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ABSTRACT

This manuscript presents new measurement data from milligram-scale thermal decomposi-
tion experiments - thermogravimetric analysis (TGA) and microscale combustion calorime-
try (MCC) — conducted on stems and leaves (i.e., needles) of six plant species commonly
found across the United States. For each fuel, measurement data from TGA experiments
was analyzed to determine effective thermal decomposition mechanisms and the associated
kinetics of their constituent reactions. Results of this model calibration were compared to
standard (i.e., "generalized’) approaches to obtain kinetic parameters available in the litera-
ture. MCC experiments were repeated under identical experimental conditions to determine
the heats of complete combustion of all gaseous volatiles produced by these vegetative fu-
els and to validate the decomposition mechanisms and species char yields determined from
TGA data. Through a coupled analysis of TGA and MCC measurement data, an estimate
of the heats of combustion of the gaseous volatiles produced by individual reaction steps in
the fuel’s decomposition was also made. Between different fuels, distinct differences were
measured in the onset temperature of decomposition, the temperature range of decomposi-
tion, the number of apparent reactions, and the peak measured mass loss and heat release
rates (as well as the temperatures at which they occur). To analyze the impact of these vari-
ations on predictions of wildfire behavior, a modeling study was then conducted in which
simulations of wildland fire experiments were repeated using the thermal decomposition
mechanisms and heats of combustion determined for each of the fuel species tested in this

work. Model-predicted fire spread rate in these simulations varied between 0.34 m s~ ! and
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0.80 m s~! demonstrating a notable dependence (up to a factor of 2x) on measured vari-
ations in thermal decomposition mechanism and a second-order dependence on the use of
either reaction-step-specific or single (global) heats of combustion.

Key words: Fire Modeling; Pyrolysis; Wildfire Spread.
Submitted: July 12, 2022

Reviewed: November 26, 2022

Resubmitted: January **, 2023

Published: Month Date, Year

1. Introduction

With a growing number of people moving to areas in or near fire prone wildlands [1, 2]
and an increase in the number of large fires and total acres burned each year [3, 4], wild-
land fires are an increasingly dangerous and costly problem in the United States and around
the world [5, 6]. Accurate predictive modeling of current (or potential) uncontrolled wild-
land fires (i.e., quantitative prediction of fire intensity and spread rate) can mitigate the
risk that these fires pose. Common models of wildland fire spread (e.g., BehavePlus [7]
and FARSITE [8]) are relatively easy to use and can quickly provide fire spread predic-
tions and deterministic assessments of fire hazard; however, they are based upon empirical
relations (e.g., Rothermel [9]) defining a constant rate of spread for given conditions of
slope, weather, wind, moisture, and a user-selected fuel model. These fuel models define
representative physical parameters (surface area to volume ratio, particle size, and fuel bed
depth), moisture content, and heat content (prescribed as 18.6 kJ g~! for all but one, of 40
available, fuel models) [10]. Such empirically based models of fire spread have valuable
applications (e.g., they are used for operational predictions of fire spread rate) but they do
not incorporate the underlying processes controlling wildland fire behavior [11]. Thus, they
are unable to predict transient fire behaviors and they may not be able to provide accurate
predictions of fire behavior under changing ambient conditions or when a mixture of fuel
sources (vegetative and structural) is present (e.g., at the wildland urban interface, WUI).

More complex, physics-based models (e.g., the Fire Dynamics Simulator, FDS [12])
can better capture the controlling mechanisms of wildland fires because they solve the
governing equations for buoyant flow, heat and mass transfer, gas phase combustion, and



1 INTRODUCTION

condensed phase thermal decomposition of fuels. These physics-based simulation tools
may be particularly valuable at the WUI, where simulation of the burning behavior of
vegetative and structural fuels could be used to better inform structural and community
wildfire resilience [13]. Such models require a large number of inputs (e.g., fuel heat of
combustion and radiative fraction, thermophysical properties of the vegetation and soil,
and ambient conditions) to provide accurate predictions of wildland fire behavior. Multiple
physics-based numerical simulation tools that have been applied to, or developed specifi-
cally for, the simulation of wildfire behavior (e.g., FDS [14, 15], FireStar3D [16], or custom
codes [17-19]) describe condensed-phase decomposition of vegetative fuels using reaction
rates proportional to Arrhenius laws. It has been shown that model predictions of the rate
of spread of wildland fires are particularly sensitive to windspeed and the thermal decom-
position temperature of the burning vegetative fuel [14]. Unfortunately, despite this sen-
sitivity, comprehensive measurements of thermal decomposition are not readily available
for a variety of common vegetative fuels and the fuel properties that are available from
such experiments (i.e., the relevant data needed to parameterize physics-based models of
wildfire spread) can be subject to large uncertainties [20].

Philpot conducted an early study on the pyrolysis of plant materials, using thermogravi-
metric analysis (TGA) and differential thermal analysis (DTA), to examine the relationship
between a plant’s mineral content and pyrolysis behavior (rate, onset temperature, and
residue yields) [21]. Shafizadeh presented a thorough review of the pyrolysis of biomass,
that described how the composition of its major components (cellulose, hemicellulose, and
lignin) impacts its thermal properties and available decomposition pathways and quantified
how the species yields of decomposition reactions vary with pyrolysis temperature [22].
Through the 1980s, Susott led a series of studies on a broad range of wildland fuels, identi-
fying the temperature range of decomposition for various plant components, the total heat
needed for their pyrolysis, and the total energy released by combustion of these gaseous
pyrolyzates (using an experimental apparatus that was a precursor to modern microscale
combustion calorimetry) [23-26]. TGA experiments were also performed on multiple
Mediterranean plant species to provide a ranking of their ‘potential combustibility’ [27]
and other authors have thoroughly studied individual fuels (and their gaseous pyrolyzates)
using multiple analytical methods [28]. More recently, Wadhwani et al. [29] performed
TGA experiments on bark, twigs, and leaves of two fuels (eucalyptus and pine litter) and
analyzed the results to determine associated pyrolysis kinetic parameters. Amini and Saf-
dari [30] also performed TGA experiments on dead and live samples of 14 vegetative fuel
species and estimated associated reaction kinetics for the”major pyrolysis zone” of each
fuel. In related works, this group also has characterized the char, tar, and gaseous species
yields, and their respective chemical compositions, of the pyrolysis products of (live and
dead samples of) fifteen species of vegetation native to the Southern United States [31, 32].
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Matt et al.[33] characterized the composition (i.e., fractional content of lipids, nonstructural
sugars, protein, pectin, hemicellulose, cellulose, starch, phenol, structural lignin, silicates,
and minerals) of 12 tree and plant species from the Southeastern United States, suggest-
ing this analysis could be used to determine species pyrolysis temperatures and heats of
combustion.

This manuscript presents new measurements from milligram-scale thermal decomposi-
tion experiments - thermogravimetric analysis (TGA) and microscale combustion calorime-
try (MCC) — conducted on stems and leaves (i.e., needles) of six plant species commonly
found in the United States. These fuels were collected in the summer of 2017 by the US
Forest Service in Missoula, Montana (Lodgepole Pine, and Douglas-Fir) and in the North
Mountain experimental area in Southern California (Chamise, Bigberry Manzanita, Desert
Ceanothus, and Chaparral Whitethorn). All tests were conducted in nitrogen (i.e., in an
anaerobic environment). Although the rate of degradation of these fuels may be affected
by oxidation, it has been noted [34] that thin vegetative fuels will not ignite by pure ra-
diative heating thus convective heating and flame ‘bathing’ is critical. Such direct flame
impingement can present a ‘fuel rich’ (and thus a largely anaerobic) environment at the
fuel’s surface as it pyrolyzes.

When measurement data from thermal analysis experiments is available for a specific
vegetative fuel, a decomposition model can be parameterized that accurately' captures mea-
sured behavior. Given the complex nature of vegetative fuel decomposition - vegetative
fuels are often reported as consisting of multiple distinct components (e.g., hemicellulose,
cellulose, and lignin), each of which reacts at different temperatures [22, 24] (and, for each
reaction step, associated stoichiometric coefficients, species yields, kinetic parameters, and
reaction orders are needed) - calibration of these model parameters can be non-trivial. Fur-
ther, it has been noted that significant differences in the kinetic parameters and species
yields can be found across biomass species, due to variations in component origins [44—
46]. This means that a unique set of kinetic parameters calibrated for a specific vegetative
fuel may not necessarily be effective for all others.

