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AIEWRACT-The pyrolysis of general biomass materials is modeled via a superposition of cellulose, hemicellulose and
lignin kinetics. All three of the primary biomass components arc modeled with multi-step Kinetics involving both compete-
tive primary pyrolysis and secondary tar decomposition reactions. Only “typical” (untreated) fecdstocks arc considered at
at mospheric pyrolysis pressures. The Kinetics scheme is then coupled to the porous particle model of Miller and Bellan
(1 996) along with appropriate properties and heats of reaction to provide acomplcte model for the pyrolysis of arbitrary
biomass feedstocks and sample sizes. Comparisons with past isothermal and thermogravimetry experiments for a variety
of biomass materials under both kinetically controlled and diffusion limited conditions show favorable agreement with the
model predictions. In addition, discussions arc provided which support the usc of competetive char production kinctics over
single and successive reaction schemes which cannot currently be reconciled with observed pyrolysis behavior.
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NOMf :NCLATURE

A Frequency constant.

C Specific heat.

ol Characteristic pore length scale.
D Molecular spccics diffusivity.
c Specific internal energy.

K Activation energy.

K Reaction rate.

m Sample mass.

M Molecular weight.

N Total number of specics.

P Pressure.

r Radia coordinate.

R Radial position.



R Universal gas constant.

é Reaction source/sink term.
L Time.

T Tempcrature.

U Gas phase velocity.

X Char formation mass ratio for reaction K,,
Y Gas phase mass fraction.
Greek Symbols

Ah Heat of reaction.

& Porosity.

1 Divergence of the velocity.
A Thermal conductivity.

I Molecular viscosity.

P Apparent density.

p True density.

o Stefan-Boltzmann constant.
w Emissivity.

Subscripts and Superscripts

0 Initial value.

cff Effective.

f Final.

9 Gas phase.

i Species .

J Reaction 7.

R Reactor.

S Solid phase.

1 Total (all specics and phases).
T Thermal.

v constant Volume.

Jel Component g; cellulose, hemiccllulose or lignin.
/ Excluding char




1 INTRODUCTION

Biomass pyrolysis involves the heating of raw biomass or organic waste materias in the abscnce of an oxidizer in
order to extract reaction products for later applications. The majority of early research in these fields focused on
low tempcrature/low heating rate pyrolysis aimed at maximizing char yiclds for the production of charcoa fuel
(Antal, 1982). However, interest in adhesive, resin and clean burning hydrogen fuel production has motivated
research in the area of high tempcraturc/high heating rate pyrolysis. These conditions arc aimed at maximizing
tar and gas yields while simultaneously minimizing char formation (c.g. Antal, 1982; DiBlasi, 1993b). Optimal
pyrolysis conditions for various applications remain largcly uncertain and accurate mathematical models arc
nccded to aid in the design of scalable and cfficient biomass conversion reactors (Dicbold and Power, 1988).
Unfortunately, extensive investigations have not yielded a satisfactory pyrolysis model capable of predicting even
bulk product yields obtained over wide ranges of pyrolysis conditions and for varying biomass fccdstocks (Miller
and Belian, 1996).

For the purposes of the current study, biomass pyrolysis models may bc divided into two primary catcgorics;
micro- and macro-particle models. “Micro-particle” pyrolysis involves the thermal decomposition of biomass
materials with sample sizes sufficiently small such that diffusion effects become negligible and the pyrolysis is
kinetically controlled. Thus, micro-particles arc desirable in experiments focusing on identification of kinetic
schemes. Critical particle size estimates for kinetic control arc generally ~ 100- »1000;4m and are observed to
decrease with increasing pyrolysis temperatures (e.g. Simmons and Gentry, 1986; Scott ct. a., 1988; Koufopanos
et.al., 1989; DiBlasi, 1996; Miller and Bellan, 1996). Particles larger than the critical limit arc characterized
by relatively large diffusion effects which can strongly affect the pyrolysis.evolution due to internal and external
temperature gradients, thermal inertia duc to heat capacity effects, and also tcmperature variations resulting from
endothermic (or exothermic) reactions (Pyle and Zaror, 1984; Kothari and Antal, 1985; Simmons and Gentry,
1986; Koufopanos er.al., 1991; DiBlasi, 1993a; Di Blasi,1993b; Miller and Bellan, 1996). The modeling of
these “macro-particle” effects is inherently difficult and requires not only a viable kinetics scheme, but also a
minimal knowledge of thermo-chemical propertiesin combination with arobust physical model of internal particle
phenomena, Unfortunately, the grinding of biomass matcrials to micro-particle sizes is economically unfeasible
and macro-particle models are necessary for the prediction of commercial 1y relevant pyrolysis proccsscs (Antal,
1982; Dicbold and Power, 1988).

1. | Micro-Farticles

A viable kinetics scheme for the pyrolysis of micro-particles of general biomass feedstocks must accurately predict:

1) temporal evolutions, 2) bulk product groups and quantitative yields, 3) yield variations with tempcrature and



heating conditions, and 4) product yield variations with biomass fecedstock. Knowledge of temporal evolutions is
nceessary for reactor design as pyrolysis conversion t imcs can vary from the order of weeks for charcoal production
to the order of a second or less for flash pyrolysis at high temperatures (Kothari and Antal, 1985; Dicbold and
Power, 1988; Antal and Mok, 1990; Miller and Bellan, 1996). I-he products of pyrolysis arc genera’ly lumped
into three catcgories; residual carbon rich non-volatiles (char), condensable high molecular weight vapors (tar)
and remaining low molecular weight gas phase spccics (gas). Residual char mass predictions may be sufficient
for charcoal production; however, knowledge of tar and gas yields is nccessary for many pyrolysis applications
(e.g. adhesives, resins, hydrogen, etc.) (Dicbold and Power, 1988). The majority of direct experimental evidence
reveals that final pyrolysis char yields from kinetically controlled biomass particles arc decreasing functions of
the pyrolysis temperature and vary for differing fecdstocks (Scott and Piskorz, 1982; lidener. al., 1988; Scott
ef. al., 1988; Koufopanos et. al., 1989; Antal and Mok, 1990; Koufopanoset. al., 1991; }Hallgren and Wanzl,
1992; Maschioet. a., 1992; Gieller. al., 1992). Similar observations have been made for the separated
primary biomass components; celluiose (Shafizadch ct. al., 1979; Scott ct. al., 1988; Koufopanos ct. al., 1991),
hemicellulose and lignin (Koufopanos et. a., 1989). Previous investigations additionally provide cvidence that
general biomass pyrolysis behaves as a superposition of the independent Kinetics of the primary components (Ward
and Braslaw, 198S; Evans and Milne¢, 1987; Maschio ct. al., 1992); however, Evans and Milnc (1987) note that
this is not necessaril y truc when significant mineral content is added to the sample. 1t is therefore reasonable
to assume that the varying compositions of hard woods, soft woods, grasses, etc. are related to observed yield
variations, particularly for untreated samples (scce.g. Koufopanos et. al., 1989; Hallgren and Wanzl, 1992; Mok
et.al., 1992).

Although there is strong evidence to support the above mentioned product yield dependencics, many researchers
attempt to model pyrolysis kinetics with single step, or successive reactions which may be adjusted to fit the results
of particular experiments; however, these models have the disadvantage of predicting constant char and product
yields for all temperatures (see Antal, 1982; DiBlasi, 1993b for reviews). For example, Ward and Braslaw
(1985) present a combination of single step CCIIU10SC, and successive reaction hemicellulose and lignin kinetics
for the superposition modeling of biomass pyrolysis, This method pred icts yield variations with fccdstock, but
dots not predict variations with temperature. A similar study by Varhegyi and Antal (1989) compares single step,
independent and successive reaction schemes for the pyrolysis modeling of both treated and untreated samples of
cellulose, hemicellulose and bagasse. Although suggested pathways arc provided for each feedstock, errors arc
in no case larger than 3.0%. This would appear to indicate that it is possible to fit a variety of kinetics schemes

to a particular experiment, provided that there arc a sufficient number of adjustable parameters. in addition, the

results of Varhegyiand Antal (1989) suggest that both different kinetic schemes and/or parameters arc nceessary




for each heating rate, thermal pre-treatment (moisture removal) and mineral content studied. This variation of
kinetics schemes and /or parameters with the conditions of the experiments invalidates the useful ness of the results
as it does not provide confidence to usc them for untested conditions. However, this is the rationale of kinetics
schemes/parameters: once determined from a finite number of experiments, they can be used for al conditions
without heating rate and other related dependencics.

