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Abstract

Due to the nonhomogeneous characteristics of biomass constituent, it has been known to be difficult to apply directly any simulation
work to the pyrolysis of biomass for a precise prediction of gaseous products. In this study, two computation codes (HSC Chemistry for
thermodynamic and Sandia PSR for kinetic simulations) were employed, to consider the integrated effects of thermodynamic and kinetic
phenomena occurring in biomass pyrolysis on the distribution of gaseous products. The principle of simulation applied in this study was
to extract substitutable gas phase compositions from HSC calculations, which were predicted thermodynamically. Then, the gas phase
compositions were inputted into the Sandia PSR code to consider the potential constrains of kinetics involving in the pyrolysis and finally
to get the distributions of gas products which should be closer to the realistic situation. Palm oil wastes, a local representative biomass,
were studied as sample biomass. The gaseous products obtained from HSC calculations were mainly H,, CO,, CO, CH4 and negligible
C,+ hydrocarbons. After applying these products into PSR program, the final products developed into H,, CO,, CO, CHy4, C,H,, C,Hy,

C,Hg and C3;Hg which are more realistic products in the modern fast pyrolysis.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Pyrolysis is currently one of the most promising thermo-
chemical conversion techniques for recovering energy from
biomass. Palm oil wastes are local representative biomass
and our previous studies reveal that they are ideal sources
of renewable energy [1]. The main products from biomass
pyrolysis could be liquid oil, solid charcoal and gases in dif-
ferent proportions, depending on the operation conditions.
Recently, research interest focuses on the distribution of
various gas products from pyrolysis of biomass, aiming
to improve the yield of clean energy such as hydrogen [1-3].

Numerous models [4-7] have so far been developed to
describe the pyrolysis of biomass; they are mainly based
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on considerations of kinetics, heat and/or mass transport.
However, these models contain parameters, which make
them difficult to apply to different reactors to predict the
gas product distribution. Models based on thermodynamic
equilibrium calculations [7-12] are independent of the reac-
tor. Nevertheless, thermodynamic equilibrium may not be
achieved particularly at low temperatures and as such the
calculations may not represent the real situation when
kinetic constraints become the major factor. Thermody-
namic calculations have widely been used in predicting
thermal conversions of methane, plastics and coal. As for
biomass, it has mostly been used in combustion or gasifica-
tion processes and only recently it has been used in biomass
pyrolysis [4] with focus on the release of the elements K and
Cl, rather than the main gaseous products.

More details of predicting biomass pyrolysis using
commercial computation approaches are iterated here.
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de Bruyn Kops and Malte [13] used a commercial combus-
tion software FLUENT to search for the best way to reduce
emission from wood dust combustion. In their study the
wood particles were considered to break down during the
devolatilization process into char and wood volatiles, and
the simulation work only utilized the volatile part of wood.
Philippe and Raphael carried analysis of a biomass gasifier
using ASPEN PLUS software which is based on a minimi-
zation of Gibbs free energy at equilibrium [14]. This implies
that the residence time is long enough to allow the chemical
reactions to reach an equilibrium state. However this
assumption of equilibrium is rarely reached in real gasifiers.
Baumlin et al. used a continuous self-stirred tank reactor
(CSSTR), which is alternatively referred to perfectly stirred
reactor, for biomass gas pyrolysis [15]. The aim of their
study was to report the experimental results obtained on
the thermal cracking of vapors produced by biomass pyro-
lysis. There are other reports concerning about hydrocar-
bon pyrolysis, in terms of biomass pyrolysis modeling by
TGA [2,16], developing reduced kinetic mechanism [17],
general biomass mechanism overview [18], and gaseous fuel
pyrolysis modeling [19-21].