A variety of widely used generalized pyrolysis models have thus been proposed in the
literature that are reported to capture observed decomposition behavior of different vegeta-
tive fuels (sometimes referred to as biomass species) while reducing the number of model
parameters that require calibration. These generalized models typically take one of two
approaches. In the simplest case (for the model user), a reaction mechanism and associated

IThe desired level of model accuracy may vary depending on the user’s needs for a given model application
and the potential need or want to reduce model complexity. It is noted that, in coupled gas- and solid-
phase simulations of fire spread through vegetative fuels, pyrolysis of vegetation is often described using
single-step Arrhenius reactions [14, 35-37]; however, many ’generalized’ models that are commonly used
in the pyrolysis modeling community prescribe multiple reaction steps for the pyrolysis of vegetative fuels
[38-43].
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kinetic parameters are prescribed a priori and model users need only calibrate the mass
fractions of each pseudo-component [38—42]. Another approach, which allows for more
flexibility (and, reportedly, greater accuracy), prescribes a general reaction mechanism but
requires calibration of the mass fractions, the pre-exponential factors, and the amounts of
volatiles produced by each component [43].

In this work, for each of the vegetative fuels tested, sample mass and mass loss rate
measured in TGA experiments were analyzed to determine effective thermal decomposi-
tion mechanisms and associated kinetics of these reactions. Four widely used generalized
pyrolysis models [38—40, 43] and one new, automated fitting tool [47] were used for this
analysis; the efficiency (computational cost) and accuracy (predictive capability) of each
approach is discussed. This modeling exercise provides insight into whether a single degra-
dation mechanism (with one corresponding set of kinetic parameters) can be used to capture
the measured thermal degradation behavior of multiple vegetative fuels with sufficient ac-
curacy (as is often proposed) or if these model parameters must be uniquely calibrated for
each fuel.

MCC experiments were also performed on the same fuels under the same experimental
conditions to determine the heats of complete combustion of all gaseous pyrolyzates and
species char yields. Additionally, by a coupled analysis of TGA and MCC measurement
data, an estimate of the heats of combustion of the gaseous volatiles produced by individual
reaction steps was made. To analyze the impact of variations in the degradation behavior of
these fuels, a study was then conducted in which simulations of grassland fire experiments
[12, 14, 48] were repeated using the unique thermal decomposition mechanisms and heats
of combustion determined in this work. The sensitivity of model-predicted development of
fire spread rate to these variations is discussed.

2. Materials and Methods

2.1 Materials

The vegetative fuels studied in this work were obtained between May and July of 2017
from the United States Forest Service Pacific Southwest and Rocky Mountain Research
Stations (which are located in Southern California and Western Montana, respectively).
Species locations of origin, scientific names, and common names are provided in Table 1.
The selected species represent vegetation types commonly found in the regions in which
they were picked. For each species, a bulk sample — consisting of small branches with
leaves (i.e., needles) attached — was picked from a series of randomly selected individual
plants. Milligram-scale experiments conducted in this work were performed on both leaves
and stems of all six plant species (except for Douglas-fir) thus creating a test matrix of
eleven unique fuel species. Thermal analysis experiments were conducted on Douglas-fir
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leaves only.

Table 1. Vegetative fuels tested in this study

Common Name Scientific Name Origin
Bigberry Manzanita  Arctostaphylos Glauca

Chamise Adenostoma Fasciculatum PSRSA
Chaparral Whitethorn Ceanothus Leucodermis

Desert Ceanothus Ceanothus Greggii

Douglas-Fir . P'seudotsuga Mengziesii RMRSE
Lodgepole Pine Pinus Contorta

APacific Southwest Research Station (North Mountain Experimental Area, California)

BRocky Mountain Research Station (Missoula, Montana)

A preliminary series of TGA experiments was conducted on samples in one of two
states: fresh (tested within 1-2 weeks after being picked) and dehydrated (after being mi-
crowaved three times, 60 s each; sealed in plastic sample bags; and stored in a refrigerator).
This treatment ensured the stability of samples (i.e., prevented decay, degradation, and/or
molding) without affecting the chemical or physical structure of the foliage. Differences
in measured sample mass and mass loss rate (MLR) of fresh and dehydrated samples dur-
ing these TGA experiments were negligible, thus all experimental measurements presented
in this work were performed on samples that had been dehydrated. After this treatment,
samples were cut into thin (< 0.75 mm thick) flat sections, less than 5 mm in length and
between 4.5 mg to 6.5 mg in mass. For each test, leaves were kept whole/intact and stems
were cut through their middle to create a flat surface that allowed for good thermal contact
during experiments. All samples were stored in a desiccator (in the presence of Drierite) for
a minimum of 48 hours prior to testing. Immediately before testing, samples were removed
from the desiccator, pressed flat into the base of alumina test crucibles, and weighed using
a Mettler M3 analytical balance 2.

2.2 Thermal Analysis Experiments

Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) experiments were conducted in a Netzsch STA
449 F1 Jupiter. This apparatus continuously measures mass (using a microbalance with
a 0.025 ug precision) and temperature (using an S-type thermocouple positioned directly

’The identification of any commercial product or trade name does not imply endorsement or recommendation
by the National Institute of Standards and Technology (NIST) or any other contributing institution.
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beneath the sample crucible) of samples as they are heated through a well-defined tempera-
ture program in an anaerobic environment. A temperature calibration was conducted as per
the manufacturer’s recommendations [49] - using a set of 6 pure metals, with melting points
between 156.6°C and 961.8°C - to provide a relation between measured and actual sample
temperature. The calibration was performed using the same crucible type, heating rate, and
gaseous environment as was used during thermal analysis experiments on vegetative fuel
samples. All TGA experiments were conducted within three months of this calibration.

The temperature program used for TGA experiments included an initial heating at
10°C min~! to 75°C followed by a 20-minute-long isotherm at that temperature, during
which time the chamber was continuously purged with nitrogen. This conditioning period
ensured that the system was completely free of oxygen and that any residual moisture in
samples was removed prior to dynamic heating and thermal decomposition. Following this
conditioning period, samples were heated at a constant rate of 10°C min~! to 700°C (ap-
proximately 200°C above the highest temperature at which a mass loss event was observed).
Throughout this program, the test chamber was continuously purged with ultra-high purity
(UHP) nitrogen at 50 mL min~! to ensure that thermal decomposition of samples occurred
without oxidation. All tests were conducted in open alumina crucibles to allow gaseous
pyrolyzates to escape unimpeded.

At the start of each day of testing, a baseline test was performed in which an empty
alumina crucible was subjected to the same heating program as was used during thermal
analysis experiments. This baseline history (mass vs. temperature) was subtracted from
the corresponding data obtained during experiments on vegetative fuel samples; all TGA
measurement data presented in this work has been baseline-corrected in this manner. For
each test, measured sample mass, m, was then normalized by initial sample mass, mg, and
normalized sample mass loss rate d(cl#) [s~!] was calculated as the numerical derivative
of time-resolved normalized sample mass. Prior to further analysis, noise in mass loss rate
curves was reduced using a Savitzky-Golay filter (third order polynomial; 15°C window).
For each fuel species and sample type (stem and leaf), tests were repeated at least five
times to accumulate necessary statistics; mass history curves from repeated experiments
were first filtered, as described above, and then averaged together prior to further analysis.

The relatively low heating rate (10°C min—') used in these experiments was selected, in
combination with the small sample masses used during testing, to ensure that samples did
not experience significant temperature or composition gradients during heating [50, 51].
Although fuels may experience more rapid heating in real burning scenarios, these TGA
heating conditions minimize the impact of heat and mass transport inside the sample on
measured sample mass and mass loss rate, thus enabling further analysis (i.e., determina-
tion of kinetic parameters) without the need to account for such transport effects. Impor-
tantly, it has been shown [30, 52] that variation of this heating rate does not significantly
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influence degradation chemistry of vegetative fuels (i.e., number of apparent reaction steps
and onset temperatures of reaction). Further, it has been demonstrated that an inverse anal-
ysis of total mass and mass loss rate data measured in TGA experiments conducted under
lower heating rates (i.e., 10°C min—!, as tested here) can be used to determine effective
reaction mechanisms, and associated reaction kinetics, that accurately describe the thermal
decomposition of combustible solids [53].

