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Abstract

Simulating fast pyrolysis at the scale of single particles allows for the investigation of the
impacts of feedstock-specific parameters such as particle size, shape, and species of origin. For
this reason particle-scale modeling has emerged as an important tool for understanding how
variations in feedstock properties affect the outcomes of pyrolysis processes. The origins of
feedstock properties are largely dictated by the composition and hierarchical structure of
biomass, from the microstructural porosity to the external morphology of milled particles. These
properties may be accounted for in simulations of fast pyrolysis by several different
computational approaches depending on the level of structural and chemical complexity included
in the model. The predictive utility of particle-scale simulations of fast pyrolysis can still be
enhanced substantially by advancements in several areas. Most notably, considerable progress
would be facilitated by development of pyrolysis kinetic schemes that are decoupled from
transport phenomena, predict product evolution from whole-biomass with increased chemical

speciation, and are still tractable with present-day computational resources.

1 Introduction

Biomass holds tremendous potential as a renewable feedstock for the production of fuels and
chemicals. However, significant technological advancement is required before production of
biofuels and biobased chemicals will become widespread and economically self-sustaining at the
industrial scale. Many of the greatest challenges surrounding biomass conversion stem from the
complex nature of the feedstock. Biomass consists of the remains of once-living plant tissue,
and therefore retains many of the characteristics of the original organism. These characteristics,

such as microstructure, biopolymer composition, and mineral content, are species-specific and



can vary substantially between feedstock types. Furthermore, the commoditization of biomass
feedstocks will likely result in the distribution of feedstock “blends”, or combinations of several
feedstock species (e.g. pine wood, switchgrass, and poplar wood), the proportions of which will
typically be determined by economic factors such as harvesting, preparation, transportation costs,
supply levels and market demand for the various constituents.

Ideally, biomass conversion processes should be robust to changing economic conditions
and thereby able to maintain acceptable product yields and quality for a wide range of potential
feedstocks. However, the inherent variability of biomass feedstocks presents significant process
development challenges. This is especially true for thermochemical conversion processes such
as fast pyrolysis, where feedstock variations can have a major impact on process performance
and economics.

While feasibility studies of biomass fast pyrolysis typically focus on process simulations at
the reactor scale, intra-particle processes can often become rate limiting. Thus particle-scale
modeling has indeed received considerable attention from the scientific community in recent
years. The vast majority of these studies have attempted to couple various kinetic models with
highly simplified particle geometries along with estimates for the time and temperature histories
experienced by individual biomass particles.!-!'! While these approaches can provide good
agreement with the trends observed in specific experiments, their predictive utility is limited
since feedstock-specific effects, such as variations of intra-particle transport due to species-
specific characteristics, are typically lumped together with the intrinsic reaction kinetics in the
form of rate parameters that do not resolve differences between structural and molecular effects.

Recent attempts to more effectively address the impact of biomass particle properties have

included models that account for realistic particle shapes ! as well as the anisotropic, intra-



particle transport behavior that arises from the highly directional cellular structure.!* These
efforts have certainly advanced biomass particle modeling; yet recent experience indicates that
the next generation of biomass conversion modeling will need to establish even more refined
relationships between feedstock-dependent physical features, such as microstructure and
composition, and particle-scale transport and chemical reaction parameters. Also, to be
practically useful, pyrolysis simulation models should strive to minimize computational
overhead, so that it is possible to make timely investigations of how reactor design and operating
changes might be used to maintain yield and quality in spite of feedstock variations. Ultimately,
this might include the possibility for implementing on-line model-based process control to
continuously optimize process performance. As we discuss next, it appears to us that this type of
model order reduction can be achieved for fast biomass pyrolysis by combining thoughtful use of
suitable approximations for key transport and reaction processes with model verification by more
detailed, complex simulations. Such reduced order models for particle scale pyrolysis will
facilitate efficient integration into reactor and process-scale simulations relevant to both research
and industrial interests.

In this chapter, we summarize recent advances in biomass particle-scale modeling that are
relevant to fast pyrolysis simulations. We begin by describing the physical structure of biomass
particles and how that structure relates to intra-particle processes during fast pyrolysis. Next, we
summarize the state of the art in characterizing and predicting the pyrolysis reaction chemistry
and kinetic mechanisms that are driven by the rapid heating. Furthermore, we describe
approaches for addressing transport effects with even simpler models and add reaction kinetics to

produce simulations that predict product compositions and yields. Finally, we summarize our



view of the current limitations and discuss opportunities that remain in the area of computational

particle-scale modeling of biomass fast pyrolysis.