Both of the aforementioned pyrolysis expceriments (Ward and Braslaw, 1985; Varhcgyi et. al., 1989) were
performed using thecrmogravimetry (TGA) with relatively slow heating rates (~ 10X/ min), hence the majority
of pyrolysis occurs at low temperatures duc to relatively long exposure times required to reach the higher temper-
aturcs. The exclusive usc of low heating rate TGA experiments can therefore cause difficulticsin distinguishing
between the high and low temperature contributions to the pyrolysis. Kinetics derived from studies such as those
listed above, generally predict large char yield. These predictions cannot be reconciled with the results of higher
temperature pyrolysis experiments. For example, isothermal pyrolysis experiments for maple wood indicatc that
pyrolysis yields arc reduced from > 25% to 4% as the reaction temperature is increased from 7254 to 1075K
(Scott ct. al., 1988). In contrast, the Ward and Braslaw modcl predicts a constant yield > 40'% for all tempcratures.
An additional problem is related to Antal’s reported variations in kinetic parameters with heating rate that arc
inconsistent with the employed Arrhcnius reaction rate which by definition is only temperaturc and sample mass
dependent. in fact, these variations in observed yields can be explained consistently with thermal history effects;
i.e. the integrated effects of all temperatures experienced by the pyrolyzing sample during its thermal evolution
(scc e.g. Miller and Bellan, 1996). Furthermore, while evidence supports the role of mineral and moisture content
in pyrolysis behavior (scc also Evans and Milne, 1987), large tables of kinetic paramcters for differing contents
and reaction conditions have neither scientific or commercial value becausc they are not consistent with Arrhenius
rates and they are not useful in making predictions for untested conditions.

There are currently two primary reaction pathway models employed for the description of observed char and
product yield variations; competitive and secondary. The first model utilizes “competitive” reactions of the virgin
matrix oflen with an initialization reaction step. These models arc generally variations of the “Broido-Shafizadeh”
model of ccllulosc. pyrolysis appearing in a modified form in Bradbury ef. al.(1979) (see Di Blasi, 1993b; Antal
and Varhegyi, 199S for complete reviews of related work), in these competitive reaction schemes, char variations
arc explained through two (or more) competing primary reactions; onc which dominates at low temperatures and
produces char, and a second producing condensable tar which dominates at higher tecmperaturcs. A similar scheme
with three compct iti vc reactions was recentl y compiled by DiBlasi (1992) and Di Blasi (1993a) by combining a
modified version of the primary wood reaction suggested by Thurner and Mann (1981) with compet ing secondary

tar reactions to both char and gas. However, this model dots not account for yicld dependencics on fecdstock.




Miller and Bellan (1996) recently evaluated both the modified and unmodified versions of this wood scheme
by comparing their predictions with expcrimental results and concluded that neither version was capable of
reproducing observed trends in char yields. Koufopanos et. al. (1991) recently proposed a similar scheme which
combines both primary and secondary chars with competitive reactions but is also unable to account for fccdstock
variations. The most robust of recent competitive reactions schemes that accounts for fecdstock variations is
that of Koufopanos et. al. (1989) (KML) based on superimposed cellulose, hemicellulose and lignin kinetics.
Although good agreement was observed with their own experiments, it willbe shown that the KML. scheme is
inconsistent with several ccllulosc pyrolysis experiments and is aso incompatible with high tempcraturc pyrolysis
behavior.

The second reaction pathway model is based on an assumed “secondary” char formation mechanism (Madonsky,
1964; 1ewellan et. a., 1976) and has received renewed interest by Antal and co-workers (e.g. Varhcgyiet. al.,
1989; Mok er. a., 1992; Varhcgyiet. al., 1994; Antal and Varhegyi, 1995). This type of model generally
suggests that the primary biomass decomposition is through a single step first order Arrhenius reaction with near
negligible char formation. The char is then formed through secondary reactions between vapor products catalyzed
by contact with the solid matrix. Purely secondary char production predicts negligible char yields unless either
the sample size is sufficiently large, or vapor products remain in contact with the sample in order to allow for
catalytic reactions. Inorganic minerals and moisture levels arc interpreted as additional catalysts influencing the
secondary reactions. While evidence is provided which may support such effects, the results of many of the above
mentioned experiments cannot be readily reconciled with such pyrolysis pathways; these experiments utilize small
particle sizes with co-flowing nitrogen streams which inhibit vapors from prolonged contact with the solid. For
cxample, the experiments of Scott ct. al. (1988) rcveal char yields as large as = 5% from ccllulosc and > 25%
from maple wood for particle sizes of = 120um.In addition, there arc no currently proposed secondary schemes
available which can account for the catalytic reactions in a manner consistent with observation, Such models will
have to consider surface reactions and detailed analyses of pore gcometrics and contact areas, similar to models
aready in usc for coal gasification (for a discussion scc Miller and Bellan,1996). Y lowever, current secondary
char formation modcls arc limited to tables of single and successive reaction parameters for varieties of pyrolysis

conditions and feed stocks which predict constant char yields with temperat urc (e.g. Varhegyiet. al., 1989).

1.2 Macro-|’articles

Macro-particle pyrolysis modeling requires knowledge of both chemical and particle properties. It was recognized
in relatively early studies that primary pyrolysis is typicaly endothermic (scc Antal, 1982; DiBlasi, 1993b for
reviews). Experimental mcasurcments indicate endothermic primary biomass decomposition to tars and gases,

while char formation and secondary tar reactions are exothermic (Pyle and Zaror, 1984; Curtis and Miller, 1988;




Koufopanos et. al., 1991). Temperaturc overshoots above the reactor conditions have been observed for macro-
particle pyrolysis at low temperaturcs (high char yields) by Koufopanos et. al., 1991; Maschioet. al., 1992; Mok
et. d., 1992. These overshoots arc consistent with the competitive (exothermic) char formation mechanism. The
literature also contains relatively widespread experimental measurements of various properties for both wood and
pyrolysis products including; thermal conductivity, heat capacity, apparent density, porosity, cm issivity, molecular
weight, viscosity, and mass diffusivity (e.g. Kansaet. al., 1977; SERI, 1979; Pyle and Zaror, 1984; Evans and
Milne, 1987; Curtis and Miller, 1988; Magnatcrra et. al., 1992).

Many models have been proposed for macro-particle pyrolysis which arc based on assumptions of either large
or small particle Biot numbers and/or simplified particle dynamics (sec DiBlasi, 1993b; Antal and Varhegyi,
1995 for recent reviews). However, there is a lack of robust particle models capable of predicting wide ranges
of pyrolysis conditions. The model of Chanet. al. (1985) is based on a combination of fundamental derivation
and empirical correlations. This model describes the interior particle pyrolysis evolution and the results compared
favorably with experiments of Oregon lodgepole pine wood devolatilization. Another more recent model is that
of DiBlasi (Di Blasi, 1992; Di Blasi, 1993a; Di Blasi, 1994; DiBlasi, 1996) which was used to simulate
the macro-particle pyrolysis of both ccllulose and wood using kinetic models described above. The particle
model incorporates linear property variations with composition (from the virgin to the char values), employs the
empirical Darcy 's Law for momentum transport and is valid only within the particle (boundary conditions arc
modeled through diffusion/radiative heat transfcr with the reactor conditions). The particle model of Miller and
Bellan (1996) eliminated several constraints inherent in the DiBlasi model. in particular, full property variations
arc studied, the gas phase velocity is modeled using a transient momentum equation, and exterior thermal and
mass boundary layers arc included. A comparison with the DiBlasi model indicated that neglect of the thermal
boundary layer exterior to the particle may lcad to large over predictions of the particle surface temperature
(~ 100K for reactor tempcraturcs > 10001{). An evaluation of both the ccllulose and wood kinetics used by
DiBlasirevealed that while the cellulose model is in agreement with expected behavior and past experiments,
the wood model over predicts char formation. Miller and Bellan (1996) also showed that pyrolysis occurs in
three distinct regimes characterized by: 1) an initia heating period, 2) primary pyrolysis at a ncarly constant
“cffective pyrolysis temperature” duc to endothermicity, and 3) final heating and pyrolysis conclusion after the
particlc mass has become too small for endothermicity to balance thermal diffusion, These regimes arc most
easily distinguished when the reactor tempcraturc is larger than the effective pyrolysis temperature (~ 650K) and
their prediction is indicative of the robustness of the model, These regimes arc in agreement with the calculations
of Narayan and Antal (1996) who interpreted the experimental results of l.ede et. a/.(1 985) through a phase

change analogy model, but they did not identify the three regimes. However, no macro-particle model has yet




been combined with kinetics, heats of reaction and propertics yielding a model capable of predicting observed
experimental pyrolysis behavior for general biomass feedstocks; particularly at high temperaturcs.

