of high molecular weight material.
GC analysis will usually determine more than 80% of the tar, the remainder being high molecular weight material of
=350 g/mol. Only for updraft gasifier tars, this fraction can be considerably lower.

The main compounds of interest to operators, particularly of gas turbines, are the PAH compounds in the range
naphthalene to indeno (1,2,3 cd) pyrene, phenols, methylphenols and dimethylphenols.

Figure 8.1 shows schematic for post sampling procedures

Sampling
from
gasifier

> Dry and ) Calculate weight
weigh filter of particles

EILTER Dry Weigh > Solvent solvent
filter filter extraction + organics
~ add solvent to impingers Enpty and rinse solvent
IMPINGERS — i —_—
DMEINGERS with solvent + water
- + organics
5 Empty and rinse solvent =
CONDENSER ; -
with solvent + water v
+ organics
GC-MS or
GC-FID
SAMPLING LINES AND CONNECTORS etc, =i ——J» Rinse with analysis of
solvent tar
v A
. . P Rotary evaporate | Bulked |
GC-MSor Weigh residue < Bulked sample < solvent
GC-FID * sample
analysis of tar *
(optional) Calculate concen- Recover solvent

tration gravimetric tar

Figure 8.1 Schematic Showing Post Sampling Procedures

o
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8.1.

Gravimetric analysis

This procedure is based on conventional and well-proven methods for the gravimetric determination of both solid
particles and organic species. Equipment utilised in this Guideline is available in most analytical labaratories.

8.F:1

Equipment for gravimetric analysis

Main items:
Soxhlet apparatus. standard rotary evaporator with pressure indicator. desiccator.
Calibrated analytical balance, accuracy 0. lmg.

8.1.2.

Preparation of particle filter

Note: plate filters are recommended for particle concentrations of less than 20 mg/my,” and thimble filters for
concentrations greater than 20 mg/m,’. See section 5.4. When a plate filter is used, the determination of particle
concentrations is less accurate or might prove impossible.

i

il

iv.

8.1.3.

1ii.

Dry the quartz thimble or plate filter in an oven at 110°C at atmospheric pressure overnight (according to
ISO 9096).

Allow to acclimatise in a desiccator at room temperature. Weigh the filter using an analytical balance with an
accuracy of = 0.1 mg.

After sampling and extraction, the same weighing procedure is followed to determine the particle content.

Calculate the mass of particulate material collected as described in Chapter 9.

Soxhlet extraction procedure

Open the filter housing and transfer the thimble or plate filter to the Soxhlet apparatus. Keep it in the vertical
position to avoid loss of particles. To avoid polymerisation of tar this procedure shounld be undertaken
immediately after finishing the sampling. when the filter is still hot. Carefully add the appropriate amount
(250-500 ml) of isopropanol to the Soxhlet apparatus. Extract the filter until the isopropanol is clear, but at
least overnight.

Remove the filter from the Soxhlet and keep in the vertical position.

Dry the extracted filter thumble at 110°C at atmospheric pressure overnight.

The amount of particulate matter is determined by weighing the dry/washed filter cartridge. The same drying
method described for the clean filter must be used. The weight of particles is determined by ditference. The
concentration of particles in the producer gas can be calculated in mg per normal cubic metre (mg.fmu}) using

the volume of gas sampled, the temperature and pressure readings. as described Chapter 9.

For quality control purposes an unused ‘blank’ filter can be run in parallel to the used filter. This will ensure
that there are no error contributing factors from the Soxhlet procedure.

8.1.4. Determination of gravimetric tar mass

Isopropanol from the filter extraction procedure (Section 8.1.3) is bulked with the isopropanol solution collected from
the impingers and condenser. The mass of gravimetric tar is determined by means of solvent distillation and
evaporation. The recommended procedure for evaporation of the isopropanol tar solution is as follows:

Using a standard rotary evaporator with a pressure indicator. Adjust the flow rate of water to reach a
vacuum of 100 mbar with an empty flask.

Use a 200 or 250 ml flask and acclimatise it for at least 5 minutes at a specific site in the lab. Then.
weigh it with an accuracy of 1 mg or preferably 0.1 mg. Pour about 100 ml of the tar solution in the
flask. Weigh the flask again to determine the weight of the solution.

o
¥
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iii.

Vi.

8.2.

The gas chromatographic analysis techniques described in this section are based on standard analytical methods used
for the detection of aromatic hydrocarbons. Quantitative analysis by GC-FID and GC-MS is described m this section,
although qualitative GC analysis can be useful for ‘finger-printing’ compounds in the sample. Addition of an internal
standard is useful to estimate semi-quantitatively the composition of the tar. If an internal standard is not used then no
estimation of the proportion of components can be undertaken. Chromatographic data obtained by GC-FID will not be

Connect the flask to the rotary evaporator and start the evaporation with the water bath at 55°C. The
pressure will be higher than 100 mbar at the start and will gradually fall to 100 mbar. Drops should fall
from the cold finger at a rate of 1-2 drops per second. Once almost all solvent is evaporated. the rate of
drops falling will decrease. With a stopwatch observe the time between two drops falling. Continue
until there are at least four (4) seconds between two consecutive drops falling.

After the latter of these two drops. continue the evaporation for a further fifteen (15) more minutes. If at
this point traces of water are observed. add 20 ml of ethanol and restart at step (ii.). If no traces of water
are observed, continue the evaporation for another thirty (30) more minutes while the sample 1s flushed
with nitrogen. Adjust the nitrogen flow so that the vacuum pressure does not exceed 350 mbar.

Remove the vacuum by letting in air and shutting off the nitrogen purge. Then stop the rotation of the
flask. remove the flask from the heated water bath and dry it. Give the flask and tar at least 5 minutes to
acclimatise at the same location as in step (1.). Then, weigh the flask accurately and calculate the
amount of gravimetric tar as described in Section 9.

To determine the GC-detectable components in the gravimetric tars (which is optional) re-dissolve the
tars as described in Section 8.2.5 and perform a GC analysis.

Gas chromatographic analysis

as detailed as that obtained by GC-MS.

8.2.1.

Main items:

Gas chromatographic equipment and columns

Gas Chromatograph-Mass Spectrometer (GC-MS)

Gas Chromatograph — Flame Ionisation Detector (GC-FID)

Column — non-polar capillary GC column (5% diphenyl-95% polysiloxane)
Analytical balance (accuracy 0.1mg)*

Volumetric flask*

Syringe*
Pipette*
* calibrated to relevant National Standards
8.2.2. Operating conditions of gas chromatographs

The chromatographic equipment and operating parameters employed will ultimately depend on the physical and
chemical characteristics of the solvent used to dissolve the tar sample. Operating parameters described are generalised
and may need to be modified to accommodate the requirements of the selected analyser used (GC-MS or GC-FID) and

the type of column fitted.

Typical equipment required for GC-MS and GC-FID analysis of tar solutions:

GC column for example DPDM-siloxane (5%diphenyl + 95% dimethyl) copolymer phase

typically: 30 to 60 m length, 0.25 mm id., film thickness 0.25 um

(The column is conditioned using the following temperature programme: 30°C up to

300°C at a rate of 3°C min™ with a final hold temperature of 1 hour)

High resolution gas chromatograph

Bench top mass spectrometer with mass range of 20-400 g/mol.

Integration software package (usually included with MS)

Carrier gas: Helium
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Linear velocity of carrier gas: typically 31.6 cm/s (or to suit system selected)

Pressure: typically 80 kPa

Flow rate of carrier gas: 1-2 em’/min

Split ratio: typically 75:1 (ratio depends on sensitivity of instrumentation and sample concentration)
Injection volume: typically 1 to 5pl

Oven progranuming: Initial isothermal at 50°C for 5 minutes

Temperature programme at heating rate of 8°C min™ up to 250°C
Total run time 30 minutes
Injector temperature: 250°C

8.2.3. Quantitative GC-MS analysis

8.2.3.1. Preparation of Internal Standard (ISTD)

Tnternal standard solutions are prepared from pure standard materials and are prepared in dichloromethane, although
isopropanol is often preferred on health and safety considerations. If the standard is a suspected carcinogen. primary
dilutions of this material must be undertaken m a fume cupboard. For GC-MS analysis the recommended mternal
standard suite of compounds is phenanthrene-dio., benzene-ds, phenol-ds, or benzopyrene-d;».

i A small amount of solvent is placed at the bottom of a ground glass stoppered volumetric flask. The solvent
is the same as the solvent used in the sampling procedure, which is isopropanol.

i, Each compound is weighed in its own decanter in the following way (getting solid compounds into a
volumetric flask is difficult without loosing some part of solids for instance on the surface of the flask neck):
- A small decanter is tared on the analytical balance;
- A compound is weighed in the flask:
- Solvent is poured into the decanter and the compound is dissolved:
- Dissolved compound is poured into the volumetric flask:
- The decanter is rinsed and the rinsing solvent is also poured to the flask:
The lightest model substances, being readily volatile, should be treated quickly.

iii. Dilute to volume, stopper the flask, and then mix by inverting the flask several times. Calculate the
concentration in micrograms per microlitre from the net gain in weight.

iv. Transfer the ISTD solution into an amber teflon-sealed screw-cap bottle and store in a refrigerator. All
standards must be replaced after six months or if comparison with check standards indicates a problem.

8.2.3.2. Preparation of calibration standards

Calibration standards are made up from pure compounds listed in Section 13.2 using the same procedure described for
preparation of the ISTD (Section 8.2.3.1). The presence of tar is indicated typically by the presence of the US-EPA suite
of PAH compounds, phenols and BTEX. The calibration standard should be made up using these compounds in order to
quantify the level of each compounds present.

Organic compounds that are not included in the calibration standards list, or are not available can be reported semi-
quantitatively by assuming a response factor of unity or taking an average response factor for type of compound.

Prepare calibration standards at between two and five concentration levels for each compound of interest. A calibration
file can now be set up using both the calibration and internal standard solutions. The operating parameters and
conditions for quantitative GC-MS analysis are the same as those described for qualitative GC-MS analysis.

8.2.4. Quantitative GC-FID analysis

A GC-FID quantitative analysis is also possible as an alternative using a similar procedure to that described for
quantitative GC-MS analysis. It should be noted however, that the identification of compounds is not absolute because
compounds are identified by retention time only. which can lead to compounds with similar retention times being
wrongly identified.
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8.2.4.1. Preparation of Internal Standards (ISTD)

As described in Section 8.2.3.1 for GC-MS analysis, but use n-dodecane made up accurately to about 100-500 ng/ul as
the internal standard.

8.2.4.2. Preparation of calibration standards
As described in Section 8.2.3.2 for GC-MS analysis.

8.2.5. GC-MS and GC-FID analysis procedures

8.2.5.1. Preparation of sample for GC-MS and GC-FID analysis

i Take 10 ml of the bulk sample solution (see Figure 8-1) and add 0.01 mg of ISTD solution. Depending on the
concentration of tar, the sample can be diluted to ensure that the concentration of organic components fall
within the detection limits of the instrument.

ii Shake contents of volumetric flask. Transfer the sample into an amber teflon-sealed screw-cap bottle and
store in a refrigerator until ready to use.

il All volumes and weights will vary depending on the levels of each compound present, and the type of
biomass initially used.

Optionally, GC-FID or GC-MS analysis can also be performed with the tar residue from Section 8.1.4. Then, prepare
the sample as follows:

i Accurately weigh about 0.1 g of the tar residue into a 10 ml ground glass stoppered volumetric flask.
Depending on the concentration of tar, the sample can be diluted to ensure that the concentration of organic
components fall within the detection limits of the instrument.

11 Add 0.01 g of ISTD solution. make up to the mark with dichoromethane and shake contents of volumetric
flask. Transfer the sample into an amber teflon-sealed screw-cap bottle and store in a refrigerator until ready
to use.

il All volumes and weights will vary depending on the levels of each compound present, and the type of

biomass initially used.
8.2.5.2. Analysis by GC-MS or GC-FID

i Prior to analysis allow the sample to reach room temperature. Inject between 1 pl and 5 pl of the sample
from Section 8.2.5.1 onto the GC column using a calibrated syringe. The volume injected will depend on tar
concentration, and will be known from experience with analysis of each type of biomass tar.

11 The operation of the GC-MS and GC-FID systems will be dependent on the type of system used. the
manufacturer’s instructions, the data processing system used, the column used etc.

8.2.5.3. Identification of compounds

This is based upon retention times in combination with mass spectra.

i Identification by retention time. The width of the retention time window entered in the software program and
used to make identifications should be based upon measurement of actual retention time variation of standards.
Three times the standard deviation of a retention time for a compound can be used to calculate a suggested
window size; however, the experience of the analyst should weigh heavily in the interpretation of
chromatograms.
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i1 Identification by mass spectrometry. Set up the calibration software to search for the specified components
based on their retention time and their mass spectrum. Identification of the compounds present in the total ion
chromatogram is performed by comparison of the unknown spectra with the mass spectral library.

8.2.6 Calculation of GC results
The results are calculated as described in Chapter 9, in conjunction with the following equations.

The system software can be set up and used to automatically quantify the compounds analysed. Response factors can
also be calculated manually using the following equation:
4"11/

RF, = Ay
T M .
M,

where RF. = Response factor for compound
A, = Area of compound
A, = Area of internal standard
M. = Mass of compound
M. = Mass of internal standard

The mass of each compound can be calculated using one of several methods:

i Automatically using the system software if an appropriate calibration file has been set up
i Using a spreadsheet with response factors and manual input of peak areas
111 Manual calculations using response factors and peak areas:
\ AM,
M =——t
4, RF,
37
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9. Calculation of results

9.1. Error calculation
9.1.1. Classification of errors

This chapter deals with error calculation and accuracy of measurement. In this context it is useful to make a few general
remarks on the classification of errors.

Generally, errors can be divided in two categories: systematic errvors and accidental errors.

Svstematic errors are caused, for example, by wrong calibrations of measurement instruments, by poor measurements,
by impurities in used chemicals or by unknown causes. The latter becomes clear only if results are compared with those
of other researchers or other laboratories using different measuring devices and preferably other methods.

Accidental errors are unpredictable. They find their cause in physical noise. fluctuations by other causes and reading
errors. Repeating of measurements will show a normal distribution around a certain average. From this the estimated
error in the average can be determined.

In case of only a single experiment, the error has to be estimated. As an example, with a ruler length can be read with
accuracy of = 0.2 mm. The accuracy of good commercial measuring devices is normally - sometimes as an individual
calibration report - indicated by the supplier. In general the maximum deviation is indicated, which may have a
systematic character and is bigger than the mean accidental error.

Errors can be presented as an absolute error or relative ervor. Absolute errors have the same dimension as the measured
quantity, a length for example can be presented as 21.3 + 0.2 mm. Relative errors are given as a fraction of the
measured quantity, or as a percentage. A relative error is a dimensionless number. For example 21.3 mm + 1%.

9.1.2. Propagation of errors in the final result

Normally we are interested in the final result, being a function of one or more measured quantities. Here the issue is to
find out how errors in the measured quantities carry over in the final result. As an example, the equilibrium constant K
of a reaction is measured as K= 305 £ 5. What will the error be in the standard free enthalpy of reaction (at T=300 K):
G=RTInK=14.268 kJ/mol ?

The answer to this question can be found by differentiation:

af

X

Ax .

Ifthe error in x is equal to Ax, then the ervor A fin fix) is equal to Af =

In this example the error in G 1s equal to -RTAK/K=41 J/mol; The final result 1s thus written as G=14.27 £ 0.04 kJ/mol.

Note that normally, errors, indicated without any further note are always meant as the mean error or standard deviation
G. Due to the existence of different types of errors. the general abbreviation for ‘error’ used in this section is chosen to
be A.

Where an error is built up of errors of more independent measured quantities, the different contributians should be
summed. However, normal summing of errors is wrong: errors of different independent sources can be + or — en will
partially compensate each other. Therefore, the right way of summing is to the square root of the sum of the quadratic
individual errors:

If f=x-+y, then (Af)” =(Ax)” + (Av * . In other words: independent errors sum quadratic. In general the error propagation
law for f, a function of x,y.z..... is"

A ‘— A f Ay’ 'f Azt (Eq. 9-1)
i | &x A

9.2.  Sampled gas volume

The sampled producer gas volume V at normal conditions is the difference of the readings from the calibrated gas meter
during the sampling procedure, corrected for the actual p and T of the sampled gas at the dry gas meter. As the gas

38

245



Energy project ERK6-CT1999-20002 (Tar protocol)

temperature and pressure can increase or decrease during the sampling period, the exact calculation of the displaced gas
volume would require continuous gas meter, temperature and pressure reading followed by fractional volume
integration. Within this Guideline, a simplified equation is used which contains the difference in the gas meter reading
between the start and finish of the sampling period, the mean gas meter temperature <T> and mean pressure <p> over
the sampling period:

<p> T
'MH) P '—0

V=V,
o P <T>

[m,’] £ AV (Eq. 9-2)
. with P=101300 Pa and Tp=273.15 K and AV being the ‘error’ in V.
The best estimate of the average of N values of p or N values of T is given by:
N
;and < T >= —Z T, (available routine in most spreadsheet programs)

NG

- 71
<p =5 2

9.2.1. Error propagation

The ‘error’ AV in V (see Eq.9.2). depends on the errors in Vi, and Vi and the standard deviations of <T= and <p=
G- and Gop-.

The best estimate of the standard deviation G of an averaged value is the square root of the variance. Therefore:

|y f N 2
Cps = \; C.ps ‘\J ’V < (_\.p) \'| N_ ( p > — < p >") (available in most spreadsheet programs)
, and
_ N N o o i
O.r. =4O ,(h VV— < (AT ) \'I-‘V——l(-\ T° > —<T =) (available in most spreadsheet programs)

Although measuring accuracy depends on the type of equipment the following values are typical:

AVt <2.10* [m’]
AViiop <2.10* [m’]
oT =5 K[°C]
cp = 1000 [Pa]

For calculation of the error AV in V, the general error propagation law (See Eq. 9.1) is applied:

| e \2 { 12 N\
2 T, i 2 2 (V"o - Vs*ﬂ;" }_ 2 V: art V:'a i 2 |

AV S AV, A, e g Vo IPJ 0. ‘(Eq. 9-3)
\ _T =T PDA < p>=" ) T~ |

Example 1 (sampled gas volume):

Sugpose that <p> = 121300£1000 Pa <T>=297.245 K. V,x = 213.1230 £ 0.0005 mn3 and Vy, = 213.1780 = 0.0005
m, . then according to Eq. 9.2 V becomes (213.1780-213.1230)*(121300/101300)*(273. 15x"9" 2) = 0.0061 m,’. The
error in V is calculated by Eq. 9-3:

f121300% 273.15% | . . (213.1780-213.12307, | _2 P
sy o [RI300T T3S npst o RIIATS0 21302307 (2131230 221347807 ) o oo
| 29727 1013007 | 1213007 29727 |

The sampled volume should be presented as V=0.061 + 0.001 m,’. The relative error is 2.1%.
9.3. Gravimetric analysis

9.3.1. Determination of gravimetric tar content

It is assumed that enough solvent is used during extraction of the filter and rinsing of the impingers.

After distillation/evaporation of the bulk tar sample by rotary evaporation, the gravimetric mass of tar, M, is calculated
by mass-subtraction of the tar containing ‘constant’ weight flask and the empty acclimatised flask:
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M, =My — Mg, [ke] (Eq. 9-4)
With: Mro+ AMrp Mass of the empty flask.[kg]
M+ AMn Mass of tar containing flask after rotary evaporation. [kg]

When My is known, the concentration of gravimetric tar in producer gas can be calculated according to:

e, =Ms 3 £ Aer (Eq. 9-5)
T ];,v

9.3.2. Determination of particle content

The amount of particles is calculated from the difference in mass between the dry clean filter and the dry particle
containing filter, obtained after sampling, storage in a solvent, extraction in a Soxhlet extractor and drying:

M, (M, -My)

= =— % P ne/m ]+ 9=
» = - [ke/ ;] + o (Eq. 9-6)
With: Mpo £ AMp, Mass of the dry clean filter (mg)
Mp; = AMp, Mass of the dry filter after usage and extraction (mg)

9.3.3. Error propagation

Application of the general error propagation law on Eq. 9-5 results:

Acy = I‘ L) | (Ang,2)+ {W“Vi””q AV? (Eq. 9-7)

The error in My is:

MM, =AM + A, (Eq. 9-8)

AM7 ) 208 AMrpgrepresent the inaccuracy introduced by weighing of the flask. Reproducibility tests of the acclimatising
method prescribed in section 8.1.4, show a weighing error of 2 mg the weighing of a flask, which is more than the
analytical balance accuracy of 0.1 mg. However, R&D research by BTG and ECN has also shown that the maximum
error AMr is about 5 % of My for tar concentrations in isopropanol of about 1 g/l. Note that this error is not simply
mtroduced by the limited precision of the weighing balance but also by other maccuracies due to extraction, rotary
evaporation and hydrogen bonding of the solvent.

Summarised:
AM1 V’([z 107%)% +(2.107%)? ) =AM < 0.05-Mr [ke]
AV See section 9.2.

Similar to equation 9-7 the error introduced in the particle concentration is calculated by:

I -2
I 32 M —-M B
1 (AM ) (‘”17”0] AV? (Eq. 9-9)

Ac, = \) 72 |

According to section 7.1.2 particle sampling error is influenced by the deviation from isokinetic conditions, which in
practice are never exactly reached and also depend on the gas flow in the duct. In case the sampling is conducted under
the conditions of Eq. 7-2 the typical relative error m Mp will be about 5%.

Summarised:
AM, 0.14-10°<AM, < 0.05-M, [ke]
AV See section 9.2.

Parallel measurements will provide more information on accuracy with respect to isokinetics and mass loss during post-
sampling.
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Example 2 (gravimetric tar):

If My, = 126.3821-10° £2.10° kg, and My=126.1705-10° 2-10:6 kg. and V=0.061 = 0.001 1‘11,13 (as m example 1), then
according to Eq. 9.5 cr is equal to ((126.3821-107-126.1705-107)/0.061) = 3.496-107 kg/m,". Using an error of 5% in
M. the error in g is calculated by Eq. 9-7as follows:

, 0211610°)F ., o kel
Acr = | ((0.05-0.2116-107)? 1{7( )} 0.001* =0.1803 107 [keg/m.]

\,'| 0.061 0.061?

In this example the concentration of gravimetric tar in the gas phase is ¢p=3.5 + 0.2 g/m,’ and the relative error is 5.4 %.

Example 3 (particle content):

Suppose that Mp; =5.1631-107 £ 0.1-10° kg, and Mpy=5.0020-107 £ 0.1kg and V=0.061 + 0.001 m,’ (as in example 1),
then according to Eq. 9.8 Cp is equal to (5.1631-107-5.0020-107)/0.061=2.6615-107 kg/m,’. Using an error of 3% in
M., the error in Cp is calculated by Eq. 9-8:

[
AC, |[(003 0.1611-107)%)+
M 0.061

(0.1611-10" )
0.0617

_ 3
| 0.001* = 0.09719-107° [kg/ my]

. . . . . ‘ - L3 . .
In this example the concentration of gravimetric tar in the gas phase is Cp=2.7 £ 0.1 g/m, and the relative error is 3.6

%.