2 Overview of Biomass Structure
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Figure 1. Multiscale visualization of wood structure and a typical woody feedstock. (a) Depiction of a
coniferous tree. (b) Optical micrograph of section of a pine trunk. (¢) Scanning electron micrograph of
wood tissue showing cellular structure. (d) Transmission electron micrograph of cell wall showing
various layers of the cell wall. CML, compound middle lamella; CL, cell lumen; S1, S2, and S3 denote
layers of the secondary cell wall. (e) Depiction of the nanoscale arrangement of biopolymers within the
cell wall. (f) Depiction of amorphous lignin polymer and a cellulose fibril decorated with hemicellulose.



(g-i) X-Ray computed tomography reconstruction of a milled pine particle. The cutaway image reveals
intact, directional porosity contributed by the cellular structure. Figure panels a-f reprinted with
permission from reference 14. Copyright 2016 American Chemical Society. Data in figure panels g-i are
unpublished, courtesy of Joseph Jakes, USDA Forest Products Lab.

Plant-derived biomass is a porous, biopolymer composite material with a complex
hierarchical structure. This structure is inherited from the remains of once-living plant tissue,
where the anatomy of the original plant organism is manifested at every length scale.!* At the
macroscale, inter-species differences such as branching patterns in trees, or stem thicknesses and
internode distances in grasses, are visually obvious. At the microscale, the dominant structural
feature of biomass is imparted by the cellular arrangement of the tissue. Many of these features
are visually depicted in Figure 1 for coniferous softwood, which is a common type of feedstock
for biomass fast pyrolysis. Due to the tiered structure of biomass, computational simulation of
any type of thermochemical biomass conversion requires an inherently multiscale approach.

A scanning electron micrograph (SEM) showing the microstructure of yellow pine is shown
in Figure 1c¢. During the life of the organism, the primary function of the tissue is to transport
water and nutrients throughout the plant, giving rise to many high aspect ratio cells oriented
parallel to the trunk or stem which strongly influences the density and thermal properties of the
wood. Furthermore, transport of molecular species liberated during pyrolysis processes occurs
via convection within these open cell lumen, which is much faster than intra-cell wall transport
which is primarily limited to diffusion.

Secondary cell walls, such as that of yellow pine depicted by the transmission electron
micrograph (TEM) shown in Figure 1d, account for the majority of the mass in wood and
grasses. The biopolymer composition of these different regions is known to vary significantly;
the lignin composition is typically higher in the compound middle lamella (abbreviated CML,

the region between adjacent cells) than in the secondary cell wall (SCW). The impact of these



different regions on thermochemical conversion processes is not entirely understood at present;
however, it has been recently shown that intra-cell wall diffusion for some molecules,
particularly ions, is a strong function of local moisture content and occurs at different rates
through the CML than the SCW.!5 These observations suggest that the local biopolymer
composition, which varies substantially between species and even between tissue types of the
same species (particularly in grasses), can impact rates of intra-cell wall molecular transport
which in turn impacts the intra-particle residence time of products formed during fast pyrolysis.

A depiction of the arrangement of nanoscale biopolymers within a secondary cell wall is
shown in Figure 1e. Unlike conventional synthetic polymer assemblies, the nanostructure of
biomass is highly ordered. Excellent, detailed discussions of the synthesis, molecular structure,
and arrangement of these biopolymers are available in the literature.'® 7 In brief, cellulose
nanofibrils provide the scaffolding of the cell wall; hemicellulose acts to crosslink the cellulose;
and lignin, a generally amorphous polymer that imparts hydrophobicity, provides structural
support, and microbial defense to the cell wall matrix. During pyrolysis, these macromolecules
are thermally depolymerized to smaller, volatile compounds that must exit the remains of the cell
wall and the particle.

Fast pyrolysis, like most thermochemical conversion processes, requires some form of
preliminary size reduction of the raw harvested biomass. This initial step inevitably results in a
range of feed particle sizes and shapes, depending on both the mechanical action of the milling
process as well as the original properties of the biomass.!® Both the size'® and shape!? of the
reduced biomass particles can subsequently impact fast pyrolysis performance by affecting the
rates of heat and mass transfer that drive the intra-particle decomposition reactions. X-ray

computed tomography (XCT) reconstructions of a milled pine particle as shown in Figure 1g-i



exemplify the non-spherical geometry that is typical of milled biomass particles. The cutaway
image shown in Figure 1h illustrates that the internal, highly directional porosity is preserved
through the milling process. All of these structural features impact the outcome of fast pyrolysis;
thus the challenge of building realistic particle models with enhanced utility lies in the accurate,
quantitative measurement of these structural features and subsequently incorporating them into
simulations.