The objective of this paper is to present a complete model for the numerical simulation of macro-particle
pyrolysis of general biomass feedstocks. The goal of the model is to predict the pyrolysis yields associated
with “typical” biomass samples. Potential aterations necessary to account for mineral and moisture content
and/or pressure arc postponed for future work. A ncw micro-particle scheme based on superimposed ccllulosc,
hemicellulose and lignin Kinetics is first gencrated via an evaluation of three past experiments for lignin, maple and
beech wood pyrolysis. The ncw kinetics arc then incorporated into the previous porous particle model of Miller
and Bellan (1996) together with appropriatcl y compiled heats of reaction and properties. Detailed comparisons
arc made with a variety of past experiments of both micro- and macro-particle pyrolysis for many different
fcedstocks. Additional discussions arc provided which address the issues of both competitive and single step
or successive char production models. The paper is organized as follows. Section 2 discusses motivations for
the current work. Section 3 presents the micro-particle kinetics along with discussions and comparisons with
past experiments of sub-millimeter biomass particle pyrolysis. Section 4 introduces the macro-particle model and

associated experimental comparisons. Section 5 is devoted to conclusions and further discussions.

2 MOTIVATION

The motivation for the development of a ncw kinetics scheme for general biomass pyrolysis is summarized by the
results presented in Fig. 1. Thisfigure compares the final char yield (final residual mass) from several experiments
of isothermal wood pyrolysis with the values predicted by three previous kinetic models. The experimental results
arc for maple, oak, olive husk and poplar wood. The conditions under which these expcriments, and al others
considered in thiswork, arc performed is provided in Tablc 1 and corresponding biomass compositions (ccllulosc,
hemicellulose and lignin) arc listed in Table 2. All of the cxperiments use co-flowing nitrogen streams to remove
gaseous pyrolysis products (except Giicllef.al. who usc hydrogen). In particular, note that the experiments of
Scott et. al. (1 988) for maple pyrolysis (scc Fig. 1), performed in a “cryovortactor,” utilize very small particle
sizes (=120pm). In addition, care was taken in Scott et. al’s. experiments to in.sure that the total heatup time
to the reactor conditions was less than approximately 10% of the total reaction time, This latter constraint aids
in insuring that the majority of pyrolysis occurs at the reactor conditions, therefore minimizing the effects of the
low temperaturc (high char) regime. It is therefore expected that the results of Scott er. a/ 5. experiment provide
an accurate assessment of high tcmpcraturc pyrolysis behavior. The oak measurcments arc for similar particle

sizes but for low temperatures which further dampen diffusion effects; however, the narrow range of temperaturcs

employed limits any extrapolation of the observed behavior. No precisc particle size is reported for either the




olive husk or poplar experiments, and it willbc shown below that a macro-particle model is nccessary for the
correct description of these results. Nevertheless, the experimental results compiled in Fig. 1 clearly indicate the
variation in pyrolysis product yiclds with both temperature and fcedstock.

Three previous kinetic model predictions arc also included in Fig. 1 and arc indicated by the solid curves. The
results predicted from the model developed herein arc indicated by the dotted curve and will be discussed below.
The compiled wood kinetics of Di Blasi with Thurner and Mann’s original parameters arc represented by Curve
#1. This modcl does not predict any effects of feedstock on yields, and additional problems have been discussed
in detail in Miller and Bellan (1996); in particular, the modified DiBlasi kinetics predict char yiclds larger than
50% for all temperatures in this range. The kinetics of Ward and Braslaw (1985) arc also included (Curve #2),
as calibrated for the maple composition. This curve clearly reveals the problems associated with kinetics which
do not predict yield variation with reactor temperature. The observed behavior is similar to the current capability
of the secondary char production models. in these latter models, char yields can be functions of the feedstock,
heating rate, mineral content and/or moisture content, but not temperaturc (c.g. Varhcgyi et, al., 1989). Curve ##3
isthe KML model (also calibrated for maple) and is the most comprehensive of the three kinetics in that it is able
to predict yield variations with both temperature and fecdstock. The model was derived through an evaluation of
both TGA and isothermal pyrolysis experiments for cellulose, hemicellulose and lignin, performed predominantly
at relatively low reactor temperatures. This may explain the behavior obscrved in Fig. 1 in that relatively good
agreement with the maple results is found only for tern peratures below approximately 700}{. For temperatures
over 1000, relative errors exceed 600%. The cause of this effect is illustrated in Fig.2 which presents the char
yields predicted by the KML model for the pure biomass components. Both the lignin and the hemicellulose
models arc observed to predict char yields larger than 20% for all temperaturcs. Given the relatively large mass
fractions of these materials found in typical biomass (Table 2), the high tempecrature behavior of the KML. model

clearly requires modifications.

3 MICRO-PARTICLE MODEL

Several considerations must be addressed before proceeding with the development of a new kinetic model for
biomass. Clearly, a model based on superimposed cellulose, hemicellulose and lignin is attractive due to its
ability to predict variations in fecdstock. Yield variations with temperature must also be incorporated into a robust
kinetics. This rules out non-competitive schemes of the type available to datc. The evidence discussed thus far is
not conclusive as to the “true” mechanism for char production from pyrolysis (primary competitive vs.sccondary
catalytic); aso, there is no irrefutable evidence available in the literature which shows that primary competitive

mechanisms cannot account for observed behavior and associated mincral/moisture effects. in addition, the




interest in keeping the modcl relatively simple precludes a complicated analysis of surface reactions (particularly
in the absence of precise porosimetry data, i.e. pore sizes and distributions) needed to finalize the secondary
char production reaction mechanisms. These requirements therefore suggest the development of a compositional
kinetics scheme based on primary competitive reactions, similar in form to the KMI. model, but additionally able
to predict high tempcrature pyrolysis behavior.

A simple adjustment of the kinetic parameters of the KMI. scheme is not an option for the following reasons:
The first problem with the KML scheme is illustrated in Fig.3 which depicts the final char yield from ccllulose
as a function of tempcraturc from the isotherma experiments of Shafizadchet. al (1 979) and Scott er. al.
(1 988) compared with the predicted yields from the kinetic model of KMI. and also from the cellulose model
cmployed by DiBlasi (1994); DiBlasi (1996); Miller and Bellan (1996). The KM1. model is not able to predict
the experimental ccllulose pyrolysis behavior. This lack of agreement may be due in part to the use of cotlon as
accllulosc substitute in the KML experiments, Nevertheless, the disagreement is aliability for the current form
of the KML scheme. Alternatcly, the single step cellulose model of Ward and Braslaw (1985) predicts a constant
zero char yicld from CCI1U10SC, while the scheme of Varhegyi et. a/. (1989) predicts a constant 7% yield from their
standard ccllulose experiment; thus, neither of these schemes is appropriate. The second problem with the KML
scheme is the form of the hemicellulose kinetics which predicts a nearly constant char yield with temperature
(scc Fig.2); this is difficult to correct without relatively major changes to the current parameters. Third, the
KM L scheme employs a combination of a zeroth order initializat ion reaction followed by competitive reactions
of order 1.5. Zeroth order reactions arc not physically or mathematically self-consistent; they predict continuous
and constant reaction rates unaltered by the changing particle composition and proceed through negative sample

mass unless artificially halted by the numerical code.

3.1 Model Development

The above considerations lead to the following approach for developing the ncw biomass kinetics scheme: The
cellulose kinetics outlined in DiBlasi (1994) is adopted duc to a consideration of the results of Fig.3 and the
previous validations of the scheme by DiBlasi (1994); DiBlasi (1996); Miller and Bellan (1996). Furthcrmore,
the “skeleton” of the cellulose scheme is also used for the remaining biomass components; hemicellulose and
lignin (Fig.4). The global usc of this model simplifics both the analysis and the numerical implementation, The
initial izat ion reaction (J; ) dots not produce any mass change and may be interpreted as a depolymerization
step. During depolymerization, pereentage change in the mass of the sample is small, however its composition

may change substantially. This change in composition may also result in changes in physical properties, such as

porosity. However, sample evolution during depolymerization has never been documented and compositional and




property changes arc currently unknown. For simplicity, wc limit all reactions to be Arrhenius;

K= Aen |57, &
irrcversible and first order. The parameters for the secondary gas production (¥4 ) have already been documented in
the above citations and arc considered to be indcpendent of the initial virgin matrix. Therefore, the only parameters
requiring further specification are the rate constants (Af ), activation cncrgics(]'}f-i ) and char production ratios
(X#) for the hemicellulose and lignin reactions.