Microscale Combustion Calorimetry (MCC)

Microscale Combustion Calorimetry (MCC) experiments were conducted in an appara-
tus built in accordance with the relevant standard, ASTM D7309 [54]. In this test, speci-
mens of known mass are thermally decomposed in an anaerobic environment at a constant
heating rate. Gaseous volatiles released by pyrolyzing samples are mixed with an inert
carrier gas and transported to a high temperature (900°C) combustion chamber where they
are forced to complete combustion in an oxygen rich environment. The heat released by
combustion of these volatiles is computed from the rate of oxygen consumption in the
gas stream exiting the combustion furnace. Sample temperature is continuously monitored
during tests using a K-type thermocouple positioned directly beneath the sample crucible.

A temperature calibration was conducted as per best practices [54, 55] to provide a re-
lation between measured and actual sample temperature. The calibration was performed
using the same crucible type, heating rate, and gaseous environment as was used during
thermal analysis experiments on vegetative fuel samples (six calibration materials, with ref-
erence temperatures between 156.6°C and 961.8°C). All MCC tests were conducted within
three months of this calibration. At the start of each day of testing, the MCC oxygen sensor
was calibrated using a prepared gas mixture (19.19 % oxygen in nitrogen) and the total
system calibration was checked using a reference material, polystyrene (Styron 665 GP).
MCC experiments were conducted in accordance with ASTM D7309 [54] using 4.5 mg to
6.5 mg material samples that were pyrolyzed in UHP nitrogen. Samples were placed into
open alumina crucibles, introduced into the pyrolysis chamber, and allowed to reach equi-
librium at a temperature of 75°C, at which point the chamber temperature was increased to
700°C at a constant heating rate of 10°C min~'. Although the standard [54] recommends
heating rates between 12°C min~! and 120°C min~', a heating rate of 10°C min~! was se-
lected in this study to provide measurements of sample heat release rate under comparable
conditions to those used in TGA experiments.
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2.3 Calibration of Thermal Decomposition Models
Reaction Mechanism and Associated Kinetics and Component Yields

Four different generalized pyrolysis models [38—40, 43] and one automated fitting tool [47]
were assessed in their ability to describe experimentally measured decomposition behavior
of the fuels tested in this work. Each model assumes that the fuel is initially composed of
multiple components, each of which can decompose in parallel as per the reaction schemes
shown in Fig. 1. Here, individual reactions are noted by the symbol, R;. In Model I, f;,
represents the residual mass fraction (solid) of each reaction step. A concise description
of the development, validation, and use of each of these models is provided below. For
each of the generalized models, some of the required model parameters are defined a priori
(thus limiting the number of parameters that need to be calibrated by the model user). De-
tails of how kinetic parameters were originally obtained and validated for each model are
summarized in Table SI-1of the Supplemental Information section.

In Model I [38], biomass is assumed to initially consist of three components: cellulose,
hemicellulose, and lignin. A single step reaction (first order) is assumed for decomposi-
tion of cellulose in wood; necessary kinetic parameters were obtained based on analysis
of mass loss data measured during the isothermal heating of 100 mg of wild cherry wood.
A successive three-step reaction scheme (all first order reactions) was developed for lignin
(see Fig. 1a) and also adopted for hemicellulose decomposition; here, the symbols f; in-
dicate the solid residue yield of each reaction step. To determine the kinetics associated
with the decomposition of these components, lignin was chemically separated from the
wild cherry wood and pyrolyzed in an electric tube furnace under reduced pressure (40 Pa)
at three heating rates (1.7, 5.1, and 9.8 °C min_l). The evolution of the weight loss of
hemicellulose was then obtained by subtracting predicted mass loss of cellulose and the
measured mass loss of lignin from the overall mass loss of wood. In summary, Model
I [38] prescribes a single-step decomposition reaction for cellulose and three-step (series)
decomposition reactions for hemicellulose and lignin; to model biomass pyrolysis, all three
(sets of) reactions are assumed to occur in parallel. Model I was originally applied [38] to
predict the mass loss of white birch, white spruce, and white pine. It is proposed that this
model can describe the thermal decomposition of a generic fuel species solely by calibrat-
ing the initial mass fractions of the three constituent components, while maintaining the
originally-reported kinetic parameters (these values are reproduced in Table SI-2 of the
Supplemental Information section).

In Model II [39], hemicellulose, cellulose, and lignin are each assumed to degrade by
the multi-step reaction mechanism shown in Fig. 1b. The first step, reaction R, defines a
zero-order initiation reaction at low temperature (below 200 °C). The intermediate species
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R R R;
A—>» fiBi —» B —» f;C

(a) Model I [38]

Gases + Volatiles

R
R
Virgin Material —————— Intermediate
R3
Char
(b) Model II [39]
Ra

Tar————— Gas 1

Ra
Ry
Dry Virgin ——» Active

R3

vUer Char + (1- ver) Gas 1
(¢) Model I1I [40]
Componenti ——® (1-w;) Char + v Volatile
(d) Model IV [43]
Component i ————® v; Char + (1-v;) Volatile

(e) Model V [47]

Fig. 1. Multi-component reaction schemes used by (a-d) the generalized pyrolysis models and (e)
automated fitting tool (Model V) tested in this work.
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formed by this reaction further decomposes through two competitive reactions of order 1.5:
reaction R, which forms two gaseous species (non-reactive‘‘gases”, mainly consisting of
CO; and volatiles that may react with hot char in a secondary reaction), and reaction R3,
which forms only char. Kinetic parameters for each of these reaction steps were determined
based on measurements of lignocellulosic fuel decomposition (samples up to 20 mg) when
heated (multiple heating rates: 5, 20, and 80 °C min~') in TGA experiments conducted at
ambient pressure. For validation, these kinetic parameters were then applied to predict the
mass loss behavior of samples measured during isothermal tube furnace experiments.

In these tests, xylan from Oak Spelts, cotton from an unknown source, and lignin ex-
tracted from olive-husks were treated as pure components of hemicellulose, cellulose and
lignin, respectively. Model-predicted mass loss of the cellulose component matched ex-
perimentally measured values with good accuracy; however, model predictions of lignin
decomposition were only shown in comparison to isothermal mass loss measurements and
comparisons between experimental and calculated mass loss curves of hemicellulose were
not shown. The kinetic parameters originally reported in this work are reproduced in Ta-
ble SI-3 of the Supplemental Information section. Similarly as with Model I, it is proposed
that this model can describe the thermal decomposition of biomass solely by calibrating
the initial mass fractions of initial components, while maintaining the originally-reported
kinetic parameters.

Model III extends Model II to consider the secondary reaction of tar cracking (i.e., reac-
tion R4 in Fig. 1c) [56]. This model was not based on a specific set of experiments but relies
upon a re-examination of literature data. The kinetic parameters for cellulose were taken
from Ref. [57], while for hemicellulose and lignin, the kinetic parameters were modified to
fit the results of three experiments (beech wood, mass loss at different heating rates [39];
lignin, mass loss at different isothermal temperatures [39]; maple wood, char yields at dif-
ferent isothermal temperatures [58]). This model (see Table SI-4 in the Supplemental Infor-
mation section) has since been used in other studies (in some cases, with modified kinetic
parameters) to predict the mass evolution (residual mass, tar yields and gas yields) of oak
during isothermal pyrolysis at Tz = 642 K, residual mass evolution of cherry wood during
isothermal pyrolysis at Tg = 573 K, mass loss rate evolution of untreated bagasse during
non-isothermal decomposition at 10°C min~!, mass evolution of pine wood pyrolysis at
1000 °C s~ !, pyrolysis of spherical particles up to 56 mm (in diameter) [40], pyrolysis and
radiative ignition of white spruce [59], and charring of different wood species at different
scales [60]). Previous studies have also applied Model III to describe the decomposition
of bagasse [40] and other wood species [60]: here, model-predicted peak mass loss rate
occurred at a significantly lower temperature (approximately 30 °C) than observed in the
experiments. This shift might cause underestimation of the ignition delay time in wildfire
models, which may impact predictions of fire growth and spread.