3 Representing the Microstructure, Morphology, and Materials Properties
of Biomass in Particle Models
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Figure 2. Prediction accuracy for particle models increases as more geometric details are included at the
expense of reduced computational speed. (a) Full XCT model of actual wood particle. (b) Simplified
geometry accounting for surface features and internal microstructure. (¢) Basic geometry representing
bulk surface area and volume of realistic wood particle. (d) Spherical representation of a biomass particle.
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Capturing the complexity of biological structures and systems in silico is indeed challenging
in general, and biomass particles are no exception. As with most computational undertakings,
increasing degrees of complexity and detail provides improved accuracy and reliability but
comes at the expense of increased computational resources such as longer compute times and
memory requirements. The complexity of the problem is depicted in Figure 2 with structural
models of woody biomass particles. Various imaging techniques such as X-ray computed
tomography (XCT) and scanning electron microscopy (SEM) provide detailed structural
information that can be used to quantify key geometric features. In the case of XCT, the
irregular geometry of actual biomass particles may be directly “mapped” into a 3-D computer
modeling environment.?® With a voxel size of ~0.5 pm, this technique provides excellent spatial
resolution for resolving the microstructure of biomass and can be used to produce isosurface 3-D
representations suitable for importing into computational environments such as finite element
simulation software. An example of such a model is presented in Figure 2a. The drawback of
such highly resolved particle representations is that the resulting computational analysis requires
a massive number of finite elements for a particle of just a few millimeters in length. Thus for
the level of detail in Figure 2a, computational simulations of pyrolyzing biomass particles
become extremely expensive, and possibly prohibitively so, even for current high-performance
computing systems. We speculate that such simulations will become more tractable as
computing hardware and software continue to evolve, but no such detailed simulations based on

direct XCT reconstructions have been reported to date for biomass fast pyrolysis.
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Figure 3. Scanning electron micrographs (SEM) and microstructure particle models of hardwood and
softwood. Top row: SEM images showing representative poplar and pine particles. Bottom row:
orthographic visualization of particle models constructed by the CSG algorithm using the dimensions and
morphological parameters measured from image analysis. Inset panels show a zoom view of the
intermediate and fine size classes of each feedstock. Reprinted with permission from reference 21.
Copyright 2015 American Chemical Society.

Recently, we proposed an alternative method for the construction of 3-D biomass particle
models that explicitly captures major structural features of the particle, such as the overall size
and morphology of the particle and the internal porosity due to the axially aligned fiber cells and
vessel elements.”! An example of one such particle model is presented in Figure 2b. This
approach employs multiscale imaging coupled to quantitative image analysis to extract structural
parameters such as the external particle size and shape from images of milled feedstock; as well
as the average cell wall thickness and lumen diameters of axial tracheids and vessel elements
from confocal scanning laser micrographs of particle cross-sections. These parameters are used

in a custom constructive solid geometry (CSG) algorithm to build a 3-D particle model that
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serves as a representative surrogate of the morphological features obtained from the image
analysis.

Examples of these surrogate models at various particle sizes constructed by CSG for milled
pine and poplar feedstocks are presented in the lower portion of Figure 3. This figure
demonstrates how CSG can be used to construct particle representations that account for size and
shape variations along with internal features such as cell walls and axially oriented lumen. These
particle models involve some loss of detailed morphological information, but the simplified
structure facilitates more efficient finite element simulations of particles using present-day high

performance computing resources.

4 Simulating Intra-Particle Transport Phenomena

The complex internal structure of biomass provides a framework in which multiple transport
processes occur during fast pyrolysis. It has been recognized that maximizing particle heating
rate is critical to achieve high-yields of bio-0il.?? Ideally, both heat transfer from the reactor
environment to the biomass particles as well as intra-particle heat transfer should be as fast as
possible. Because pyrolysis releases vapors and viscous liquids, heat transfer within the particle
cell lumen is accompanied by fluid convection. Similarly, diffusive and convective mass
transfer processes play important roles in pyrolysis as the thermal degradation products exit the
particle. All these physical processes are strongly coupled to chemical reactions that produce

both desired and undesired products.

4.1 Governing Equations for Transport

In the most general case, simulation of the intra-particle transport processes during biomass
fast pyrolysis requires solving three-dimensional partial differential conservation equations for

energy, mass, and momentum. If we temporarily ignore the generation terms associated with
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chemical reactions, the governing equations can be summarized mathematically by a series of

coupled, partial differential equations (PDEs):

P v (pu)=
L9 (pu)=0 1)
0 ry 2
pa—l:+pu~Vu=—Vp+V-{,u(Vu+(Vu) )—g,u(v-u)l} (2)
pcp(aa—f+(u-v)rj:v.(kvr) 3)

where p is the fluid density, u is the velocity vector, p is the pressure, u is the viscosity, I is the
identity matrix, and 7 is the temperature (superscript 7 denotes the transpose operator in equation