In order to specify these parameters wc begin with the rate constants and activation encrgics from Ward and
Braslaw (1985) for the initialization steps of both species. The initial “guess’ parameters for the competitive
hemiccllulose reactions are taken to be identical to the ccllulosc parameters due to their attractive behavior with
temperature (see Figs. 2 and 3). Finally, the lignin parameters arc taken from the KM 1, model, although instead
of the original order 1.5 reactions, wc assume first order reactions. The initial guess parameters for hemicellulose
and lignin arc iteratively adjusted using comparisons with the results of only three of the experiments (indicated
by the superscript * in Table 1). in azeroth order approximation we minimize the error with the maple pyrolysis
experiments (Fig. 1) through small parameter adjustments in order to accurately capture the high temperature
product yield variations. This step is not sufficient to quantify either the individual hcmicellulose or lignin
contributions, nor the rate constants governing the temporal pyrolysis evolution. To this end, a combination of
the isothermal lignin pyrolysis expcriments and the TGA decomposition of beech wood from Koufopanos et.
al. (1989) arc considered. The kinetic parameters arc modified to give best visua fit agreement with these
experiments. The procedure is then repeated until a satisfactory total agreement is achieved. Extractives and/or
ash content are included in the hemicellulose mass (Table 2) as this was found to provide the best overall results;
this apportioning of extractives and ash was also used by Ward and Braslaw (1985) but differs from the even
mass distribution between cellulose, hemiccllulose and lignin chosen by Koufopanos er. al. (1989).

The final model parameters arc provided in Table 3 and the corresponding comparisons arc given in Fig. 1
for maple yiclds, Fig.5 for the temporal dependence of the residual mass from isothermal lignin pyrolysis and in
Fig.6 for the TGA experiments of beech wood. Temporal results for both the isothermal and TGA experiments
arc obtained from afinite difference numerical solution of the governing kinetics equations, whereas the final char
yieldsin Fig. ] arc obtained analytically through the ratio of reaction rates X K3/(K2-} K3). Results displayed in
Fig.5 show that the modeled prediction for the 873K lignin pyrolysis falls slightly below the corresponding data.
This is acceptable duc to uncertainties in the particle size (1ablc1) and the associated possibility of diffusion effects
when particles arc large and/or reactor temperatures arc high (Simmons and Gentry, 1986). Comparisons with
the beech wood TGA experiments (Fig.6) indicate a relativel y good agreement with the temporal initialization

and conclusion of the pyrolysis process. The qualitative effect of the heating rate is well captured; however,
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the predicted magnitudes arc slightly larger than observation at the 80K/ min heating rate. This suggests that
there may be some deficiencies associated with low temperature pyrolysis prediction (discussed in detail below).
Since the original reference does not provide the actual experimental data and the points in Fig.6 were extracted
from curve fits, no assessment of the experimental scatter is possible. Wc¢ stress here that the finalized kinctic
parameters in Table 3 were obtained using only the results of these three experiments. All further comparisons

with experiments arc performed completely a posteriori, without any rcadjustment of the parameters.
3.2 Kinetics Assessment

Several expected trends are incorporated in the model. One previous observation by Simmons and Gentry ( 986)
is that during biomass pyrolysis at relatively low tempcratures, hemicellulose decomposes at nearly ten imcs
the rate of ccllulosc. Furthermore, Antal and Varhegyi (1995) observe that hemicellulose decomposes at lower
temperatures than CCIIU10SC, whereas lignin decomposes relatively slowly over a large range of temperatures.
These observations arc corroborated by Maschio ef.al. (1992) who report maximal pyrolysis rates (obtained
from low heating rate TGA experiments) at approximately 640/ for CCIIULOSC, 565K for hemicellulose and 6207
for lignin. Results arc obtained from the modeled kinetics (Table 3) by numerically simulating the conditions
employed in Maschioet. al.5s TGA experiments (101{/ min heating rate). Figure 7 depicts these comparisons
by showing the normalized particle mass rate of change as a function of tempcrature and can be compared to
Fig.3 of Maschio et. al. (1992). Important trends include: 1) a good qualitative agrcement with the expected
behavior for the pyrolysis ranges, and 2) good agreement with both the magnitude and the thermal location of
the peak values for each curve. The primary deficiency observed in the results is that the biomass components
begin their decompositions significantly later than the initialization temperatures observed in the experiment which
were == 475K for cellulose, =~ 400K for hemicellulosc and ~ 450K for lignin. This disagrcement is primarily
responsible for the trends previously identified when discussing the TGA beech wood experiments of Fig.6.
1 lowever, this has only a relatively small impact on the total mass conversion, even for slow heating rates in
which significant time is spent in this regime. It will be shown that these effects arc minimized for higher heating
rates and/or reactor temperatures which arc pertinent to commercial applications. in fact, the final char yields
observed thus far for both the TGA of beech wood and the low temperature isothermal lignin decomposition arc
al in good agrcement with the experimental mecasurements.

Before proceeding with comparisons of the model predictions with experimental results for various biomass
fcedstocks, it is informative to discuss the temperature variations of the predicted char yields for the three
biomass components; this is illustrated in Fig.8. The model predicts that the char yield decreascs monotonically
with temperature for all components. In addition, lignin produces the largest char yields, ccllulosc produces

the minimum, and hemicellulose yields arc always bounded by the former two. These qual itat ive trendsarcin
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agrcement with past observations by Ward and Braslaw (1985); Koufopanos et.al. (1989); Varhcgyiet. al.
(1 989); Maschioer. al. (1992) and lend credence to the model. Furthermore, the results of Fig.8 for the new
kinetics can be compared directly to the predictions of the KM]. model presented previously in Fig.2. Therc isa
relatively good agreement between the predictions derived from the two models at relatively moderate temperatures
near 700K . Below this range pyrolysis occurs extremely slowly and the yields produced at these tcmperaturcs
arc only significant in processes directed at char maximization (Antal and Mok, 1990). The largest differences in
yield predictions occur in the high temperature regime. ‘I’ he new kinetic model is therefore expected to rnakc its
most significant contributions for high tempecrature/high heating rate pyrolysis aimed at gas and tar production.

A comparison of the model predictions with the oak pyrolysis experiments of Thurner and Mann (1981) is
made in Fig.9. Although the reactor is held at a constant temperature (1’ = 642K’), a thcrmo-couple embedded
in the ceramic sample container revealed a strong temporal dependence of tempcraturc during the initial stages
of pyrolysis. A hyperbolic tangent function is used to model the reported thermal delay for the model simulation
(compare to Fig.5 of the referenced work); however, the results arc not very sensitive to the e¢xact form of the
delay. Furthermore, a co-flowing nitrogen stream used in the experiments carries away gaseous pyrolysis products
to be rapidly cooled, thus inhibiting secondary vapor reactions, in order to simulate this effect, the secondary
reaction K, is turned off for the modeled solution. Figure 9 reveals that the model is able to predict the oak
pyrolysis products relatively well for both their temporal dependence and final magnitude. The experiments show
asmall drop in tar yicld for the last mcasurement which may be due to secondary reactions, Neglecting this data
point indicates that the final predictions for char, tar and gas arc all characterized by < 4% error. Thesc results
suggest that the model is viable as a predictive tool for both tar and gas yields, in addition to residual mass (char).
Howecver, tar and gas yield predictions arc difficult to compare directly to al but a few existing experiments and
further issues associated with such predictions will be delayed for future work.

Ward and Braslaw (1985) studied the pyrolysis of a variety of biomass fcedstock under vacuum conditions.
The current modcl is based on results from atmospheric pressure experiments, and hence cannot be expected to
agree preciscly with the vacuum results. This effect isillustrated in Fig. 10 which depicts the temporal evolution of
the residual mass from the pyrolysis of wild cherry wood for both vacuum and atmospheric conditions (Ward and
Braslaw, 1985). No scatter was provided in the original citation, and the data in the figure corresponds to points
extracted from curve fits. The figure clearly shows a strong influence of pressure on the samplc mass, particularly
during the early evolution. Although the final residual masses arc nearly identical for the two pressures, this type
of behavior is not generally observed (see ¢.g. Giicll ct. a., 1992 for discussions of pressure effects). Agreement
between the atmospheric pressure experiments and the present model is excellent. However, the range of pressures

for which the present model is capable of making quantitative yield predictions requires further investigation.




A further assessment of the model’s capabilities is made through comparison with the low heating rate TGA
experiments for bagasse pyrolysis by Varhegyier. al. (1989) (Fig. 11 ). The heating rate is 10K/ rein, and only
the normalized mass rate of change is reported (no yield magnitudes). In addition, only the sample mass (but
no apparent density) is reported for this experiment and is listed as 1 -- 2myg. Estimating an apparent density of
650kg/m® (Koufopanos et. al., 1991), this mass corresponds to a spherical particle with diameter > 1.5nm and
therefore some diffusion effects may be present. Nevertheless, a relatively good qualitative agreement is observed
with the kinetic model predictions. Again, there is a delay in the predicted initialization; however, only relatively
small mass changes arc observed in this region. Although the model dots not predict the small initial peak in
the data (at =~ 512K), the dominant “double hump” feature observed by the expcriments is captured, albeit with
peaks occurring at slightly lower tempcrature. A correction for any possible diffusion effects would move the
predicted peaks to larger temperatures and reduce the observed deviations. Varhegyiet. al. (1 989) were able to
fit the untreated bagassc results with a 1.1 % relative error using an assumed independent paralléel reaction scheme
employing three successive reactions (necded to reproduce the three observed peaks). However, their scheme is
based on reaction rates for the conversion variable, (1 -- m)/(1- Mehar,£), which is normalized by the final char
yield. Thus, the nccessary a priori knowledge of the final residual mass removes any predictive capability of the
scheme.