Sandia perfectly stirred reactor (PSR) code [22]is a com-
puter program that predicts the steady-state temperature
and species composition of gaseous mixture in a perfectly
stirred reactor. The reactor is characterized by a reactor
volume, residence time or mass flow rate, heat loss or tem-
perature, and incoming temperature and mixture composi-
tion. The PSR code is originally developed for combustion
of gases, but applying this code together with HSC thermo-
dynamic software and without oxygen it becomes suitable
for pyrolysis of biomass, which is assumed to instantly
vaporize into a gas mixture. So far, there has been no direct
application of Sandia National Laboratories PSR code to
biomass pyrolysis appeared in the literatures. One PSR
application to pyrolysis developed by Zhou and Mahalin-
gam was in the examination that fuel supply to the largely
gases flames in an intense wildland fire is primarily a result
of pyrolysis of cellulose in a live wood [23].

In our previous study [2], biomass pyrolysis was con-
ducted in a thermogravimetric analyser coupled with Fou-
rier transform infrared analysis (TGA-FTIR) and a
thermodynamic calculation (HSC) [24] was used to predict
the distribution of gases products at different temperature.
The major finding was significance of temperature influence
on pyrolysis of palm oil wastes, particularly on gas product

Table 1
Proximate and ultimate analyses of palm oil wastes

distribution. The difference patterns related to pyrolysis rate
and gas evolving profile at low (<355 °C) and high tempera-
tures (>355 °C) are observed and it indicates the different
reaction pathway involved. However, thermodynamic cal-
culation does not consider any kinetic constrains. Due to
the deficiency of kinetic characteristics of HSC calculations,
the yielded products overlooked gases like C,H,, C,Hy,
C,Hg, and C5Hg, which appear in modern fast biomass pyro-
lysis process [25]. Moreover, the composition of gaseous
products predicted by HSC thermodynamics might not be
true in the cases where kinetic phenomena play a role.

The present study implements a Sandia combustion
code perfectly stirred reactor (PSR) [22] to simulate more
realistic final gas yields using the results obtained from
HSC of the previous study from which only the predicted
predominant species were used, based on a series of pro-
posed reactions. By combining HSC and PSR calculations,
the predictions of HSC now become the inputs of PSR.
Therefore the PSR, which was previously applied only to
gaseous combustion systems, can now be implemented
for biomass pyrolysis. It is a novel concept of predicting
biomass pyrolysis in the sense of combining thermody-
namic equilibrium and kinetic rate calculations. The aim
of this study is to obtain more realistic pyrolysis end prod-
ucts in gas phase using PSR simulation at the same temper-
ature of HSC calculation.

2. Materials and thermodynamic simulation results

Proximity and ultimate analysis results of three palm oil
wastes (shell, fiber and empty fruit bunches — EFB) were
obtained, as shown in Table 1, by a thermogravimetric ana-
lyser (TGA) (modeled TA 2050, USA) and CHNS/O Ana-
lyser (Perkin Elmer 2400II). Palm oil wastes contain very
high volatile (>70 wt.%) and low fixed carbon (<20 wt.%).
According to the ultimate analysis, palm oil wastes contain
around 50 wt.% carbon and quite high oxygen (36—
40 wt.%). The contents of nitrogen and sulfur in the palm
oil wastes are close to zero (N: nearly zero; S: about
0.6 wt.%), and the ash content is also very low, mostly below
5 wt.%. If only considering the main elements (C, H, O), the
molecular formula of the studied samples based on one C
atom can be written as CH, O, as listed in the last column
of Table 1. Pyrolysis of the palm oil wastes was performed
in TGA, and the gas products were on-line analysed using
Fourier transform infrared spectroscopy (FTIR) (BioRad

Proximate analysis (wt.%)

Ultimate analysis (wt.%)

LHV (MJ/kg) Molecular formula

Mg Ve Aqg FCyq C H N S o?
Fiber 6.56 75.99 5.33 12.45 50.27 7.07 0.42 0.63 36.28 20.64 CH, 690054
Shell 5.73 73.74 2.21 18.44 53.78 7.20 0.00 0.51 36.30 22.14 CH, 610051
EFB 8.75 79.67 3.02 8.80 48.79 7.33 0.00 0.68 40.18 18.96 CH, 50062

M: moisture content, V: volatile matters, A: ash, FC: fixed carbon; ad: on air dried basis; d: on dry basis.