11
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In Model IV [43], a five-step reaction scheme was proposed, including the decompo-
sition of hemicellulose, cellulose, and lignin and the devolatilization of two organic ex-
tractives; reactions occur in parallel and are all defined as first order. To use this model,
the activation energies are prescribed for each of these five components (100 kJ mol~! for
hemicellulose; 236 kJ mol~! for cellulose; 46 kJ mol~! for lignin; and 105 kJ mol~! and
127 kJ mol~! for the two extractives). Decomposition behavior of various wood species
(assessed in Ref. [43] for four hardwoods and five softwoods) can be simulated using Model
IV by calibrating not only the initial mass fractions of each component but also the pre-
exponential factors, A;, and the amounts of volatiles, v;, produced by each component. For
the wood species tested, model-predicted mass loss rate matched experimental measure-
ments with high accuracy, with average deviations slightly higher for hardwoods (1.5% to
2.2%) versus softwoods (0.4% to 1.2%). Note: the flexibility and resulting accuracy of this
model comes with a cost as a total of 15 model parameters must be calibrated when using
Model 1V, versus just three (initial component mass fractions, ¥;) for each of Models 1, II,
and III.

Model calibration can be accomplished manually [61, 62] or, more often, with the aid
of automated search methods (e.g., Genetic Algorithms, GA [63—65]; Particle Swarm Opti-
mization, PSO [65]; Shuffled Complex Evolution, SCE [66, 67]). In this work, calibration
of parameters needed to simulate thermal decomposition of vegetative fuels using Models
I-IV (i.e., Y;, A;, and/or v;) was achieved using GA optimization that minimized the fitness
function, F', in eqn. 1. The algorithm is stopped when no further decrease in F' is observed,
which typically occurs after several hundred generations (approximately 15 min to 30 min
of clock time; laptop computer with a 1.60 GHz Intel Core i5 CPU, 8 GB of RAM). Be-
cause of the random nature of GA, the optimized solutions are not unique and may vary
under different repeating runs, GA codes, or computers, but the overall trend should be
clear [64]. Consequently, the best solution (minimum fitness function, F) from 5 repeated
GA runs is discussed here.

n (MLR;XP MLR )2 "

n 2
F= (ML — M5 )"+ =
YML; j j YMLR - MLRf,fé)x MLszé;
In eqn. 1, the subscript j identifies the j* value of all n total data points of the ML
or MLR curves; the superscripts exp and cal represent the calculated and experimental

values, respectively; Yy and Y r represent the respective weights of normalized mass

4(n)

loss (ML = mﬂo) and normalized mass loss rate | MLR = —7 terms; and the subscript

max identifies the maximum experimentally observed ML or MLR value. In final analysis,
both weights were equally defined as Yy, = Ymrr = 0.5. This value was determined based
on an analysis of model calibration for two fuels in which GA optimization was repeated

12
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as each weight was varied between 0 and 1. This analysis demonstrated (see Fig. SI-1) that
equally weighting ML and MLR data provides the best results (i.e., yields the smallest root
mean square error between model predictions and experimentally-measured results).

For Models I-III, the GA optimization tool calibrated only three parameters: the initial
mass fractions, Y;, of the three constituent components of each fuel. Kinetic parameters,
A; and E;, of each reaction step in Models I-1II are fixed, thus the temperature, 7, ;, corre-
sponding to the i peak conversion rate is fixed as well. In other words, when optimizing
only the initial mass fractions, one is unable to shift the position of each peak (i.e., the
temperature at which each reaction occurs) and only able to adjust the magnitude of peak
MLR values. Calibration of Model IV requires determination of optimum values of Y¥;, A;,
and v; for each of the five reaction steps. This allows for greater model flexibility in the
temperature range over which sample mass loss occurs and the temperature at which peak
MLR occurs; however, because infinite combinations of Y;, A;, and Vv; are possible, Model
IV requires knowledge of the upper and lower bounds of the optimized parameters. The
initial guess of reference values or the upper and lower ranges is intractable and largely de-
pendent on the model user’s experience. Estimates for these reference values and bounds
can be obtained from a literature review [67] or by applying model-free methods (e.g., the
Friedman and Ozawa—-Flynn—Wall methods [68—70]). The initial guess largely impacts the
predictive accuracy, thus special care is needed to properly choose the initial values of the
unknown parameters to ensure convergence [67].

Effective reaction mechanisms for all fuels were also calculated using an automated
fitting tool (Model V [47]) that assumed that measured decomposition behavior can be
captured by multiple first order, Arrhenius rate reactions (occurring in parallel) of the form:

dm E;
= —;(1 — Vi) mAjexp (—ﬁ> )

where m is the total sample mass, m; is the mass of component i, 7 is the sample
temperature, R is the gas constant, and A; and E; are the kinetic parameters describing the
reaction. Assuming a parallel reaction mechanism is reasonable in this case since it is likely
that the vegetative fuels are composed of distinct components (cellulose, hemicellulose, and
lignin) [22, 24]. TGA data does not allow for the determination of either the stoichiometric
coefficient, v;, or the initial amount of component i present in the material, mg ;. However,
it is possible to determine the amount of mass lost as volatiles in each reaction from the
TGA data. This quantity is simply Am; = myg; (1 — v;). The solid residue yield is related to
the reaction mass losses through u =1 — %Om’

For each of the fuels considered, the kinetic parameters A; and E; along with the reaction
mass losses, Am; were determined using the algorithm developed in a recent work [47].
This methodology is fully automated for multi-step reaction schemes, has been verified
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against manufactured data and validated against TGA data for several synthetic polymers,
and provides a full set of kinetic parameters in less than one second. Further details regard-
ing the theory and application of this automated fitting tool can be found elsewhere [47].
Note: in addition to its reduced computational cost, a clear advantage of this approach
(with respect to application of the generalized models described above) is that no knowl-
edge of the upper/lower bounds are needed for each parameter and the model user requires
no previous knowledge of model calibration techniques or their implementation.

Models I-V were first evaluated for their ability to describe the decomposition behavior
(i.e., measured ML and MLR data from TGA experiments) of two vegetative fuels: desert
ceanothus leaf and stem. Results of this comparative analysis are provided in section 3.1 of
this manuscript. Next, the model judged to best capture experimental results was applied
to determine effective reaction mechanisms and corresponding kinetic parameters for all
eleven vegetative fuels tested in this work.

Heat of Complete Combustion of Gaseous Volatiles, AH,

The heat of complete combustion of all gaseous pyrolyzates (AH. ;) released by the
pyrolyzing sample was determined as the integral of heat release rate, HRR, measured
throughout the duration of MCC tests divided by final volatilized mass, m,,; (i.e., initial
sample mass minus the mass of char remaining after each test: m,,; = my — mcpq,). Char
yield, Ucnqr, Was calculated by dividing my,, by mg. Each fuel species was tested in the
MCC at least three times to ensure reproducibility; AH, ;44 and pepa Were calculated for
each repeated experiment to accumulate necessary statistics. Values of (AH,. ;o4 and Uepq,
reported in this manuscript represent average values of repeated measurements.

Heats of complete combustion of the gaseous species produced during each reaction
step, AH,;, were determined by comparing heat release rate measured in MCC experi-
ments and mass loss rate predicted by the decomposition model (which was developed on
the basis on TGA experiments). The model was used to simulate sample mass loss rate
under the conditions matching TGA and MCC experiments and a predicted heat release
rate curve was generated by scaling the instantaneous rate of gaseous volatile production
attributed to each reaction step by its corresponding AH,. ;. These heats of combustion were
adjusted in an iterative process until acceptable agreement between model-predicted and
experimentally-measured heat release rate was obtained.

2.4 Numerical Simulations of Wildfire Spread

Computational Fluid Dynamics (CFD) simulations of wildfire spread were conducted
in the National Institute of Standards and Technology (NIST) Fire Dynamics Simulator
(FDS version 6.7.1) [71] to determine the sensitivity of wildfire spread rate predictions
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to measured variations in fuel decomposition behavior. It is emphasized that this study
presents a targeted sensitivity analysis of how ‘fuel chemistry’ (i.e., decomposition reac-
tion mechanism and associated kinetics and heats of combustion) may impact simulations
of large-scale fire spread behavior. Other relevant material properties (e.g., particle thick-
ness, surface area to volume ratio, bulk density) that control heat and mass transfer around
fuel particles in the system may also have a strong impact [72] on fire spread rate, but such
an assessment is beyond the scope of this work. Selected as a case study for this sensitivity
analysis was a controlled burn of a 100 m by 100 m plot of kerosene grasslands conducted
by the Commonwealth Scientific and Industrial Research Organization (CSIRO) of Aus-
tralia between July and August of 1986 (Case C064) [48]. Measured properties of this case
are reported in Table 2.