A final assessment of the kinetics scheme is performed by evaluating the experimental results of Giicll et. al.
(1992). in this experiment, very small samples of pine wood arc heated rapidly (10001{/s) from room temperaturc
to final reactor temperatures in the range 573K <1’ <973K.The temperature is then held constant for 10s
afler which the tar and gas collection is ccased and the sample is rapidly quenched. Final residual masses of
the samples arc reported in Fig. 12 as a function of the holding temperaturc. The continuous curve in the figurc
represents the results of 25 simulations with the present kinetic code for evenly spaced final tempcratuics and
duplicated heating conditions. Although the cited work primarily addresses the issue of reactor pressure and
its influence, the results contained in the figure arc for atmospheric conditions. The nature of this experiment
provides a very stringent test of the model’s predictive abilities. An excellent qualitative agrcement is observed,
but with a near constant over-prediction in magnitude. However, the cxpcrimental residual particle mass was not
measured directly, but was back-calculated from dried tar and vapor masses collected during the pyrolysis. Giicll
et. al. specifically note that some loss of lighter gas phase spccics mass was observed. In this case, the residual
masses reported in Fig. 12 are under-predictions of the true val ues and the quantitative model predictions arc better
than suggested by the data,

To this point the agrecment between the model predictions and experiments is quite good; however, there

arc deviations under certain conditions, In particular, the pyrolysis initialization tempcrature is slightly over
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predicted by the model, Fortunately, only relative small percentages of the total conversion generally occur in

this region and the effect on the model’s predictive ability is small; particularly for high ten~pcraturc/heating rate
pyrolysis. Effects of pressure arc not well understood currently (Giicll er. a/., 1992) and the model has therefore
been calibrated only for atmospheric pressures. Additional influences on pyrolysis include the possible effects of
mineral matter and moisture content. Evans and Milnc (1987), and Varhegyi and Antal (1 989) showed that such
catalysts can have a significant effect on both the pyrolysis evolution and on final char and product yields. 1n
its present form, the current model only treats “typical” (i.e. untreated) biomass samples. Further adjustments
necessary to include these effects arc postponed until a sufficient understanding of pressure effects and catalytic
mineral and/or moisture content arc available. Howcver, even under its current restrictions, the model provides a
robust and viable predictive kinetics scheme for avariety of experimental conditions and applications involving

micro-particle biomass pyrolysis.

4 MACRO-PARTICLE MODEL

The ncw kinetics model asscssment of Section 3.2 shows that it compares favorably with both TGA and isothermal
pyrolysis experiments for cellulose, lignin, maple, beech wood, oak, wild cherry, bagassc and pine. Howcver, the
model is uscful for macro-particle pyrolysis predictions only when the kinetics arc coupled with a viable particle

model with appropriate properties.
4.1 Particle Model

The porous particle model of Miller and Bellan (1996) is used here to model tnacro-particle pyrolysis for reasons
discussed in the introduction and also in the cited work. In summary, the model incorporates all property variations,
is valid both inside and out.side the particle, and employs a fully transient momentum equation in contrast to the
traditional use of the empirical Darcy’s Law. The derivation ofthc model has been addressed previously in Miller
and Bellan (1 996) and only the final general form of the equations (in spherically symmetric coordinates) is

presented here:
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The forms for the reaction source terms (é) arc derived directly from the kinetics scheme (Fig.4) and the corre-
sponding parameters given in Table 3. In addition to the continuity, momentum, energy and state equations, the
full set of governing equations also involves seven solid reactions (virgin plus active for cellulose, hemiceltulosc
and lignin, plus onc char) of the form of Eq.(2) and three gas phase mass fraction equations (gas, tar and an inert
carrier gas). Note that there arc two primary numerical complexities added to the problem by the consideration of
the individual biomass components. The first is the addition of several solid reaction equations, and the second is
the relatively simple evaluation of additional source terms. Howcver, the solution of the solid reaction equations
is straightforward and the computational time is not increased dramatically over the previously published single
biomass kinetics (Miller and Bellan, 1996).

4.2 Properties

The macro-particle model is completely determined with the choice of appropriate properties and heats of reaction.
Unfortunately, complete information is not always available in the literature. In particular, as mentioned above,
there is no data available concerning the properties and/or composition of “active” solid species. Also, while
there have been mcasurcments of properties and apparent densities for cellulose and generic wood (c.g. SERI,
1979; Pyle and Zaror, 1984; Curtis and Miller, 1988; Koufopanos et. cd, 1991; Magnatcrraet. al., 1992),
no similar measurcments exist (to our knowledge) for hemicellulose and lignin. in order to make the analysis
consistent with available experiment mcasurcments, several assumptions arc made concerning the solid phase
speceics. Firgt, it is assumed that the properties and densities of the virgin ccllulosc, hemicellulose and lignin are
the same. Second, the “active’ substances arc the same as the virgin matrix. Third, the chars produced from the
ccllulose, hemicellulose and lignin arc identical. Fourth, it is assumed that onc set of properties can be used to
simulate al fecdstocks. This assumption is nccessary duc to the limited number of measurements available and
also contributes to the model’s robustness. There arc obvious limitations to such an assumption; however, only
a posteriori analysis of results can determing its extent of validity. Finally, we neglect tempcrature dependencics

of al properties. Properties and information sources for the solid phase specics arc provided in Table 4, The true
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density is calculated based on measurements of both the apparent density and the porosity for both wood and
char. Properties for the gas phase spccics arc listed in Table 5; including nitrogen properties which arc nccded
for the inert co-flow. Again, the gas and tar produced from each of the virgin spccics are assumed identical. The
reasons for choosing these sets of solid and vapor propertics arc discussed below.

Hcats of reaction arc also nccded for every step in the kinetics. There arc a variety of mcasurements and
compilations available in the literature from which to choose (Pyle and Zaror, 1984; Curtis and Miller, 1988;
Koufopanos et. a., 199 1; Di Blasi, 1993a; Di Blasi, 1994). Although some of these mecasurcments have been
made for isolated ccllulosc, similar datais not available for hemicellulose and lignin. It is thercforc assumed that
each of the four reactions (K;,i= 1,2, 3,4) is characterized by a single heat of reaction which is indcpendent of
the virgin material. Final parameter choices arc listed in Table 6 which includes data necessary for the radiation
component of the effective thermal conductivity. The initialization reaction K has negligible heat release. The
char format ion reaction is assumed exothermic in agreement with obscrvat ions: this contrasts with the previous
ccllulosc and wood models compiled by DiBlasi (1992); Di Blasi (1993a); Di Blasi (1993b); Di Blasi (1996).

The sccondary tar reaction is also exothermic. These parameters completel y specify the macro-particle model.
4.-? Model Assessment

In order to assess the viability of the modcl, an appropriate choice of initial and boundary conditions must be made.
The configuration considered is that of a single isolated biomass particle in an initially quicscent environment
of super-heated nitrogen. The outer boundary of the computational domain is chosen to beat 12 =670
for all simulations (see Miller and Bellan, 1996). The choice of nitrogen is dictated by the particular macro-
particlc experiments used for the model assessment which all employ a co-flowing nitrogen stream (Table 1).
The predominant effect of the co-flow on the thermal evolution of a particle is to reduce the thickness of the
thermal boundary layer adj acent to the particle, thus moving the “free stream” nearer to the surface. For the
pyrolysis considered here, this results in an incrcasc of the effective heating rate. “his can be simulated by the
current spherically symmetric particle simulations by adjusting the “thermal radius’ I¢z- as described by Miller
and Bellan (1996) (27 is defined such that the temperature is held constant at 7' == 7'k for all positions” 2 I2r).
Tivo configurations arc chosen: For particles with initial diameters <1 ¢, the thermal radius is 725 = 2120 and
48 numerical grid points arc found to provide sufficicnt spatial resolution. For larger particles (27¢,0 2 1cm),
96 grid points arc required and the thermal radius is chosen to be 724 = 0.1 #25,0- The values for the thermal
radii were chosen rather arbitrarily in order to be consistent with approximate boundary layer thicknesses for
flow over spheres (not in order to fit cxpcrimental data). The results of Miller and Bellan (1996) show that char
yields arc not very sensitive to the choice of thermal radius; it is only the conversion time which decreases with

decreasing 71/ 1%0 for 122/ 10 < 3. The entire domain r < Ity is resolved in the simulations in order to
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keep track of sccondary tar reactions and their effects on the pyrolysis evolution. Boundary conditions and the
numerical method arc described in detail in Miller and Bellan (1996) and initial conditions arc prescribed based
on the particular experiment under consideration. All simulations arc terminated when the particle mass achieves
99.9% conversion.