% The O content was determined by difference.
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Table 2
Yields of gas products from palm oil wastes pyrolysis (200-500 °C)

Sample Total relative area of absorbance peaks

(area unit/g of waste)

H/C O/C CO, Organics CHy4 CcO H,O

Fiber 1.69  0.54 72,239 184,425 27,489 2902 44,474
Shell 1.61 0.51 74,561 194,734 25,358 3309 47,704
EFB 1.80  0.62 82,260 82,260 23,339 4879 48,525

Excalibur Series, model FTS 3000) with a deuterated trigly-
cine sulfate (DIGS) detector which is connected to TGA.
During TGA measurement, the buffer gas used is nitrogen
and purge gas used for protection of balance is also nitrogen.
As a result the yields of gas products were obtained from
palm oil wastes pyrolysis in the temperature range of 200—
500 °C as shown in Table 2. Yields of CO,, CO, and H,O
from EFB are the highest among the three wastes while the
highest CH, yield is found with fiber and the highest organic
yield with shell, due to possibly their different components.
Here, organics is a mixture of some acids, aldehydes, alk-
anes, and ethers. They are possibly formaldehyde (CH»O),
acetaldehyde (CH3;CHO), methanol (CH3OH), formic acid
(HCOOH), phenol (C¢HsOH), acetone (CH3;COCH3), etc.
Moreover, the HSC Chemistry performs the thermody-
namic simulation of biomass pyrolysis using the values of
ultimate analysis in Table 1. The first thermodynamic cal-
culation considered the elements C, H, O, N, S and ~50
species, and furthermore simplified systems containing only
C, H, O bearing species were investigated. Nitrogen as buf-
fer and purge gases in TGA measurement were also first
considered in HSC simulation and it was then found no
influence of N, to the whole calculation system. Details
are iterated in our previous publication [2]. The HSC calcu-
lations enable to simulate chemical reaction and processes
on thermochemical basis. They utilize the principle that at
equilibrium the total Gibbs energy of a system is at mini-
mum to predict the equilibrium state. The results are
shown in Fig. 1. The fiber sample was selected as a repre-
sentative; its molar form is CH; 69O s4 as seen from Table
1. The pyrolysis of palm oil wastes could be divided into
four temperature zones separated by three vertical dot lines
(see Fig. 1). In the first zone (7" < 340 °C), biomass becomes
dehydrated at this temperature, and along with water
vapor, CO, and volatile organics (CH,4) are given off. The
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Fig. 1. HSC calculation for fiber pyrolysis.

second zone is for temperature at 340-560 °C. Contents
of CH, and water are decreased in Zone 2 but CO, content
increased, carbon content keeps almost constant. There is
also some H, and CO evolving out. In Zone 3 (560 °C <
T <900 °C), the secondary thermoanalysis happens. Con-
tents of H, and CO are increased sharply. During the last
zone (>900 °C), pyrolysis reaches the end. Almost no reac-
tion occurs. The contents of H, (45 mol%) and CO
(30 mol%) keep high and stable. Carbon residue is regarded
as charcoal formed due to carbonization.

However, the HSC calculations do not take into account
kinetics (rates) of the chemical reactions and nonideality of
solutions. The calculation does not give the reaction time
that is necessary for the theoretical equilibrium state to
be reached. Because the HSC calculation merely represents
the compositions of pyrolysis in its most stable state, the
end products (H,, CO, CO,, CH, and H,O) did not contain
unstable species like C,H,, C,H4, CoHg and C3Hg which
appear in modern biomass fast pyrolysis [25]. Therefore,
the integrated effect of combining thermodynamic and
kinetic concerns in biomass pyrolysis for a precise predic-
tion of gas product distribution is meaningful.