Table 2. Measured properties of CSIRO Grassland Fire Case C064 [48]

Property Value

Wind Speed 46ms!
Ambient Temperature 32°C
Surface Area to Volume Ratio 9770 m~!
Grass Height 0.21 m

Bulk Mass per Unit Area 0.283 kg m~2
Moisture Fraction 6.3%

The computational domain in this case is 120 m by 120 m by 20 m. This domain is
subdivided into 36 meshes, each with 0.5 m cubic grid cells. Increasing or decreasing grid
size by a factor of 2 yields approximately a 5% deviation in model-predicted fire spread
rate. In these simulations, Lagrangian particles are used to simulate blades of grass, which
are modeled as slender cylinders whose diameters are inferred from the measured surface
area to volume ratio. Each grid cell contains one simulated blade of grass; by applying
a weighting factor, each explicitly modeled blade of grass represents approximately 5000
actual blades, thus matching the experimentally measured bulk mass per unit area. Blades
of grass are rigidly fixed, perpendicular to the wind and the source of thermal radiation.
Further detail on model assumptions concerning heat transfer and drag around blades of
grass is provided elsewhere [14].

Wildfire simulations were repeated using the reaction mechanisms and associated kinet-
ics and heats of combustion determined for each of the vegetative fuels tested in this work.
Oxidation of the solid residue (i.e., char) produced in these decomposition reactions is cal-
culated using the char oxidation model described in the FDS User’s Guide [71] (Section
19.1, “Thermal Degradation Model for Vegetation”). This char oxidation model defines a
single-step, exhothermic Arrhenius reaction; relevant model parameters are provided else-
where [15, 71]. Two additional simulations were also defined using decomposition models
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3 RESULTS AND DISCUSSION

that represent the degradation of a typical leaf or stem; these models are referred to as
‘Average Leaf’ and ‘Average Stem’. These cases provide insight into whether a given veg-
etative fuel’s degradation mechanism can be estimated (based on existing knowledge) or if
it must be uniquely measured to provide reasonable predictions of wildfire spread. Requi-
site parameters defining these decomposition models are reported, in further detail, in the
‘Results and Discussion’ section of this manuscript.

By specifying a fuel moisture fraction in these simulations (6.3%, see Table 2), FDS
automatically defines the water’s density, conductivity, specific heat, kinetics of evapora-
tion, and heat of reaction (these values are reported in the ‘Wildland Fire Spread’ chapter of
the FDS User’s Guide [71]). All other relevant soil, vegetation, and combustion parameters
used in these simulations are reported in Table 3; these values have been taken from a recent
modeling study [14] and are typical of wood or cellulosic fuels. Ignition and ambient con-
ditions were defined to match experimental conditions, as described elsewhere [14, 15]. A
reference FDS input file for this base case is available on the FDS Github Repository [73].

Table 3. Assumed Fuel and Soil Properties for Wildfire Simulations [14]

Property Value

Fuel Properties

Chemical Composition CgH9Os

Radiative Fraction 0.35
Soot Yield 0.015
Specific Heat 1.5kI kg ! K™!
Conductivity 0.1Wm!'K!
Density 512 kg m~—3
Heat of Pyrolysis 418 kT kg~!

Soil Properties
Soil Specific Heat 20kg™ ' K!
Soil Conductivity 025Wm~ ' K~!
Soil Density 1300 kg m~3

3. Results and Discussion

3.1 Thermal Analysis Experiments
Thermogravimetric Analysis (TGA)

Figure 2 plots experimentally-measured and model-predicted normalized mass loss and
mass loss rate of desert ceanothus leaf and stem samples heated in nitrogen at 10°C min~!

in TGA experiments. Solid black lines represent the mean of repeated experiments, the
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Fig. 2. Experimentally-measured and model-predicted mass loss and mass loss rate data of desert
ceanothus leaf and stem samples in TGA tests conducted in nitrogen at 10°C min~'. Here, solid
black lines represent the mean of repeated experiments; the shaded area is calculated as two
standard deviations of the mean.

shaded area is calculated as two standard deviations of the mean, and dashed lines show
model-predictions of sample behavior. Model parameters were calibrated as per the opti-
mization approach described in Sec. 2.3. As seen here, Models I-1II fail to adequately cap-
ture measured ML and MLR histories. This discrepancy arises because the recommended
kinetic parameters [38—40] predict decomposition across a much narrower range of temper-
atures than observed for the species tested here. It is possible that this difference arises due
to compositional differences in leaves (samples tested in this work) and woody biomass
(samples used for development of Models I-III): it has been reported that the biochemical
structure of hemicellulose and cellulose in leaves differs from that in woody biomass [33],
which may lead to the unique pyrolysis behavior of leaves.

Models IV and V better capture experimentally observed behavior of these two fuels,
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most likely due to the flexible adjustment of pre-exponential factor and volatile fractions in
each reaction step. These results demonstrate that widely used “generalized pyrolysis mod-
els” - even those with complex, multi-reaction decomposition mechanisms (e.g., Models I
- III) - cannot reproduce the experimentally measured thermal decomposition behavior of
the vegetative fuels tested in this work solely by altering the initial mass fractions of major
components while retaining a predefined set of reaction kinetics. In other words, the de-
composition mechanisms (including associated kinetic parameters) of vegetative fuels are
truly unique.

Models I - IIT prescribe between 7 and 12 unique reactions to describe the decomposi-
tion behavior of vegetative fuels: this is sufficient complexity to capture observed behavior,
if greater flexibility in model calibration is allowed. Thus, in this work, these models were
reevaluated using the GA introduced in Sec. 2.3 to calibrate all necessary input parame-
ters (i.e., Yo, A;, and E;). Optimized kinetic parameters for all models are provided in
Tables SI-2, SI-3, and SI-4 in the Supplemental Information section. Much like the ap-
plication of Model IV, greater accuracy was obtained (results shown in Fig. SI-2 of the
Supplemental Information section). However, this calibration requires: significant effort to
define reasonable search bounds for each parameter; a capable, validated model calibration
tool (and a trained user); and substantial computational cost (approximately 45 minutes,
for each biomass species, using the GA described in Sec. 2.3.

Ultimately, the results of this fitting exercise demonstrate that the automated fitting tool
(Model V [47]) provides comparable or better accuracy to each of the established general-
ized pyrolysis models (i.e., Models I-IV) tested in this work, while requiring substantially
reduced computational costs and no prior calibration experience from the model user. Fig-
ure 3 plots the results of TGA experiments conducted on all stem and leaf samples of plant
species tested in this work. Solid black lines represent the mean of repeated experiments;
the shaded gray area is calculated as two standard deviations of the mean. Also shown in
red on Fig. 3 are predictions of sample behavior (Model V) during TGA experiments (solid
and dashed lines represent total and reaction-step-specific model-predicted residual mass
loss rates, respectively). Optimized kinetic parameters for each of these reaction mecha-
nisms are provided in Table 4. As seen here, all models capture experimentally measured
mass loss rate data with reasonable accuracy?.

Temperature-resolved mass loss rate measurements obtained during TGA experiments

3 Although small discrepancies in model-predicted and experimentally-measured mass loss rates can be ob-
served, a ‘perfect’ fit of experimental results at the mg-scale is not the final goal of this research. Rather, the
focus of this work is to provide a framework towards ‘sufficient’ fitting with appropriate model complexity
to describe fuel degradation across a range of scales (e.g., from mg-scale decomposition to full-scale fire
growth scenarios). Future work can allow for continuous improvement of this fitting tool (i.e., Model V),
as needed, but it is emphasized here that the model’s accuracy should be assessed based on its predictive
capabilities across a range of scales.
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Fig. 3. Experimentally-measured and model-predicted (Model V) mass loss rate data of stem (left)

and leaf (right) samples of Bigberry Manzanita, b%amise, Chaparral Whitethorn, Desert

Ceanothus, Lodgepole Pine, and Douglas-Fir in TGA tests conducted in nitrogen at 10 °C min™".