The current work employs spherically symmetric particle simulations with only modeled co-flow effects,
whereas the experiments used to assess the model arc performed in complex reactors and generally employ non-
spherical particles (cylindrical, sawdust, wood chip, ctc .). Therefore, comparisons with experiments cannot be
expected to yicld exact quantitative agreements. An additional model specific to each reactor would be needed
to insure precise comparisons. Within a reactor model, the present particle model would only bc used as a
sub-model, coupled through appropriate boundary conditions. ‘I’ hist ypc of approach will be the subject of future
investigations.

The first assessment of the macro-particlc model is made through a comparison with the isothermal pyrolysis
experiments of Maschio et. al. (1992) where a particle initially at room temperature is exposed to a gaseous
nitrogen environment at a uniform tempcrat urc 7’ =- 773K . The simulated particle diameter is chosen to match
that in the experiments, albeit for cylindrical particles, Geometry and thermal diffusion effects suggest that the
spherical symmetry assumption will lead to over-predictions of the cylindrical particle char, particularly for large
particle sizes (the area available for heat transfer decrecases ~ r”in spherical coordinates as opposed to ~r
for largc aspect ratio cylinders). Figure 13 shows that this is indeed the case. Nevertheless, both the observed
trends and the final char yields arc well captured by the model. Note that at this temperature, even the smallest
particle considered (#,0=250m) shows deviations from the kinetic limit which arc due to finite heating
times in addition to exothcrmic/endothermic reactions. The results of this experiment were used to finalize the
choices for the heats of reaction and the apparent density of wood via best visual fit comparisons. However, only
options available in the literature were considered with no arbitrary adjustments. Primary heats of reaction (X2
and K3) were sclected from three available schemes (Pylc and Zaror, 1984; Koufopanos, 1991; Di Blasi, 1993a)
and the apparent density measured by Pyle and Zaror (1984) was also considered in addition to the adopted
value. Combinations of paramcters other than those employed in Fig. 13 primarily alter the reaction time with
only relatively minor effects on the final yields.

The completed macro-particle model can be used to address the issue of the olive husk and poplar wood results
previously discussed in relation to Fig. 1. These experiments were performed in a semi-batch bench scale reactor
by Maschioet. al. (1 992). Although the authors report particle sizes for both TGA (< 0.5mm) and isothermal
(0.3 -- » 20mmn) experiments, no particle size is reported for the batch pyrolysis. In order to explain the results

for the poplar and olive husk, numerical simulations arc conducted for conditions similar to the isothermal cases
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described above. The finite particle size is chosen arbitrarily to be /0= 2.5mm for both fecdstocks [Miller
and Bellan (1996) show that the char yield increases with increasing particle size duc to lower cficctive pyrolysis
temperaturcs]. Figure 14 presents the experimental data in comparison with the numerical predictions and also
the kinetic limits from the micro-par-tick model. Although the model’s accuracy may not be sufficient to predict
the exact size of the particles used in the expcriment, the results suggest that there arc rnacro-particle effects
present. Clearly, only at the lowest reactor tempceratures can these particles be well described by kinctic modcling
(Simmons and Gentry, 1986). Improvements in the agreement for the olive husk pyrolysis could be made by
decrcasing the assumed particle size; however, this is not nccessary at the current time and it was considered
more important to maintain a consistent particle size for both fccdstocks

Theresults of Fig. 14(b) for olive husk pyrolysisreveal an interesting behavior at the lowest reactor temperature
(1’ =623K).1n this case, both the model prediction and the cxpcrimental data fall below the kinctically
controlled pyrolysis limit. This indicates that the majority of pyrolysis is actually occurring for temperatures
larger than the recactor tempcerature and is confirmed by Maschio ef. al. (1992). Figure 15 illustrates this cffect
through the temporal evolution of the mass averaged particle temperature from the macro-particlc model for cach
of thc simulated reactor temperaturcs. The mass averaging is over solid phase specics but dots not include the
char;
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(scc also Miller and Bellan, 1996), and time is normalized by the conversion time (99.9% conversion). For
large reactor temperatures, < 7' > incrcascs monotonically and the pyrolysis occurs at temperaturcs less than
the reactor conditions. However, for 7= 623K an overshoot is observed in the particle tempcrature at early
times. The overshoot is caused by the relatively large char production at low temperatures. The exothermic
char forming reaction (¥3) dominates under these conditions and thermal overshoots result. Note that the three
distinct pyrolysis regimes identified by Miller and Bellan (1996) arc not observed in Fig. 15. This is duc to
the relatively large tempcrature range over which the pyrolysis occurs for the present reaction scheme and duc
to the three supcrimposed thermal reaction rate peaks (sce Fig.7). Single component pyrolysis (e.g. CCIIU10SC)
displays a single sharp thermal peak in reaction rate and more clearly exhibits the pyrolysis regimes (Miller and
Bellan, 1996; Narayan and Antal, 1996). Thermal overshoots arc corroborated by past low temperature pyrolysis
cxperiments by Koufopanos ef. al. (1991) and Maschioer. al. (1992). in addition, Mok er. al. (1992)
correlated the apparent heat of reaction from pyrolysis with the char yield and observed that large char yields (low
temperaturcs) arc associated with net exothermic reactions. The single and successive step reactions postulated
by Mok et. al. (1 992) cannot be reconciled with this behavior, unless the heat of reaction is forced to bc a

function of temperature, contrary to its thermodynamic definition. in contrast, the present model, which uses
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a competitive reaction scheme with constant heats of reaction and constant Arrhenius parameters (in agreement
with thermodynamic and kinetic definitions), both predicts and explains these observations.

The final two sets of experimental results simulated with the present model arc both for the pyrolysis of large
(> 2em) pine wood samples. Pyle and Zaror (1984) report the temporal evolution of the conversion variable for
cylindrical pine samples (diameter equal to 2.2¢m) under isothermal pyrolysis conditions at both 7'; =: 643K
and 1’ ="753K. The macro-particle model is used to simulate these conditions using the method described
above and room tempcraturc initial conditions for the particle. Comparisons arc made in Fig. 16. Although the
model predictions lag the experimental data, the overall agreccment is reasonable. It is not possible at this point
to distinguish the influence of the sample geometry on the results, however, as described above, corrections for
these effects would improve the predictions. Fina char yields arc not reported in the cited work, hence such
comparisons arc not possible.

Bilbao et. al. (1992) aso investigate pine wood pyrolysis. They consider the TGA pyrolysis of spherical
samples at relatively low heating rates. in general, the numerical time step requirements prohibit the simulation
of TGA experiments for small particle sizes. However, the large particles used in the Bilbao et. al. experiments
relax the time step restrictions and allow simulations to be performed with acceptable computer processor times
(< 1200s on a Cray YMP). The spherical samples employed in their work arc also consistent with the current
spherically symmetric particle model. Nevertheless, the experimental findings show that results arc substantially
dependent on the measurement angle with respect to the co-flow which may influence the accuracy of the
comparisons.

Figure 17 compares the experimental results for a TGA case with a heating rate of 12X/ min for various
particle sizes (up to 2/,0 = b.6¢cm). To simulate the TGA experiment with the current model, the entire
numerical domain isinitialy at 303K and the reactor temperature (outer boundary condition) is raised linearly in
time to match the expcrimental conditions, The comparisons reveal several trends already discussed for the micro-
particle model TGA simulations. That is, there is a significant delay in the initialization of the pyrolysis process
associated with the low temperature behavior ofthc kinetic parameters. Although the simulations predict a nearly
identical final yield indcpendent of initial particle size, the expected behavior is not clear from the experiments.
The two larger experimental particle sizes appear to show nearly the same final char yield; however, thereislarge
scatter in the data from the 72,0 = 2.8cm particle and definite conclusions cannot be made, Other expcriments
reported by Bilbao et. a. (1992) at lowcer heating rates show a stronger convergence of fina yiclds (not shown).
Nevertheless, the yield predicted by the model is larger than that observed in any of the experiments. At best, the
macro-particle model is able to give a qualitative description of the pyrolysis evolution and to provide a fairly