(2)). In the solid domain of the biomass particle (i.e. within the cell walls, but not within the cell

lumen), the convective component of the heat equation, (u . V) T, may be omitted based on the

assumption that the particle remains solid and conduction is the dominant mode of heat transfer.
However, it has been demonstrated that biomass particles undergo a molten-phase transition
enroute to vaporization in many cases.?? In such cases modeling the biomass particle as an
extremely viscous liquid with local, temperature dependent viscosity may be more appropriate.
Pyrolyzing biomass particles that are large enough to exhibit significant spatial thermal
gradients contain distinctive zones as they convert from virgin biomass to char and pyrolysis
vapors within the lumens. Vapors present within the particle contain multiple components
including the inert gas serving as the reactor media (typically nitrogen), condensable vapor-phase
products of pyrolysis, and non-condensable light gases. In many cases, the dynamic, localized
variations in the materials properties can be approximated by the general rule of mixtures,?*

wherein local properties are calculated as the weighted mean of » individual components as
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6. =210 @

where 0 is the ensemble material property (e.g. density, thermal conductivity, heat capacity,
etc.), 0;is the specific material property of the i component of the ensemble, and f; is the volume

fraction of the i™ material given by

= ()

In the case of finite element simulations employing this strategy, all relevant material
properties are evaluated by equation (5) within each volume element at each time step. Because
these properties are often strong functions of temperature and degree of conversion, the resulting
system of PDEs can become highly non-linear, which often necessitates very small time steps,
and subsequently long compute times, to achieve convergence.

Several strategies exist for solving the above transport equations computationally, the choice
of which depends primarily upon the level of geometric complexity considered. Finite element
methods (FEMs), which are discussed below, are typically required to simulate the most
geometrically complex particle models, while less sophisticated PDE or ODE solvers are suitable
for evaluating models with simplified geometry or reduced dimensionality. Regardless of the
computational methods used, the utility of single particle simulations can be greatly enhanced by
performing ensemble calculations to model the behavior of real feedstocks that contain a

distribution of particle sizes, shapes, and biomass species.

4.2 Finite Element Simulations
Since the finite element method (FEM) has the ability to represent virtually any type of

complex particle geometry, simulation results generated by this method are especially good for
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resolving the impact of detailed morphological complexity on transport processes. For this
reason, FEM also provides a reliable point of reference for assessing the accuracy of less
spatially resolved models. FEM subdivides the simulation geometry into smaller domains, or
elements, over which boundary-value PDEs are solved. A detailed discussion of the
mathematical fundamentals of this approach is outside the scope of this chapter; however, the
interested reader is pointed to several excellent texts on the topic.? 26

As mentioned above, the geometry of biomass particles often departs significantly from
simple shapes such as spheres or cylinders and contains highly variable internal porosity. Many
types of biomass particles contain pores with diameters ranging from 50-100 um (e.g., vessel
elements in hardwoods and vascular tissue in grasses), which can be on the same order of the
dimensions of the particle exterior especially for high-aspect-ratio particles. Therefore, FEM
affords the ability to explicitly account for not only the external morphology of biomass particles
but also their internal porosity when necessary. However, the primary drawback to this method
is the large computational expense associated with simulating geometries that require a large
number of elements.

Figure 4 illustrates an example mesh used for FEM simulations of a ~ 2 mm aspen particle
model which explicitly accounts for the distribution of vessel cells and axial tracheids within the
particle. Even after applying applicable symmetry planes and meshing techniques such as swept
prismatic meshing to reduce the number of elements, a suitable mesh for this geometry still
requires ~ 4.8 million elements. In FEM simulations, the number of degrees of freedom that
must be solved numerically scale roughly as the product of the number of elements and the
number of dependent variables, which can make simulations of the geometry shown in Figure 4

extremely memory intensive and require long compute times even when solving for just a few
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dependent variables. Advances in computing hardware and solver methods such as domain
decomposition will undoubtedly facilitate increasingly larger simulations in the future; however,
in some cases suitable low-order approximations can be employed. Considering the constraints
of current computing capabilities, the use of such high-resolution FEM models is probably most
useful for identifying how and when low-order approximations are applicable to facilitate

efficient use of computational resources.
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Figure 4. Finite element mesh and symmetry plane of a 2 mm aspen particle. Symmetry and variable
mesh sizes can be utilized to reduce simulation time. Reprinted with permission from reference 21.
Copyright 2015 American Chemical Society.

5 Simulating Particle-Scale Reactions

Accurately predicting yields and compositions of the products from biomass fast pyrolysis
also requires basic information about the rate at which chemical species are consumed and
generated. Additional source and sink terms are needed in the mass and energy equations to
account for these reactions. As an initial step, it is important to recognize that the structural

geometry of lignocellulosic biomass is typically formed from a complex matrix of polymers with
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monomers consisting of cellulose (C¢H;(Os), hemicellulose (CsHgOj), and lignin (primarily
C1H»309, CyoH»,010, C15H1404).27-28 The relative amounts of these different macromolecules
vary significantly among different feedstock species. In addition, there are small amounts of
lower molecular weight organic species, inorganic minerals, and water. The inorganic minerals
make up the residual ash left after complete devolatilization. The water initially contained in the
biomass feed particles can exist in three different states: bound water which is closely associated
with the carbohydrate components of the cell wall, free liquid water which is present within the
cell lumen, and vapor.