9.4. Gas chromatographic analysis

9.4.1. Determination of individual compound concentrations

Individual tar compounds are identified by the mass selective detector (MSD) of the gas chromatograph (GC) and the
use of model compounds. The gas content of tar components is calculated as follows (see also section 8.2.6):

M A M, -c;

P s 5T L AC,[gm’] (Eq 9-10)
M, A -RF-M,

With: cat Acy Concentration of compound A in the gas phase [g/ lnnj}
Mat AMy Mass of component [kg].
Ms £ AMg Solved mass of gravimetric tar (usual 0.1 g)
M+ AMis Mass of internal standard [kg]
A T AA, Area of compound
At AA; Area of internal standard
ert Acy Gravimetric tar concentration [g/ 11],13]
VAV Sampled gas volume (111u3)

9.4.2. Error propagation

The error made in the determination of component concentrations can calculated by following formula, based on the
general error propagation law.

[ 2 p

M ‘ ) A, \*

Ac, = |” Mg tr ‘ Ay’ + [ 761’ i Acy
\\ 4, RF M, \ 4, -RF 3, )

\ A, -RF- Mr

| , \2 ) 2
Ai M er ; !5: +{ A .;’LI? Cr : _ 2 ‘ A M, CT1 : Al (Eq. 9-11)
\ A4, -RF-M | \ 4, -RF"-M; | \ A4, -RF-M;" |
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10. Reports and documentation

10.1. General

Analysis data and results obtained in the laboratory during sampling and at the completion of experimental work are
typically recorded and stored in a standardised computer format suitable for easy dissemination. Similarly analysis
quality control data should be stored in a suitable master database. Such data typically contain imformation on gasifier
parameters, analysis instrument type and analytical conditions, calibration data including precision, accuracy, percent
RSD, matrix spike recovery etc. Reported analysis values should have been rounded off to its maximum allowed
number of significant figures, i.e. the smallest number in any factor.

10.2. Analytical report

Final results of all analyses (particles and tar) are provided in a standard computer file format and forwarded to the
requester with cover memorandum. The reports are prepared on the basis of raw data from sampling logs and analysis
result files. Examples of sampling logs are given below in paragraph 10.4. The raw log data can be customised to suit a
particular report or usage.

Four different numbers are reported in the Guideline, which are:
1. The concentration of gravimetric tar in g/m,’ (see Paragraph 8.1):

2. The concentration of the individual tar compounds as measured by GC (in a list as given in Appendix 13.2,
compounds ranging from benzene to coronene, see Paragraph 8.2);

3. The sum of concentrations of GC-detected, identified compounds (sum of compounds reported in 2.):

4. The sum of concentrations of GC-detected, non-identified compounds in the range of benzene to coronene, given that
this concentration can be determined. For the analysis of tars from some gasifier types and/or conditions (e.g. updraft
gasifiers. fluidised bed gasifiers operated at 750°C or lower) the number of identified compounds might be that high
that the baseline cannot be properly determined. As this will result in an erroneous amount of GC detected. non-
identified compounds, this number will then not be reported.

Remarks using suitable designations (see Appendix 13.7) should be provided with reported data to alert the user to
some specific condition that may have affected the data.

Essential information to be contained in a report may be the following:

¢ The name of the laboratory (or factory), where the sample was received from

¢ The date of sampling and analysis

e Analyst and/or examiner name

* The type of reactor, fuel type. fuel moisture, test number and operation parameters including actual power output
(kW), actual fuel feeding rate (kg wet/h), dry raw gas flow rate (my, /h), gasifier start

* Sampling place, i.e. in which part of the reactor the sample was taken

* Sampling technique and essential parameters including tar trapping solvent, ambient temperature and pressure, duct
diameter, diameter of sampling nozzle and particle filter temperature

* Sample treatment, solvent, dilution factors etc.

* Sample storage

* Analytical technique and parameter settings

o Target analytes values. usually reported in mg/m,’ or g/m,’
* Analytical precision and accuracy

10.3. Designation

Examples of designations (EPA. 1997) for an analysis data sheet are:

* “U” — The analyte was analysed for but not detected. The value preceding the “U” is the “minimum quantitation
limit (MQL)”. Minimum Quantitation Limit (MQL) — Every sample has a concentration level below which the
variance of the results for a particular analyte exceeds the acceptable quality control criteria. This level is the MQL
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and is based on the value preceding the “U”. The MQL is based on the lowest quantitative data point of the
instrument calibration curve. The MQL is derived using this data point and other factors such as: sample size,
dilution required. and sample interference. Analytes varies from analyte to analyte within a sample. Analytes are
often detected at levels below the MQL and are reported as estimated values (J). Generally, analytes identified
below the MQL will only be reported if the concentration is greater than one tenth of the MQL.

¢ “J” — The identification of the analyte is acceptable, but the quantitative value is an estimate. The value preceding
the “J " is the “estimated value™.

o “N” — There is presumptive evidence that the analyte is present but it has not been confirmed. The analyte is
“tentatively identified”. Tentative Identification: There is an indication that the analyte reported is present. The
quality control requirements necessary for confirmation were not met.

* “C” — The analyte is determined to be present. The presence of the analyte was “confirmed by GC / MS”.
* “A”_The analyte was analysed in replicate. The value preceding the “A” is an “average value™ of the replicates.

* “K" — The analyte is determined to be present. The actual value is known to be “less than™ the value preceding the
“K”. Less Than Values — The analyte is present, but the amount of the analyte is determined to be below an
acceptable level for quantitation. The concentration can not be calculated, but is determined to be less than the value
given.

¢ “L” — The analyte is determined to be present. The actual value is known to be “greater than” the value preceding
the “L”. Greater Than Values — The analyte is present, but the amount of the analyte is determined to be above an
acceptable level for quantitation.

¢ “R” — Data is “rejected” and should not be used. Rejected data — some or all of the quality control data for the
analyte were outside criteria. The presence or absence of the analyte can not be determined from the data.
Resampling and reanalysis are necessary to confirm or deny the presence of the analyte.

10.4. Sampling log

Tt is essential to keep records of the principal operating parameters of each gasification run. Examples of typical
sampling logs are given in Appendix 13.7.

11. Safety aspects

This section is intended to briefly list potential dangers associated with tar analysis and recommended precautions to
avoid exposure to hazardous chemicals and accidents. For a more comprehensive desaription of chemical safety issues.
the reader should consult the reference sources at the end of the section.

11.1. Introduction

No chemical work is completely risk free but the likelihood of accidents during tar analytical work will be greatly
reduced if adequate safety precautions are followed. Health and safety legislation in most countries place duties on
employers to ensure health and safety by providing employees with adequate information and training in the inherent
hazards of chemical work. Safety issues are usually addressed jointly by supervisors, employees, the local safety
representatives and the employer.

11.2. Hazards

Since tar analytical work typically involves handling of relatively small quantities of material the likelihood of acute
overexposure to chemical vapour and serious injuries during normal work are less likely. However, acute toxicity
hazards may arise during sampling from leaking reactor or sampling system or during sample preparation from spillage
and splashes. One should also bear in mind that many sub-operations including operating vacuum devices and handling
compressed gases are potentially hazardous and require attention to safety requirements.
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Chemical hazards

The use of chemicals is always potentially associated with health-, fire and explosion hazards. The health risks
associated with accidental exposure to the chemicals being handled depend mainly on their physio-chemical properties,
the exposure concentration and exposure time. Toxic body responses can be reversible or irreversible and response time
may be immediate or delayed several days depending on the rates of absorption. biotransformation. distribution and
excretion as well as other factors. Nearly all chemicals found in tar matrices are more or less toxic and for that reason.
great care should be exercised in handling samples, solvents and reagents and lengthy exposure above safety limits must
be avoided.

The most probable routes to exposure may be through inhalation of nonpolar organic solvent vapours since they are the
most volatile chemicals. In contrast to water-soluble chemicals and large molecules nonpolar solvents diffuse readily
through the blood-brain barrier. About 90% of all occupational poisoning are caused by inhalation of nonpolar solvents
and in particular aromatics and halogenated solvents, which are the most toxic. Solvents can effect the nervous system,
the respiratory system, eyes. internal organs including reproductive systems and damage the skin by de-fatting.
itritation, sensitisation or dermatitis. Dichloromethane, an often-used tar solvent is a probable human carcinogen and
should be handled with great caution and if possible replaced by another safer solvent. For this Guideline, 2-Propanol
(1sopropanol) has been selected as a less toxic alternative to dichloromethane. Skin absorption is the second route of
concern. The rate of skin penetration for solid chemicals is significantly increased if they are dissolved in an organic
solvent.

Tar samples can contain many groups of organic compounds (see Appendix 13.2) depending on the condition for their
formation. The long-term health implications of exposures to such substances are essentially unknown but available
literature data that refer to coal-tars present evidence for carcinogenicity to humans. Biomass tars obtained at high
temperatures (~900 °C) typically contain several of the carcinogenic polyeyelic aromatic hydrocarbons (PAH) found in
coal-tars. Benzene and some of the polyaromatics found in biomass tars have been reported to be carcinogenic for all
routes of exposure although skin absorption is the most likely route for PAHs due to their low volatility. Such
substances are indirect acting carcinogens and their acute toxicity is generally low. Benzofuran found in low
temperature tar is possibly carcinogenic.

Examples of other substances considered most likely to pose a potential risk to human health may be toluene. phenol
and its derivatives. The acute toxicity of individual substances may be roughly assessed by comparison with available
data (see references). Accordingly. low level exposure to toluene has its primary effect on the CNS and is more acutely
toxic than benzene. Phenols are relatively lipophilic and are readily absorbed via the lungs. the digestive organ and skin.
Phenol is corrosive to skin., which increase the rate of penetration also for other compounds. It is also toxic to the
kidneys and can cause skin allergy. especially following chronic exposure. Phenol is considered as a co-carcinogen by
many experts.

In view of the low volatility and pungent odour of many compounds excessive exposure to vapours does not seem likely
unless fumes are generated by heating or leakage from gasifier or sampling system. Therefore. the most toxic effects of
low volatility substances are expected from dermal exposure. Phenol derivatives, i.e. cresols, xylenols and guaiacyl type
phenols are less toxic and corrosive than the mother compound.

Vacuum hazards

Solvents are typically removed under a moderate vacuum of about 1000 Pa in arotary evaporator. Similarly samples are
often dried under vacuum in a desiccator.

When working with such devices be aware of implosion hazards that may result in flying glass and airborne chemicals.
Always check for signs of damage (stars or cracks) before use. For greater protection . use a desiccator shield during
and after evacuation and wear safety spectacles.

Compressed gas hazards

Compressed gases present potential mechanical and chemical hazards and cylinders and regulators must therefore be
handled carefully. Cylinders must always be secured by chains or strong straps to prevent tipping and regulators must
always be accessible. Flammable gases must be stored in a well-ventilated area and kept away from open flame and
spark sources. Piping system must regularly be checked for leaks. Always use safety glasses when connecting and
disconnecting gas regulators and lines.

Sampling hazards

Product gases typically contain high levels of carbon monoxide and benzene, both of which are highly toxic and
inhalation of fiumes that may result from leaking gasifiers and sampling system pose an obvious health hazard to the
workers. With adequate general laboratory ventilation short-term and long-term exposure levels will not be exceeded.
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Acute toxicity hazards can also arise from leaks and solvent splashes from impingers caused by a rapid change in gas
pressure.

A Plexiglas shield around the sampling system provides a suitable safety. Furthermore the use of a personal carbon
monoxide detector is recommended.

11.3. Safety precautions

One key to prevent accidents is to use the safest possible practices in laboratory. All chemical work should therefore be
performed only by individuals with proper training and experience to deal with the expected risks and hazards during
laboratory operations.

All work spaces must be equipped with first aid kits, safety showers, eyewash fountains, fire extinguishers and fire
blankets and a laboratory safety manual and Material Safety Data Sheets (MSDS) should be available. Plans for medical
and chemical accident response must have been established and emergency telephone numbers must be readily
available. Organic solvents shall be stored in specialised flammable and well ventilated storage areas and chemicals
should have well-ventilated storage places. The laboratory should be equipped with clean-up equipment for chemical
spills including appropriate absorbents (vermiculite’, clay, dry sand, or towelling) for collecting and disposal containers.

Waste chemicals must be collected in suitable containers and stored in a properly ventilated place until disposed of
according to safe disposal procedures that is commonly handled by a chemical hygiene officer.

The following basic personal safety rules should be followed when laboratory work is being conducted:

* Make sure that the ventilation system is switched on and is working before starting chemical work.

¢ Protective helmet should be worn at the sampling site.

* The sampling system should be checked for leaks before sampling.

* Wear eye protection (safety spectacles with sideshields, goggles, faceshield), protective gloves3 and chemical- and
fire-resistant laboratory coat as needed for the work at hand.

¢ Handle chemicals, solvent and samples in an efficient chemical fume cupboard.
* Carry out sampling in a well-ventilated area.

* Do not eat, drink or smoke in the laboratory or sampling area.

¢ Do not wear open shoes.

For more about this topic, the following Internet link may be useful: Chemical guide and permeation tables for
laboratory gloves are available at http://www.pp.okstate.edu/ehs/hazmat/gloves.htm

11.4. Accidents

In the event of splashes on the skin, immediately rinse with water for 15 — 30 minutes and final cleaning with soap. In
the event of large splashes on the body, remove contaminated clothing and promptly use the safety shower. Lipophilic
substances can be rinsed of with polyethylene glycol. Splashes of chemicals in the eye are promptly flushed of with
copious amounts of water for 15-30 min using the eyewash and then seek medical advice.

Spills of chemicals should be cleaned up as they occur using a suitable absorbent, dry sand or towelling to collect and
then disposed of residues according to safe disposal procedures.

Avoid breathing vapours of spilled chemicals and do not touch the spill without protective gloves.

11.5. Safety and health information resources

A broad coverage of chemical hazard topics is freely available on Internet resources. Here are some useful links:

* National Institute for Occupational Safety and Health (NIOSH) provides International Chemical Safety Cards
(ICSCs) database including index with chemical names and synonyms. http://www.cde.gov/niosh/ipes/ipessyn.html

“:Hydrated magnesivm-aluminium-iron silicate that can absorb large quantities of liquids.

*: There is no single glove material that is resistant to all chemicals and they should be chosen for each specific job. For compatibility
and breakthrough characteristics of different glove material, an excellent information is Guidelines for the Selection of Chemical
Protective Clothing published by the American Conference of Governmental Industrial Hygienists (ACGIH) or information
provided by glove manufacturers.
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The National Library of Medicine’s Toxnet: hitp:/toxnet.nlm.nih. gov/

The United States Environmental Protection Agency (EPA) provides the Integrated Risk Information System (IRIS)
database: http://www.epa.gov/ngispgm3/iris/index.html

Minimal Risk Levels (MRLs) for hazardous substances can be found at Agency for Toxic Substances and Disease
Registry (ATSDR): http://www.atsdr.cde. gov/mrls.html

Chemical guide and permeation tables for laboratory gloves are available at
http://www.pp.okstate.edu/ehs/hazmat/gloves.htm

Additional information about chemical characteristics and hazards can also be found in the following sources:

Material Safety Data Sheets (MSDS) or International Chemieal Safety Cards (ICSCs)
Merck Index

The Kirk-Othmer Encyclopaedia of Chemical Technology

Sax’s Dangerous Properties of Industrial Materials

Bretheric’s Handbook of Reactive Chemical Hazards

Patty’s Industrial Hygiene and Toxicology

Dictionary of Substances and their effects
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13: Appendices

13.1. General design and operating conditions of gasifiers

Gasification is a thermochemical process which converts solid carbonaceous fuels into gas by mixing the fuel with an
appropriate gasification agent. Most of the gasifiers fall into four categories (see Figure 13-1) based on the design,
feedstock and on the gasification agent. These four types are:

1) Fixed-bed updraft (or countercurrent)
2) Fixed-bed down-draft (or cocurrent)
3) Fluidised-bed and

4) Entrained-flow.

Within the gasification reactor, the processes of fuel drying, pyrolysis reduction and oxidation occur. The oxidative
gasification agent converts char and tar from the pyrolysis process into gas. As the gas generation is an endothermic
process, some of the gasification agent is required to supply the chemical energy by combusting a fraction of the fuel.
The combustion process generally is internal.
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Figure 13-1: Schematic drawing of four basic gasifier types
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In updraft gasifiers, the fuel generally moves from downwards and the gasification agent moves from the bottom
upwards (updraft). As the gas leaves the reactor near the pyrolysis zone, the gas generated in updraft gasifiers exhibit a
high level of organic components (tar). The solid carbon in the fuel is completely converted into gas and tar. Updraft
gasifiers can be used for wet fuels and are relatively insensitive to the fuel size.

In cocurrent gasifiers, the fuel and gasification agent flow cocurrently, hence the gas leaves the reactor near the hottest
zone and the tar levels are much lower than in updraft gasifiers. The cold gas efficiency (conversion of fuel carbon into
non-condensable gases) of cocurrent gasifiers is generally higher than in updraft gasifiers. Generally. cocurrent gasifiers
can only be used with dried fuel (typically 15 wt%) and the size of the fuel are in narrow limits.

With increasing expansion of the fuel bed, the reactor behaviour transforms from a fixed bed to a (stationary) fluidised
bed (FB) reactor and further to a circulating fluidised bed (CFB) reactor. The highest heat and mass transfer rates are
observed in CFB reactors. A further increase leads then to entrained flow reactor types. FB and CFB gasifiers are
characterised by high gas throughputs and require dried fuel with sizes typically <2 cm. CFB type gasifiers can be
designed both for near atmospheric pressure and for pressurised applications.

Entrained flow gasifiers operate at elevated pressure and are found in coal gasification. The flow of fuel and gasification
agent is cocurrent. In contrast with the other principles, the temperatures in the reactors are above the melting point of
the ashes, which therefore leave the gasifier as molten slag.

In the Table 13-1, typical operating conditions and gas composition are displayed for some of the gasifier principles. No
data were found for entrained flow gasifiers fuelled with biomass.

Countercurrent Cocurrent CFB
Typical heat output KWy 1’000 — 10°000 100 — 1°000 =10"000
Fuel moisture wit% 50 16 15
(daf)
Typical gas composition
Carbon dioxide (CO-) % 10.0 12.9 15.0
Carbon monoxide (CO) % 20.0 18.0 154
Hydrogen (H;) %% 14.0 14.2 14.8
Methane (CHy) % 2.5 1.9 4.2
Nitrogen (N», by diff.) % 53.5 53.0 39.6
Typical contaminant levels
Particles g/m’, 0.1-0.5 0.1-1 20-60
Tar (generic definition) gm’, 50-150 05-2 7-10

Table 13-1:  Typical operating conditions and gas compositions of various wood fuelled gasifiers at atmospheric
pressure. Data source (tar and particles): Milne et al 1998
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13.2. Available list of organic condensable (“tar”) compounds to be analysed

In this table, compounds that are commonly measured are printed in standard style. Compounds that can be expected

but are analysed less frequently or occur in lower concentrations are printed in ftalics.

Downdraft / Fluidised bed gasification

Pyrolysis and Updraft gasification

Phenols

Phenol

Cresols (o, m orp)
Xvlenols
(Methyl)Naphthols

Furans

Benzofuran
Methvlbenzofurans
Dimethvibenzofurans
Dibenzofuran

Aromatic compounds
Benzene

Toluene

Kylenes (o, m and p)
Ethynylbenzene

Stvrene

Indene (1H-Indene)
Methylindene

PAHSs ( ) indicate EPA list of 16 PAHs)
Naphthalene

(1- or 2-) Methylnaphthalene
Diphenyl .
Acenaphthylene
Acenaphzenex

Fluorene (9H-Fluorene)
Phenanthrene’

Anthracene’

Fluoranthene”

Pyrene’

Benzo(a.b.c) fluorene
Benzo(a)anthracene’
Chrysene”

Benzo(b, j or k' Jfluoranthene
Benzofa or e/pyrene
Dibenzofa, }P)(IHT]J?'(YC{’?‘JQ*
Peryiene
Indeno(1,2,3-cd)pyrene’
Benzo(g.hijperviene”
Dibenzopyrenes
Anthanthrene

Coronene

Nitrogen containing aromatics
Pyridine

Methylpyridines, Picolines
(Iso)Quinonoline

Acids
Formic acid, Propionic acid, Butyric acid
Acetic acid

Sugars
Levoglucosan
Alpha-D-Glucose, Beta-D-Fructose, Cellobiosan

Alcohols and phenols
Methanol, Ethanol
Phenols, Cresols (o, m or p), Xylenols

Aldehydes and ketones

Formaldehvde, Acetaldehvde

Acetone

2-Cyclopenten-1-one, (Methyl)- 2-Cyclopenten-1-one

Guaiacols
Guaiacol, Creosol (= 4-methyl-guaiacol)
Ethylguaiacol, Eugenol, Isoeugenol

Furans

Dimethylfuran, Furfural (2-furaldehyde)

Methyl Furfural, Furfuryl alcohol

(Methyvl- or dimethyi-)benzofurans and dibenzofurans

Mixed oxygenates

Hydroxyacetaldehyde, Acetol. Vanillin
Propanal-2-one, Glyoxal
2-hvdroxy-3-methvi-2-cvclopentene-1-one

(di-, tri-)Methoxvbenzenes, Trimethoxvphenols

Aromatic compounds

Benzene, Toluene, Xylenes (o, m and p)
Ethynylbenzene

Styrene

Indene (1H-Indene), Methylindene

PAHS (" indicate EPA list of 16 PAH:)
Naphthalene

(1- or 2-) Methylnaphthalene

Diphenvi

Acenaphthylene”

Acenaphtene”

Fluorene™ (9H-Fluorene)

) N . . .
Phenanthrene , Anthracene , Fluoranthene , Pyrene

Nitrogen containing aromatics
(Methyl)pyridines, Picolines, (Iso)Quinoline
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13.3. List of individual organic compounds found in biomass producer gases

Group
{ common name

Other / (more) trivial name

Chemical Abstract Service
(CAS) Registry Number

Beiling point (°C)
(Handbook of
Chemistry and
Physics, vol. 77)

Acids
Formic acid
Acetic acid
Propionic acid

Butyric acid

Sugars
Levoglucosan
Alpha-D-Glucose
Beta-D-Fructose

Cellobiosan

Alcohols
Methanol

Ethanol

Aldehydes and ketones
Formaldehyde

Acetaldehyde

Acetone

2-Cyclopenten-1-one

(Methyl)- 2-Cyclopenten-1-one

Phenols
Phenol

Cresols (0. m or p)