1

Experimental curves (black lines) represent an average of five repeated experiments; uncertainties

shown here (erayv shaded errorbars) are calculated as two standard deviations of the mean.
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Table 4. Kinetic parameters describing decomposition of vegetative fuels (calculated using Model
V [47])

A E; A,,'T"J Ay E, Aﬂ% As Es A,;—’f
Sample Name  (s7)  (Jmol™) (g/g) )  (KImol™) (g/g) )  mol™h) (g/g)
Leaves
Bigberry 2.12x10°  591x10* 034 3.64x10° 1.39x10° 0.12  1.07x10°>  7.23x10*  0.27
Manzanita
Chamise 9.98x10% 5.67x10* 030 1.21x10*  7.69x10* 032 3.39x10%  1.37x10°  0.11
Chaparral 9.85x10°  6.68x10*  0.17 1.15x10°  8.68x10*  0.24 1.53 436x10*  0.21
Whitethorn

Desert Cean- 1.25x10'  4.05x10*  0.46 1.4313 1.78x10°  0.02  1.27x10*  8.50x10*  0.20
othus

Douglas-Fir ~ 3.35x10*  7.07x10* 024 1.45x10"  1.09x10° 026 2.13x10'  5.17x10*  0.26
Lodgepole 246x10°  1.01x10° 037 5.99x107  1.05x10°  0.14 3.03x10'  528x10*  0.27
Pine

Stems
Bigberry 4.85x10°  7.41x10*  0.10  2.14x10°  1.01x10°  0.53 2.06x10' 1.79x10°  0.07
Manzanita
Chamise 9.56x10° 1.08x10° 038 3.40x10'2  1.58x10° 0.07 1.43x10*> 6.04x10*  0.24
Chaparral 3.23x10°  1.26x10°  0.07  9.56x10°  9.86x10*  0.69
Whitethorn
Desert Cean- 1.16x10%  1.20x10°  0.64 5.05x10'0 1.39x10°  0.13
othus

Lodgepole 3.45x10°  8.91x10* 0.30  5.97x107 1.15x10° 0.22  1.51x10! 4.96x10* 0.26
Pine

Average 1.22x10°  575x10* 023 246x10° 9.03x10* 023  1.32x10>  6.02x10*  0.25
Leaf4

Average 8.58x10°  9.64x10*  0.49 1.03x10'®  1.95x10°  0.07

Stem 4

4 Effective values representing the thermal decomposition of an ‘average’ leaf or stem tested in this work (see Fig. 4)

on stems and leaves are plotted together in Fig. 4 to allow for a qualitative comparison of
the thermal degradation behavior of each of these fuel types. As seen here, between each
fuel, there are distinct differences in the onset temperature of degradation, the number of
apparent reactions, and the peak measured mass loss rate (as well as the temperature at
which it occurs). Across all samples tested, the temperature corresponding to each of these
reaction peaks varies between 220 °C and 485 °C. In general, two reaction peaks (local

maxima in @) are observed for stem samples. Stem samples demonstrated higher peak
mass loss rates than leaves and their decomposition generally occurred over a narrower
temperature range, with little mass loss above 400 °C. Leaf samples were characterized
by a series of overlapping reactions, typically at least three, that occurred over a wider
temperature range. These results support previous observations by Susott [24], who noted

that the relative proportions of extractives (i.e., volatile hydrocarbons), hemicellulose, cel-
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Fig. 4. Measured mass loss rates of all vegetative fuels tested in this work when heated in nitrogen
at 10 °C min~—! in the TGA. Each curve represents an average of at least five repeated experiments;
for clarity, measurement uncertainty is not plotted (this is shown in Fig. 3).

lulose, and lignin appear to explain the mg-scale thermal degradation behavior of typical
forest fuels. Also plotted in this figure (black lines) are curves representing the degrada-
tion behavior of an idealized ‘average’ stem or leaf. The mass loss rate profiles defining
these average curves are calculated as per the procedure described in Section 2.2 based on
a representative normalized sample mass profile, mﬂo, that is calculated at each temperature
of interest as the average (i.e., arithmetic mean) of measured mﬂo for each fuel species. It is
emphasized that these curves do not represent actual measurement data: rather, they define
a curve representative of typical stem or leaf degradation measured in this work, which is
used here to help interpret wildfire simulation results. Kinetic parameters used to define
these curves are reported in Table 4 under the sample names ‘Average Stem’ and ‘Average
Leaf’.

Microscale Combustion Calorimetry (MCC)

Figure 5 plots experimentally measured heat release rate, HRR, (normalized by initial
sample mass, mg ) of stem and leaf samples of all plant species tested in this work in the
MCC. Experimental measurements are plotted as solid black lines; shaded gray errorbars
indicate two standard deviations of the mean. Measured values of AH,. ;o1 and Uy, are
reported in Table 5. Uncertainties are reported for U, as one standard deviation and
for AH, ;4141 as the maximum of either: one standard deviation of repeated measurements
or 5 % of the average value (which represents the inherent uncertainty in oxygen con-
sumption measurements of heat release [74]). Similarly as observed in TGA experiments,
sample decomposition (i.e., heat release) is observed in MCC tests across a wide tempera-
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ture range*, between approximately 200 °C and 500 °C. Stem samples demonstrated higher
peak HRR than leaves and their decomposition generally occurred over a narrower temper-
ature range, with little heat release above 400 °C. Leaf samples were characterized by a
series of broader, overlapping reactions that occurred over a wider temperature range (in
general, with lower peak HRR).

Measured values of AH, ., vary between 8.9 kJ g'1 and 14.4 kJ g'l, which is a
significant deviation from the value of 18.6 kJ g! that is prescribed for most (39 of 40)
fuels in the Standard Fire Behavior Fuel Models [10]. Differences in the absolute value
of these heats of combustion may be partially attributed to measurement technique (i.e.,the
use of oxygen bomb calorimetry [75, 76], which provides the total heat content of fuels,
including char oxidation, and which may not representative of energy release in real fires
[77]). Nevertheless, this comparison highlights the measured variability of the heats of
combustion reported in this work versus those prescribed in some commonly used fuel
models [10]. For the fuels tests in this work, exclusive of Lodgepole Pine stems, measured
values of AH,. ;. are, on average, 17 % greater for leaves than for stems. The heat of
combustion of Lodgepole Pine stems is neglected in this comparison because it is 42 %
greater than the average AH,. ;. of the other stems tested in this work.

Also shown in Fig. 5 are model predictions of heat release rate, which are calculated as
model-predicted mass loss rate, multiplied by either the total heats of combustion (AH s,
blue curves) or reaction-step-specific heats of combustion (AH, ;, red curves). Optimized
values for AH, ; are presented in Table 5; these values are calculated based on the ratio of
experimentally-measured heat release rate (in MCC tests) and mass loss rate (in TGA tests)
at the peak mass loss rate of each of the reaction steps defined by the fuel’s decomposition
model (Table 4). This calculation accounts for relative fraction of gaseous volatiles pro-
duced by each reaction step at the temperature of interest. Uncertainty in reported values
of AH,.; is estimated to be 15 % based on a propagation of the 5 % uncertainty in heat
release measurements and the differences between of model-predicted and experimentally-
measured sample mass loss rate (see Fig. 3).

As seen in Table 5, for some fuels, values of AH,; can vary by as much as a factor of
three between different reaction steps for the same fuel. Consequently, for these fuels, using

4Note: the measured temperature range of decomposition (i.e., the difference, AT, between onset and endset
temperatures) of these vegetative fuels was typically between AT = 200 °C and AT = 300 °C, with measured
peak HRRs between 10 W g~ ! to 20 W g~!. This temperature range is notably greater than that observed
for a variety of non-charring [61] and charring [62] synthetic polymeric fuels, which have been observed
to decompose (under similar heating conditions) within AT = 60 °C to 100 °C and AT = 100 °C to
150 °C, respectively. As a reference comparison, when tested under these same experimental conditions, the
polystyrene samples used for MCC calibration decompose within approximately AT = 80 °C, with an order
of magnitude larger peak HRR (approximately 200 W g~!) compared to the vegetative fuels tested in this
work.
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reaction-step-specific heats of combustion AH,.; can allow for notable improvement in the
agreement between experimentally-measured and model-predicted HRR curves (particu-
larly, agreement in peak HRRs) shown in Fig. 5. Note: reaction steps, i, are not elementary
reactions nor should they be considered as representative of the decomposition of a specific
chemical species (e.g., lignin or cellulose). Rather, each reaction step effectively captures
experimentally-observed mass loss measured at a given temperature range for a specific
fuel, likely as a result of multiple elementary reactions. As a result, the heats of combus-
tion for a given reaction step, AH, ;, (and the relative ratios of AH, ;) should not be expected
to be the same for different vegetative fuels.