acceptable prediction of the pyrolysis yields. The comparisons improve if corrections arc made for the delay in
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pyrolysis initialization. Wc note here that the agreement improves with decreasing particle sizes, and that the
particles consider-cd by Bilbao et. al. arc much larger than those used in the majority of pyrolysis applications.
It is useful to compare predictions from the current model with those of the macro-particle wood model
investigated by Miller and Bellan (1996). It was already noted when discussing Fig. 15 that the three pyrolysis
regimes observed by Miller and Bellan (1996) arc no longer distinct in the ncw model. In particular, the near
constant “effective pyrolysis temperature” which characterized the second regime no longer exists because of the
overlapping pyrolysis thermal regions duc to the superposition of ccliulose, hemicellulose and lignin. The question
occurs as to how this might change predictions and optimization of tar production in commercial reactors. Miller
and Bellan (1996) explained optimal tempcratures for tar maximization observed in the experiments of Scott and
Piskorz (1982); Scott er.al. (1988); Lidenet. al (1988) in terms of competing rates of tar production from
the biomass and tar decomposition reactions to gas. Thesc latter reactions dominate at large temperatures thus
reducing the actual mass of tar which can be harvested from the mass boundary layer exterior to the particle.
Figure 18 illustrates this effect for both the current model (oak) and the wood model previously studied by
Miller and Bellan (1996). The “5% tar radius” is the maximum normalized radius at which the tar mass fraction
has decayced to 0.05 and the maximum tar mass fraction is over the entire domain ('maximum’ includes all
times). The “S% tar radius’ provides a measure of how closely to the particle the tar is distributed whereas
the mass fraction is indicative of the total tar produced. All initial and boundary conditions arc kept constant
for both particles; Rpo= 0.005m, Rr=10Rp0, Ry =510, Tp0 = 300K and remaining parameters as
given previously. Both models display a monotonically decreasing s% tar radius indicating that larger reactor
temperatures result in higher tar conversion rates (to gas) and hence tar distributions closer to the particle surface.
An opposite trend is observed in the maximum tar fraction. As discussed in Miller and Bellan (1996) the Model
1 wood results show a monotonically increasing maximum tar fraction indicating increasing tar production with
reactor tcmperaturc, However, the current model shows the opposite behavior for the maximum tar fraction; i.e.
monotonically decreasing. Further, both the 5% radius and the tar fractions arc always larger for the currcnt model
than for Model 1. The reasons for these behaviors arc directly related to the three supcerimposcd kinetics and the
lack of an effective pyrolysis temperature. First, the ncw model clearly produces more tar than dots Model |
of Miller and Bellan (1996); hence both parameters arc larger for the current model in Fig, 18. Second, the lack
of the near constant cffective pyrolysis temperature results in larger particle (reaction) temperaturces for the ncw
model [as seen from comparing the current Fig. 15 with Fig.9 of Miller and Bellan (1996)]. In fact, the tar
production actually increascs with reactor temperature; however, higher particle temperatures result in relatively
large tar decomposition rates which ovcrcome the increascd production rates and decrcase the maximum tar

fraction. Nevertheless, optimal reactor temperatures for tar production remain possible: The challenge is to avoid
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tar decomposition to gas as far as possible from the particle surface. These issues will be further addressed in a

forthcoming paper.

5 CONCLUSIONS AND DISCUSSIONS

A mathematical modcl is presented for modeling both micro-particle (kinetically controlled) and macro-particle
(diffusion limited) pyrolysis of arbitrary biomass fcedstocks. The micro-particle model is based on a superposition
of kinetics of the primary components of biomass, CCIIU10SC, hemicellulose and lignin. All three reactions
schemes arc based on the model of Bradbury et. al. (1979) as adjusted by DiBlasi (1 994) to include secondary
tar decomposition.” Char formation is via competitive primary reactions of the active fecedstock. The kinetic
paramctcers for ccllulose arc taken to be identical to those used by DiBlasi (1 994) while the hemiccllulose and
lignin parameters arc modified from previous schemes to fit the results of three experiments for beech wood, lignin
and maple wood pyrolysis. The model is intended for “typical’’feedstock specimens and atmospheric pyrolysis
pressures, modifications nccessary for pressure, mineral and/or moisture content arc delayed for future work.
Nevertheless, further comparisons with experiments not used to fit the kinetic parameters show good agrecment
with previous micro-particle experiments of bagasse, cellulose, cherry wood, oakand pine for a large variety of
both TGA and isothermal pyrolysis conditions. Considering the large variation of the three primary components
of biomass in these feeds (0.22 — 0.50 for ccllulosc; 0.27- 0.47 for hemicellulose; 0.17- 0.45 for lignin), the
kinetics model displays an unprecedented robustness.

Discussions arc also included which address the issue of sccondary char production mechanism models (as
opposed to primary), which interpret char production as occurring through secondary catalytic reactions of vapor
pyrolysis products with the solid matrix. However, secondary char production models currently lack a credible
kinetics and they arc limited to single step and/or successive reactions schemes (e.g. Varhegyiet. al.,1989) which
predict constant char yields independent of the pyrolysis temperature (due to their non-competitive charring). The
current discussions show clearly that these models cannot be reconciled with known pyrolysis behavior, and
therefore do not have predictive value.

The kinetic schemes developed for the biomass components arc then incorporated into the previous porous
particle model of Miller and Bellan (1 996) in order to model macro-particle pyrolysis. Appropriate choices of
properties and heats of reaction complcte the model. The predicted results arc compared to previous experiments of
beech wood, olive husk, pine and poplar wood under a variety of conditions. Comparisons show good qualitative
agrcement in all cases with quantitative agreements improving for decreasing particle sizes and increasing reactor
temperatures. in general, final char yields arc well predicted while the pyrolysis duration may bc over predicted

for particles larger than =~ 1 cm. It is also shown that the experimental results for both poplar and olive husk can



be explained in tcrms of macro-particle effects (although no sizes were originally reported). In addition, the model
predicts thermal overshoots for low temperatures (due to exothernmic char formation) which arc in agreement with
the observations of several experiments and arc well explained in terms of the competitive charring mechanism.

Although the macro-particle model is capable of making robust predictions of pyrolysis behavior for a variety
of conditions and fecdstocks, there remains room for improving its accuracy. There arc a variety of possible
explanations for the deviations observed in the macro-particle pyrolysis comparisons. Favorable results for the
micro-particle comparisons suggest that the deviations arc not primarily duc to flaws in the kinetics. One possible
source of discrepancies maybe introduced by the mineral matter present in the wood used in the experiments acting
as a catalyst; the current model does not address this issue. Geometry diffcrences between the macro-particles
used in the experiments and the spherical symmetry assumption used in the macro-particle calculations certainly
affect the comparisons. Large aspect ratio cylindrical particles may be modeled using a one dimensional domain
in cylindrical coordinates; however, more moderate aspcet ratios will require multi-dimensional axisymmetric
coordinate simulations for accurate model assessments. It is also difficult to assess the influence of asymmetry
duc to the nitrogen co-flow used in experiments, and/or the usc of the thermal radius to model these effects. Other
obvious influences are connected with the properties used in the particle model. Deviations with experimental
results could be due to differences bctween various fcedstock properties and those in the model; for example,
the largest observed deviations arc both for pine wood samples which may have substantially different properties
than the assumed values. The predominant properties affecting the pyrolysis arc those which directly affect the
thermal evolution, i.e. thermal conductivity, heat capacity and initial apparent density. At this point, it is not
possible to distinguish the extent of contribution from each of the above factors and future research in these areas

iS necessary.
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TABLES

Biomass  Type Size [mmn] g;:“ [_;l’lfu] Tn K] Class Source
Beech* TGA 0.3--0.85 5-80 1 Koufopanos et. al. (1 989)
Lignin* 1s0 <1.0 673,873 [ Koufopanos et. /. (1989)
Maple* 1s0 0.120 673--1073 1 Scott er. al. (1 988)
Cellulose Iso <1.0 600- 775 1 Shafizadch er. al. (1979)
Cellulose  1s0 0.1 723 - 873 1 Scott et. al. (1988)
Bagassc  TGA ~ 11 10 - | Varhegyi & Antal (1989)
Cherry  1s0 0.25 - 573 1 Ward & Braslaw (1985)
0ak 1s0 0.840 1 642 ! Thumer & Mann (1981)
Pine 1s0  0.10--0.15 1000 573-- 97311 | Giicll et. al. (1 992)
Beech 1s0  0.5- 20 773 I Maschio et. al. (1 992)
Olive husk  1SO ~ 1t - 623--823 Il Maschio et. al. (1992)
Pine TGA 20- 56 12 923 il Bilbao er. al. (1992)
Pine 150 22 - 643,753 1 Pyle & Zaror (1984)
Poplar _ 1s0 ~ 11 623- 823 I Maschio et. al. (1 992)

Table 1: Description of biomass pyrolysis experiments used for comparisons. The listed
information includes the experiment type (TGA = thermogravimetry, 1 SO = isothermal), sample.
size, heating rate, reactor tempcraturcs and the classification (1 = kinetic control, 11 = macro
particles). The = indicates results used to develop the current model; T indicates an estimate,
since there was no reported value; 1 refers to a modeled heating rate to the final temperature to
fit the reported results (sec text); and 11 indicates a 10s holding time at the final tempcraturc.