Kylenols

Butylphenols

Methylbutylphenols
Naphthols

Methylnaphthols

Methanoic acid
Ethanoic acid
Propanoic acid

Butanoic acid

1,6-amhydro-beta-D-Glucopyranose
Alpha-D-Glucopyranose

Beta-Levulose

Methyl aleohol
Ethyl alcohol

Methanal
Ethanal
2-Propanone

Cyclopenten-3-one

(2- 3- 5-) methyl-2-cyclopenten-1-one

Hydroxybenzene

(2-, 3- or 4-)methyl-phenol
(2,3-2,4-2,5-2,6- 3.4- or 3,5-)
dimethylphenol

(2-. 3- or 4-)butyl-phenol

2-butyl-4-methyl-phenol
(1- 2-) Naphthol or -Naphthalenol

4-methyl-1-naphthol,
1-methyl-2-naphthol
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64-18-6
64-19-7
79-09-4
107-92-6

604-68-2
53188-23-1

67-56-1
64-17-5

50-00-0
75-07-0
67-64-1
930-30-3

1120-73-6, 2758-18-1,
14963-40-7

108-95-2
95-48-7, 108-39-4, 106-44-5

526-75-0, 105-67-9, 95-87-4,

576-26-1, 95-65-8, 108-68-9
3180-09-4, 4074-43-5,
1638-22-8

6891-45-8

90-15-3, 135-19-3

10240-08-1,
1076-26-2

101

117.9
141.1
163.7

Subl

64.6
78.2

181.8
191.0.202.2, 201.9

216.9,
211.1,
221.7

228
288.2

166,
160
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Guaiacols

Guaiacol

Creosol = 4-methyl-guaiacol
Ethylguaiacol

Eugenol

Isoengenol

Furans
Dimethylfuran

Furfural (2-furaldehyde)
Methyl Furfural
Furfuryl alcohol

Benzofuran

Methylbenzofurans

Dimethylbenzofurans

Dibenzofuran

Methyldibenzofurans

Mixed oxygenates
Glyoxal
Hydroxyacetaldehyde

Propanal-2-one

Acetol

2-hydroxy-3-methyl-2-
cyclopentene-1-one

Methoxybenzene
Dimethoxybenzenes
Trimethoxybenzenes
Trimethoxyphenols

Vanillin

Aromatic compounds
Benzene

Toluene

Xylenes (o, m and p)

Ethynylbenzene

2-methoxy-phenol
2-methoxy-4-methyl-phenol
2-methoxy-4-ethyl-phenol
2-methoxy-4-(2-propenyl)-phenol
2-methoxy-4-(1-propenyl)-phenol

(2.4- 2.5-)dimethylfuran
2-Furancarboxaldehyde
5-Methyl-2-furancarboxaldehyde
2-Furanmethanol

Coumarone

(2- 3- 5- 7-) methylbenzofuran

(2,5-2,6-2.7- 3.5- 3.6- 4,6- 4,7- 5.6-
5.7- 6,7-) dimethylbenzofuran

2.2°-biphenylene oxide

Ethandial
(Hydroxyethanal, glycolaldehyde)

(methyl glyoxal, 2-oxopropanal,
pyruvaldehyde)

1-hydroxy-2-propanone

Anisol
(1.2- 1.3- 1.4-) dimethoxybenzene

(1.2,3- 1.3.5-) trimethoxybenzene

4-hydroxy-3-methoxybenzaldehyde

Methylbenzene
(1,2- 1.3- and 1,4-)dimethylbenzene

o
[
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90-05-1
93-51-6
2785-89-9
97-53-0
97-54-1

3710-43-8, 625-86-5
98-01-1

620-02-0

98-00-0

271-89-6

4265-25-2, 21535-97-7,
18441-43-5.17059-52-8

29040-46-8, 24410-51-3,
59020-74-5, 10410-35-2,
24410-50-2, 116668-34-9,
28715-26-6, 24410-52-4,
64965-91-9, 35355-36-3

132-64-9

107-22-2
141-46-6
78-98-8

116-09-6

100-66-3
91-16-7, 151-10-0, 150-78-7
634-36-6, 621-23-8

121-33-5

71-43-2
108-88-3
95-47-6, 108-38-3, 106-42-3
536-74-3

[
[
&

v
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94,935
161.7
187
171
174

197.5, 197,
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220,
216,
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222,
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Styrene
4-Methylstyrene
Indene (1H-Indene)

Methylindene

PAHSs ( indicate EPA list o
Naphthalene’

(1- or 2-) Methylnaphthalene
Diphenyl
Acenaphthylene’
Acenaphtene’

Fluorene (9H-Fluorene)
Phenanthrene’
Anthracene’
Fluoranthene”

Pyrene*

Benzo(a.b.c) fluorene
Benzo(a)amhracene*
Chrysene”

Benzo(b”, jor k")
fluoranthene

Benzo(a or e)pyrene
Dibenzo(a.h)amhracene*
Perylene
Indeno(1,2.3-cd)pyrene”
Benzo(g,h.i)perylene’
Dibenzopyrenes
Anthanthrene

Coronene

Ethenylbenzene
1-ethenyl-4-methyl-benzene

Indonaphthene

(1- 2- 3- 4- 6- 7-)methyl-1H-indene

f 16 PAHs)

1.1-Biphenyl
Acenaphthalene
1.2-dihydro-Acenaphthylene
2.2°-Methylenebiphenyl

1.2-(1,8-Naphthylene)benzene
Benzo(def)phenanthrene
11H-Benzo(a)fluorene, 2. ?
1.2-Benzanthracene
1.2-Benzophenanthrene

B.(b)fl.=Benz(e)acephenanthrylene
B.(j)fl.=Dibenzo(a.jk)fluorene
B.(k)fl.=2.3,1".8’-Binaphthalene

(2.3- 1.2-)Benzopyrene
1.2.5.6-dibenzanthracene

Dibenzo(de kl)anthracene

1.12-Benzperylene

Nitrogen containing aromatics

Pyridine
Methylpyridines, Picolines

Quinoline

Isoquinoline

Azine

(2- 3- 4-)Methylpyridine
(2- 3- 4-)Picoline

1-Azanaphthalene

Benzopyridine

100-42-5
622-97-9
95-13-6

767-59-9, 2177-47-1,
767-60-2, 7344-34-5,
20232-11-5, 7372-92-1

91-20-3
90-12-0, 91-57-6
92-52-4
208-96-8
83-32-9
86-73-7
85-01-8
120-12-7
206-44-0
129-00-0
238-84-6. 7.7
56-55-3

218-01-9

205-99-2. 205-82-3, 207-08-9

50-32-8. 85-02-9
53-70-3
198-55-0

191-24-2

191-07-1

110-86-1

109-06-08, 108-99-6.
108-89-4

91-22-5
119-65-3

172.8
182

199,
198.
207.

206,
209,
209

217.9
244.7,241.1
256.1

280: 150°

-. - 480

n
(]
o

115.2

129.3,144.1, 1453

237.1
2432

T. sublimates
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13.4. Liqud Quench

The working principle of liquid quench with circulating fluid is shown in Figure 13-2. Liquid injection into the sample
gas stream must occur immediately after the particle filter outlet. A liquid flow rate in the order 10 - 50 ml/min
(depending on the sample gas flow rate) is sufficient to cool the gas from 250 to 50°C.

From particle
filter

To pump and flow
adjustement and
control

Liquid quench

N

/
f

!
Liquid
circulation pump

Backup VOC

Moisture collector collector

Impinger bottles Ice bath

Figure 13-2: Liquid quench system as part of the sampling train arrangement
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13.5. Moditied (VTT) design of impinger bottles

The mass and heat transfer in impinger bottles can be improved by improving the design of impinger bottles. An
improved design by VTIT is shown in Figure 13-3. Glass bends using ball ground joints (Figure 13-3) ensure correct
connection of the impinger bottles. To ensure impinger bottle connections (conical and ball ground joints) are gas tight.
only PTFE gaskets, PTFE tapes or solvent are accepted as the sealing media.

Gas flow m Gas flow out
Ball ground joints: l
LBottle19x7 =L BN
Other botites 13 x 3 ] I e L ‘
"] 4 Ball ground -—20-535
1. Bottle. Din=9_s=135 - AR = joints . .
Other bottles: Din=3, 5= 1.5 [ . 13x5
4 |
[ i
Vil
\ I
\ /
Pl
| i Conical ground joints
‘ 24/29
' ! Din= 5 mm
Din= 34 mm = 1.5 mm
o ea <
- =3 -5mm
///
-
A i
i I
360 mm H /Dm:? mm
//// s=1.5mm
-
-
.r///
L[|
BN

Figure 13-3: The impinger bottle and the glass bend used by VTT.

262



Energy project ERK6-CT1999-20002 (Tar protocol)

13.6. Alternative sampling train: the Petersen column

During preparation of the Guideline, the partners have gathered experience of the use of the described sampling train.
The Danish participant, Danish Technological Institute (DTI). suggests that an alternative for module 3 proves more
convenient when used in the field. compared to the standard configuration. It is DTI's opinion that the use of a liquid
quench and 6 washing bottles containing solvent in a cooling bath which also contains solvent means that the sampling
staff to a great extent has to handle the solvent and is exposed to the solvent. Furthermore, there is a risk of aerosol
penetration through module 3. Therefore, DTI developed an alternative sampling train, which pessibly eliminates the
disadvantages of module 3.

The new sampling train is called the “Petersen column” after the inventor Finn Petersen. The "Petersen column"
consists of two washing stages filled with isopropanol. Stage 1 is a traditional washing stage with impinger. The bottom
of stage 2 consists of a G3 glass frit with two functions: a) it retains tar droplets (aerosol) and b) it generates a large
number of very small gas bubbles in washmg stage 2 which results in an improved washing efficiency. The two
washing stages are filled with the washing medium (solvent, isopropanol) through two nozzles. During normal pressure
(atmospheric pressure), the solvent is kept back in stage 2 by the glass frit, as the liquid runs very slowly through the

frit. If there is a little vacuum in washing stage 2. no liquid runs through the frit.

When sampling has ended. the tube which is connected to the vacuum pump is moved to the connecting stub at the
drain cock at the bottom of the "Petersen column". By creating a little vacuum in washing stage 1. the solvent is sucked
from washing stage 2 through the frit. That results in washing stage 2 being emptied at the same time as the frit is
cleaned by the solvent. Solvent from both washing stages is collected in a storage bottle which is kept sealed against the
cone of the drain cock.

The "Petersen column" is jacket cooled. The cooling fluid and cooling temperature can be selected as required e.g. in
relation to the gas temperature. The column is constructed in such a way so it is easy to replace the glass frit if it is
polluted by particles that cannot immediately be rinsed out with solvent.

Tests have shown that the "Petersen column" has a high sampling efficiency. During measurements in heavily polluted
countercwrent gas. less than 1% of the chromatographable tar is found in a backup system after the column and 85% of
this penetration causes benzene. Furthermore, the "Petersen column" is easy to handle and the staff is hardly exposed to
solvent steamn from the washing and cooling medium. Figure 13-4 shows the "Petersen column".
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STy Exit
1 _n’:-E_'“ Clean gas
Solvent filling
Exit
Cooling fluid
f,:
Washing stage |l |ff
with solvent |
|
Aerosol filter ! G3 glass frit
i
i
\ Solvent fillin
S g
Entrance
Raw gas
<
E" Entrance
Y Cooling fluid
| ] .
‘Washing stage | 'y:|1_T‘|7 Impinger
with solvent l,_hl_f_J
i Shut - off valve
E(}:a—
) L__ To vacuum pump
/:"for emptying the column
Storage bottle iy
for solvent

Figure 13-4 The "Petersen column"
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13.7. Example test and analysis logs for sampling and result documentation

13.7.1. Parameter log for sampling of P&T

Sampling of P&T from Biomass Producer Gases

Examiner:
Gasifier Type/Site: X Date:
Test No.: X

Gasifier parameter
Actual power output: kw (max. ..o o KW)
(based on fuel fuel input)
3 -

Raw gas flow rate (dry): [Nm“/h]  (if calc., spec. gas 2,6 Nm3/Kg wet

rate:

Gasifier start ™

|stationary since

*.

Fuel type *:

Pine wood chips (approx. 20 x 20 x 10 mm; 5 wi% sawdust), dried

Fuel moisture *

[%, dry basis]

Actual fuel feeding rate * [kg wet/h]

Sampling parameters

Sampling site (hot/cold end): Raw gas after gasifier

Tar trapping solvent: Isoprapanol

Ambient temperature: [°C]

Ambient pressure: 1000 [mbar]

Duct diameter: cm

Diameter of sampling nozzle: mm

Particle filter temperature: 250 [°C] Filter tube no.:
init. weight final weight

Solvent stock bottle:

Solvent storing bottle:

[g]

Summary protocol

Solvent from P&T sampling [g]
Approx. mass of condensate: | nd [0]
Solvent from Soxhlet extraction: [g]
Total particle mass in filter tubes: [mg]
Normalised sampled gas flow rate [Nm“/h]

Remarks:

Values given by the gasifier operators are marked with *.

- In the condenser, only Isopropanol is used

- All the liquid is stored in one bottle (under nitrogen blanket and in a refrigerator).

L
oo
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13.7.2. Parameter log for gas meter reading

Sampling of P&T from Biomass Producer Gases

Gasifier Type/Site: | X
Sampling site (hot/cold end): Raw gas after gasifier Date: X
Test No.: X
Rated sampling gas flow rate (dry) Nm“/h (calculated set point;
10% over isokinetic)
P+T sampling start: P+T sampling end:
Temperature Pressure
in gas meter In gas meter
Gas meter protocol [°C] bar
Time Gas temperature  |Reading Ap pump Sampling
in duct gas meter Flow rate
[hh:zmm] [°C] [m’] [mbar] [Nm*/h]
Remarks - Condensation train” iquid quench, 1 condenser (0°C; Isopropanal), no saturator
- Tar absorption train: 3 wash bowls with Isopropanol (type Dreschel, -24°C), drop separator
- Before the pump an activated carbon filter is used as pump, protection (lignite coke; Dreschel impinger)
- After a few minutes, asrosol formation occurs (as mist) in the sampling train.
Mist colour is white. Some mist is found before the coke adsorber.

Averaged sample flow rate Nm“/h
Taotal amount of gas sampled Nm®*
Total sampling duration hours
Mean gas meter temperature °C
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13.7.3. Log for particulate measurement

Sampling of P&T from Biomass Producer Gases

Gasifier Type/Site: X

Date:

Sampling site (hot/cold end):

Raw gas after

gasifier

Test No.:

Particle filter pre-treatment

Type of particle filter used: Munktell Filter tube no.
Preconditioning temperature: °C

Preconditioning duration: hours

Initial tube weight after preconditioning g

Tar extraction from particle filter with Isopropanol

Soxhlet extraction Start: hh:mm
End hh:mm
Duration hours
tara weight |gross weight net weight
Storing bottle [a]

Remarks:

The Soxhlet extraction is made immediately after the sampling

The Soxhlet extraction is made with fresh solvent at ambient pressure

No acetone rinsing is made.

The solvent in the Soxhlet thimble housing is colourless after hours of ext

raction.

Particle filter post-treatment

Post-conditioning temperature: °C
Post-conditioning duration hours
Final tube weight after post-conditioning g

Remarks:

60

267




Energy project ERK6-CT1999-20002 (Tar protocol)

13.7.4. General logbook of test performer

This chapter contains the information mentioned in the logbook of the test performer. It describes all the relevant
aspects regarding the sampling site, the sampling and analysis procedures should be given.

The following information should be given in a number of log-parts:

* Installation description (type of gasifier, gas cleaning, capacity, year of construction .....)
*  Fuel characterisation (origin. moisture, size (distribution) .....)

e Description of sampling site and (gasifier) operation conditions

e Sampling train set-up (arrangement of type of modules used)

*  Sampling (duration, temperatures, pressure, flow rate ....)

*  Sample(s) post treatment

*  Type of analysis used (inel. calibration methods)

*  Tables with results

61
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8.4 TAR COMPOUNDS ANALYZED ON GC-MS

GC-MS tar compounds
Isobutyronitrile*
1,4-Cyclohexadiene*
3-Butenenitrile*

2-Propanone, 1-hydroxy- *
(BTEX); Benzene
3-Penten-2-one, (E)- *

(PAH); N-Nitrosodimethylamine
1H-1,2,4-Triazole*

(PAH); Pyridine

Pyrrole *

Furan, 2,5-dihydro-*
(BTEX);Toluene

1H-Pyrazole*
2-Amino-4-methylbut-2-enenitrile*
3-Penten-2-one, 4-methyl- *
2-Pentanone, 4-hydroxy-*
Furfural *

2-Pentanone, 4-hydroxy-4-methyl- *
(Mix 4); Benzene, Chloro-
(BTEX); Ethylbenzene

(Mix 4); m-Xylene

(BTEX); p-xylene
Phenylethyne *

(Mix 4); Styrene

(BTEX); o-xylene

(Mix 4); Benzene, isopropyl-
Furan *

1,3,5-Triazine *

1,3-Cyclopentadiene, 5-(1-methylethyli*

Benzene, 1-ethynyl-4-methyl*
(Mix 4); Benzene, n-propyl-
1H-Pyrrole, 2-ethyl-3,4,5-trimethyl-*
Benzene, 1-ethyl-3-methyl- *
Benzene, (1-methylethyl)-*

(Mix 4); Benzene, 1,3,5-trimethyl-
(PAH); Aniline

(PAH); Phenol

Benzene, (1-methylethyl)-**
alpha.-Methylstyrene*

(PAH); Bis(2-chloroethyl) ether
Benzonitrile *

(PAH); Phenol, 2-chloro-
Benzene, 1,2,4 trimethyl -*
Pyridine, 2,4,6-trimethyl- *
Benzene, 1-ethenyl-3-methyl- *
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MW
g/mol

Formula

69.1 C4H7N

80.1
67.1
74.0
78.1
84.1
74.0
69.1
79.1

C6H8
C4H5N
C3H602
C6H6
C5H80
C2H6N20
C2H3N3
C5HS5N

67.1 C4H5N

70.0
92.1

C4H60
CT7HS8

68.1 C3H4N2

70.1
98.1
102.0

C5H10
C6H100
C5H1002

96.1 C5H402
116.0 C5H1002

112.6
106.2
106.2
106.2
102.1
104.2
106.2
120.2

C6H5CI
C8H10
C8H10
C8H10
C8H6
C8H8
C8H10
C9H12

68.1 C4H40

81.1

C3H3N3

106.2 C8H10

116.0
120.2
137.2
120.2
120.2
120.2

C9H8
C9H12
C9H15N
C9H12
C9H12
C9H12

93.1 C6H7N
94.1 C6H60

120.2
118.2
143.0
161.2
128.6
120.2
121.0

C9H12
C9H10
C4H8CI20
C10H11NO
C6H5CIO
C9H12
C8H11N

134.0 C9H100

Hf

kJ/

an/

mol
22.8
104.75
157.7
-410
82.9
-240.2
-1650
192.7
140.4
108.3
-109.7
50.2
179.4
-77.1
-195.56
439.82
-151.04
829.
54.42
29.8
17.2
18
306.6
148.3
19.1
3.9
-34.7
229.3
144
-1.8
3.9

-1.8
3.9
385.3
86.86
-96.4
3.9
118.3
-153.3
137.4
-153.3
-13.8
103.9
-63.1



Benzofuran*
2,2,5,5-Tetramethyl-4-ethyl-3-imidazol*
(PAH); Benzene, 1,3-dichloro-

(PAH); Benzene, 1,4-dichloro-

(Mix 4); Benzene, tert-butyl-

Benzene, 1-ethenyl-2-methyl- *
Benzene, 1-ethenyl-4-methyl-*

(PAH); Benzyl Alcohol

Pyridine, 2,5-dimethyl- *

(PAH); Benzene, 1,2-dichloro-
Piperidine, 3-isopropyl- *

Indene *

(PAH); Phenol, 2-methyl-

(PAH); Bis(2-chloroisopropyl) ether
Acetic acid, phenyl ester*
N,N-bis(1-methylethyl-2-Propen-1-amine*
(PAH); 4-Methylphenol & 3-Methylphenol
(PAH); N-nitroso-di-n-propylamine
Phenol, 4-methyl-*

(PAH); Ethane, hexachloro-

(PAH); Benzene, nitro-

(IS); 1,4-Dichlorobenzene-D4
Benzene, 4-ethenyl-1,2-dimethyl-
Benzofuran, 2-methyl- *

Benzofuran, 7-methyl- **

Benzofuran, 2-methyl- **

Benzene, 1,3-diethenyl- *
4-Piperidinone, 2,2,6,6-tetramethyl(M)*
1H-Indene, 2,3-dihydro-4-methyl-*
(PAH); Isophorone

(PAH); Phenol, 2-nitro-

Benzyl nitrile *

(PAH); Phenol, 2,4-dimethyl-

Phenol, 2,5-dimethyl-*

Phenol, 3,5-dimethyl-*

1H-Indene, 1-methyl- *

Benzene, 1-butynyl-*

Phenol, 2-ethyl- *

Benzene, (1-methyl-2-cyclopropen-1-yl)*
1H-Indene, 3-methyl-*

Naphtalene*

(PAH); Methane, bis(2-chloroethoxy)-
4-Piperidinone, 2,2,6,6-tetramethyl-(R)
(PAH); Phenol, 2,4-dichloro-

Phenol, 4-ethyl- *

Naphthalene, 1,2-dihydro-*

(PAH); Benzene, 1,2,4-trichloro-

(IS); Naphthalene-D8

(PAH); Naphthalene

Benzene, (ethenyloxy)-*
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118.1 C8H60 -34.89
169.0 C9H17N20 an/
147.0 C6H4CI2 25.5
147.0 C6H4CI2 22.2
134.2 C10H14 -22.7
116.2 CO9H7 119.7
116.2 CO9H8 -94.4
108.1 C7H80O -100.4
107.0 C7HSN 56.1
147.0 C6H4CI2 29.7
85.1 C5H1IN -48.9
116.2 CO9HS8 163.4
108.1 C7H8O -128.6
170.0 C6H12CI20 n/a
136.2 C8H802 -279.7
141.0 C9H19N 156
108.1 C7H8O 512
130.0 C6H14N20 2:8
108.1 C7H80O -125.3
236.7 C2Cl6 -138.9
123.1 C6H5NO2 67.6
150.0 Ce6CI2D4 n/a
132.0 C10H12 -263.6
132.0 C9H8O 13.6
132.0 C9H8O 13.6
279.0 C9H80 13.6
130.0 C10H10 248.2
155.0 C9H17NO 334.3
132.2 C10H12 28
138.2 C9H140 -251
139.0 C6H5NO3 -204.6
117.0 C8H7N n/a
122.2 C8H100 -162.9
122.2 C8H100 -161.7
122.2 C8H100 -161.6
130.2 C10H10 122
130.2 C10H10 248.6
122.2 C8H100 -145.2
130.2 C10H10 297
130.2 C10H10 122
128.2 CI10H8 150.6
172.0 C5H10CI202 /a n
155.0 C9H17NO 334-3
162.0 C6H4CI20 -226.4
122.2 C8H100 -144.05
130.0 C10H10 n/a
181.4 C6H3CI3 -0.2
128.0 C10D8 n/a
128.2 CI10H8 150.6
120.0 C8H8O -52