All of the above components can play significant roles in the reactions (which can
potentially number in the hundreds or thousands) that occur during pyrolytic conversion. Taken
together, explicit simulation of all the possible species and reactions during biomass fast
pyrolysis is simply beyond the current state of the art and is likely to remain so for some time.
However, significant progress has been made toward developing reduced reaction mechanisms
that can at least make predictions about the rates of formation of lumped product classes such as
light gases, char, and tar.?8-32 In most cases, the global kinetics for these reduced reaction
mechanisms are represented with first-order Arrhenius expressions in which all temperature

dependence is restricted to the exponential term:

K4 — A e’Ei/RT
. (6)
t

where K is the rate constant (1/s), 4 is the pre-factor (1/s), E is the activation energy (kJ/mol), R
is the gas constant (kJ/mol-K), T is the temperature (Kelvin), and C is typically a mass-based
concentration (kg/m?) representing gas, tar, char, or wood. Table 1 summarizes examples of

some of the simplest proposed mechanisms and their associated parameters available in the
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literature while Table 2 summarizes examples of more complex proposed mechanisms and their
kinetic parameters.

An important shortcoming of the currently available reaction mechanisms and kinetics is
that many of these produce inconsistent predictions, even for the same reaction conditions. This
is illustrated in Figure 5, which depicts the fractional wood conversion and tar yield versus time
predicted by several of the kinetic schemes in Table 1 and Table 2 assuming a constant
temperature of 500°C (773 K). We conjecture that a significant portion of the disagreement
between these different schemes may be the result of undocumented differences in the biomass
used for experimental measurements as well as the inadvertent manifestation of feedstock
species-specific transport effects in the fitted kinetic parameters. Other important shortcomings
of the currently available reaction mechanisms and kinetics in the literature are:

e There is scarce information on the catalytic effects of inorganic components such as ash
(even though there is evidence that these effects can be large).3033-36

e There are large inconsistencies in the experimental conditions used to obtain kinetic
measurements.

e Very few mechanisms have been derived from reaction rate measurements that include
product categories other than light gas, char, and tar for heating rates (500 — 1000 °C/s)
relevant to fast pyrolysis of actual biomass.

e There are almost no mechanisms that explicitly include a role for initial particle moisture.

e There is an apparent lack of agreement on which molecular species should be included in
the lumped product categories associated with “light gases”, “char”, and “tar”.

Our review of the current pyrolysis kinetics literature reveals an imperative need to address the

above shortcomings in order to develop a truly robust capability to predict product yields and
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compositions for industrially relevant biomass feedstocks. Otherwise, accurate simulations will
only be possible for specific biomass feeds which have been previously characterized under
similar experimental conditions. Even then, such simulations can probably only be expected to

be interpolative rather than predictive.
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Figure 5. Comparison of predicted conversion and tar yield for wood pyrolyzed at 500°C conditions
based on selected kinetics from Tables 1 and 2. Left: fraction of the original wood remaining versus time.
Right: primary tar yields versus time. Each line represents a particular scheme denoted by first author and
year of publication.
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Table 1. Examples of simple primary and secondary reaction mechanisms and global kinetic parameters
available in the current biomass pyrolysis literature. Pre-factor represented by A (1/s) and activation

energy by E (kJ/mol).
Reference Kinetic Scheme Kinetic Parameters
Di Blasi 3! Gas A =14x%x10*to 4.4 x 10°
Font 7 1/ Ay=4.1%105t0 1.1 x 1010
Thurner 3 2 A;=2.9x102t0 3.3 x 106
Wood — Tar E,=88.6to 156
\ E,=112.7to 148
3 E;=61to111.7
Char
Di Blasi 3 A =52x%x10to 1.1 x 10!
Janse 40 A, =2.0x10%t0 1.5 x 1010
Papadikis 4! 1 A0, g Gas As=1.1x107t02.7 x 10'°
R A, =8.6 % 10*t0 4.3 x 109

Wood —» Tar

N °\
Char Char

As=7.7%10*to 1.0 x 108
E,=88.6t0 177
E,=112.7t0 149

E; =106.5 to 125
E,=87.8 to 108

Es;=87.8 to 108

Koufopanos +?