Table 5. Heats of Complete Combustion and Char Yields of Vegetative Fuels

AHc,l AHC,2 AHC,3 AHc,total Hehar
Sample Name &Klgh &Igh ®egh «Igh (g/g)
Leaves
Bigberry Manzanita  11.0+£1.6  9.9+1.5 15.3%£2.3 12.4+09 0.22+0.07
Chamise 12.3£1.9 9.2+x14 17.1£2.6 11.7x1.2 0.25+£0.04

Chaparral Whitethorn  5.6+0.8 12.2+1.8 12.2+1.8 10.4+1.8 0.33+0.04
Desert Ceanothus 10.3+£1.5 6.0+09 174426 12.3#1.1 0.32+0.03

Douglas-Fir 13.3£2.0 6.8+1.0 16.6£2.5 12.2+0.6 0.25+0.04
Lodgepole Pine 83+x1.2 11.2+1.7 19.2429 12.6+0.6 0.24+0.04
Average Leaf 4 - - - 11.9+0.8 0.27+0.05

Stems
Bigberry Manzanita ~ 5.8#0.9  9.2+14 17.6£2.6 9.6%1.3 0.37+0.06
Chamise 13.0£1.9 52+0.8 3.6x0.5 8.9+0.6 0.27+0.04
Chaparral Whitethorn 11.8+1.8 11.5%1.7 - 11.5%£2.6 0.23+0.05
Desert Ceanothus 9.3+1.4  8.2+1.2 - 9.1+0.5 0.25+0.06
Lodgepole Pine 159424 12.3+1.8 14.5£22 14.4£2.0 0.22+0.04
Average Stem 4 - - - 10.7£2.3 0.27£0.06

A Calculated as the mean value of AH. ;otq1 OF Uepqr measured for all stem or leaf species
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Fig. 5. Experimentally-measured and model-predicted (Model V) heat release rate of stem (left)
and leaf (right) samples of Bigberry Manzanita, §hamise, Chaparral Whitethorn, Desert
Ceanothus, Lodgepole Pine, and Douglas-Fir in MCC tests conducted in nitrogen at 10°C min~".
Experimental curves (black lines) represent an average of at least three repeated experiments;
uncertainties (gray shaded errorbars) are calculated as two standard deviations of the mean.
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3.2 Numerical Simulations of Wildfire Spread

Figure 6 plots time-resolved predictions of fire front location in FDS simulations of
wildfire spread using the decomposition models developed in this work (Model V analysis
of TGA measurements) and the heats of combustion, AH,. ;, measured in MCC experiments.
The fire front is defined as the location of the maximum gas temperature in a 1 m wide, 1 m
tall strip along the centerline of the grass field. As seen in Fig. 6, propagation of this fire
front across the length of the field occurred at a fairly constant rate, R. Average fire spread
rates are therefore calculated based on the time needed for the fire front to advance from its
initial position, 5 s after ignition, to 95 m downstream (i.e., in the direction of spread).

Calcualted average fire spread rates, R, (which are reported in Table 6) varied between
0.34 ms™! and 0.80 m s™! (a factor of two difference) when using each of the decomposition
models developed in this work (and using AH, ;). This demonstrates that, not only is the
predicted wildfire spread rate of leaves different from that of stems, but there are distinct
differences between the predicted fire spread rates of individual fuels of the same type.
Further, these results show that a single ‘average’ fuel model cannot necessarily be used to
describe the wildfire spread behavior supported by these different species in this fire spread
scenario.

These results also demonstrate the importance of prescribing unique heats of combus-
tion for each decomposition reaction step (i.e., using AH,;, which, for some fuels, was
demonstrated in Sec. 2.2 to better represent experimentally measured behavior at the mg-
scale). For each fuel, when AH ;4 is used instead of AH, ; (with the same reaction mecha-
nism and associated kinetics), FDS-predicted rate of spread varies between -4 % and +13 %
(second-order effect). Note: a preliminary sensitivity analysis (based on dozens of addi-
tional FDS simulations) deomonstrated that model sensitivity to the use of reaction-step-
specific AH.; increases for more energetic fuels (i.e., for fuels with higher total heats of
combustion).

Consider the spread rates calculated when using AH, ; shown in Table 6 (the most ac-
curate decomposition model used in this work): on average, for each fuel species (except
for Chamise), predicted fire spread rate is faster for stems than for leaves. One potential
cause of this behavior is the variation in the temperature range at which gaseous volatiles
(i.e., combustible vapors) are released by these fuels as they pyrolyze. For each of the fuel
species tested in this work, predicted fire spread rate is faster for a given fuel type (either
stems or leaves) when greater heat release is measured (and calculated by the model) at
lower temperatures either due to: a lower onset temperature of decomposition or similar
onset temperatures and early decomposition behavior but greater heat release over a nar-
rower (i.e., lower) temperature range (see Fig. 5). For Chamise - the only species tested in
this work for which model-predicted fire spread rate is faster for leaves than stems - this
inversion may arise due to variations in the model’s accuracy in predicted onset temper-
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ate of decomposition, T,;: as seen in Figs. 3 and 5, for Chamise Stems (though not for
leaves), the model overpredicted experimentally measured 7,5 by approximately 25°C.
Further, Lodgepole Pine stems - for which predicted fire spread rate was 34 % higher than
the average of all other stem species - showed unique behavior in MCC tests as the most
energetic reaction step occurred earliest (lower temperature) in the decomposition process.

Table 6. Predicted wildfire spread rate in FDS simulations of CSIRO grassland fires [48]

Spread Rate (m s

Sample Name AH.; AH, 1o1a1
Leaves
Bigberry Manzanita  0.54 0.55
Chamise 0.53 0.53
Chaparral Whitethorn  0.35 0.36
Desert Ceanothus 0.34 0.34
Douglas-Fir 0.52 0.57
Lodgepole Pine 0.55 0.62
Average Leaf 4 - 0.47
Stems
Bigberry Manzanita  0.62 0.59
Chamise 0.45 0.44
Chaparral Whitethorn  0.65 0.64
Desert Ceanothus 0.66 0.65
Lodgepole Pine 0.80 0.78
Average Stem 4 - 0.47

4 Calculated using kinetic parameters describing
the thermal decomposition of an ‘average’ leaf or
stem, as discussed in Sec. 3.1
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Fig. 6. Comparison of predicted fire front position of CSIRO C064 Grassland Fires simulated in
FDS 6.7.1 using the thermal decomposition models developed for each of vegetative fuels tested in
this work (using the heats of combustion, AH.. ;).

4. Conclusion

In this work, the thermal degradation behavior of stem and leaf samples of six vegeta-
tive fuels commonly found in the United States was examined through a series of thermo-
gravimetric analysis (TGA) and microscale combustion calorimetry (MCC) experiments.
Distinct differences were measured in the onset temperature of degradation, the number
of apparent reactions, and the peak measured mass loss and heat release rates (as well as
the temperatures at which they occur). Across all samples tested, the temperatures cor-
responding to the peaks of each reaction step in the determined degradation mechanisms
varied by more than 250 °C. In general, stem samples demonstrated higher peak mass loss
rates than leaf samples and their decomposition generally occurred over a narrower tem-
perature range, with little mass loss above 400 °C. Leaf samples were characterized by a
series of overlapping reactions that occurred over a wider temperature range and generally
had higher total heats of combustion, though lower peak HRR in MCC tests.