1-Hexadecene *

(PAH); p-Chloroaniline

(PAH); 1,3-Butadiene, hexachloro-
Benzofuran, 2,3-dihydro- *
1H-Indazole, 3,6-dimethyl-*
Benzofuran, 2-ethenyl-*
Methenamine *

Quinoline *

Benzenamine, N,N-dimethyl-4-[[(1-methy*

1H-Indene, 2,3-dimethyl-*
Benzofuran, 2,3-dihydro-*
(PAH); Phenol, 4-chloro-3-methyl-
p-Isobutylbenzaldehyde*
Naphthalene, 1-methyl-*
Indole *

(PAH); Naphthalene, 2-methyl-
(PAH); Naphthalene, 1-methyl-
Benzofuran, 7-methyl-*

(PAH); 1,3-Cyclopentadiene, hexach
1H-Indenol *

(PAH); Phenol, 2,4,6-trichloro-
(PAH); Phenol, 2,4,5-trichloro-
1H-Indole, 4-methyl-*

(PAH); Naphthalene, 2-chloro-
Biphenyl *

3-Tetradecene(Z) *
Naphthalene, 1-ethyl*

(PAH); o-Nitroaniline
Naphthalene, 1,4-dimethyl-*
Naphthalene, 2,3-dimethyl-*
Naphthalene, 2-ethenyl-*
Naphthalene, 1,6-dimethyl-*
Naphthalene, 2,6-dimethyl-*
Naphthalene, 1,6-dimethyl-**
(PAH); Benzene, 1,4-dinitro-
Naphthalene, 2-ethenyl-**
(PAH); Acenaphthylene
(PAH); Dimethyl phthalate
(PAH); 2,6-Dinitrotoluene
(PAH); Benzene, 1,2-dinitro-
Naphthalene, 1,4-dimethyl-**
(PAH); 3-Nitroaniline

(IS); Acenaphthene-D10
(PAH); Acenaphthene
1,1'-Biphenyl, 3-methyl-*
(PAH); Phenol, 2,4-dinitro-
1-Naphthalenol*
2-Naphthalenol*

Phenol, 3,5-bis(1,1-dimethylethyl)- *
(PAH); Dibenzofuran
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224.4

C16H32

127.0 C6H6NCI

260.8

120.0
146.0
144.0

C4Cl6
C8H8O
C9H10N2
C10H80O

140.2 C6H12N4
129.2 CO9H7N
121.0 C8H11N

144.0
120.2
142.0
162.0
142.2

C11H12
C8H80O
C7H7CIO
C11H140
C11H10

117.0 C8H7N
142.2 C11H10
142.2 C11H10

132.0

C9H80

272.8 C5Cl6
132.0 CO9H8O

196.0
196.0

C6H3CI30
C6H3CI30

131.0 C9HON
162.0 C10H7CI
154.2 C12H10

196.0
156.0

C14H28
C12H12

138.1 C6H6N202

156.2
156.2
154.0
156.2
156.2
156.2
168.1
154.0
152.0
194.2
162.0
168.1
156.2

C12H12
C12H12
C12H10
C12H12
C12H12
C12H12
C6H4N204
C12H10
C12H8
C10H1004
C3H6N404
C6H4N204
C12H12

138.1 C6H6N202
152.0 C12H8

154.2

C12H10

168.0 C13H12

184.0

C6H4N205

144.2 C10H8O
1442 C10H80O
206.0 C14H220

168.2

C12H80

-248.6
n/a
-29.2
-47.3
199
-29.9
199
200.52
103.9
261
-46.5
n/a
-209.2
116.9
100.2
116.11
116.86
13.6
-102
n/a
n/a
n/a
146.2
55.2
182.4
-271.3
111.8
63.8
76.1
76.1
160
76.1
76.1
76.1
50.8
160
193
-663
n/a
27.8
76.1
58.5
n/a
155
166.4
n/a
-29.9
-29.9
-410
83.4



(PAH); Phenol, 4-nitro-

(PAH); 2,4-Dinitrotoluene

(PAH); Phenol, 2,3,4,6-tetrachloro-
Naphthalene, 2-(1-methylethenyl)-*
(PAH); Phenol, 2,3,5,6-tetrachloro-
1(2H)-Acenaphthylenone*

(PAH); Fluorene

(PAH); Benzene, 1-chloro-4-phenoxy-
Fluorene-9-methanol*

(PAH); Diethyl Phthalate

Fluorene*

Dibenzofuran*

2-Naphthalenol, acetate*
Fluorene**

(PAH); p-Nitroaniline

(PAH); Phenol, 2-methyl-4,6-dinitro-
Fluorene***

(PAH); Diphenylamine
Dibenzofuran, 4-methyl-*

(PAH); Azobenzene

Fluorene****

Fluorene*****

(PAH); Benzene, 1-bromo-4-phenoxy-
(PAH); Benzene, hexachloro-
9H-Fluorene, 1-methyl-*

Phenol, 2-(1-phenylethyl)-*
9H-Fluorene, 9-methyl-*
9H-Fluorene, 2-methyl-*

(PAH); Phenol, pentachloro-
(PAH); Phenanthrene

(IS); Anthracene-D10

(PAH); Anthracene

(PAH); Carbazole

Anthracene, 2-methyl-*
Anthracene, 9-methyl-*
Phenanthrene, 4-methyl-*
4H-Cyclopenta[deflphenanthrene*
(PAH); Dibutyl phthalate
Phenanthrene, 1-methyl-*
4H-Cyclopenta[deflphenanthrene**
Naphthalene, 2-phenyl-*

(PAH); Fluoranthene

(PAH); Pyrene

Fluoranthene*
11H-Benzolc]fluorene*

Pyrene, 1-methyl-*

Pyrene, 1-methyl-**
Benzanthrene*

(PAH); Benzyl butyl phthalate
(PAH); bis(2-ethylhexyl) adipate
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139.0

234.0 C10H6N205

230.0

168.0

230.0
168.0

C6H5NO3

C6H2Cl40

C13H12

C6H2Cl40
C12H80

166.2 C13H10

204.0 C12H9CIO

196.0
222.2

C14H120
C12H1404

166.2 C13H10
168.2 C12H80O

186.0

C12H1002

166.2 C13H10
138.1 C6H6N202

198.0 C7H6N205

166.2 C13H10

198.0 C12H10N20

182.0
182.0

C13H100
C12H10N2

166.2 C13H10
166.2 C13H10

248.0 C12H9BrO

284.8
180.0
198.0
180.3
180.3

264.0

178.2
188.0
178.2
167.2
192.3
192.3

192.3

190.0
278.3

192.3

190.0

204.0
202.3
202.3
202.3
216.0
216.0
216.0
228.0
312.0

370.0 C22H4204

C6Cl6
C14H12
C14H140
Cl4H12
C1l4H12
C6HCI50
C14H10
C14D10
C14H10
C12H9N
C15H12
C15H12
C15H12
C15H10
C16H2204
C15H12
C15H10
C16H12
C16H10
C16H10
C16H10
C17H12
C17H12
C17H12
C18H12
C19H2004

-207.1
-172
n/a
154.3
n/a
52.1
171
n/a
n/a
-688.3
171
47.3
n/a
171
59.5
279
171
227
52.9
374
171
171
n/a
-33.9
149.1
93.6
148
149.1
-292.5
207.5
n/a
227.7
209.6
196.9
196.9
195.8
227
-750.9
196.9
227
466.1
289
225.7
292
294.2
294.2
294.2
277
n/a
n/a



Phenol, 2,4-bis(1-phenylethyl)-*
Phenol, 2,4-bis(1-phenylethyl)-**
Phenol, 2,4-bis(1-phenylethyl)-***
(PAH); Benz[a]lanthracene

(IS); Chrysene-D12

(PAH); Chrysene

(PAH); Bis(2-ethylhexyl) phthalate
(PAH); Di-n-octyl phthalate
(PAH); Benzolb] fluoranthene
(PAH); BenzolK] fluoranthene
(PAH); Benzola] pyrene

(IS); Perylene-D12

(PAH); Indeno[1,2,3-cd]pyrene
(PAH); Dibenz[a,h]anthracene
(PAH); Benzol[ghi]perylene
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302.0
302.0
302.0
228.0
240.0
228.3
390.6
390.6
252.0
252.0
252.0
264.0

276.0

C22H220
C22H220
C22H220
C18H12
C18D12
C18H12
C24H3804
C24H3804
C20H12
C20H12
C20H12
C20D12

C22H12

278.0 C22H14

276.0

C22H12

Table 8.1: List of tar compounds analyzed with GC-MS method

n/a
n/a
n/a
275.73
n/a
269.8
796
-966.72
348.025
348.025
307.4505
n/a
371.03
317.908
316.234



TOPLEVEL PARAMETERS

Method Information For: CAMSDCHEMVTMETHODS\TAR_PROJECT\TARTJRGLA

Method Sections To Run;

{1 Save Copy of Method With Data

() MSTOP Pre-Run Cmd/Macro =

() Instrument Control Pre-Run CmdMacro =

{1 Data Analysis  Pre-Run Cmd/Macro =

(X) Data Acquisition

(X) Data Analysis

(I MSTOP Post-Run Cmd/Macro =

{1 Instrument Confrol Post-Run Cmd/Macro =

{1 Data Analysis  Post-Run CmdMacro =
Method Comments:

This is the default method

END OF TOPLEVEL PARAMETERS

INSTRUMENT CONTROL PARAMETERS

6890 GC METHOD

OVEN
Initial ternp: &0 'C (On) Maximum temp: 340°C
Initial time: 1.25 min Equilibration time; 0.00 min
Ramps:;

# Rate Finaltemp Final time
12000 320 4.00
2 0.000fF)

Paost ternp: 60'C

Paost time: 0.00 min

Run time: 18.25 min

FROMNT INLET {SPLIT/SPLITLESS) BACK INLET (SPLIT/SPLITLESS)
Mode: Split Mode: Split
Initial temp: 300 'C (On) Initial tamp: 300 'C (On)
Pressure; 2.14 psi (Off) Pressure: 9.4% psi (On)
Split ratio: 10:1 Split ratio: 10:1
Split flow: 11,9 mL/min Split flow: 12.0 mL/min
Total flow: 19.9 mL/min Total flow: 19.9 mL/min
Gas saver; Off Gas saver; Off
Gas type: Hydrogen Gas type: Hydrogen
COLUMM 1 COLUMM 2
Capillary Column Capillary Column

Model Mumber: Agilent 122-5536 Model Mumber: Agilent 128-3522
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DB-oms, 0.25mm * 30m * 0.5um DE-5ms, 0.2mm * 25m ~ 0.33um

Max ternperature; 350 'C Max ternperature: 350'C

Maminal length: 268 m Maminal length: 25.0m

Mominal diameter: 250.00 um Mominal diameter: 200.00 um

Mominal film thickness: 0.50 um Mominal film thickness: 0.33 um

Mode: constant flow Mode: constant flow

Initial flow: 1.2 mL/min Initial flow; 1.2 mLmin

Mominal init pressure; 2.14 psi Mominal init pressure: 9,49 psi

Average velocity: 60 cmisec Average velocity, 85 cmisec

Inlet: Front Inlet Inlet: Back Inlet

Cutlet: M3SD Outlet: MSD

Outlet pressure: vacuum Qutlet pressure: vacuum
FROMT DETECTOR (TCD) BACK DETECTOR (NO DET)

Temperature; 250 'C (Off)
Refarence flow: 20.0 mLmin (Off)
Maode: Constant makeup flow
Makeup flow: 7.0 mLmin (Off)
Makeup Gas Type: Hydrogen
Filament: Off

Megative polarity: Off

SIGHNAL 1 SIGMAL 2
Data rate: 20 Hz Data rate: 20 Hz
Type: test plot Type: test plot
Save Data: Off Save Data: Off
Zero: 0.0 (Off) Zero: 0.0 (Off)
Range: 0 Range: 0
Fast Peaks: Off Fast Peaks: Off
Attenuation: O Attenuation: 0
COLUMMN COMP 1 COLUMMN COMP 2
{No Detectors Installed) {Mo Detectors Installed)
THERMAL ALX 2

Use: MSD Transfer Line Heater
Description: M3D Transfer Ling
Initial ternp: 300 'C {On)
Initial time: 18.25 min

# Rate Finaltemp Final time

1 0.0{0ff)
POST RUN
Post Time: 0.00 min
TIME TABLE
Time Specifier Parameter & Setpoint
TET3 Injector
Front Injector:

Mo parameters specified

Back Injector:

Sample Washes 2
Sample Pumps 4
Injection Volumae 1.0 microliters
Syringe Size 10.0 microliters
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Postinj Solvent A Washes 0
Postinj Solvent B Washes 2

Viscosity Delay 0 seconds
Flunger Speed Fast
Prelnjection Dwell 0.00 minutes
Postinjection Dwell 0.00 minutes

Column 1 Inventory Number : RGIO0G
Column 2 Inventory Mumber : RGIO0S

MS ACQUISITION PARAMETERS

General Information

Tune File s atune.u
Acquistion Mode s Scan

MS Information

Solvent Delay »1.00 min
EM Absolute . False
EM Offset =400

Resulting EM Voltage 22118

[Scan Parameters)

Low Mass 2150

High Mass 1500

Threshold - 50

Sample # ca3 AD Samples 8
Plot 2 low mass 21580

Plat 2 high mass 2200

Start Time - 2.20

Low Mass ©350

High Mass : 325.0

Threshold - 50

Sample # D2 AD Samples 4
Plot 2 low mass S350

Plot 2 high mass 22000

[MSZanes|

MS Quad ;150 C maximum 200 C
MS Source c 230 C maximum 250 C
Timed Events

[Timed MS Detector Entries)

Time {min) State (M3 on/off)
1.00 On

END OF M5 ACQUISITION PARAMETERS

Method: TARTJRGI.M Thu Apr 26 08:36:11 2007 Page: 3

276



END OF INSTRUMENT CONTROL PARAMETERS

DATA ANALYSIS PARAMETERS

Method Mame: CMSDCHEMWWMETHODSETAR_PROJECT TARTJRGI.M

Percent Report Settings

Sort By: Signal
Qutput Destination
Screen: No
Printer: Yes
File: Mo
Integration Events: Meth Default
Generate Report Dunng Run Method: No

Signal Correlation Window; 0,020

Quantitative Report Settings

Report Type: Summary

Output Destination
Screen: Yes
Printer: No
File: No

Generate Report During Run Method: Mo

PAH's and BTEX Calibwration
Calibration Last Updated: Wed Sep 27 05:08:08 2008

Reference Window: 2.00 Minutes
Mon-Reference Window: 1.00 Minutes
Correlation Window: 0.10 minutes
Default Multiplier: 1.00

Default Sample Concentration: 0.00
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Compound Information

1) (BTEX); Benzene
Ret. Time 1.30 min., Extract & Integrate from 120t 1.40 min.

Lyl 1D Conc (ug/ml) Response

1 1.000 159018
2 10.000 515185
3 20,000  B42376
4 50000 2297581
5 100,000 4652321
& 1.000 -1

T 10.000 -1

8 20.000 -1

9 50.000 -1

10 100.000 -1
11 1.000 -1

12 10.000 -1

13 20,000 -1

14 50.000 -1

15 100,000 -1

Curve Fil: Linear

2) 2-Propanone, 1-hydroxy- * i
Ret. Time 1.28 min., Extract & Integrate from 1.18tc 1.38 min.

Lvl 1D Conc (ug/ml) Response

1 1.000 158019
2 10.000 515185
3 20,000  B42376
4 50000 2297581
& 100,000 4652321
& 1.000 -1

7 10.000 -1

B 20.000 -1

9 50.000 -1

10 100.000 -1
11 1.000 -1

12 10.000 -1

13 20,000 -1

14 50.000 -1

15 100.000 -1

Curve Fit: Linear

3) 3-Penten-Z-one, (E)-* ()
Ret. Time 1.71 min., Extract & Integrate from 161t 1.81 min.

Lvl ID Conc {ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
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5 100.000 -1
=] 1.000 -1

7 10.000 -1
& 20,000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1

12 10.000 73271
13 20,000 132702
14 50.000 208521
15 100.000 598525

Curve Fit: Linear

4) (PAH); N-Nitrosodimethylamine 0
Ret. Time 1.73 min., Extract & Integrate from 163t 1.83 min.

Lvl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1
3 20.000 -1
4 50.000 -1
5 100.000 -1
8 1.000 -1

7 10.000 -1
8 20,000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1
12 10.000 73271

13 20000 132702
14 50.000 208521
15 100,000 596525

Curve Fit: Linear

3) (PAH), Pyridine
Ret. Time 1.78 min., Extract & Integrate from 1.68 to  1.88 min.

Lyl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20,000 -1

4 50.000 -1

3 100.000 -1

=] 1.000 -1

7 10.000 -1

8 20,000 -1

9 50.000 -1

10 100.000 -1
11 1.000 -1

12 10.000 165880
13 20.000 312381

14 50000 436534
15 100,000 1359433
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Curve Fit: Linear

8) (BTEX);Toluene ]
Ret. Time 1.95 min., Extract & Integrate from 1.85t0 2.05 min.

Lyl 1D Conc (ug/ml) Response

1 1.000 197562
2 10.000 538347
3 200000  BTTTOZ
4 50000 2319364
5 100,000  4B90515
& 1.000 -1

T 10.000 -1

8 20.000 -1

9 50.000 -1

10 100.000 -1

11 1.000 -1

12 10.000 -1

13 20,000 -1

14 50.000 -1

15 100,000 -1

Curve Fil: Linear

7y 2-Amino-4-methyl-oxazole * Cyclopentane ()
Ret. Time 3.32 min., Extract & Integrate from 3.22t0 3.42 min.

Lvl 1D Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20.000 -1

4 50.000 -1

& 100.000 -1

& 1.000 47714

7 10.000 380523
B 20000  70BE91
9 50,000 2615182
10 100,000 3923110
11 1.000 -1

12 10.000 -1

13 20,000 -1

14 50.000 -1

15 100.000 -1

Curve Fit: Linear

8) 3-Penten-2-one, 4-methyl- ~ ]
Ret. Time 217 min., Extract & Integrate from 207 to 2.27 min.

Lvl ID Conc {ug/ml) Response

1 1.000 197362

2 10,000 536347

3 20,000 BYTTO3

4 50000 2319364
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5 100,000 4690515
=] 1.000 -1

7 10.000 -1
& 20,000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1
12 10.000 -1
13 20.000 -1
14 50.000 -1
15 100.000 -1

Curve Fit: Linear

) Furfural *
Ret. Time 2.4%9 min., Extract & Integrate from 2.3%to 2.59 min.

Lvl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20.000 -1

4 50.000 -1

5 100.000 -1

8 1.000 22013

7 10.000 210246
8 20,000 3809986
9 500000 1447900
10 100,000 2141423
11 1.000 -1

12 10.000 -1

13 20.000 -1

14 50.000 -1

15 100.000 -1

Curve Fit: Linear

10) 2-Pentanone, 4-hydroxy-4-methyl- * ()
Ret. Time 2.57 min., Extract & Integrate from 247 to 267 min.

Lyl ID Conc (ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20,000 -1
4 50.000 -1
3 100.000 -1
=] 1.000 -1
7 10.000 -1
8 20,000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1
12 10.000 -1
13 20.000 -1
14 50.000 -1
15 100.000 -1
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Curve Fit: Linear

11) {Mix 4); Benzene, Chloro-
Ret. Time 2.63 min., Extract & Integrate from 2.53to0 2.73 min.

Lyl 1D Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20,000 -1

4 50.000 -1

5 100.000 -1

& 1.000 22913

T 10.000 210246
8 20,000 389986
9 S0.000 1447200
10 100,000 2141423
11 1.000 -1

12 10.000 -1

13 20,000 -1

14 50.000 -1

15 100,000 -1

Curve Fil: Linear

12) (BTEX); Ethylbenzene ]
Ret. Time 2,75 min., Extract & Integrate from 265tc 2.85 min.

Lvl 1D Conc (ug/ml) Response

1 1.000 65229

2 10.000 447530
3 20,000 790513
4 50000 2391292
& 100.000 5025587
& 1.000 -1

7 10.000 -1

B 20.000 -1

9 50.000 -1

10 100.000 -1

11 1.000 -1

12 10.000 -1

13 20,000 -1

14 50.000 -1

15 100.000 -1

Curve Fit: Linear

13) (Mix 4); Xylene, m- ()
Ret. Time 2.83 min., Extract & Integrate from 273 to 2.93 min.

Lvl ID Conc {ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
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5 100.000 -1

=] 1.000 51729

7 10,000 304813
& 200000 591357
9 50,000 2096395
10 100,000 3173239

11 1.000 -1
12 10.000 -1
13 20.000 -1
14 50.000 -1
15 100.000 -1

Curve Fit: Linear

14) (BTEX); p-xylene {)
Ret. Time 2.84 min., Extract & Integrate from 2.74 to 2.94 min.

Lvl ID Conc (ug/ml) Response

1 1.000 54326

2 10.000 347208
3 20.000 638753
4 50,000 2080219
5 100,000 4583077
8 1.000 -1

7 10.000 -1

8 20,000 -1

9 50.000 -1

10 100.000 -1

11 1.000 -1

12 10.000 -1

13 20.000 -1

14 50.000 -1

15 100.000 -1

Curve Fit: Linear

15) Phenylethyne * (]
Ret. Time 2.88 min., Extract & Integrate from 2,77 to 298 min.

Lyl ID Conc (ug/ml) Response

1 1.000 54326

2 10,000 2347288
3 200000 638753
4 50.000 2080219
3 100,000 4563077
=] 1.000 -1

7 10.000 -1

8 20,000 -1

9 50.000 -1

10 100.000 -1

11 1.000 -1

12 10.000 -1

13 20.000 -1

14 50.000 -1

15 100.000 -1
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Curve Fit: Linear

16) (Mix 4); Styrens ]
Ret. Time 3.03 min., Extract & Integrate from 2.93to0 3.13 min.

Lyl 1D Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20,000 -1

4 50.000 -1

5 100.000 -1

& 1.000 18880

T 10.000 208523
8 20,000 412087
9 50.000 1555086
10 100.000 2360085
11 1.000 -1

12 10.000 -1

13 20,000 -1

14 50.000 -1

15 100,000 -1

Curve Fil: Linear

17) (BTEX); o-xylens i)
Ret. Time 3.04 min., Extract & Integrate from 294t 3.14 min.