_Biomass_ Cellulose Hemicellulose Lignin Source
~ Bagassc 0.36- ©0.47 017 Mok et.al *(1992)
Becch 0.48 0.28 0.24 Maschio et. @/, (1 992)
Cherry 0.42 0.34 0.24 Ward & Braslaw (198S)
Maple 0.40 0.38 0.22 Mok et. al. (1992)
Oak 0.35 0.40 0.25 SERI (1979)
Olive husk 0.22 0.33 0.45 Maschio et. al. (1992)
Pine 0.50 0.27 0.23  Ward & Braslaw (1985)
Poplar 0.48 0.30 0.22 Maschio et. al. (1992)

Table 2: Biomass compositions by mass used in this study. All extractive and ash content arc
included with the hemicellulose.
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“Reaction  A; [1/s] I [KJ/mol) Source

K  2.8x10 2424 ~ DiBlasi (1994)

K{ 328X 10° 196.5 b

K$ 1.3 x 1010 150.5 »

K} 2.1 x 1076 186.7 Ward & Braslaw (1985)*
K} 875 x 10° 202.4 DiBlasi (1994)’

Kb 26 x 10 145.7 ?

K 9.6 X 108 107.6 Ward & Braslaw (1 985)*
K} 1.5 x 10° 143.8 Koufopanos et. al. (1989)’
K 7.7 x 10° 111.4 7

K 4.28 X 108 1 08.0 Di Blasi (1994)

Table 3: Reaction parameters. The char formation mass ratios for reaction K are; X¢=- 0.35,
X"=0.60and X! =- 0.75 and the superscript * indicates modified values.

~Species Property Value ~ Source -
wood 0 656%— Koufoparmos el. al. 7(']79*91)
€0 0.7 SERI (1 979)
P 216754
C 2.355}{ Curtis & Miller (1988)
A 1286 x 10 Pyle & Zaror (1984)
char p 350 7
€ 0. 80 Magnaterra et. al. (1 992)
P 233324
C 1140 Curtis & Miller (1988)

A M78.377x730;_5”’fK __ Pyle & Zaror (1984) -

Table 4. Property values for the SO|Id phase specics.
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_Species Property ‘“"”  Value “-Source

gas M 305,29 Evans (1 996)
Cy L1y DiBlasi (1993a)
A 2.577 X 105 kJ »
[ 30x10- 525" Kansa er.al (1977)
D 1.1 x 10° 4";’ Miller & Bellan (1996)
tar M 100;”, ljgok Evans (1 996)
2.5, Curtis & Miller (1988)
A 2577 X 10 -k Miller & Bellan (1996)
1 3.0x (- fgfjgf Kansa ct. a. (1977)
D 1.1 x 10 4"; Miller & Bellan (1996)
nit rogen M 28. 0]37@ mole (RC (1 992)
) 0. 5246,@( g
A 5.63 x 10' >, *J »
J 3,58 x 10- 572{ ”
) D 8.52 X 10° 4";? Unit Lewis Number

Table 5: Property values for the gas phase spccics. The properties for nitrogen arc taken at
7' =800K and p =100k Pa.

MPraﬁerty Value Source
Ahy 0 Di Blasi (1994)
AP 425547 Koufopanos er.al.(1991)
Ahg - 2057 Koufopanos er.al. (1 991)
Ahy —42%] Curtis & Miller (1988)
d 4 x 10" %/1 Chanet. al. (1985)
w 0.95 Pyle & Zaror (1984)

Tablc 6: Miscellancous values used in the particle model,
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FIGURE CAPTIONS

Figure 1: Comparison of final isothermal char yields as a function of the reactor temperature. The symbols
represent experimental data; poplar wood (0) and olive husk (A) by Maschio et. al. (1992), oak (L)) by Thurner
and Mann (198 1) and maple (.) by Scott er.al. (1988). The solid lines represent model predictions for wood
pyrolysis; (1) Di Blasi model kinetics with Thurner and Mann’s original kinetic parameters, (2) Ward and Braslaw
(1985) and (3) Koufopanos et. al.(1989). The dotted line indicates the new model and all feedstock dcpcendent
models arc applied to maple.

Figurc 2: isothermal char yields as a function of tempcrature for primary biomass components as predicted by

the Koufopanos et. al. (1989) kinetics.

Figurc 3: Comparison of final char yields from isothermal ccllulosc pyrolysis as a function of temperaturc. The
symbols represent the experiments of Shafizadeh et. al. (1979) (e) and Scott et. ol (1988) (L) and the solid
lines represent the kinetic model predictions of Bradbury et. o/.(1979) (1) and the kinetic model of Koufopanos
et. al. (1989) (I 1).

Figurc 4: Generic reaction scheme used to model cellulose, hemicellulose and lignin Kinetics.

Figurc 5: isothermal normalized mass evolution for lignin. Experimental results of Koufopanos et. al. (1 989)

(symbols) in comparison with the model predictions (solid lines),

Figure 6: Comparison of the model predictions with TGA expel-iments for beech wood, The symbols represent
data points extracted from the experimental curve fits of Koufopanos et. al. (1989) for heating rates of 5K/ min

(0), 20K/ min () and 80X/ min (A).

Figure 7: Normalized mass reduction rate predicted by the kinetic model for TGA with a10K/ min heating rate

for ccllulosc (c.), hemicellulose (h.) and lignin (1.). The normalization is by the maximum value for cellulose.

Figure 8: isothermal char yields as a function of temperaturc for primary biomass components as predicted by

30



the modeled kinetics.

Figure 9: Normalized mass evolutions for isothermal oak pyrolysis at 7y = 642/ . The symbols represent the
experimental measurements of Thurner and Mann (1981) for the residual (.), tar (A) and gas (W) mass. The solid
line represent the kinetic model mass predictions with A = O and the dotted line indicates the modeled reactor

temperature cvohrtion, Mass is normal ized by the initial sample mass.

Figure 10: Residua mass evolution for isothermal pyrolysis of cherry wood at 7% =- 573K .The symbols
represent data points extracted from the experimental curve fits of Ward and Braslaw (1985) at both vacuum and

ambient pressures.

Figure 11: Comparison of the normalized mass evolution for TGA of untreated bagassc at a heating rate of

10X/ min. The solid linc is the kinetic model prediction and the symbols arc cxperimental results of Varhegyi

and Antal (1989). Normalization is with the maximum value.

Figure 12: Comparison of kinetic model predictions with experimental results of Giicller. al. (1 992) for final
residual mass from pine wood pyrolysis. The experimental condition modeled is a pine wood sample initially at

room temperat urc and then heated at 10001{/s to the final holding tempcraturc with a 10s hold.

Figure 13: Comparison of experimental (symbols) residual mass evolutions for isothermal pyrolysis of beech
wood at 7', == 773K (Maschio et. al., 1992) with the full particle model (solid lines). The particle diameters arc;
0.5mm (1, ) 3mamn (2, 2),8mim (3, 0) and 20msn (4, El) and the dotted line (0) indicates the predicted kinetic

limit.

Figure 14: Final char yields for isothermal pyrolysis of (a) poplar wood and (b) olive husk. Experimental results
arc from Maschio et. al. (1992) and the full particle model predictions arc based on an cstimated particle diameter

of brnm.

Figure 15: Normalized mass averaged particle temperaturc evolution predicted by the full particle model for the

olive husk simulations of Fig. 14(b).




Figure 16: Comparison of conversion evolutions for isothermal pine wood pyrolysis from cxperiments by Pyle and
Zaror (1984) and the full particle modcl predictions with /¢,0= 1.1 cm. The experimental results arc indicated

by the symbols and correspond to reactor temperatures; 7'y == 6431 (O) and 1= 753K (L ).

Figure 17: Comparison of residual mass evolutions for TGA pine wood pyrolysis from experiments by Bilbao
et.al. (1992) and the full particle model for various particle sizes. The heating rate is 12/ min and the final
holding temperature is 7’; == 923K . The experimental results arc indicated by the symbols; 72,0 =- 1.0em (()),
Ry 0= 2.0em (¢) and Ry0=-2.6em (0).

Figurc18: Maximal normalized radial position at which the tar fraction has dccaycd to 5% and the maximum tar
mass fraction as a function of the reactor tempcerature for both the wood model from Miller and Beltan (1996)

(Model 1) and the current model for oak (Model 11); /%0 =0.005m, 12521012, 0, 223 = 51,0, 7p0 == 300K .
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