Measurement data from TGA experiments was used to determine effective thermal de-
composition mechanisms (and associated kinetics) for each fuel. Four widely used gener-
alized pyrolysis models [38—40, 43] and one new, automated fitting tool [47] were used for
this analysis. These results demonstrate that widely used “generalized pyrolysis models”
- even those with complex, multi-reaction decomposition mechanisms - cannot reproduce
the experimentally measured thermal decomposition behavior of the vegetative fuels tested
in this work simply by altering the initial mass fractions of major components while retain-
ing a predefined set of reaction kinetics: the decomposition mechanisms of each of these
fuels are unique, and associated kinetic parameters must be calibrated accordingly. This
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calibration exercise also demonstrated that an automated fitting tool [47] (which does not
require extensive modeling-experience to use) can provide comparable or better accuracy
to each of the established generalized pyrolysis models tested in this work with substan-
tially reduced computational costs (results provided within one second). Effective thermal
decomposition mechanisms — consisting of a series of parallel, first order, Arrhenius rate
reactions — and associated kinetics were thus calculated using this tool and are provided in
this manuscript for stems and leaves of each of the vegetative fuels tested in this work.
MCC data was used for the validation of the decomposition mechanisms and species
char yields, U.pqr, determined from TGA experiments and to determine heats of combustion
of the gaseous volatiles produced. Measured heat of complete combustion, AH,. ;4 (i.€.,

Iand

total energy release per gram gaseous volatiles produced), varies between 8.9 kJ g~
14.4 kJ g~! for each of these fuels and measured char yield, fq,, varies between 22-
37%. Consequently, a significant portion of the total energy content of these fuels may not
be released during flaming combustion, rather during smoldering of residual char to ash.
Coupled analysis of MCC and TGA measurement data allowed for the determination of the
heats of complete combustion of the gaseous species produced during each reaction step,
AH. ;. Values of AH_; can vary by as much as a factor of three between different reaction
steps for the same fuel.

FDS simulations were run to examine the sensitivity of model predictions of wildfire
spread rate to measured variations in the thermal decomposition behavior of these fuels.
Simulations demonstrated a clear dependence on fuel decomposition mechanism, with pre-
dictions of wildfire spread rate varying between 0.34 m s™' and 0.80 m s”. Additionally, for
some fuels, FDS-predicted rate of spread could vary (second-order effect) by up to 13 %
when prescribing a single heat of combustion for all measured decomposition steps ver-
sus using reaction-step-specific values (i.e., when AH, ;4 is used instead of AH,;, with
the same reaction mechanism and associated kinetics). In this work, FDS simulations of
wildfire spread demonstrated the strongest sensitivity to the onset temperature of decompo-
sition and temperature range across which gaseous volatiles were produced. These results
demonstrate that measured differences in the decomposition behavior of stems and leaves
(e.g., in heats of combustion or decomposition temperature, range, and peak reaction rate)
can produce distinct differences in the global behavior of wildfires in FDS simulations.
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Supplemental Information

Table SI-1. Details regarding the development and use of four generalized pyrolysis models

Model I [38] Model II [39] Model III [40] Model IV [43]
Wild cherry Ligno.cellu]osic B.eec.h [39] Nine woods
Sample (100 mg) material Lignin [39] (5~mg)
(mass) (max. 20 mg) Maple [58]
EZtric tube furnace TG: Mettler TA 3000 [39] TG-DTA apparatus:
Experimental | Electric tube furnace TG: Electric tube furnace [39] TA Instruments
Apparatus Mettler TA 3000 Fluidized bed [58] SDT 2960
Pressure 40 - 400 101x103 101x10° 101x10°
(Pa)
ISO: ISO: 1SO:
265, 290, 305, 300, 350, 400, 500, Lignin [39] (400 600) CHR:
Testing 314, 320 600, 700 Maple [58]: 400-800 20 - 500
temperature | CHR: CHR: CHR:
°O) 20 - 600 20 - 950 Beech [39] 20-950
Heating Rate | o ¢ 51,17 5,20, 80 5,20, 80 5
(°Cmin™")
Fitted data ML (devia- ML ML of beech and char MLR (deviation:
tion: 1.5%) yield of maple 0.6% - 2.2%)
Parameters Yio Yio Yio Yio,Ai, Vi
to be cal-
ibrated by
model user

CHR: Constant Heating Rate

ISO: Isothermal heating conditions

ML: Mass loss

MLR: Mass loss rate

Y; o: Initial mass fraction of component i
A;: Pre-exponential factor

v;: volatile fraction produced by component i
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Table SI-2. Kinetic parameters from Model I [38]

Parameters Cellulose Hemiellulose Lignin

Original Optimized Original Optimized Original Optimized
A (sH 1.19x 102 1.01 x 10" | 2.10x 10'®  6.47x 10% | 9.62x 108  4.91 x 10°
E; (kJ mol'h) 173.72 165.01 186.70 117.68 107.58 83.72
f1 (%) - 83.9 35.7 93.0 85.2
Ay (s - 495x 107 1.12x10?' | 1.57 x 10'®  1.30 x 10"
E; (kJ mol™!) - 216.00 250.80 205.95 215.58
1 (%) - 47.3 99.9 85.3 99.9
Az (sH - 2x 107 2.68x10" | 1.13x 107 1.41x10'0
E3 (kJ mol™!) - 250.74 269.56 240.70 167.01
13 (%) - 14.0 99.9 85.6 62.5

Note: All reactions are first order; Parameter units have been converted to SI from the original work

Table SI-3. Kinetic parameters from Model II [39]

Parameters Cellulose Hemiellulose Lignin

Original ~ Optimized | Original Optimized | Original = Optimized
Al (stxglmy [ 22x10%  80x10' | 33x10° 22x10° | 3.3x102 3.1x107
E; (kJ mol'!) 167.5 50.0 72.5 76.9 147.7 91.3
Ay (st xgl™) 194x10% 37x10" | 1.1x10"% 1.5%x102 | 8.6x10% 9.2x10°
E> (kJ mol™!) 216.6 160.0 174.1 150.0 137.1 123.9
Az (st xgl™ [ 3.1 %1083 7.1x10° | 25x108% 3.6x 10" | 44x107 2.7x10°
E3 (kJ mol'!) 196.0 100.0 172.0 150.0 122.1 67.7

Note: Reaction orders, n;, for cellulose, hemicellulose, and lignin are: ny =0, n, = 1.5, and n3 = 1.5
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(@) TSR + () SN

ot

(a) Lodgepole Pine Leaf (b) Desert Ceanothus Stem

Fig. SI-1. Calculated Root Mean Square (error between model predictions and
experimentally-measured results) for mass loss (RMSy: black cylinders) and mass loss rate
(RMSpmir: red cylinders). Here, the best solution (minimum fitness function F) from 5 repeating
runs is presented for eleven groups of W, and Wr; results are shown for (a) lodgepole pine leaf
and (b) desert ceanothus stem, using Model IV [43]. As seen here, equally weighting ML and

MLR data (such that 3y, = yrr = 0.5) provides the best results (i.e., the sum of RMSy. and
RMSp R is the smallest).

Table SI-4. Kinetic parameters from Model III [40]

Reaction A; [s7] E; [kJ mol'!] Listed Source

K¢ 2.8 %107 (6.81 x 101%)  242.4(200.0)  Di Blasi (1994) [78]®

K§ 3.28 x 10 (3.41 x 10'%)  196.5 (150.0)  Di Blasi (1994) [78]B

K 1.3 x 10'° (1.50 x 10°) 150.5 (100.0)  Di Blasi (1994) [78]®

K 2.1%x10'% (391 x103)  186.7(157.1)  Ward and Braslaw (1985) [38]
K 8.75 x 101 (5.53 x 10'")  202.4 (150.0)  Di Blasi (1994) [78]®

K 2.6 x 10! (1.03 x 107) 145.7 (100.0)  Di Blasi (1994) [78]®

K! 9.6 x 10% (4.10 x 10”) 107.6 (110.7)  Ward and Braslaw (1985) [38]
K} 1.5x 10%4 (5.16 x 10*)  143.84 (100.3) Koufopanos et al. (1989) [39]
K 7.7 x 1064(5.15 x 10%) 111.4% (100.1) Koufopanos et al. (1989) [39]
K! 4.28 x 10° 108.0 Di Blasi (1994) [78]®

Values of A; and E; noted in parentheses indicate optimized values to provide the agreement shown in Fig. SI-2
A indicates modified values in model III

B Ref. [40] cites Di Blasi [78], which references data from Bradbury et al. [57]
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Fig. SI-2. Comparisons between experimentally measured and model-predicted normalized mass
(left axis) and normalized mass loss rate (right axis) of Desert Ceanothus stem samples when
samples are heated in nitrogent at 10 K min™! (TGA tests). Here, simulation results are calculated
using models I —III, with kinetic parameters (A;, E1, Y; o) uniquely calibrated for this vegetative
fuel using the GA presented in Sec. 2.3. As seen here, the three reaction models can provide
reasonable fits to the measured sample behavior with modified kinetic parameters (as opposed to
the default values suggested in their respective works, shown in Fig. 2
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