Lvl 1D Conc (ug/ml) Response

1 1.000 62799

2 10.000 386580
3 20,000 871103
4 50000 1986486
& 100.000 4101020
& 1.000 -1

7 10.000 -1

B 20.000 -1

9 50.000 -1

10 100.000 -1

11 1.000 -1

12 10.000 -1

13 20,000 -1

14 50.000 -1

15 100.000 -1

Curve Fit: Linear

18) (Mix 4); Benzene, isopropyl- ()
Ret. Time 3.32 min., Extract & Integrate from 322 to 3.42 min.

Lvl ID Conc {ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
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5 100.000 -1

=] 1.000 47714

7 10,000 380523
& 20,000 708891
9 50,000 2615182

10 100,000 3923110
11 1.000 -1
12 10.000 -1
13 20.000 -1
14 50.000 -1
15 100.000 -1

Curve Fit: Linear

19) Furan*® {1
Ret. Time 3.33 min., Extract & Integrate from 323t 3.43 min.

Lvl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20.000 -1

4 50.000 -1

5 100.000 -1

8 1.000 47714

7 10.000 380523
8 20,000  TOBEM
9 500000 2615182
10 100,000 3823110
11 1.000 -1

12 10.000 -1

13 20.000 -1

14 50.000 -1

15 100.000 -1

Curve Fit: Linear

20) 1,3-Cyclopentadiene, 5-(1-methylethylid ()
Ret. Time 3.46 min., Extract & Integrate from 3.36 to 3,56 min.

Lyl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20,000 -1

4 50.000 -1

3 100.000 -1

=] 1.000 77814

7 10,000 438031

8 20,000 B4B4TY
9 50000 3140930
10 100.000 4830774
11 1.000 -1

12 10.000 -1

13 20.000 -1

14 50.000 -1

15 100.000 -1
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Curve Fit: Linear

21) (Mix 4); Benzene, n-propyl- ()
Ret. Time 3.59 min., Extract & Integrate from 3.50to 3.69 min.

Lyl 1D Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20,000 -1

4 50.000 -1

5 100.000 -1

& 1.000 7ra14

T 10.000 438021
8 20,000 B48479
9 50.000 3140930
10 100.000 4830774
11 1.000 -1

12 10.000 -1

13 20,000 -1

14 50.000 -1

15 100,000 -1

Curve Fil: Linear

22) Benzene, 1-ethyl-3-methyl- *
Ret. Time 3.65 min., Extract & Integrate from 3.55tc 2.75 min.

Lvl 1D Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20.000 -1

4 50.000 -1

& 100.000 -1

& 1.000 41918

7 10.000 323826
B 20000  B21412
9 50,000 2310772
10 100,000 3522022
11 1.000 -1

12 10.000 -1

13 20,000 -1

14 50.000 -1

15 100.000 -1

Curve Fit: Linear

23) (Mix 4); Benzene, 1,3,5-trimethyl- ()
Ret. Time 3.73 min., Extract & Integrate from 363 to 3.83 min.

Lvl ID Conc {ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
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5 100.000 -1

=] 1.000 41918

7 10,000 323828

& 200000 821412

9 500000 2310772

10 100,000 3522022
11 1.000 -1

12 10.000 -1

13 20.000 -1

14 50.000 -1

15 100.000 -1

Curve Fit: Linear

24) (PAH), Aniline ()
Ret. Time 3.79 min., Extract & Integrate from 3.6% to 3.89 min.

Lvl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1
3 20.000 -1
4 50.000 -1
5 100.000 -1
8 1.000 -1

7 10.000 -1
8 20,000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1
12 10.000 142706

13 20,000 322262
14 50.000 650582
15 100,000 1348803

Curve Fit: Linear

25) (PAH); Phenol
Ret. Time 3.74 min., Extract & Integrate from 3.64 to 3.84 min.

Lyl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20,000 -1

4 50.000 -1

3 100.000 -1

=] 1.000 -1

7 10.000 -1

8 20,000 -1

9 50.000 -1

10 100.000 -1
11 1.000 -1

12 10.000 74623
13 20.000 238673

14 50,000 445861
15 100,000 1348346
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Curve Fit: Linear

26) Benzene, (1-methylethenyl)-* (styrene-a ()
Ret. Time 3.84 min., Extract & Integrate from 3.74to 3.94 min.

Lyl 1D Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20,000 -1

4 50.000 -1

5 100.000 -1

& 1.000 -1

T 10.000 -1

8 20.000 -1

9 50.000 -1

10 100.000 -1

11 1.000 -1

12 10.000 109497
13 20000 256869
14 50.000 427152
15 100,000 1140874

Curve Fil: Linear

27y (PAH); Bis(2-chloroethyl) ether ]
Ret. Time 3.85 min., Extract & Integrate from 3.76tc 3.95 min.

Lvl 1D Conc (ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
& 100.000 -1
& 1.000 -1
7 10.000 -1
B 20.000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1

12 10.000 109497
13 20000 256889
14 50000 427152
15 100,000 1140874

Curve Fit: Linear

28) (PAH); Phenol, 2-chloro- ()
Ret. Time 3.91 min., Extract & Integrate from 3.81te 4.01 min.

Lvl ID Conc {ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
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5 100.000 -1
=] 1.000 -1

7 10.000 -1
& 20,000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1

12 10.000 95259
13 20,000 244648
14 50.000 413762
15 100.000 1138567

Curve Fit: Linear

29) Benzene, 1,2 4 trimethyl -* ()
Ret. Time 3.75 min., Extract & Integrate from 365t 3.85 min.

Lvl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1
3 20.000 -1
4 50.000 -1
5 100.000 -1
8 1.000 -1

7 10.000 -1
8 20,000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1
12 10.000 T4623

13 20,000 238673
14 50.000 445861
15 100,000 1346346

Curve Fit: Linear

30) (PAH), Benzene, 1,3-dichloro- i)
Ret. Time 4,08 min., Extract & Integrate from 3.9%1to 4.18 min.

Lyl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20,000 -1

4 50.000 -1

3 100.000 -1

=] 1.000 -1

7 10.000 -1

8 20,000 -1

9 50.000 -1

10 100.000 -1
11 1.000 16145
12 10.000 195360
13 20.000 418091

14 50000 825578
15 100,000 1597310
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Curve Fit: Linear

31) (PAH); Benzene, 1,4-dichloro- }
Ret. Time 4.16 min., Extract & Integrate from 4.07 to 4.26 min.

Lyl 1D Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20,000 -1

4 50.000 -1

5 100.000 -1

& 1.000 -1

T 10.000 -1

8 20.000 -1

9 50.000 -1

10 100.000 -1

11 1.000 21108
12 10.000 191288
13 20,000 427045
14 50.000  B49308
15 100,000 1677925

Curve Fil: Linear

32) (Mix 4); Benzene, tert-butyl- i)
Ret. Time 4.01 min., Extract & Integrate from 3.91tc 4.11 min.

Lvl 1D Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20.000 -1

4 50.000 -1

& 100.000 -1

& 1.000 32888

7 10.000 287577
B 20,000 536503
9 50,000 1977587
10 100,000 3062272
11 1.000 -1

12 10.000 -1

13 20,000 -1

14 50.000 -1

15 100.000 -1

Curve Fit: Linear

33) Benzofuran * ()
Ret. Time 4.07 min., Extract & Integrate from 397 to 4.17 min.

Lvl ID Conc {ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
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5 100.000 -1

=] 1.000 2688

7 10,000 287577
& 200000 538503
9 50,000 1977587
10 100,000 3062272
11 1.000 -1

12 10.000 -1

13 20.000 -1

14 50.000 -1

15 100.000 -1

Curve Fit: Linear

34) Benzene, 1-ethynyl-2-methyl- * ()
Ret. Time 4.04 min., Extract & Integrate from 3.94 to 4.14 min.

Lvl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20.000 -1

4 50.000 -1

5 100.000 -1

8 1.000 32888

7 10.000 287577
8 20,000 538503
9 500000 1977587
10 100,000 3062272
11 1.000 -1

12 10.000 -1

13 20.000 -1

14 50.000 -1

15 100.000 -1

Curve Fit: Linear

33) (PAH), Benzyl Alcohol )
Ret. Time 4.29 min., Extract & Integrate from 4.1%1to 4.39 min,

Lyl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20,000 -1

4 50.000 -1

3 100.000 -1

=] 1.000 -1

7 10.000 -1

8 20,000 -1

9 50.000 -1

10 100.000 -1
11 1.000 -1

12 10.000 5a194
13 20.000 146911

14 50000 222818
15 100,000  T91566
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Curve Fit: Linear

36) (PAH); Benzene, 1,2-dichloro- }
Ret. Time 4.33 min., Extract & Integrate from 4.23t0 4.43 min.

Lyl 1D Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20,000 -1

4 50.000 -1

5 100.000 -1

& 1.000 -1

T 10.000 -1

8 20.000 -1

9 50.000 -1

10 100.000 -1

11 1.000 16622
12 10.000 184502
13 20,000 387686
14 50.000 592908
15 100,000 1528039

Curve Fil: Linear

37) Piperidine, 3-isopropyl- * ()
Ret. Time 4.73 min., Extract & Integrate from 46310 4.83 min.

Lvl 1D Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1
3 20.000 -1
4 50.000 -1
& 100.000 -1
& 1.000 -1

7 10.000 -1
B 20.000 -1
9 50.000 -1
10 100.000 -1
11 1.000 4500

12 10.000 40747
13 20,000 92400
14 50.000 137251
15 100,000 373413

Curve Fit: Linear

38) Indene * ]
Ret. Time 4.43 min., Extract & Integrate from 433t 4.53 min.

Lvl ID Conc {ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
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5 100.000 -1
=] 1.000 -1

7 10.000 -1
& 20,000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1

12 10.000 88137

13 20,000 170509
14 50.000 239242
15 100.000 737362

Curve Fit: Linear

39) (PAH); Phenol, 2-methyl- ()
Ret. Time 4.41 min., Extract & Integrate from 4.31 o 4.51 min.

Lvl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1
3 20.000 -1
4 50.000 -1
5 100.000 -1
8 1.000 -1

7 10.000 -1
8 20,000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1
12 10.000 99255

13 20000 239101
14 50.000 403062
15 100,000 11548860

Curve Fit: Linear

40) (PAHY); Bis(2-chloroisopropyl) ether ()
Ret. Time 4.45 min., Extract & Integrate from 4.351t0 4.55 min.

Lyl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20,000 -1

4 50.000 -1

3 100.000 -1

=] 1.000 -1

7 10.000 -1

8 20,000 -1

9 50.000 -1

10 100.000 -1

11 1.000 1371
12 10.000 193534
13 20.000 433283

14 50000  &5327a8
15 100,000 1715038
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Curve Fit: Linear

41) N, N-bis(1-methylethyl-2-Propen-1-aming* ()
Ret. Time 4.63 min., Extract & Integrate from 4.53t0 4.73 min.

Lyl 1D Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20,000 -1

4 50.000 -1

5 100.000 -1

& 1.000 -1

T 10.000 -1

8 20.000 -1

9 50.000 -1

10 100.000 -1
11 1.000 4500
12 10.000 40747
13 20,000 92400
14 50.000 137251
15 100,000 37313

Curve Fil: Linear

42) (PAH); 4-Methylphenol & 3-Methylphenol ()
Ret. Time 4.58 min., Extract & Integrate from 4.49tc 4.68 min.

Lvl 1D Conc (ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
& 100.000 -1
& 1.000 -1
7 10.000 -1
B 20.000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1

12 10.000 74023
13 20000 208344
14 50,000 348326
15 100,000 1068937

Curve Fit: Linear

43) (PAH); N-nitroso-di-n-propylamine {)
Ret. Time 4.59 min., Extract & Integrate from 4490 4.89 min.

Lvl ID Conc {ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
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5 100.000 -1
=] 1.000 -1

7 10.000 -1
& 20,000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1

12 10.000 60526

13 20,000 156103
14 50.000 251825
15 100.000 750074

Curve Fit: Linear

44) (PAH), Ethane, hexachlore- i)
Ret. Time 4.71 min., Extract & Integrate from 4.61 o 4.81 min.

Lvl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20.000 -1

4 50.000 -1

5 100.000 -1
8 1.000 -1

7 10.000 -1

8 20,000 -1

9 50.000 -1
10 100.000 -1
11 1.000 4500
12 10.000 40747

13 20.000 92400
14 50,000 137251
15 100,000 375413

Curve Fit: Linear

45) (PAH); Benzene, nitro- ()
Ret. Time 4.7% min., Extract & Integrate from 469 to 4.89 min.

Lyl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20,000 -1

4 50.000 -1

3 100.000 -1

=] 1.000 -1

7 10.000 -1

8 20,000 -1

9 50.000 -1

10 100.000 -1
11 1.000 -1

12 10.000 aa1a7
13 20.000 1705089

14 50000 239242
15 100,000 737362
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Curve Fit: Linear

46) (I15); 1,4-Dichlorobenzens-D4 (15T
Ret. Time 4.14 min., Extract & Integrate from 4.04 to 424 min.

Lyl 1D Conc (ug/ml) Response
20.000 407643
20.000 437127
20.000 418570
20.000 388321
20.000 380012
20.000 390017
20,000 AT1183
20.000 284448
20.000 378557
10 20,000 402869
11 20,000 382250
12 20.000 472235
13 20.000 508514
14 20.000 613916
13 20,000 499974

W0 00 = o a0 R =

|STD cone: 20.000 ug/ml
Curve Fil: Linear

47) Benzofuran, 2-methyl- * 0
Ret. Time 4.86 min., Extract & Integrate from 47610 4.96 min.

Lvl 1D Conc (ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
& 100.000 -1
& 1.000 -1

7 10.000 -1
B 20.000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1
12 10.000 -1
13 20,000 -1
14 50.000 -1
15 100.000 -1

Curve Fit: Linear

48) Benzofuran, 7-methyl- = ]
Ret. Time 5.01 min., Extract & Integrate from 4.91te 511 min.

Lvl ID Conc {ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
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5 100.000 -1
=] 1.000 -1

7 10.000 -1
& 20,000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1

12 10.000 132309
13 20,000 333161
14 50.000 589200
15 100.000 1832607

Curve Fit: Linear

49) 1-phenyl-, o-(4-coumarinyljox-Ethanone® ()
Ret. Time 4.99 min., Extract & Integrate from 4.8% to 5.09 min.

Lvl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1
3 20.000 -1
4 50.000 -1
5 100.000 -1
8 1.000 -1

7 10.000 -1
8 20,000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1
12 10.000 132308

13 20000 333161
14 50.000 5859290
15 100,000 1832607

Curve Fit: Linear

30) 4-Piperidinone, 2,26 6-tetramethyl-* ()
Ret. Time 5.10 min., Extract & Integrate from 5001t 520 min,

Lyl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20,000 -1

4 50.000 -1

3 100.000 -1

=] 1.000 -1

7 10.000 -1

8 20,000 -1

9 50.000 -1

10 100.000 -1
11 1.000 -1

12 10.000 132309
13 20.000 333161

14 50000 569290
15 100,000 1832607
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Curve Fit: Linear

51) (PAH); Isophorone
Ret. Time 3.06 min., Extract & Integrate from 4.97 to 5.16 min.

Lyl 1D Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20,000 -1

4 50.000 -1

5 100.000 -1

& 1.000 -1

T 10.000 -1

8 20.000 -1

9 50.000 -1

10 100.000 -1

11 1.000 -1

12 10.000 132309
13 20,000 333161
14 50.000 589290
15 100,000 1832607

Curve Fil: Linear

52) (PAH); Phenol, 2-nitro- ()
Ret. Time 515 min., Extract & Integrate from 506t 5.25 min.

Lvl 1D Conc (ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
& 100.000 -1
& 1.000 -1
7 10.000 -1
B 20.000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1

12 10.000 23070
13 20,000 57563
14 50.000 109736
15 100,000 349528

Curve Fit: Linear

53) 1H-Indene, 3-methyl-* ()
Ret. Time 542 min., Extract & Integrate from 533t 5.52 min.

Lvl ID Conc {ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
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Curve Fit: Linear

51) (PAH); Isophorone
Ret. Time 3.06 min., Extract & Integrate from 4.97 to 5.16 min.

Lyl 1D Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20,000 -1

4 50.000 -1

5 100.000 -1

& 1.000 -1

T 10.000 -1

8 20.000 -1

9 50.000 -1

10 100.000 -1

11 1.000 -1

12 10.000 132309
13 20,000 333161
14 50.000 589290
15 100,000 1832607

Curve Fil: Linear

52) (PAH); Phenol, 2-nitro- ()
Ret. Time 515 min., Extract & Integrate from 506t 5.25 min.

Lvl 1D Conc (ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
& 100.000 -1
& 1.000 -1
7 10.000 -1
B 20.000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1

12 10.000 23070
13 20,000 57563
14 50.000 109736
15 100,000 349528

Curve Fit: Linear

53) 1H-Indene, 3-methyl-* ()
Ret. Time 542 min., Extract & Integrate from 533t 5.52 min.

Lvl ID Conc {ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
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5 100.000 -1
=] 1.000 -1

7 10.000 -1
& 20,000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1

12 10.000 93481
13 20,000 283738
14 50.000 1721
15 100.000 1274658

Curve Fit: Linear

54) (PAH); Phenal, 2 4-dimethyl- i)
Ret. Time 5.20 min., Extract & Integrate from 5,10t 5.30 min.

Lvl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1
3 20.000 -1
4 50.000 -1
5 100.000 -1
8 1.000 -1

7 10.000 -1
8 20,000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1
12 10.000 88309

13 20000 230681
14 50.000 387799
15 100,000 1241163

Curve Fit: Linear

23) 2-Methylindene * ()
Ret. Time 5.39 min., Extract & Integrate from 5.2%1to 549 min.

Lyl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20,000 -1

4 50.000 -1

3 100.000 -1

=] 1.000 -1

7 10.000 -1

8 20,000 -1

9 50.000 -1

10 100.000 -1
11 1.000 -1

12 10.000 93451
13 20.000 263738

14 50.000 11721
15 100,000 1274659
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Curve Fit: Linear

56) (PAH); Methane, bis{2-chlorosthoxy)- ()
Ret. Time 3.42 min., Extract & Integrate from 5.32 to 5.52 min.

Lyl 1D Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20,000 -1

4 50.000 -1

5 100.000 -1

& 1.000 -1

T 10.000 -1

8 20.000 -1

9 50.000 -1

10 100.000 -1

11 1.000 -1

12 10.000 93451
13 20,000 263738
14 50.000 11721
15 100,000 1274659

Curve Fil: Linear

57) 4-Piperidinone, 2,2 6 B-tetramethyl * ()
Ret. Time 549 min., Extract & Integrate from 53910 5.59 min.

Lvl 1D Conc (ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
& 100.000 -1
& 1.000 -1
7 10.000 -1
B 20.000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1

12 10.000 45203

13 20,000 103708
14 50.000 231682
15 100.000  B8T048

Curve Fit: Linear

58) (PAH); Phenol, 2 4-dichlore- ()
Ret. Time 5.43 min., Extract & Integrate from 533t 5.53 min.

Lvl ID Conc {ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
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5 100,000 -1
=] 1.000 -1
7 10.000 -1
8 20.000 -1
9 £0.000 -1
10 100.000 -1
1 1.000 -1

12 10,000 45203
13 20.000 103708
14 50.000 231682
15 100.000 887046

Curva Fit; Linear

59) Phenal, 4-athyl- * ()
Ret, Time 544 min,, Extract & Integrate from 534 fo 554 min,

Lvl ID Conc {ug/ml) Response

1 1.000 -1

2 10,000 -1

3 20,000 -1

4 50,000 -1

5 100,000 -1

6 1.000 -1

7 10,000 -1

8 20,000 -1

9 50,000 -1

10 100.000 -1
11 1.000 -1

12 10.000 45203
13 20,000 103708
14 50,000 231682

13 100.000 8870486

Curve Fit; Linear

60} (PAH); Benzene, 1,2 4-trichlaro- {)
Ret. Time 3.34 min., Exiract & Integrate from 5.44 fo 564 min.

Lvl 1D Caonc {ug/ml) Response

1 1.000 -1

2 10.000 -1

K 20,000 -1

4 30,000 -1

5 100.000 -1

i 1.000 -1

T 10.000 -1

3] 20.000 -1

g 30,000 -1

10 100.000 -1
11 1.000 11582
12 10.000 164077
13 20,000 339589

14 30.000 529732
15 100.000 1353270
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Curye Fit; Linear

61) (IS}, Maphtalene-Da (1STO)
Ret, Time 560 min,, Extract & Intagrate from 55010 570 min,

vl 1D Conc {ug/ml) Response
20,000 B75811
20,000 S79636
20,000 B71453
20,000 818892
20,000 BO7142
20,000 815803
20,000 B16361
20,000 B11707
20,000 B04882
10 20,000 830869
11 20,000 B75316
12 200000 1082119
13 20,000 1129778
14 20,000 1307821
15 20,000 1239200

W00 = Mg R =

ISTD conc: 20,000 ug/mi
Curve Fit; Linear

62) (PAH); Naphthalene ()
Ret. Time 363 min,, Exiract & Integrate from 5.53 fo 573 min.

Lvl ID Conc {ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20.000 -1

4 30,000 -1

2 100,000 -1

5] 1.000 -1

T 10.000 -1

3] 20,000 -1

] 20.000 -1

10 100.000 -1

11 1.000 40229
12 10,000 526799
13 200000 1130433
14 50,000 1732822

14 100.000 4593390

Curve Fit; Linear

63) 1-Hexadecene * ()
Ret. Time 35.79 min,, Extract & Integrate from 5.6%9 fo 589 min.

vl ID Conc (ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
Method: TARTIRGI.M Thu Apr 26 08:36:11 2007 Page: 29

303



5 100,000 -1
=] 1.000 -1

7 10.000 -1

8 20.000 -1
9 £0.000 -1
10 100.000 -1
1 1.000 8129

12 10,000 87330

13 20.000 180407
14 50.000 299629
15 100.000 7a57a2

Curva Fit; Linear

64) (PAH); p-Chloroaniline ()
Ret, Time 570 min,, Extract & Integrate from 560 fo 580 min,

Lvl ID Conc {ug/ml) Response

1 1.000 -1

2 10,000 -1

3 20,000 -1

4 50,000 -1

5 100,000 -1

6 1.000 -1

7 10,000 -1

8 20,000 -1

9 50,000 -1

10 100.000 -1

11 1.000 -1

12 10.000 64384
13 20,000 203647
14 50,000 423186

13 100.000 1110562

Curve Fit; Linear

Ga) (PAH); 1,3-Butadiene, hexachloro- ()
Ret. Time 35.78 min., Exiract & Integrate from 5.68 to 588 min.

Lvl 1D Caonc {ug/ml) Response

1 1.000 -1

2 10.000 -1

K 20,000 -1

4 30,000 -1

5 100.000 -1

i 1.000 -1

T 10.000 -1

3] 20.000 -1

g 30,000 -1

10 100.000 -1
11 1.000 8129
12 10.000 87330
13 20,000 150407

14 30.000 299629
15 100.000 795782
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Curve Fit; Linear

G6) Benzofuran, 2,3-dihydro- * {)
Ret Time 574 min,, Exiract & Integrate from 564 fo 584 min.