Wood

VAN
3

(Vol. + Gas)1 + (Char)l — (Vol. + Gas)2 + (Char)2

A =997 x 103

G, =172544,L, =-9061227
A;=1.068 x 1073

G, =10224.4, L, =-6123081
A;=5.7%x10° E; =81

Chan % 1 Gas A =13x108 E,; =140
/ A>=2.0 x 105, E, = 133
2 5 A;=1.08 x 107, E; = 121
Wood —» Tar —» a Gas+BTar A,;=5.13x10° E,=87.9
\ As=1.48 x 10%, Es = 144
3
Char
Moisture —4> Water Vapor
Liden # 1 Tar —» Gas A, =428 x10% E,=107.5
/ 2 A=1x103,E=1833
where A and E is total wood
Wood . .
conversion, reactions 1 and 3
3\
Gas + Char
Sadhukhan % Wood A;=168.4,E,=51.965

AN
3

(Vol. + Gas)1 + (Char)l — (Vol. + Gas)2 + (Char)2

A,=13.2,E,=45.96
A3;=5.7x%10°E;=92.4
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Table 2. Examples of complex fast pyrolysis reaction mechanisms and their associated global kinetic
parameters as proposed in the current literature. A is the pre-factor (1/s) while E is the activation energy

(kJ/mol).

Miller and Bellan Kinetic Scheme and Parameters>?

4

Tar —» Gas

ok

CELL —» CELLA

la

x Char + (1-x) Gas

4

Tar —» Gas

1

HEMI — HEMIA

13

x Char + (1-x) Gas

Tar —» Gas

k

LIG —» LIGA

la

x Char + (1-x) Gas

Cellulose

A, =28x10¥ E,=242.4
A, =328 x 104 E,=196.5
A;=13x10" E;=150.5
A, =4.28 x10° E, = 108

Hemicellulose

A, =2.1x10' E,=186.7
A, =8.75x 105, E,=202.4
A;=2.6 x 10! E;=145.7
A, =428 x10° E, =108

Lignin

A;=9.6%x108% E;=107.6
A, =1.5%x10%E,=143.8
A;=77x10%E;=1114
Ay, =428 x 105 E; =108
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Table 2. (continued) Examples of complex fast pyrolysis reaction mechanisms and their associated
global kinetic parameters as proposed in the current literature. A is the pre-factor (1/s) while E is the
activation energy (kcal/kmol).

Ranzi Kinetic Scheme and Parameters 28

Char + H,0 Vol. + Char

fr 1

CELL ——» CELLA

Vol. + Char

2 1

LIG-C — Vol. + Char + LIG-CC

Vol. + Char

12
1 1

HCE—»0.4 HCE1 + 0.6 HCE2

2 3 4
|3 N\ N
VG Vol.+ Char  Xylan Vol. + Char
1 1
LIG-H » LIG-OH + Vol. LIG-O — LIG-OH + Vol.
‘/l 3 ‘/l 3
Vol. + Char  LIG +Vol. + Char Vol. + Char  LIG +Vol. + Char
4
5
FE2ZMACR Vol. + Char FE2MACR Vol. + Char
Vol. + Car Vol. + Car
Cellulose Hemicellulose Lignin-C
A;=4.0x107, E,=31000 Al =0.33 x 10'° E, = 31000 A;=133x105 E, =48500
A,=4.0x 108, E,=45000 2 =1.0 x 10% E, = 32000 A,=1.6x10°E,=31500

A; =18 xT, E;=10000
A4=0.5x%x10% E;=29000

Lignin-H

A] =0.67 x 1013, E1

A, =33,E,=15000

A3;=0.5x 108 E; =

A4—24 x T, E4=12000
=0.4 x 10%, Es = 30000

A6 =0.083 x T, Es = 8000

=37500

30000

8000
11000
33000

—0.05% T, E; =
A4—09XT E,=
—0.33 x 101, Es =

Lignin-O

A;=0.33 x 10% E; =25500

A, =33, E, = 15000

A3;=0.5x10% E; =

A4—24 T, E4=12000
=0.4 x 10% Es = 30000

A6 =0.083 x T, Ec = 8000

30000
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Table 2. (continued) Examples of complex fast pyrolysis reaction mechanisms and their associated
global kinetic parameters as proposed in the current literature. A is the pre-factor (1/s) while E is the
activation energy (kJ/mol).

Anca-Couce Kinetic Scheme and Parameters 2°

1

CELL —» + 0.6 HCA2

.

(1-x8)(Vol. + Char)1,8
+x8(Vol. + Char)2,8

(1x1)(Vol. + Char)1,1 > El—xS){Vol. 4 Char)1,5]