3. Kinetic simulation of biomass pyrolysis
3.1. Model description

PSR stands for perfectly stirred reactor. The stirred
reactor consists of a small thermally insulated chamber
that has inlet and outlet ducts. A steady flow of fuel and
oxidizer are introduced in such a way that high-intensity
turbulent mixing causes the contents of the reactor to be
nearly spatially uniform. This means that the rate of con-
version from the reactants to produces is controlled by
chemical reaction rates and not by mixing processes. The
reactor requires fast mixing, and residence time has to be
deduced from the flow rate and the reactor volume. The
PSR code is designed to run in conjunction with CHEM-
KIN program, which handles the chemical reaction mech-
anism and the thermodynamic properties [22].

The PSR is programmed to predict steady-state temper-
ature and species composition in a perfectly stirred reactor.
The reactor is characterized by a reactor volume, residence
time or mass flow rate, heat loss or temperature, and
incoming temperature and mixture composition. This com-
bustion program becomes thermal pyrolysis program when
it is applied to combustion without oxidizer.

The concept of the PSR is shown in Fig. 2. The species
conservation equation is given by

i(Yy — Yy) — axWV =0 (1)

and conservation of energy is stated as

K

mZ(Ykhk—kaik)-i-Q:O- (2)

k=1
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Fig. 2. Schematic representation of PSR.

In these equations Yy is the mass fraction of the kth species;
Wi, the molecular weight of the kth species; V, the reactor
volume; @y, the molar rate of production by chemical reac-
tion of the kth species per unit volume; /%, the specific en-
thalpy of the kth species; and Q, the reactor heat loss. The
Y, and h; represent inlet mass fraction and inlet enthalpy.

The normal residence time (1) is related to the reactor
volume (¥) and the mass flow rate (7)) by

i (3)

m
where the mass density p is calculated from the ideal gas
equation of state.

PW
Here P is the pressure, 7 is the temperature, R the universal
gas constant and  the mixture’s mean molecular weight.
The residence time is often used as a characteristic param-
eter of the reactor rather than the mass flow rate. When
this is the case, iz is computed from Eq. (3).

The net chemical production rate w; of each species
results from a competition between all the chemical reac-
tions involving that species. Each reaction proceeds
according to the law of mass and the forward rate coeffi-
cients are in the modified Arrhenius form

_EA
ke = AT’ —=).
f eXp(RT)

T

0

(5)

Eqgs. (1) and (2) form a set of K+ | nonlinear algebraic
equations, the solution of which is the temperature and
mass fractions. Even though the PSR program seeks the
solution to the steady state equations, the computational
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algorithm often requires transient equations of mass con-
servation and energy conservation. Nevertheless, the tran-
sient equations are omitted here.

The PSR program for the biomass pyrolysis utilizes a
detailed kinetic reaction mechanism. The most widely used
detailed kinetic mechanism for hydrocarbon combustion is
GRI mechanism which is developed by Gas Research Insti-
tute [26]. GRI mechanism is a list of elementary chemical
reactions and associated rate constant expressions. Most
of the reactions listed have been studied one way or
another in the laboratories, and so the rate constant
parameters mostly have more or less direct measurements
behind them. Garg et al. utilized GRI-2.11 successfully
with PSR for hydrocarbon-hydrogen reaction modeling
[20]. The newest version of the mechanism is GRI-Mech
II1 [26], which is a compilation of 325 elementary chemical
reactions and associated rate coeflicient expressions and
thermochemical parameters for the 53 species involved in
them.

In our analysis of volatile component in biomass pyroly-
sis there are 219 elementary chemical equations with 34
species of C/H/O system. The involved 34 species and
219 elementary equations are extracted from the C/H/O/
N/Ar system of GRI-Mech II1. The excluded species and
elementary equations are nitrogen-driven and argon species
and elementary equations. Table 3 shows all species
included in the PRS calculations.