Lyl I Conc {ug/ml) Response

1 1.000 ¢

2 10,000 -1
3 20.000 -1
4 50,000 -1
5 100.000 -1
=] 1.000 -1

7 10.000 -1
8 20.000 -1
9 50.000 -1
10 100.000 -1
1" 1.000 8129

12 10,000 87330

13 20,000 190407
14 50,000 259629
15 100.000 795782

Curve Fit: Linear

67) (PAH); Phenol, 4-chioro-3-methyl- ()
Ret Time &.28 min,, Extract & Integrate from 618 fo 638 min,

Lvl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20.000 -1

4 30,000 -1

5 100.000 -1

5] 1.000 -1

¥ 10,000 -1

3] 20.000 -1

) 20,000 -1

10 100,000 -1
11 1.000 -1

12 10.000 39316
13 20,000 141546

14 50.000 264277
15 108000 920857

Curve Fit: Linear

&8) (PAH); Maphthalene, 2-methyl- )
Ret. Time B.47 min., Extract & Integrate from B.37 fo  6.56 min.

Lvl ID Conc (ug/ml) Response

1 1.000 -1
2 10.000 =1
3 20,000 -1
4 50.000 -1
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Curve Fit; Linear

G6) Benzofuran, 2,3-dihydro- * {)
Ret Time 574 min,, Exiract & Integrate from 564 fo 584 min.

Lyl I Conc {ug/ml) Response

1 1.000 ¢

2 10,000 -1
3 20.000 -1
4 50,000 -1
5 100.000 -1
=] 1.000 -1

7 10.000 -1
8 20.000 -1
9 50.000 -1
10 100.000 -1
1" 1.000 8129

12 10,000 87330

13 20,000 190407
14 50,000 259629
15 100.000 795782

Curve Fit: Linear

67) (PAH); Phenol, 4-chioro-3-methyl- ()
Ret Time &.28 min,, Extract & Integrate from 618 fo 638 min,

Lvl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20.000 -1

4 30,000 -1

5 100.000 -1

5] 1.000 -1

¥ 10,000 -1

3] 20.000 -1

) 20,000 -1

10 100,000 -1
11 1.000 -1

12 10.000 39316
13 20,000 141546

14 50.000 264277
15 108000 920857

Curve Fit: Linear

&8) (PAH); Maphthalene, 2-methyl- )
Ret. Time B.47 min., Extract & Integrate from B.37 fo  6.56 min.

Lvl ID Conc (ug/ml) Response

1 1.000 -1
2 10.000 =1
3 20,000 -1
4 50.000 -1
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Curye Fit; Linear

71) (PAH); Phenol, 2.4 6-trichloro- )
Ret, Time &.81 min,, Extract & Intagrate from 671 o 691 min,

vl 1D Conc {ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50,000 -1
5 100,000 -1
=] 1.000 -1
7 10.000 -1
8 20.000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1

12 10.000 37333

13 20,000 124185
14 50.000 222422
15 100.000 709552

Curve Fit; Linear

72) (PAH); Phenol, 2.4, 5-trichloro- i)
Ret. Time & .84 min,, Exiract & Integrate from ©.74 fo 6.84 min.

Lvl ID Conc {ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20.000 -1

4 30,000 -1

2 100,000 -1

5] 1.000 -1

T 10.000 -1

3] 20,000 -1

] 20.000 -1

10 100.000 -1
11 1.000 -1

12 10,000 37333
13 20,000 1800485
14 50.000 294114

14 100.000 809153

Curve Fit; Linear

73) (PAH); Naphthalene, 2-chloro-
Ret. Time 7.05 min., Extract & Integrate from 86.951fo0 7.15 min.

vl ID Conc (ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
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5 100,000 -1
=] 1.000 -1
7 10.000 -1
8 20.000 -1
9 £0.000 -1
10 100.000 -1
1 1.000 -1

12 10,000 276628
13 20,000 627837
14 50.000 1002020
15 100.000  27BETAT

Curva Fit; Linear

T4) Biphenyl * ]
Ret, Time 7.04 min,, Extract & Integrate from 6.94 fo 7.13 min,

Lvl ID Conc {ug/ml) Response

1 1.000 -1

2 10,000 -1

3 20,000 -1

4 50,000 -1

5 100,000 -1

6 1.000 -1

7 10,000 -1

8 20,000 -1

9 50,000 -1

10 100.000 -1
11 1.000 -1

12 10.000 276628
13 20,000 627837
14 50,000 1009020

13 100.000  Z788747

Curve Fit; Linear

7a) 3-Tetradecene(L) *
Ret. Time 7.10 min., Exiract & Integrate from 7.00fo 7.20 min.

Lvl 1D Caonc {ug/ml) Response

1 1.000 -1

2 10.000 -1

K 20,000 -1

4 30,000 -1

5 100.000 -1

i 1.000 -1

T 10.000 -1

3] 20.000 -1

g 30,000 -1

10 100.000 -1
11 1.000 -1

12 10.000 276628
13 20,000 627837
14 30,000 1009020

15 100.000 2788747
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Curye Fit; Linear

78) (PAH); o-Nitroaniline 0
Ret, Time 7.18 min,, Extract & Intagrate from 7.08fo 7.28 min,

vl 1D Conc {ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50,000 -1
5 100,000 -1
=] 1.000 -1
7 10.000 -1
8 20.000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1

12 10.000 16784
13 20,000 61490
14 50.000 9BETT
15 100.000 355742

Curve Fit; Linear

T7) (PAH); Benzene, 1,4-dinitro- [
Ret. Time 7.36 min,, Exiract & Integrate from 7.26 fo  7.46 min.

Lvl ID Conc {ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20.000 -1

4 30,000 -1

2 100,000 -1

5] 1.000 -1

T 10.000 -1

3] 20,000 -1

] 20.000 -1

10 100.000 -1
11 1.000 -1

12 10,000 10792
13 20,000 F3380
14 50.000 53921

14 100.000 202517

Curve Fit; Linear

78) (PAH); Acenaphthylene )
Ret. Time 7.536 min., Extract & Integrate from 7.46 fo 7.66 min.

vl ID Conc (ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
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5 100,000 -1
=] 1.000 -1

7 10.000 -1

8 20.000 -1

9 £0.000 -1
10 100.000 -1
1 1.000 29240

12 10,000 341081
13 20.000 B18980
14 50.000 1337600
15 100.000 4016667

Curva Fit; Linear

79 (PAH); Dimethyl phihalate
Ret, Time 7.43 min,, Extract & Integrate from 7.33 fo  7.53 min,

Lvl ID Conc {ug/ml) Response

1 1.000 -1

2 10,000 -1

3 20,000 -1

4 50,000 -1

5 100,000 -1

6 1.000 -1

7 10,000 -1

8 20,000 -1

9 50,000 -1

10 100.000 -1

11 1.000 -1

12 10.000 166963
13 20,000 460563
14 50,000 77e947

13 100.000 2577135

Curve Fit; Linear

B0) (PAH); 2,6-Dinitrofoluene
Ret. Time 7.48 min., Exiract & Integrate from 7.3% o 7.58 min.

Lvl 1D Caonc {ug/ml) Response

1 1.000 -1

2 10.000 -1

K 20,000 -1

4 30,000 -1

5 100.000 -1

i 1.000 -1

T 10.000 -1

3] 20.000 -1

g 30,000 -1

10 100.000 -1
11 1.000 -1

12 10.000 22776
13 20,000 G3834

14 30.000 105141
15 100.000 345147
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Curye Fit; Linear

B81) (PAH); Benzene, 1,2-dinitro- ()
Ret, Time 7.45 min,, Extract & Integrate from 7.35 1o 7.55 min,

vl 1D Conc {ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50,000 -1
5 100,000 -1
=] 1.000 -1
7 10.000 -1
8 20.000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1

12 10.000 21613
13 20,000 32634
14 50.000 55616
15 100.000 191188

Curve Fit; Linear

B2) (PAH); 3-Nitroaniline ()
Ret. Time 7.69 min,, Exiract & Integrate from 7.58 o 7.79 min.

Lvl ID Conc {ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20.000 -1

4 30,000 -1

2 100,000 -1

5] 1.000 -1

T 10.000 -1

3] 20,000 -1

] 20.000 -1

10 100.000 -1
11 1.000 -1

12 10,000 42936
13 20,000 33557
14 50.000 177136

14 100.000 415927

Curve Fit; Linear

B83) (15); Acenaphtene-D10 (ISTD)
Ret. Time 7.73 min,, Extract & Integrate from 7.63 fo 7.83 min.

vl ID Conc (ug/ml) Response

1 20.000 470899
2 20.000 503331
3 20,000 459974
4 20.000 475700
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5 20000 437595
=] 20,000 470050
7 20000 435800

8 20,000 430811

9 20,000 435596

10 20,000 433319
1 20,000 456821
12 20,000 537270
13 20,000 590546
14 20,000 680699
15 20,000 681907

ISTD conc 20.000 ug/mi
Curva Fit; Linear

B4) (PAH); Acenaphthene ()
Ret, Time 7.77 min,, Extract & Integrate from 7.70 fo  7.85 min,

Lvl ID Conc {ug/ml) Response

1 1.000 -1

2 10,000 -1

3 20,000 -1

4 50,000 -1

5 100,000 -1

6 1.000 -1

7 10,000 -1

8 20,000 -1

9 50,000 -1

10 100.000 -1
11 1.000 31692
12 10.000 326414
13 20,000 714616
14 50,000 1118463

13 100.000 3054269

Curve Fit; Linear

83) (PAH); Phenol, Z,4-dinitro- 0
Ret. Time 7.82 min., Exiract & Integrate from 7.72 fo  7.92 min.

Lvl 1D Caonc {ug/ml) Response

1 1.000 -1
2 10.000 -1
K 20,000 -1
4 30,000 -1
5 100.000 -1
i 1.000 -1
T 10.000 -1
3] 20.000 -1
g 30,000 -1
10 100.000 -1
11 1.000 -1
12 10.000 -1
13 20,000 -1
14 30.000 -1

15 100.000 121904
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Curye Fit; Linear

B6) Phenol, 3,5-bis(1,1-dimethylethyl)-* [}
Ret, Time 8.02 min,, Extract & Intagrate from 7.92 fo 811 min,

vl 1D Conc {ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50,000 -1
5 100,000 -1
=] 1.000 -1
7 10.000 -1
8 20.000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1
12 10.000 -1
13 20,000 -1
14 50,000 -1
15 100.000 -1

Curve Fit; Linear

B87) (PAH); Dibenzofuran [
Ret. Time 7.98 min,, Exiract & Integrate from 7.88 fo 8.08 min.

Lvl ID Conc {ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20.000 -1

4 30,000 -1

2 100,000 -1

5] 1.000 -1

T 10.000 -1

3] 20,000 -1

] 20.000 -1

10 100.000 -1

11 1.000 14007
12 10,000 447915
13 20,000 1035207
14 50,000 1649256

14 100.000 4686175

Curve Fit; Linear

88) benzene, 1-(1-hydroxyethyl)-4-lsobutyl® ()
Ret. Time 8.02 min., Extract & Integrate from 7.92 fo 812 min.

vl ID Conc (ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
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5 100,000 -1
=] 1.000 -1
7 10.000 -1
8 20.000 -1
9 £0.000 -1
10 100.000 -1
1 1.000 -1
12 10,000 -1
13 20.000 -1
14 50.000 -1
15 100.000 -1

Curva Fit; Linear

B9) (PAH); Phenaol, 4-nitro- (1
Ret, Time 7.90 min,, Extract & Integrate from 7.80 fo  8.00 min,

Lvl ID Conc {ug/ml) Response

1 1.000 -1

2 10,000 -1

3 20,000 -1

4 50,000 -1

5 100,000 -1

6 1.000 -1

7 10,000 -1

8 20,000 -1

9 50,000 -1

10 100.000 -1
11 1.000 -1

12 10.000 157269
13 20,000 369614
14 50,000 530087

13 100.000 158650

Curve Fit; Linear

20) (PAH); 2,4-Dinitrofoluene
Ret. Time 7.98 min., Exiract & Integrate from 7.88 to 5.08 min.

Lvl 1D Caonc {ug/ml) Response

1 1.000 -1

2 10.000 -1

K 20,000 -1

4 30,000 -1

5 100.000 -1

i 1.000 -1

T 10.000 -1

3] 20.000 -1

g 30,000 -1

10 100.000 -1
11 1.000 -1

12 10.000 23688
13 20,000 71851
14 30.000 113580

15 100.000 431879
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Curye Fit; Linear

81) (PAH), Phenol, 2,3 4 B-letrachloro- ()
Ret, Time 8.08 min,, Extract & Intagrate from 798 fo 818 min,

vl 1D Conc {ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50,000 -1
5 100,000 -1
=] 1.000 -1
7 10.000 -1
8 20.000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1

12 10.000 38575
13 20,000 136835
14 50.000 209233
15 100.000 754243

Curve Fit; Linear

892) (PAH); Phenol, 2,35 6-tetrachloro- ()
Ret. Time 8 .14 min,, Exiract & Integrate from 8.04 fo 824 min.

Lvl ID Conc {ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20.000 -1

4 30,000 -1

2 100,000 -1

5] 1.000 -1

T 10.000 -1

3] 20,000 -1

] 20.000 -1

10 100.000 -1
11 1.000 -1

12 10,000 71007
13 20,000 163750
14 50.000 253458

14 100.000 806966

Curve Fit; Linear

83) (PAH); Fluorene ()
Ret. Time 8.41 min,, Extract & Integrate from 8.31 fo &351 min.

vl ID Conc (ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
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5 100,000 -1
=] 1.000 -1

7 10.000 -1

8 20.000 -1

9 £0.000 -1
10 100.000 -1
1 1.000 30360

12 10,000 401718
13 20.000 904804
14 S0.000 14092076
15 100.000 3921739

Curva Fit; Linear

84) (PAH); Benzene, 1-chloro-4-phenoxy- 0
Ret, Time 842 min,, Extract & Integrate from 832 fo 852 min,

Lvl ID Conc {ug/ml) Response

1 1.000 -1

2 10,000 -1

3 20,000 -1

4 50,000 -1

5 100,000 -1

6 1.000 -1

7 10,000 -1

8 20,000 -1

9 50,000 -1

10 100.000 -1
11 1.000 -1

12 10.000 161531
13 20,000 389598
14 50,000 625270

13 100.000 1818218

Curve Fit; Linear

83) (PAH); Diethyl Phthalate
Ret. Time 8.30 min., Exiract & Integrate from 8.201f0 &40 min.

Lvl 1D Caonc {ug/ml) Response

1 1.000 -1

2 10.000 -1

K 20,000 -1

4 30,000 -1

5 100.000 -1

i 1.000 -1

T 10.000 -1

3] 20.000 -1

g 30,000 -1

10 100.000 -1
11 1.000 -1

12 10.000 144187
13 20,000 391513
14 30.000 677852

15 100.000 2298025
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Curye Fit; Linear

86) (PAH); p-Mitroaniline ()
Ret, Time 844 min,, Extract & Integrate from 834 fo 8 54 min,

vl 1D Conc {ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50,000 -1
5 100,000 -1
=] 1.000 -1
7 10.000 -1
8 20.000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1
12 10.000 -1

13 20,000 39554
14 50.000 35700
15 100.000 226316

Curve Fit; Linear

97) (PAH); Phenol, 2-methyl-4 6-dinitro- ()
Ret. Time 847 min,, Exiract & Integrate from 8.37 fo 857 min.

Lvl ID Conc {ug/ml) Response

1 1.000 -1

2 10.000 -1
3 20.000 -1
4 30,000 -1
2 100,000 -1
5] 1.000 -1

T 10.000 -1
3] 20,000 -1
] 20.000 -1
10 100.000 -1
11 1.000 -1
12 10,000 -1
13 20,000 26402
14 50.000 -1

14 100.000 235199

Curve Fit; Linear

88) (PAH); Diphenylamine ()
Ret. Time 8.56 min,, Extract & Integrate from 847 to 566 min.

vl ID Conc (ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
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5 100,000 -1
=] 1.000 -1
7 10.000 -1
8 20.000 -1
9 £0.000 -1
10 100.000 -1
1 1.000 -1

12 10,000 244892
13 20,000 613264
14 50.000 1024299
15 100.000 3181972

Curva Fit; Linear

89) (PAH); Azobenzene ()
Ret, Time 861 min,, Extract & Integrate from 851 fo 871 min,

Lvl ID Conc {ug/ml) Response

1 1.000 -1

2 10,000 -1

3 20,000 -1

4 50,000 -1

5 100,000 -1

6 1.000 -1

7 10,000 -1

8 20,000 -1

9 50,000 -1

10 100.000 -1

11 1.000 -1

12 10.000 180105
13 20,000 443276
14 50,000 G677803

13 100.000 2361867

Curve Fit; Linear

100y (FAH), Benzene, 1-bromo-4-phenoxy- (]
Ret. Time 9.02 min., Exiract & Integrate from 8.92 fo 912 min.

Lvl 1D Caonc {ug/ml) Response

1 1.000 -1

2 10.000 -1

K 20,000 -1

4 30,000 -1

5 100.000 -1

i 1.000 -1

T 10.000 -1

3] 20.000 -1

g 30,000 -1

10 100.000 -1
11 1.000 -1

12 10.000 83056
13 20,000 217258
14 30.000 339925

15 100.000 1034479
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Curve Fit; Linear

101} (PAH); Benzene, hexachloro- ]
Ret Time .07 min, Extract & integrate from 8.97 o 8.17 min,

Lyl I Conc {ug/ml) Response

1 1.000 ¢

2 10,000 -1
3 20.000 -1
4 50,000 -1
5 100.000 -1
=] 1.000 -1

7 10.000 -1
8 20.000 -1
9 50.000 -1
10 100.000 -1
1" 1.000 5548

12 10,000 46444
13 20,000 893128
14 50,000 139634
15 100.000 379988

Curve Fit: Linear

102) (PAH); Phenal, pentachloro- ()
Ret Time 9.32 min,, Extract & Integrate from 9.22 o 9.42 min,

Lvl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20.000 -1

4 30,000 -1

5 100.000 -1

5] 1.000 -1

¥ 10,000 -1

3] 20.000 -1

) 20,000 -1

10 100,000 -1
11 1.000 =1

12 10.000 4285
13 20,000 30335
14 50.000 30380

13 108000 176855

Curve Fit: Linear

103} (PAH); Phenanthrene ()
Ret. Time 9.59 min., Extract & Integrate from 9.49 fo 9,69 min.

Lvl ID Conc (ug/ml) Response

1 1.000 -1
2 10.000 =1
3 20,000 -1
4 50.000 -1
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L 100,000 -1
=] 1.000 -1

T 10.000 -1

8 20.000 -1

9 50.000 =1
10 100.000 -1
1" 1.000 45397

12 10.000 572265

13 20,000 1302809
14 S0.000 2058089
15 100.000 5703703

Curve Fit; Linear

104} (15); Anthracene-010 {1STD)
Ret Time .57 min,, Exiract & Integrate from 9.47 fo  9.67 min

vl 1D Conc (ug/ml) Response
20,000  B93284
20,000 838410
20,000 500234
20,000  BBDE24
20000  BB1352
20,000  Bi1B018
20,000  B1415%
20,000 811680
20000 769985
10 20.000 838867
1M 20,000 822027
12 20,000 986397
13 20,000 10681823
14 20,020 1242948
15 20,000 1180369

000 =l M s G k=

ISTD conc:  20.000 ug/ml
Curve Fit: Linear

105} (FAH), Anthracene
Ret. Time 965 min., Extract & Integrate from 9.55to 975 min.

Lvl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20,000 1

4 S0.000 -1

5 100.000 -1

6 1.000 -1

7 10.000 -1

8 20.000 -1

9 30.000 -1

10 100.000 -1

11 1.000 43837
12 10,000 390166
13 20,000 893102
14 50.000 1493504
15 100.000 4830362
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Curve Fit; Linear

108) (PAH); Carbazole ]
Ret Time 985 min,, Exiract & Integrate from 9.75 fo  9.95 min.

Lyl I Conc {ug/ml) Response

1 1.000 ¢
2 10,000 -1
3 20.000 -1
4 50,000 -1
5 100.000 -1
=] 1.000 -1
7 10.000 -1
8 20.000 -1
9 50.000 -1
10 100.000 -1
1" 1.000 -1

12 10,000 247372
13 200000 795905
14 50,000 1313837
15 100.000 4227195

Curve Fit: Linear

107) (FAH); Dibutyl phthalata ()
Ret Time 10.32 min., Extract & Integrate from 10.22 to 10,42 min,

Lvl ID Conc (ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20.000 -1

4 30,000 -1

5 100.000 -1

5] 1.000 -1

¥ 10,000 -1

3] 20.000 -1

) 20,000 -1

10 100,000 -1

11 1.000 -1

12 10.000 171700
13 20,000 444710
14 50.000 757252

13 100000 2707506

Curve Fit: Linear

108) (PAH): Fluoranthens ()
Ret. Time 11.05 min., Extract & Infegrate from 10.85to 11.15 min,

Lvl ID Conc (ug/ml) Response

1 1.000 -1
2 10.000 =1
3 20,000 -1
4 50.000 -1
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L 100,000 -1
=] 1.000 -1

T 10.000 -1

8 20.000 -1

9 50.000 =1
10 100.000 -1
1" 1.000 38107

12 10,000 435120

13 20,000 1024148
14 50,000 1644765
15 100.000 4965096

Curve Fit; Linear

109) (PAH), Pyrene ()
Ret Time 11.33 min., Extract & Integrate from 11.2310 11.43 min,

vl 1D Conc (ug/ml) Response

1 1.000 -1

2 10,000 -1

3 20,000 -1

4 50,000 -1

5 100,000 -1

6 1.000 -1

& 10,000 -1

8 20.000 -1

g 50.000 -1

10 100,000 -1

1" 1.000 48896
12 10.000 497021
13 20000 1158625
14 30000 1831514

15 100,000 5626422

Curve Fit: Linear

110) {PAH); Benzyl butyl phthalate ()
Ret. Time 12.17 min., Extract & Integrate from 12.07 to 1227 min.