HEM| —» 0.4
+x1(Vol. + Char)2,1 +x5(Vol. + Char)2,5

9
LIG-C — Vol. + Char + LIG-CC

12 ¢ (1:x12)(Vol. + Char)1,12
+x12(Vol. + Char)2,12

10
LUG-H — Vol.+LIG-OH 13
| (1-x13)[y13*FE2MACR + (1-y13)*(Vol. + Char)1,13]

11 +x13(Vol. + Char)2,13
LIG-O — Vol. + LIG-OH

Cellulose Hemicellulose

A, =8x10B El =192.5 As=1x109 Es=129.7
Ag=1x10!9 Eg=138.1

Lignin-C Lignin-H and Lignin-O

Ag=4x 1015, Ey=202.9 Ap=2x1083 E;,=156.9

A]2:5>< 106,E]2:131.8 A]]:1 X 109,E1]:106.7

A;3=3x10% E;3=125.5

6 Approaches for Low-Order Particle Models

Even with the simplified 3-D geometry displayed in Figure 2c, it is extremely expensive to
incorporate structural models with this level of detail into computational reactor-scale
simulations involving thousands of biomass particles. Consequently, there is considerable
motivation to develop lower-order modeling approaches that can account for the dominant
particle-scale heat and mass transport effects involved in fast pyrolysis of biomass. One such
approach is to approximate the multi-dimensional transport processes of biomass particles with
idealized spherical particles having mathematically “similar” transport properties during rapid
heat-up.*® Figure 6 illustrates this concept for an irregularly shaped wood particle. We

summarize an approach for utilizing this type of 1-D approximation in the following sections.
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Figure 6. Equivalent spherical diameters to represent an irregularly shaped wood particle.

6.1 1-D Heat Transfer Approximations

Mathematically, approximations of 3-D transport processes are possible in 2-D and 1-D
when a limited number of controlling parameters dominate the system and effectively reduce the
dynamic phase space. In a recent study of particle-scale heat conduction under fast pyrolysis
conditions, we demonstrated that this is typically the case for a realistic range of biomass particle
sizes if the characteristic length used for 1-D simulations is based on the diameter of a surrogate
spherical particle with a surface-area-to-volume ratio (Dsv) equal to that of the original
particle.*® The significance of Dsv seems to confirm that the effective surface interface between
each pyrolyzing particle and its surroundings is perhaps the most critical geometric factor
controlling particle heat up.

A widely used approach for simulating 1-D heat conduction in solid slab, cylindrical, and

spherical geometries is based on solving the following transient PDE 47

1 0 oT oT
kr C,— 7
r’ 8;”( 61’) P ot ™

where 7 is the 1-D spatial coordinate (m), b is the shape factor (0 slab, 1 cylinder, 2 sphere), T is
temperature in Kelvin (K), & is thermal conductivity (W/m-K), p is density (kg/m?), C, is heat

capacity (kJ/kg-K), and ¢ represents time in seconds (s). For particles with any of these shapes,
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spatial symmetry allows the application of a zero gradient at the particle center. The other
relevant boundary condition for fast pyrolysis is the assumption that the heat flux at the particle
surface can be represented by a convective heat transfer coefficient that accounts for the heat
input through the external boundary layer.

As demonstrated in our particle modeling study*®, Equation (7) can be successfully utilized
with surrogate representations of typical biomass particles that assume a diameter (Dsv) that
yields an equivalent surface area to volume ratio as the original particle. The results reported in
the reference study also demonstrate that it is possible to use the bulk average thermal
conductivity (k) and heat capacity (C,) reported in standard references such as the Wood
Handbook*® for simulations. Although these bulk properties do not explicitly account for
anisotropy, they effectively average the impact of the actual spatial variations. When combined
with a surrogate 1-D representation of biomass particles, they appear to reasonably replicate the
transient surface, center, and volume-average temperature profiles produced by the fully 3-D
conductive heat transport as illustrated in Figure 7 for a loblolly pine particle exposed to

conditions typical of fast pyrolysis.4
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Figure 7. Comparison of temperature profiles from 3-D and 1-D model results for a loblolly pine particle
at 500°C (773 K). Bulk average properties of p = 540 kg/m?, k = 0.12 W/(m-K), and C, = 103.1 + 3.867-T
J/(kg-K) provided by the Wood Handbook.*® Particle surface area to volume diameter (Dsv) for one-
dimensional model based on three-dimensional particle with a Feret diameter of 5.4 mm. Reprinted with
permission from reference 46. Copyright 2016 American Chemical Society.

6.2 Combining 1-D Heat Transfer and Reaction

In fast pyrolysis units, the amount of time it takes for a biomass particle to fully devolatilize
is a critical parameter for reactor operation. In order to estimate this conversion, the 1-D model
mentioned earlier can be coupled to a kinetic scheme to estimate pyrolysis yields and solid
conversion time from wood to char. An example of combining the 1-D particle model to the
kinetic scheme of Sadhukhan et al.** is shown in Figure 8. When the heat of reaction is included
in the model the center temperature and conversion profiles match well with the experimental
data for a 20 x 100 mm cylindrical wood particle. The temperature overshoot reported by the
experiment at the center of the particle is also captured well with the 1-D model due to the
exothermic heat of reaction. Without the heat of reaction, conversion time is prolonged and the
temperature overshoot is not accounted for in the particle model. Since the model results do not
account for mass transport within the particle, the effects of mass diffusion are assumed to be

included to some extent via kinetic parameters of the reaction scheme.
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Figure 8. Center temperature profiles and conversion for a 20 x 100 mm wood cylinder at 683 K.
Symbols represent experimental data from Sadhukhan et al.*® The solid blue line denotes 1-D model
results with AH = -240 kJ/kg while the solid red line is with no heat of reaction. Reprinted with
permission from reference 46. Copyright 2016 American Chemical Society.