3.2. PSR calculations — system design

In our previous study [2] biomass decomposition was
simplified as ‘Biomass = H, + CO + CO, + hydrocar-
bon + charcoal’, in which charcoal remained to be a solid
as temperature above 1000 °C in HSC calculations. The
representative expression of the HSC calculation in this
study was obtained as CH| 9Oy s4 for fiber palm oil wastes
as shown in Table 1. However this expression cannot be
used directly into the PSR program because it contains
solid phase carbon (char), which was not allowed to enter
as input into PSR. It was verified in the HSC calculations
that the pyrolyzed gas components are different under dif-
ferent temperature conditions. In order to apply the HSC
result more reasonably to PSR program, the charcoal has
to be eliminated. As shown in Fig. 1, the molar content
of carbon element (C) becomes constant at 0.46 when pyro-
lysis temperature is above ~1000 °C. The carbon molar

Table 3

Species considered in the C/H/O model

Species no. Species no. Species no. Species no. Species no.

1 H, 8 CH 15 CH, 22 C;H; 29 CH,0

2 0, 9 CHy 16 CH,4 23 CH;CHO 30 CH;0OH
3 HO, 10 HCCO 17 HCO 24 (0] 31 C,H;

4 CH 11 CH,CHO 18 CH;0 25 H,0 32 CyHg¢

5 CH; 12 H 19 CH, 26 C 33 HCCOH
6 CO, 13 OH 20 C,H; 27 CH, 34 C3;Hg

7 CH,0H 14 H,0, 21 CH,CO 28 (6(0)
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Fig. 3. Normalized HSC results after subtracting 0.46 from C.

content 0.46 is known as char and this remains to be a solid
as the temperature rises further. The balance carbon by
subtracting 0.46 from the original carbon content is known
as volatile carbon, which can be entered into the PSR pro-
gram. As such, a new figure (Fig. 3) is drawn after subtract-
ing 0.46 from carbon content of Fig. 1. In Fig. 3 the y-axis
represents mole fraction of individual species. HSC calcula-
tion is based on 1 mole of fiber palm oil waste as input
value, thus the calculation leads to molar values of species
in pyrolysis as shown in Fig. 1 taken from previous paper
[1]. However, PSR calculation is designed to use mole frac-
tions as input data, and the results yield also mole fractions
of species. The result of HSC calculations, product yields in
Fig. 1, was converted to mole fraction values in Fig. 3 for
PSR calculation.

In applying the PSR code all characteristic parameters
were derived from the TGA-FTIR reactor configuration,
i.e., PSR reactor volume was 2.0 cm® and mass flow rate
was 0.02 g/min. Although TGA is not exactly a steady flow
of fuel system, the instant gas production rate can be
obtained from the real-time FTIR scans (one IR spectrum
was obtained in each 5 s) and therefore, the averaged mass
flow rate of PSR was calculated based on it. The experi-
mental reactor volume was 12 cm?® through which biomass
gas and purge gas (nitrogen) flow. The averaged portion of
the biomass gas generated in the reactor was about 1/6 of
total gas flow, which made the PSR reactor volume
2.0 cm®. The biomass mass loss rate, which produced gas
flow rate of PSR, is a function of temperature. In applying
to PSR, mass flow rate of 0.02 g/min was calculated as
experimental average value taken from TGA biomass loss
rate in the reactor. Residence time was calculated by the
program. The residence time for fiber pyrolysis was longest
as 3.37 s at 100 °C of pyrolysis temperature and decreased
with increasing pyrolysis temperature showing 0.72s at
about 1000 °C of pyrolysis temperature. Equivalence ratio
is defined as follows: if f denotes the ratio of mass of fuel to
the mass of oxidizer in a reactive mixture, the equivalence
ratio, ¢, is

A
f; b
where f; is stoichiometric mass ratio [27]. In order to simu-
late the pyrolysis, the equivalence ratio was taken as 100,

¢ = (6)

i.e., ¢ =100, which means that the molar value of fuel is
100 times bigger than the molar value of fuel necessary
for stoichiometric reaction. A much higher equivalence
ratio ¢ = 1000 was also tested for the PSR calculations.
The yielded components obtained by these two equivalence
ratios showed negligible difference, i.e., less than 2% for
each component.