Lvl ID Conc (ug/ml) Response
1.000 -1
10.000 -1
20,000 -1
S0.000 -1
100.000 -1
1.000 -1
10,000 -1
20.000 -1
30.000 -1
10 100.000 -1
" 1.000 -1
12 10,000 62200
13 20,000 151419
14 30.000 247878
15 100.000 846483

0o =i M h s k=
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Curye Fit; Linear

111} (PAH), bis(2-athylhexyl) adipate ()
Ret, Time 12 29 min., Extract & Integrate from 12,1910 12,38 min,

vl 1D Conc {ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50,000 -1
5 100,000 -1
=] 1.000 -1
7 10.000 -1
8 20.000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1

12 10.000 54221
13 20,000 133539
14 50.000 207418
15 100.000 7231908

Curve Fit; Linear

112) (PAH); Benz[alanthracene ()
Ret. Time 12.81 min., Extract & Integrate from 12.71 1o 12.91 min,

Lvl ID Conc {ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20.000 -1

4 30,000 -1

2 100,000 -1

5] 1.000 -1

T 10.000 -1

3] 20,000 -1

] 20.000 -1

10 100.000 -1
11 1.000 20030
12 10,000 2950586
13 20,000 740917
14 50,000 1245988

14 100.000 4312893

Curve Fit; Linear

113) ({IS); Chrysene-D12 (I5TD)
Ret. Time 12.84 min., Extract & Integrate from 12.74 to 12.93 min.

vl ID Conc (ug/ml) Response

1 20.000 BOO3T3
2 20,000 767908
3 20,000 7440864
4 20.000 753383
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5 20000 675393
=] 20,000  vavezv
7 20000  BB9737
8 20,000 827482
9 20,000 568153
10 20,000 709193
1 20,000 631490
12 20,000 840354
13 20,000 957481
14 20,000 1183246
15 20,000 1282816

ISTD conc 20.000 ug/mi
Curva Fit; Linear

114) (FAH); Crysene i)
Ret, Time 12 .86 min., Extract & Integrate from 12,76 to 12,96 min,

Lvl ID Conc {ug/ml) Response

1 1.000 -1

2 10,000 -1

3 20,000 -1

4 50,000 -1

5 100,000 -1

6 1.000 -1

7 10,000 -1

8 20,000 -1

9 50,000 -1

10 100.000 -1

11 1.000 58681
12 10.000 576441
13 20,000 1261998
14 50,000 1921325

13 100.000 5304174

Curve Fit; Linear

113) (FAH), Bis(2-ethylhexyl) phthalate ()
Ret. Time 12.89 min., Extract & Integrate from 12.80 to 12.98 min.

Lvl 1D Caonc {ug/ml) Response

1 1.000 -1

2 10.000 -1

K 20,000 -1

4 30,000 -1

5 100.000 -1

i 1.000 -1

T 10.000 -1

3] 20.000 -1

g 30,000 -1

10 100.000 -1
11 1.000 12581
12 10.000 98109
13 20,000 213338
14 30.000 346609

15 100.000 1160928
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Curye Fit; Linear

118) (PAH), Di-n-octyl phthalate ()
Ret, Time 13 68 min., Extract & Integrate from 13.56 to 13,78 min,

vl 1D Conc {ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50,000 -1
5 100,000 -1
=] 1.000 -1
7 10.000 -1
8 20.000 -1
9 50.000 -1
10 100.000 -1
11 1.000 10581

12 10,000 147445
13 20,000 338672
14 50.000 553040
15 100.000 1816478

Curve Fit; Linear

117} (PAH), Benzo[b] fluoranthene ()
Ret. Time 14.06 min., Extract & Integrate from 13.96to0 14,16 min,

Lvl ID Conc {ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20.000 -1

4 30,000 -1

2 100,000 -1

5] 1.000 -1

T 10.000 -1

3] 20,000 -1

] 20.000 -1

10 100.000 -1
11 1.000 18442
12 10,000 366833
13 20,000 885444
14 50,000 1312910

14 100.000 5058565

Curve Fit; Linear

118) (PAH); Benzolk] fluoranthene
Ret. Time 14.09 min., Extract & Integrate from 13.99to 1418 min.

vl ID Conc (ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
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5 100,000 -1
=] 1.000 -1

7 10.000 -1

8 20.000 -1

9 £0.000 -1
10 100.000 -1
1 1.000 37370

12 10,000 355922
13 20.000 B74236
14 S0.000 1397375
15 100.000 51920650

Curva Fit; Linear

118) (PAH); Benzo[a] pyrene ()
Ret. Time 14.41 min., Extract & Integrate from 14,31 to 14.51 min,

Lvl ID Conc {ug/ml) Response

1 1.000 -1

2 10,000 -1

3 20,000 -1

4 50,000 -1

5 100,000 -1

6 1.000 -1

7 10,000 -1

8 20,000 -1

9 50,000 -1

10 100.000 -1
11 1.000 -1

12 10,000 261244
13 20,000 649494
14 50,000 1083317

13 100.000 3831766

Curve Fit; Linear

120) ({IS), Perylene-D12 (IETD)
Ret. Time 14 48 min., Extract & Integrate from 14.38 to 14.58 min.

Lvl 1D Caonc {ug/ml) Response
1 20000 475118

2 20000 487375
3 20000 498127
4 20000 498456
5 20000 416868
6 20000 477167
7 20000 453968
8 20000 447832
9 20000 416661

10 20,000 438163
11 Z20.000 343785
12 20,000 499327
13 20,000 547333
14 20.000 676911

15 20.000 742815
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ISTD cong 20.000 ug/ml
Curye Fit; Linear

121) (PAH); Indena[1,2 3-cdlpyrene i)
Ret, Time 1582 min., Extract & Integrate from 1572 to 15,92 min,

vl 1D Conc {ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50,000 -1
5 100,000 -1
=] 1.000 -1
7 10.000 -1
8 20.000 -1
9 50.000 -1
10 100.000 -1
11 1.000 -1

12 10,000 313748
13 20,000 734421
14 50.000  &70030
15 100.000 3139707

Curve Fit; Linear

122) (PAH); Dibenz[a,hlanthracene
Ret. Time 15.85 min., Extract & Integrate from 157310 15.95 min,

Lvl ID Conc {ug/ml) Response

1 1.000 -1

2 10.000 -1

3 20.000 -1

4 30,000 -1

2 100,000 -1

5] 1.000 -1

T 10.000 -1

3] 20,000 -1

] 20.000 -1

10 100.000 -1
11 1.000 -1

12 10,000 278800
13 20,000 636164
14 50,000 1020424

14 100.000 4030323

Curve Fit; Linear

123) (PAH); Benzo[ghi]perylene (]
Ret. Time 16.22 min., Extract & Integrate from 16.12 to 16.32 min.

vl ID Conc (ug/ml) Response

1 1.000 -1
2 10.000 -1
3 20.000 -1
4 50.000 -1
Method: TARTIRGI.M Thu Apr 26 08:36:11 2007 Page: 53

327



L 100,000
=] 1.000
T 10.000
8 20.000
9 50.000
10 100.000
1" 1.000
12 10.000
13 20.000
14 50.000
15 100.000

Curve Fit; Linear

-
1
:
4
-1
1
%
389700
B02105
1276426
4233801

END OF DATA ANALYSIS PARAMETERS

Thu Apr 26 08:36:11 2007

Method: TARTIRGIM

Thu Apr 26 08:36:11 2007
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8.5 DATA ANALYSIS

This chapter relates of the calculations of mas$ emergy balances determined

from the results obtained from a gasification run.

An Excel file provides the user the opportunity analyze runs made on the
fluidized bed gasifier (FBG) pilot plant in order obtain mass and energy balances and
take into account other important analytical datenfthe GC-TCD gas analyzer and the

GC-MS tar compounds analyzer.

The file contains multiple spreadsheets linkedaoheother for calculations, which
tabs are in order from left to right. This ordemportant because it is recognized by the
macros programmed for calculation and organizaticthe data. They are:

* Sheet 1: “Graphs” contains all the charts that lbangenerated via macro;
Graph spreadsheet data source is “All”.

» Sheet 2: “All” contains all results from all théefiexperiments.

» Sheet 3: “Biomass” contains each biomass and d¢feacteristics

* Sheet 4: “Constants” contains all chemical andntfeetynamics contants for
all calculations.

* Sheet 5: “Inputs” contains all inputs external he tfluidized bed gasifier
Labview data set

* Sheet 6: “Gas GC” contains all gas compositionsiftbe GC-TCD

* Sheet 7: “Tar GCMS” contains all tar compounds cosiions from the GC-

MS
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Sheet 8: “Water” contains all water samples redubis the GC-MS

Sheet 9-last: All runs calculations named by pre@ sl biomass types:

“SA(#)” switchgrass air gasification

“SP(#)” switchgrass pyrolysis and heat supplementedasification
“SS(#)” switchgrass steam gasification.

“BA(#)’bermudagrass air gasification

“BP(#)” bermudagrass pyrolysis and heat supplenteaitegasification
“BS(#)” bermudagrass steam gasification.

“CGA(#)” corn gluten air gasification

“CGP(#)” corn gluten pyrolysis and heat supplemeératie gasification

“CGS(#)” corn gluten steam gasification.
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8.5.1SHEET 1: "GRAPHS”

These graphes are generated by three macros:
* Sub Graph() creates seven graphes for 3 processes.
 Sub Align_Graph() subroutine of Sub Graph() aliggsaphes on the
spreadsheet in an orderly display, user may cabr ihot call it from Sub
Graph() as desired.

* Sub Align_titles() positions titles for charts aaxis and sets fonts and color.

The user may modify these macros manually throbgtvisual basic editor.
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8.5.2SHEET 2: “ALL”

All results from the entire file of runs calculat® are linked for display in this

spreadsheet.
Date Cto PM % Tar compound #2 | Name
Run # C to tar % Tar compound #3 Name
ER ratio Tar grav. g/Nm3 Tar compound #4 | Name
S/B ratio Tar GCMS g/Nm3 Tar compound #5| Name
Time h Tar appGCMS /Nm3 Tar compound #6 Name
pp 9 p
Tbed (Celsius) Celsius PM flow g/Nm3 Tar compound #7 | Name
Biomass used kg H20 conc g/Nm3 Tar compound #8| Name
Measured Gas flow Tar compound #1 | g/Nm3 Tar compound #9 | Name
(spfm) stp BS usa | scfm Tar compound #2| g/Nm3 Tar compound #1Q3 Name
Awflow scfm Tar compound #3| g/Nm3 Tar compound #11 Name
Sampling ﬂ?W I/.mm Tar compound #4 | g/Nm3 CHObiomass mol/h
Total sampling liters Tar compound #5| g/Nm3 C mol/h
A'”_OCk leak scfm Tar compound #6 | g/Nm3 H mol/h
RAwﬂow scfm Tar compound #7 | g/Nm3 0 mol/h
Biomassflow kg'/h Tar compound #8| g/Nm3 N mol/h
SR ratio Tar compound #9| g/Nm3 H20moist. mol/h
MC SA)Wb Tar compound #10 g/Nm3 H20steam mol/h
Baffle A:)wer Tar compound #11 g/Nm3 02 mol/h
P C # N2 mol/h
%
Air Ht power H #
Steam flow kg/h N # H2 mol/h
N2 % mol Tar average MW g/mol CO mol/h
co % mol Hf tar kJ/kg CH4 mol/h
CH4 % mol kJ/kg co2 mol/h
5 DHr CHO C2H2 mol/h
coz % mol H20 mg/ml
cat2 % mol Mass Bal kg/h o mol
C2ha % mol Airleak scgf]m <oHO e
C bal mol/h
HHVg kdkg H Bal mol/h :
dry gas density kg/Nm3 Hsolids mol/h
- 3 | Chaler % Osolids mol/h
wet gas density kg/Nm3 H bal err % :
Gas mol wt g/mol Nsolids mol/h
O bal err %
C to gas %
waste heat kw C7HNOtar mol/h
Cto CO %
Tar compound #1| Name Ctar mol/h
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Htar mol/h C2H4 kg/h 02 # mole
Otar mol/h C2H6 kg/h N2 # mole
Ntar mol/h H20 kg/h
H2 # mole
CHObiomass kg/h Csolids kg/h N2 # mole
C kg/h Hsolids kg/h CO # mole
H kg/h Osolids kg/h CH4 # mole
O kg/h Nsolids kg/h CO2 # mole
N kg/h Ashsolids kg/h C2H2 # mole
Ash kg/h C2H4 # mole
H20moist. kg/h CHONtar kg/h C2H6 # mole
H20steam kg/h Ctar kg/h H20 # mole
02 kg/h Htar kg/h
N2 kg/h Otar kg/h Csolids # mole
Hsolids # mole
H2 kg/h CHOy # mole Osolids # mole
N2 kg/h C # mole Nsolids # mole
CO kg/h H # mole
CH4 kg/h 0 # mole C7HOtar # mole
CO2 kg/h N # mole
C2H2 kg/h H20 # mole

Table 8.2 Analysis results

333




8.5.3SHEET 3: "BIOMASS”

This sheet relates of the experimental charadsigif each biomass type and
respective chars. It also contains the calculatidefning a hypothetical molecule of
biomass, such as stoichiometric ratios and entbslpi formation.

The requested inputs in this spreadsheet are:
» High heating value-(HHV) of moisture ash free bi@n@VAF), (Btu/lb)

* Elemental analysis of the biomass:

0 %wt dry basis (db) composition

o Moisture content, %

%wt wb composition for each atom:

wtwb
wtwb wtdb — 0
o w100~ % H,0
10¢

biomass (8 1)

Considering the stoichiometric combustion of biosias

1 CHOy + (1+x/4-y/2) Q - 1 CQ, + x/12 KO (8.2)
Stoichiometric Ratio (SR):
. Mo x| 145 -2
_ massof oxygen for combustion _ 2 4 2

SR (8.3)

mass of dry biomass 100
(MC+X><|\/IH+y><MO)>< wtdb
% CHGQ,

biomass
Carbon ratio formula for biomass is B with:
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H%

0%
.. _,_ My . _ Mg
Atomic#, = x = % Atomic#, =y = C%
Mc M

(8.4)

The enthalpy of formation of the hypothetical maollecof biomass or char is

calculated from the measured HHV and elementalyaisabf a biomass or char sample

Considering the stoichiometric combustion of thypdthetical molecule of biomass:

CHxOy + (1+§—%)o2 0t . co, +§ H,0

and

HHV = products- > reactants
sinceAH,, =0

AHcony =OH; co, +AH, HO HHV

sinceAH ; ., =-393510J/mol andAH ¢, , =-285830J/mol

AH (g1 0, = -3935103 / mol - 2858300/ mol X — HHV

8.5.4SHEET 4: "CONSTANTS”

(8.5)

(8.6)

(8.7)

(8.8)

This spreadsheet contains all the thermodynamicstaats common to most

calculations in the entire file:
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Constant's name Value Unit Constant's name Value unit

l.atm/K Hf CO -110.53| kJ/mol
R 8.21E-02| /mol Hf CH4 -74.81| kJ/mol
K factor for Mass-track Hf CO2 39351 kJ/mol

He conversion 1.454

Helium density stp 0.1786 gl Hf CoH2 226.73 k/mol
Conversion CF to liters 28.31685 l/cf Hf C2H4 52261 kJ/mol
Mol % O2 in Air 20.95% Hf C2H6 -84.68| kJ/mol
Mol % N2 in Air 78.08% Hf water -285.83 kJ/mol
Mass % O2 in Air 23.46% Latent heat of

evaporation of water 2270.00 kJ/kg

A — .
Mass % N2 in Alr 76.52 Sensitive heat of water 4.19 KkJlkg.

Normalized Mol % O2

in Air (N2 02) 21.16% Sensitive heat of dry aif 1.01  kJ/kg.
Normalized Mol % N2 H2 14.27| kJ/kg/K
in Air (N2 02) 78.84% N2 1.00| kJ/kg/K
Molecular weight of 02 0.92| kJ/kg/K
dry air 28.9644| g/mol cO 1.04| kJ/kg/K
Molecular ratio N2/02 3.727
Conversion Btu/lbs to Ch4 2.23| kJikglK
kJ/kg 2.3244 CO2 0.85| kJ/kg/K
Hf He 0.00( kJ/mol C2H2 1.47] kJ/kg/K
Hf H2 0.00| kJ/mol C2H4 1.54| kJ/kg/K
Hf N2 0.00| kJ/mol C2H6 1.77] kJ/kg/K

Hf 02 0.00| kJ/mol
Table 8.3 Thermodynamic constants

Air standard condition
Sl BS BS in USA Mass flow meter
T (K)/ (F) 273.15| 80 288.7056 60 294.2611 70
Pa (atm) / (psi) 1 14.4 14.696 1 14.696
Vol mol (I/mol) 22.414
Humidity (%) 0 60
Air density (kg/m3)or(g/l) | 1.293

Table 8.4 Air standard conditions in British systems, American BS, and Sl system
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Heating Values of kJ/kg kJ/Nm3

Pure Gases HHV LHV HHV LHV
H2 141854.33 | 119527.00 | 12766.85 | 10757.64
N2 0 0 0 0

02 0 0 0 0

Cco 10092.09 10092.09 12616.16 | 12616.16
CH4 55604.86 50004.19 39891.17 | 35872.75
CO2 0 0 0 0
C2H2 49945.58 48195.90 58518.21 | 56467.14
C2H4 50313.94 47174.55 63206.36 | 59439.10
C2H6 51904.56 47509.42 69903.73 | 64043.53

Table 8.5 Heating values of pure gases

8.5.5SHEET 5: “INPUTS”

The Inputs are:

e Date

Run number

* Material type (switchgrass, bermudagrass, correghut

» Steam flow rate (kg/h)

* Initial particulate matter filter weight (g)

» Filter and particulate matter weight after cool{gy

» Filter and particulate matter weight after Soxlebetraction (g)

» Total solvent volume (Acetone) used (impingerssing, and Soxhlet) (ml)

* Solvent (acetone) volume used in the rotary evdpoi@nl); tar gravimetric

method.
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» Rotary evaporator flask weight (g)

» Gas total measured sample volume (l)

* Solvent sample water content (mg/ml) from GC-MS

* Tar method used for mass balance:“gc” (for gas roatograph method) or
“grav” (for gravimetric method)

» power to plenum heater (0 = no, 1 = yes)

* % power baffle heaters (0-100%)

* % power air heater (0-100%)

* Number of baffle heaters in use (1-3)

8.5.6SHEET 6: "GAS GC”

Results of GC analysis of gases results are stordHis spreadsheet. It allows
storage up to four gas sampling composition resofltthe 10 gases calibrated in the
method of the Varian 3800P GC-TCD. In order ofielutthe gases are: He, (tracer), H

N2, Oy, CO, CQ, CHs, GH2, CHa4, GHe.

As all the rest of the file first spreadsheetsdata inputs, each line of the “Gas
GC” spreadsheet represents one run. Thus the &musgmples raw compositions results
are lined up over 40 columns in the precise ordiénar elution, listed above. The 4 first

columns are used for run referencing: Date, RUeR%,S/B.

338



The mention of a raw composition is important.ded not matter whether or not
the compositions are normalized, or with oxygenmfroncorrect sampling. The
calculations are such that all samples will be radized without their tracer or the
oxygen coming from incorrect sampling. This caltiola also takes into account the
amount of nitrogen associated with the presenoxyden from the air.

This line of data is linked to a run sheet starfiogn sheet #9; excel counts sheets
from left to right starting at #1. This detail mportant in using the visual basic (VB)

macro used for general modifications of cell adsirggsand calculation formulas.

8.5.7SHEET 7: “TAR GCMS”

As for the GC spreadsheet, all GC-MS results aaddd in a single line per run.
The list of the 210 compounds is listed in Tablé. 2Again, the four first columns are
used for run referencing: Date, Run #, ER, S/B.

The compositions in this spreadsheet must bagiml of solvent (in our case,
acetone) used in the tar sampling system with @ngiah calculations already taken into

account.
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8.5.8SHEET 8: "WATER”

This spreadsheet is a temporary storage locatiothéowater inputs with no link to
the rest of the file. Water concentration from sleévent are actually entered in column D

in the input spreadsheet.

8.5.9SHEET 9 TO LAST: "ALL RUNS”

This spreadsheet template is color coded:
* Gold for the biomass feed
» Sky blue for air and gases
* Turquoise for steam
» Light gray for particulate matter
» Dark gray for tar
* Green for the helium tracer
* Purple text for energy balance results in kW
» Orange text for energy balance results in kJ/mol
» Brown for mass balance
» Black for mole balance
Depending on the user choice performed in the Ispregadsheet, the mass

balance is calculated relative to the amount aftigas either dor He. In the case ofi\
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an important parameter is to evaluate the airleek&ge. Because there is considerable
variation in the airlock leakage, its calibratioayrvary. As the result, it is recommended
that helium be used as a tracer even in air gasibic; It is easier and more precise for all

process types.

For each run, all data are calculated in this shget. The set of data from the
GAS11.vi recorded run file of the fluidized bed ifas (FBG) unit is copied for each
spreadsheet starting on rows 70 to 1000 in the satnenn order.

All averages, minimums and maximums necessary fiteendata recording of a
FBG run for calculations are made on row 69. This Is also copied in black on the
right side of the “Input” spreadsheet so thatmgbuts can be viewed at once.

All calculations for biomass, air, steam, gas, t@ater, particulate matter, mass
balance and energy balance are made individuatlgdch run. A nitrogen balance was
initially performed since this inert gas is the mabundant element in air gasification.
But a helium tracer was later introduced as a nameurate method to perform mass
balance and energy balance calculations. A secasd for mass balance is also the
oxygen balance.

Each sheet currently recognizes three biomass nawnéghgrass, bermudagrass, corn
gluten.

Each sheet works with two gasifying agents (air stedm) simultaneously
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In these spreadsheets, all dataeith are inputs from the “Biomass”,“Input”,”Gas
GC”, and “Tar GCMS” spreadsheets. All other numlegeseither constants or

calculation results. Row #1-#3 are dedicated tse¢hnputs see Table 4.5.

R\C | C#1 C#2 C#3 C#4 C#5 C#6 C#7
R#1 steam | Filter PMt + filter PM + filter

Date Run# | Material | (kg/h) | (9) wet (g) washed & dry (g)
R#2 | 5/27/2004 1 Switchgrass 0.00 | 2.74 12.73 12.74

C#10 C#11 C#12
H20 mg/ml | Feed H
acetone C (%db) (%db)

102.91 49.67 5.27

55.95 Goalseek 102.91
A

v
R\C | C#13 | C#14 | C#15 | C#16 | C#17 C#18
R#1 (@] N S Ash | Moist | HHV maf

(%db) | (%db) | (%db) | (%db) | (%wb) |  k/kg
R#2| 40.31| 057 | 0.07 | 411 | 8.73 | 8401.00

A
2
C#19 | C#20 | C21 | C#22 | C#23 | C#24 | C#25
R1 | PM PM maf
C H (@] N S Ash HHV

(%db) | (%db) | (%db) | (%db) | (%db) | (%db) | kJ/kg
R#2 | 50.08| 0.68 | 1.97 | 1.00 | 0.15 | 46.12| 13635
Table 8.6 Run sheet input area rows#1-3 column#1-27 example (all four tables are aligned
left to right)

The cells between rows #4-15 over the first 17 mwis, Table 4.6, are reserved
for gas normalization, oxygen sampling leak remarad gas HHV calculation. The red
lined pattern in the helium row indicates that trecer in NOT part of the percentage

calculation.