7 Current Limitations in Particle-Scale Modeling

The recent the particle modeling efforts described above have made significant progress
toward effectively capturing the complex and highly variable geometry of realistic biomass
feedstocks; however, we feel that the absence of transport-independent conversion kinetics for
biomass fast pyrolysis from the literature is presently the largest impediment to the development
of a generalized pyrolysis model with accurate predictive capability across biomass feedstocks.
In addition, more attention should be devoted to the incorporation of the catalytic effects of the
ash content within biomass into kinetic schemes to accurately predict the pyrolysis products. In
order to facilitate optimization of fast pyrolysis processes for the yields of desired chemical
products, kinetic schemes must migrate away from lumped models and incorporate additional
speciation to track the formation of specific molecules of interest. The implementation of these
more detailed kinetic schemes will also require the use of reduced order models to be

computationally feasible with present-day computational resources.
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Additional improvements must also be made at the interface between particle modeling and
reactor-scale modeling to facilitate process optimization and scale-up. Drag models have a large
impact on the hydrodynamics predicted by CFD simulation software, but these models are
typically established for spherical geometries which are not representative of biomass particles
produced from milling and grinding processes. Improved drag models that are specific to
biomass particles should be developed by combined experimental and computational efforts.
These models must also be able to account for the distribution of particle shapes and sizes in
order to predict particle behavior in realistic industrial scale fast pyrolysis processes. Similarly,
interfacial heat transfer coefficients that are typically used to model heat transfer from the reactor
environment to the particle were developed for spherical particles. Our recent experience
modeling interfacial heat transfer with realistic biomass particle models indicate that most
correlations for heat transfer coefficients in the literature can provide poor agreement between
simulations of conjugate heat transfer and simulations that employ interfacial heat transfer
coefficients. Furthermore, we have observed interfacial heat transfer to be species-specific due to
differences in particle microstructure that acts to modify the exterior geometry of the particle,
and these species-specific affects are completely absent from the correlations in the current
literature. In general, to accurately simulate the hydrodynamics and heating behavior of realistic
biomass particles in pyrolysis reactors will require that many engineering correlations previously
developed for other systems, such as coal pyrolysis, be revisited in the context of realistic,

species-specific biomass particle models.

8 Conclusions
Modeling fast pyrolysis at the particle scale provides the opportunity to assess the impacts of

feedstock-specific parameters such as morphology, microstructure, composition, and moisture
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content. Since these parameters vary substantially between feedstocks, we feel that biomass
particle modeling will be of increasing importance as we strive towards a renewable bioeconomy
that commoditizes feedstocks and their biofuel and biochemical products provided by fast
pyrolysis.

While the complexity of typical biomass feeds makes detailed computer simulations of
individual particle behavior during fast pyrolysis extremely challenging, it is possible to develop
3-D representations of biomass particles that include the most important structural features
revealed by advanced characterization methods such as X-ray computed tomography (XCT) and
scanning electron microscopy (SEM). Finite element (FEM) simulations using these 3-D
representations can reveal important details of particle-scale processes during fast pyrolysis, but
this comes at a high computational cost and thus must be used selectively. It is not currently
feasible to use particle models with this level of structural detail in reactor simulations involving
hundreds or thousands of particles.

Although numerous reaction mechanisms and kinetic parameters have been proposed for
biomass fast pyrolysis, it appears that there remain serious shortcomings which need to be
addressed. Chief among these are a lack of accounting for catalytic ash effects, inadequate
separation of transport effects from intrinsic kinetics, inconsistent and poorly documented
experimental protocols, inadequate differentiation of product species and associated reactions,
and inadequate accounting for initial particle moisture. Until these shortcomings are resolved in
the literature, we expect that it will not be possible to develop a truly robust predictive capability
for an industrially relevant range of biomass feedstocks and feedstock blends.

1-D surrogate models of intra-particle conductive heat transfer can generate predictions of

the transient intra-particle temperatures that are reasonable approximations of the simulation
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results produced by fully 3-D FEM simulations. The external surface area to volume ratio of
particles is a key geometric factor, since it determines the available area per unit mass through
which heat can enter the particle. Predictions from 1-D particle models combined with
simplified pyrolysis kinetics generate predicted yields of char, light gas, and tar that appear to be
reasonably consistent with experimental measurements. As with any modeling effort, the
development of these improved models must be closely integrated with experiment

Overcoming the challenges described in this chapter will provide substantial benefit to the
fast pyrolysis and biofuels community by enabling accurate predictions of feedstock-specific
yields and optimal process conditions. This information will improve the state of technology and
de-risk its commercialization, but development of these improved models will require large,

coordinated efforts of computational and experimental teams.
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