Now the ideal implementation of PSR would be to use a
fixed set of input components of biomass. For example, if
the components of biomass obtained from HSC at 490 °C
could be used as input values throughout all the tempera-
ture ranges, it would be desirable. However, HSC results
showed that there is no representative component applied
to the whole temperature region.

In the previous section of HSC calculations there were
four distinct regions of pyrolysis gas products, i.e., T <
340 °C, 340°C<T<560°C, 560°C<T<900°C and
T>900 °C. Therefore the following equations are pro-
posed to examine the HSC results of fiber for each temper-
ature range, based on the major products predicted by
HSC (see Fig. 1):

(1) For T <340 °C:
CH, 6054 — 0.75C + 0.45H,0 + 0.2CH,4 + 0.05CO,

(2) For 340 < T < 560 °C:
CH, 90054 — 0.70C + 0.32H,0 + 0.18CH,
+0.16H, + 0.11CO,
(3) For 560 < T < 900 °C:
CH, 90054 — 0.56C + 0.69H, -+ 0.35CO + 0.08H,0
+0.05CO; + 0.03CH,

(4) For T > 900 °C:
CH, 49005s — 0.46C + 0.84H, + 0.54CO

As explained earlier in this section, the nonvolatile por-
tion of biomass (= 0.46 C) is subtracted from the above
component descriptions for each temperature range to be
used as input values to PSR. The representative species
concentrations in each region were chosen at mid-point
of the region, i.e., 175°C, 550 °C, 730 °C and 1050 °C
shown in Fig. 3 in which the species concentrations were
normalized as mole fractions. A typical PSR result is
shown in Fig. 4 with main product species from biomass
pyrolysis occurring at 490 °C. It can be seen that all N-dri-
ven species and Ar species become zero in concentration, as
there should be negligible N and Ar containing species gen-
erated in the course of pyrolysis.

3.3. PSR calculation results

The normalized results of PSR calculations are shown in
Fig. 5. As expected in earlier section, the concentration of
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Fig. 5. Normalized PSR results for 4 representative species concentration
application.

C species becomes zero instantly in the second zone
(340 °C < T < 560 °C). When this figure is compared with
HSC result in Fig. 3, the PSR results tend to be flat in each
region showing severe disconnections at each boundary
temperature. This tendency became clearer at higher tem-
perature regions. This might explain that PSR application
is more sensitive to input component than temperature.
At the second temperature region of 340-560 °C, the figure
shows new species C-H,, C,Hg, CoHy, and C;Hg in the
range of 11-1.5% mole fractions. These newly generated
species shows more realistic pyrolysis.

Another scheme to apply PSR for pyrolysis is to use the
HSC species mole fractions obtained at each point of tem-
perature. The input values are shown in Table 4. All the
components were calculated from 100 °C to 1200 °C step-
ping up by 100 °C, i.e., normalized HSC results after sub-
tracting the 0.46 moles from the original carbon contents.
This table represents all the gaseous components and vola-

tile carbon that can be entered into the PSR program at
each temperature. The results of PSR calculations are
shown in Fig. 6. The different outputs shown in Figs. 5
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Fig. 6. Normalized PSR results for each point species concentration
application.
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results.

and 6 resulted from different input manners from HSC to
PSR. The regional input, from which Fig. 5 was generated,
was performed to examine whether representative gas
phase components could be applied to the region. In a
region, as inputs the gas phase components were fixed
and temperature were variable within the region. Another
scheme of choosing input values for PSR, from which
Fig. 6 was generated, was to use the gas phase components
(i.e., HSC species mole fractions) obtained at each point of
temperature. In this case, the input values are variable tem-
perature and gas phase components determined at that
temperature by HSC.