342



R\C C#1 C#2 C#3 C#4 C#5 C#6 CH#7
R#4 Gas Aver norm StdDev Samplel  Sample2 Sample3 Sample4
R#5 He 566 666 0.0000 0.0000 0.0000 0.0000
R#6 H2 4.87 1.14 3.5380 4.7978 0.0000 0.0000
R#7 N2 57.67 5.21 57.7913 56.1439 0.0000 0.0000
R#8 02 0.00 0.00 1.1550 2.8290 0.00 0.0000
R#9 (0{0) 15.75 3.94 11.3053 15.6704 0.0000 0.0000
R#10 | CH4 3.78 1.35 2.4667 3.9997 0.0000 0.0000
R#11 [ CO2 15.26 0.22 13.4444 12.7631 0.0000 0.0000
R#12 | C2H2 0.23 0.21 0.3306 0.0685 0.0000 0.0000
R#13 | C2H4 1.95 0.53 2.0282 1.3302 0.0000 0.0000
R#14 | C2H6 0.49 0.25 0.5778 0.2599 0.0000 0.0000
R#15 | totals 100.00 92.64 97.86 0.00 0.00
v A
R\C C#8 C#9 C#10 C#11
R#4 kJ/kg kJ/Nm3
R#5 HHV LHV HHV LHV
R#6 141854.3 119527 12766.85 10757.64
R#7 0 0 0 0
R#8 0 0 0 0
R#9 10092.09 10092.09 12616.16 12616.16
R#10 55604.86 50004.19 39891.17 35872.75
R#11 0 0 0 0
R#12 49945.58 48195.9 58518.21 56467.14
R#13 50313.94 47174.55 63206.36 59439.1
R#14 51904.56 47509.42 69903.73 64043.53
R#15 4524.64819 4245.46452 5823.69989 54673&35079
v
R\C C#12 C#13 C#14 C#15 C#16 C#17
R#4 Normalized Normalized Normalized Normalized g/mol % wt dg
R#5 00 000 BRSO BRAOH
R#6 4.06 5.68 #DIV/0! #DIV/0! 2 0.34
R#7 61.36 53.98 #DIV/0! #DIV/0! 28 56.21
R#8 0.00 0.00 0.00 0.00 32 0.00
R#9 12.97 18.54 #DIV/0! #DIV/0! 28 15.36
R#10 2.83 473 #DIV/0! #DIV/0! 16 2.11
R#11 15.42 15.10 #DIV/0! #DIV/0! 44 23.37
R#12 0.38 0.08 #DIV/0! #DIV/0! 26 0.21
R#13 2.33 1.57 #DIV/0! #DIV/0! 28 1.90
R#14 0.66 0.31 #DIV/0! #DIV/O! 30 0.51
R#15 100.00 100.00 #DIV/0! #DIV/0! 28.73 100.00

Table 8.7 Gas composition and HHV calculations rows #4-15 columns #1-17 (all three
tables are aligned left to right)
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The area between row #16-30 and column #4-18 ineT4ly is dedicated to tar
approximation calculation over the 11 most impdri@mpounds in this run.(molecular

weight (MW) and atomic composition)

C#5
g/mol
R#17 | (BTEX); Benzene 78.114 6 6 0 0
R#18 | (BTEX);Toluene 92.141 7 8 0 0
R#19 | (PAH); Phenol 94.113 6 6 0 1
R#20 | (PAH); Naphthalene 128.174 10 8 0 0
R#21 | Indene * 116.163 9 8 0 0
R#22 | Benzene, 1-ethenyl-3-methyl- * 134 9 10 0 1
R#23 | (PAH); 4-Methylphenol & 3-
Methylphenol 108.14 7 8 0 1
R#24 | (PAH); N-nitroso-di-n-propylamine 130 6 14 2 1
R#25 | (Mix 4); Styrene 104.152 8 8 0 0
R#26 | (PAH); Pyridine 79.102 5 5 1 0
R#27 | Benzofuran* 118.13 8 6 0 1
R#28 Mw__ 14.00 [THTTTE07 002 0,04
R#29 MW 10772 770 811 0.13 0.34
| R#30 [ Error 0.01%
v A
R\C C#10 C#11 C#12 C#13
R#16 g/Nm3 % mass total % mass 11 first compounds % mol
R#17 2.73 19.65 30.19 36.70
R#18 1.31 9.41 14.46 14.90
R#19 1.05 7.57 11.64 11.74
R#20 0.67 4.81 7.39 5.47
R#21 0.63 4.52 6.95 5.68
R#22 0.61 4.37 6.72 4.76
R#23 0.60 4.33 6.65 5.84
R#24 0.55 3.93 6.03 4.41
R#25 0.46 3.31 5.08 4.63
R#26 0.44 3.19 4.90 5.88
R#27 0.38 2.73 4.20 3.37
R#28 9.05 65.06 100.00 102.00
v
R\C C#14 C#15 C#16 C#17 C#18
R#16 mol/Nm3C  mol/Nm3H mol/Nm3N mol/Nm3 O mol/Nm3
R#17 0.21 0.21 0.00 0.00 3.50E-02
R#18 0.10 0.11 0.00 0.00 1.42E-02
R#19 0.07 0.07 0.00 0.01 1.12E-02
R#20 0.05 0.04 0.00 0.00 5.22E-03
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R#21 0.05 0.04 0.00 0.00 5.42E-03
R#22 0.04 0.05 0.00 0.00 4.54E-03
R#23 0.04 0.04 0.00 0.01 5.57E-03
R#24 0.03 0.06 0.01 0.00 4.20E-03
R#25 0.04 0.04 0.00 0.00 4.42E-03
R#26 0.03 0.03 0.01 0.00 5.61E-03
R#27 0.03 0.02 0.00 0.00 3.22E-03
R#28  6.46E-01  6.88E-01  140E-02  255E-02  9.54E-02

Table 8.8 Calculations for tar approximation to 11 compounds rows#16-30 columns#4-18
(all three table are aligned left to right)

The area between row #16-30 and column #1-3 ineTd@b8 calculates and
display ER, S/B ratio, input and output flows oé tituidized bed gasifier pilot plant.
Important: This is also where the total volume of the gas sampled is calculated with

correction for air from vacuum leakage in the sampled gas.

R\C | C#1 C#2 C#3

R#16 | Biomass mass flow (kg/h) 11.79

R#17 | Real Air (kg/h) / (scfm) 13.55 6.52
R#18 | Air leak (kg/h) / (scfm) 6.09 2.93
R#19 [ Steam (kg/h) / (cfm) 0.00 0.00
R#20 | ER 0.22

R#21| S/Biomass 0.10

R#22 | Dry Gas density (kg/m3) / Wet 1.28 0.92
R#23 | Measured gas flow (kg/h) stp / (scfm) 3241 15.73
R#24 | Std Gas sample volume (1) 627.43

R#25 | Leak corrected Std Gas sample volume 543.67

R#26 | Dry Gas flow (kg/h) / (Nm3/h) 18.19 14.19 |
R#27 | PM flow (kg/h) / (g/Nm3dg) 0.26 18.39
R#28 | Gravimetric tar (kg/h) / (g/Nm3dg) 0.34 23.71
R#29 [ GCMS TAR (kg/h) / (g/Nm3dg) 0.20 13.92
R#30 | H20 (kg/h) / (g/Nm3dg) 4.03 283.93

Table 8.9 ER, S/B ratios, input and output flow rates rows#16-30 columns#1-3

Finally, all detailed tar calculations over the hwt 210 compounds are made in
the area between rows #1-22 columns #28-239 s&alite 4.9. The second row of this
zone is reserved for receiving data from the 21@ceatrations from the “Tar GCMS”

spreadsheet #7. Column 29 contains all totals g&echges for tar.
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R\C C#28 C#29 C#30 C#31 C#32 C#33 C#34 C#35 C#36......
R#1 GC-MS Total 1,4- 3- (BTEX); | 3-Penten-2{ (PAH); N-
sample Tar Isobutyronitrile* | Cyclohexadiene* Butenenitrile* Benzene | one, (E)- * | Nitrosodimethylaming

R#2 ug/ml 8337.09 0 0 0 990.84 5.54 0
R#3 exclusion 12.00 y
R#4 g/Nm3 13.92 0.00 0.00 0.00 0.00 2.73 0.00 0.00
R#5 % mass 100.00 0.00 0.00 0.00 0.00 19.65 0.00 0.00
R#6 g/mol 107.72 69.11 80.13 67.09 74 78.114 84.118 74
R#7 | C multiplier

/ Formulas 7.70 C4H7N C6H8 C4H5N C3H602 C6H6 C5H80 C2H6N20
R#8 C 1 4 6 4 3 6 5 2
R#9 H 1.053 7 8 5 6 6 8 6
R#10 N 0.017 1 1 2
R#11 (0] 0.044 2 1 1
R#12 Cl 0.000
R#13| mol/Nm3 0.13 0.00 0.00 0.00 0.00 0.03 0.00 0.00
R#14 % mol 100.00 0.00 0.00 0.00 0.00 27.09 0.00 0.00
R#15| mol/Nm3 C 0.99 0.00 0.00 0.00 0.00 0.21 0.00 0.00
R#16 | mol/Nm3 H 1.05 0.00 0.00 0.00 0.00 0.21 0.00 0.00
R#17 | mol/Nm3 N 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00
R#18 | mol/Nm3 O 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00
R#19 | mol/Nm3 ClI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
R#20 | Hf kd/mol 31.36 22.8 | 104.75 157.7 82.9 -240.2 -1650
R#21 | Hfkd/kg 291.11 0.00 0.00 0.00 0.00 208.49 0.00 0.00
R#22| Hf kJ/mol 31.36 0.00 0.00 0.00 0.00 22.46 0.00 0.00

Table 8.10 Tar calculations example rows#1-22 columns#28-239

The following is the last area of the run she€kable 4.10. It contains all the detailed calculagiof the mole, mass and

energy balances. All totals are calculated in dfietivo first columns.

346




R\C C#l C#2 C#3 C#4 C#5 C#6 C#7 C#8 C#9 C#10 C#11 C#l12 C#13 C#l4 C#15 C#16 C#l7 C#18 C#19 C#20
R#.

59 Input Biomass 12 1 16 14 32 Moisture 18  Air 32 28
R Hf kJ/mol -162.9 -126.23 12 1 16 14 32 -36.70 1 16 0 16 0 14
R#41 Balance C/mol

Cin 0.000 1 C 127 | H 061 | O 001 | N 000 | S Ash 013 | H (0] 0.220 | O 083 | N
R#42 - -
Hf kJ/h -72542.08 [ 56203.52 1 1.00 1.00 1 1 16338.56 2 1 0 2 0 2
Ri#43 mol/h 445.25 566.90 271.01 4.38 0.24 57.16 97.98 365.16
R#44 kgh | 25.15 1025 | 534 057 434 0.06 001 | 044 1.03 3.14 10.22
R#45 % wt wb of
biomass feed 100.00 45.33 4.81 36.79 0.52 0.06 3.75 8.73
R#46 Fuel
Gas Output Tracer Gas 2 28 28 16 44 26
RS Hf kJ/mol -256.3 0.0 1 0 14 -24.76 12 16 -4.02 12 1 -85.40 12 16 0.74 12 1
R#4
& mol Cgas/mol Cin | 0.571 007 | H 082 | N 022 | C (0] 005| C H 022 ] C [¢] 000 | C H
R#49 - - - -
Hf kJ/h 114113.50 0.00 2 0.00 2 11025.81 1 1 1790.97 1 4 38025.04 1 2 330.36 2 2
REE mol/h 857.04 30.82 365.16 99.75 23.94 96.63 1.46
IRl kgh | 22.22 0.06 10.22 2.79 0.38 4.25 0.04
REEH % Vol of gas 100.00 4.87 57.67 15.75 3.78 15.26 0.23
R#53 | Particulate
Matter Output Char 12 1 16 | Nitrogen 14 | Sulphur 32 | Ash
Ri#54 Hf kJ/mol | -16.5 -16.46 12 1 16 14 32
R#55 )
mol Cpm/mol Cin 0.398 1 (0] 016 | H 003 | O 002 | N 0.00 | S Ash
R#56 Hf kJ/h -2285.79 -2285.79 1 1 1 1 1
R#57 mol/h 177.07 28.85 5.22 3.03 0.20
Ri#58 kg/h 2.73 2.12 0.03 0.08 0.04 0.01 0.44
R#59 )
% wt db of solids 100.00 77.86 1.06 3.06 1.55 0.233 16.20
R#60 | Tar output
(gc/grav) Tar 107.72
Ri#61 Hf kJ/mol | 0.1 0.1291 12 1 14 16
Rit62 mol Ctar/mol Cin 0.032 0.00 | C H N O
Ri#63 Hf kd/h | 57.49 57.49 7.70 8.11 0.129 0.341
Ry#64 mol/h 1.83
R#65 kg/h | 0.20 0.20
R#66 Total output kg/h 25.15
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R\C

C#21 C#22 C#23 C#24 C#25 | C#26 C#27 C#28 C#29
Rty Steam 18  Tracer
R 0.00 1 16
R#41 0.00 |NE
R 0.00 2 1
R 0.00
R#44 0.00
R#45
A9 28 30 | Water 18
i 1.45 12 1 -0.58 12 1 -143.71 1 16
s 003 | C 001]| C H 050 | H (¢]
RERE 645.29 2 4 -260.11 2 6 -63987.23 2 1
RIS 12.35 3.07 223.86
REHL 0.35 0.09 4.03
Rio2 1.95 0.49 35.36

Table 8.11 Detailed calculations of mass mole and energy balances
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The carbon balance is then closed in Table 4.14sbyming that all remaining carbon, besides tagasdare part of the

chars. Results of balances are displayed betwees#81-38 columns#1-19

R\C C#1 C#2 C#3 C#4 C#5 C#6 C#7 C#8 C#H9 | C#10 C#11| C#12 C#13 | C#14 C#15| C#16 C#17 | C#18 C#19
R#31 1 02+3.76
Reactants C 1.00 H 1.27 O 0.61 N 0.010 0.13 H20 0.220 N2 0.00 H20
R#32 | Products:
Gas 0.07 H2 0.82 N2 0.22 CO 0.05 CH4 0.22 CO2 0.00 C2H2 0.03 C2H4 0.01 C2H6 0.50 H20
R#33 | solids 1.00 C 003 O 0.16 H 0.017 N 0.00 S
R#34 Tar
R#35 Dry
Wet gas gas
C Bal. H Bal. O Bal. out out
(mol/h)  0.000 (mol/h)  38.359 | (mol/h) -1.396 | mol/h 857.04 mol/h  633.18
R#36 error -
%mol in  0.000% 5.631% 0.266%
R#37 Total
Mass
C Bal. H Bal. O Bal. Balance
(kg/h)  0.000 (kg/h)  0.038 (kg/h) -0.022 | kg/h 0.000
R#38 Energy Gas
AHr - AHr for Elect. cool Wasted
(kd/lkg  4263.7 | (kd/mo reactio Heaters Loss down heat
CHO) 3 lc) -109.70| n(kw) -12.1 (KW) 0.0 (kW) 12.1 (kW) 9.11 (kW) 3.0

Table 8.12 Summary equation of the reaction with mass and energy balance rows#31-38 columns#1-19
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8.6 LABVIEW GRAPHIC PROGRAMMING

8.6.1Gas11.vi, pilot plant program

8.6.1.1Main program

jE:00.000 K

00t 5|

]
axInde] (B3Z1]
1

2 (%] X5 Fuel [%]

W
v ke e
@l

Frequency [hz
min for average biomass flow]

Frequena el ey

EET
lart autotune Biomass] 5P e
[P PID oul
[ —

Pilock leskay [gsin scheduling Biomass
E ;. ]
Taz][Moving | _Lotait steam } [ e
index out |

Steam Flow [kg/h]

iler valve Flow [Vmin]|
A Sean Start
signdl do the
updates.

[Autput | =

This control Y/l is needed
o stap the pulse train when
the: loop is halted

=[[Z=21| Al ermor out
[=21[GPCTRT errot out afle Heaters]

4 False
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8.6.1.2Gas 11 init.vi

add CIC chan toinput limit list

add CJC chan ta
top of channel list
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[cold junction channel [ob0 T ¢21 | md] | ctemp)]
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8.6.1.3Gas 10 sampling flow array.vi

2.00
30.00— g;’
panen Totalizer
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| A e "]f"” ey
bJ
pia =5 L o e A
po - EJJ. [oBL]

S ampling Flow ztd [1/min])
||
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8.6.1.4Gas 10 biomass array.vi

....................... 1] ut%ut Aray
[DBL]
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DEL

132
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8.6.1.5Gas 11 Data.vi

ratures cluster]

{EEL]|[Tank Load (K

Dutput Arg
{Tos]

racer flow [slpm
BEL

F Bed (in H20
[oBL]

E
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8.6.1.6PID with autotuning.vi
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nput Array gas flow]

o
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8.6.1.7Gas 10 Flow biomass.vi

[yl
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8.6.1.8Gas 10 steam flow array.vi

00—
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8.6.1.9Gas 11 Dl.vi
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8.6.1.10 Gas 10 Ramp.vi

- . hirs to SP
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Eaffle Heaters Setpoint]

Initial Temperature}[DEL]

[Iit. Temp. Shikt register in|f o]
[Fiamp ' #M Shift Fegister inli

{ [081] [[Init. Temp. Shift register oul]
| [Ramp 7N Shift Register out
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8.6.1.11 Gas 11 DO.vi

tazk 1D task D out
e
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e Create the line mask by computing j
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8.6.1.12 Gas 10 Data recording.vi
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8.6.1.13 Gas 10 end.vi
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8.6.2Gibbs reactor modeling program

8.6.2.1Main program
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e I
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Other cases from previous page case structureaimpnogram:

Ll

I R = S

oz W o2 0 wr ou ou ow w hw ol

360



[e81] [Biomazs atomic low[mal/s]|
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Other case from above case structures in sequence 0
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8.6.2.2PV=nRT.vi: calculates mole number from ideal gas ha

— n [mal/s

olurie [m”34h
g2.31E+0

8.6.2.3Dry to wet.vi: % composition basis conversion

Biomaszz composition [wt 2 db] and Moizture [mt % wh)
C H 0 M 5 Azh H20

[oBL]

Biomazs compozsition [wt = wh)
M 5 Azh Hz20

8.6.2.4ER.vi: calculation of ER ratio

02 (ka/h]j(0oBL]

Bicmaszs flow rate (ka/h |[nn|.] II

Biomaszs composition [wt % db) and Moisture [wt 22 wh]
[ H u] N

sk H2D|
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8.6.2.5SB.vi: calculation of S/B ratio

Steam flow
Biomass flow rate (ko/h

Biornazs composition [wt % db) and Moisture [w % wh)
C H 8] M 5

Azh

8.6.2.6CHO.vi: conversion to atomic composition

composition [wt % db] and Moisture [wt % wh]

CHO atomzt)
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J e | e[
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[pEL]
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8.6.2.7Initialize feed.vi: conversion of mass flow ratesa biomass and char atomic flow rates
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8.6.2.8Atomization.vi:Agent biomass and char atomic flow ates
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8.6.2.9Biomass composition conversion.vi

[Biomaszs How rate [kash]

Eiormazs composzition [wt Z wh)
[ H i]

Biomass atomic flow mol/s

8.6.2.10 Char composition conversion.vi

Bicmaszs compasition [wt 2 wh)
C H ]

Biomass flow rate [ka/h

Char composzition [wt % wh]
C H a

Ash Hz0

& H 8] N 5 Ash H20
Char flow [kgéh
Char atomic flow mal/s
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8.6.2.11 Cp Equil gases.vi: gases heat capacities calculat®

DCp matrix
H2 N2 02 CO CH4 CO2 C2H2 C2H4 C2HG H20 Cf

Ih298
298242
| 298™-2/2]

Cpin/R =& + BT + O
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(3 2000E +0)
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Nz 5, 9300 - 4.0000E+3 o314
3.6390E +0_[5. OG00E - -2 2F00E +4

3 1000E+3
CLO000E +0
-1.1570E+5
-1.2990E+5
CLODO0E +0)
CLO000E +0)
J000E (1.2100E+4
O00E+0 §-B.EF00E+4

Cp Gases@T [J/kg.K]
(o] |

H2

Cp Gioses@298 [IPkg K
[oea]]
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Equil enthalpy w char.vi: enthalpies of formation and free enthalpy

8.6.2.12

calculation

f=t'{grh)/ 2981 5+h+8. 3147°C-8 31470
i

Erraé Constant] I
[urray Constant]
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8.6.2.13 Equil Yield All n Tar n C.vi: non linear equations system solver
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8.6.2.14 Cp Equil mix.vi: gas mix heat capacity calculation

[Cp Gazes@298 [J/maol K]

Cp Gas mi=@298 [J/mal. K]

[oBL]

[Cp Gazes@T [ mol k]|

—{5
[DBL]
—m Cp Gas mw@T [1/molk]
HZ

Cp Gas mix@ T [Jkg.k]

TonL] H l Cp Gas mix@293 (kg K]l
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8.6.2.15

Equil Enthalpies mix.vi: gas mix enthalpies calculion
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8.6.2.16 Equil Yield All n Tar n C cooldown.vi: non linear equations system solver
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8.6.2.17

3D agraph

gas 3D graph Basic Properties.vi: 3 dimensional gplns setup

=

errar in [ho errar]

5= _DOwGiaphdD §

fa[False b

fast draw

Flots

B Tue B

“‘“E;'B = Cw/Plats30 B

g FastDral

W

&+ CWFlots3D

Court

Item

Item

plot number (1] [E3z]]

Ty enpaency
olor ] e
hordinate sustem [oaef]LoodnateS sten

+ ColoMaptiyls

plat style [E2—

Style
+ Transparsncy

8 = _DCwEIaphiD &

I
iewlongitude

3D graph out

Plats

Wigwl atitude

|

ViewtutoDistance

5 = CwPlots3D 31

s CwPlos &

Item

r Item Y

Pméerlg Node|

T CwPloli &

s

s
Zhis

Projectionri<y

Projectior<2

ProjectionyZ

Cortours

— YT
Mezsirr =] P Maximum
i oAb Inverted
IMirirurn <] [[OEL Minimum
[FomatSting zbe |- Formiatsling

=

enor out

T = CwihwisaD &

|

M aimnuinn P Wasimum

Inverted

P Minimum

[FormatSuing V[EEcllr  Fomatsting
B = Cwiuis3D B
M aximum 2 f Maximum ¢
b Inverted
{r Minimum
FormatSting Z|abe }-*  FamatSiing

B = CiwContours

f

AnchorEnabled

Basic

Interval

T True B

379




o[ Falze b

El] status

l&rgument enor ¥|— code

! | SOUICE

[} EGraph plot number iz out of range

380



lTrue ¥

et n : el

[TE e P

larqurnent emor v}— code

F0OUICE

EGraph plot number i out of range]

381



8.6.2.18

3D graph

3D Surface.vi: 3 dimensional graphs
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