There are again newly developed components, i.e.,
C,H,, C,Hg4, C,Hy, and C3Hg in the range of 12-1.4%
and they were obtained in the price of reducing the amount
of all original components of HSC pyrolysis. The details of
newly evolved species are shown in Fig. 7 in bigger scales.
Most of the species were evolved in the temperature range
of 200-700 °C. C,H, started to evolve at earliest stage of
about 150 °C, maximum at about 400 °C, and diminished
at about 700 °C. C,Hg is slow to reach peak point than
C,H, and C,Hy. All four species diminished to evolve at
about 700 °C. C,H, evolved as the biggest component as
12% of mole fraction at about 400 °C and C,H, shows
4.5% mole fraction at the same temperature. Second big-
gest yielded component is C,Hg with 6.5% of mole fraction
at about 500 °C and C3;Hg has maximum yield value of
1.4% mole fraction at the same temperature. There are
two peak points for C;Hg while only one peak point for
other newly evolved species.

When this individual input method (Fig. 6) is applied,
the discontinuities between each region (divided by dotted
lines in the figure) no more exist. The regional input
method (Fig. 5) shows no change in species output espe-
cially in higher temperature regions (560 °C < 7'< 900 °C,
7> 900 °C).

If comparing the PSR results (Fig. 6) with HSC results
(Fig. 3), Fig. 6 shows the mole fraction of H,O starts to
increase at about 200 °C becomes maximum at about
300 °C, and then decreases, while the HSC result (Fig. 3)
has constantly decreasing tendency. The biggest contribu-
tors to newly evolved species evolution (C,H,, C,Hy,
C,Hg and C;3Hg) are C and CHy in the region of 200 °C
to 700 °C. During this evolution period the mole fraction
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Fig. 8. Gas products releasing profiles from fiber pyrolysis.

of C diminished quickly and at about 400 °C the mole frac-
tion became zero, and CH, started to diminish at about
200 °C but slowly until 500 °C, and then increased slightly
up to about 700 °C. In Fig. 3 of HSC results both C and
CH, diminishes slowly. At above about 800 °C the output
species H, and CO remains the same in both PRS results
and HSC results.

To compare the prediction with experimental results, we
need to know the molar fraction of each gas in total.
Unfortunately H, cannot be detected by FTIR, although
it should be presenting in the gas products (see Table 2)
[2]. In our following work, MicroGC was used to measure
all the gas species and obtain the molar fraction of each in
total. From FTIR analyses of this study, only the concen-
tration of CO,, CO and CH4 were calibrated but excluding
organics as it covers several species. As a result, the relative
molar percentage based on IR areas detected was adopted
to estimate the percentage molar fraction of gas products
and the results from fiber pyrolysis are shown in Fig. 8.
The real pyrolysis of fiber in TGA system (Fig. 8) hap-
pened at lower temperatures (250-450 °C) compared to
the simulation (Fig. 6). The changing patterns of CO, from
experiment and simulation are quite similar but those for
CO and CHy are different, due to most likely certain limi-
tations of TGA as a reactor system.

4. Conclusions

Our previous work involved experimental study using
TGA-FTIR and thermodynamic modeling (HSC) of gas
product yielding, and both indicate the similar results: total
gas yield is increased with temperature at the expense of
char residue. However, due to the deficiency of kinetic
characteristics of HSC calculations, the yielded products
overlooked many hydrocarbon gases that appear in mod-
ern fast biomass pyrolysis process. Implementing a com-
bustion code PSR coupled with HSC results made the
final gas products more realistic.

The PSR modeling made it possible to have additional
gas products such as C,H,, C;H4, C;Hg and C3;Hg, and
they were obtained in the price of reducing the amount
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of all original products of HSC pyrolysis, especially volatile
portion of C and CH4. Most of the new species were
evolved in the temperature range of 200-700 °C. C,H, is
yielded as the biggest component as 12% of total mole frac-
tion at 400 °C and C,H4 shows 4.5% mole fraction at the
same temperature. Second biggest yielded component is
C,Hg (6.5%) at about 500 °C and CsHg (1.4%) has maxi-
mum yield value at the same temperature.

In conclusion, PSR demonstrated as powerful tool for
simulation of biomass pyrolysis when coupled with HSC
calculation. However, this work is just a first step; further
studies are needed in applying PSR in other reactor appli-
cations of biomass pyrolysis/gasification for a better/closer
prediction to the reality.
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