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Co-combustion of locally available biomass in existing coal-fired power plants is an attractive option to increase
the share of renewable fuels in the energy market with minimal capital investment. Utilizing existing coal-fired
combustion equipment for blends requires knowledge of pyrolysis and combustion characteristics. This study
presents thermal evolution profiles (decomposition rates, apparent activation energies and devolatilized com-
pounds) of coal–biomass blends to probe the effect of blend ratios on pyrolysis and combustion behavior. The
global rate of pyrolysis of Illinois No. 6 coal and brewer's spent grains (BSG) is a function of fuel composition,
though analysis of evolved gases suggests the presence of both potential additive and synergistic interactions
on a molecular level. For oxidation, a rapid decrease in peak conversion rate is seen as the percentage of BSG in-
creases from 0% to 20%, becoming less pronounced as the percentage of BSG increases above 20%.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Almost half of the electricity in the United States is generated by
burning coal, a process that emits vast amounts of carbon dioxide and
produces a flue gas laden with sulfur and nitrogen oxides [1]. The envi-
ronmental impacts of the mining, transport, and combustion of coal,
along with questions surrounding its future supply levels, have led to
considerable research on alternative and renewable fuels, including bio-
mass. Second-generation biomass feedstocks, comprised of agricultural
wastes and organic byproducts, may provide a bridge between conven-
tional fossil fuel sources and a renewable energy future. Given that
much of today's electricity infrastructure is devoted to coal combustion,
a likely avenue in the near future for biomass utilization is as a blended
feedstock with coal.

While the low sulfur content ofmost biomass has the potential to re-
duce overall SOx emissions, as well as net CO2 emissions from a coal-
fired power plant [1,2], the higher proportion of oxygen and hydrogen
to carbon atoms in biomass does result in a lower heating value for bio-
mass than coal [3]. However, the higher oxygen content of biomass also
tends to give it a higher reactivity than coal, and thus a lower activation
energy barrier to devolatilization and oxidation [4,5]. Ash deposition
from the combustion of pure biomass streams results in fouling and
slagging on heat exchanger surfaces in the boilers [6]. To overcome
the issues associated with pure biomass combustion, existing
bu.edu (J.L. Goldfarb).
pulverized coal-fired boilers across the world blend biomass in varying
proportions with coal. Optimizing operating conditions for such fuel
blending requires a greater understanding of the thermal characteristics
and combustion kinetics of coal–biomass blends [7,8]. Currently, much
of the research on coal–biomass blends originates from Europe and
Asia on coals of regional origin with varying volatile and chemical com-
positions, blended with biomass specific to those regions, such as palm
oil in Malaysia [9] and olive kernels in Greece [10]. In the Northeast re-
gion of the United States, readily available biomass includes forest and
agricultural byproducts and industrial organic waste, including spent
barley and hops from local breweries. Brewer's spent grain (BSG) is
85 wt.% of the total by-product generated in the brewing process and
is produced year-round by breweries across the country [11].

Our focus on a locally available biomass source such as BSG is
intended tomitigate the long-range transport of fuels (thereby decreas-
ing both the cost and carbon footprint of the fuel). There are 16 com-
mercial breweries in the state of New Hampshire alone, three of
which are located in Portsmouth, near Schiller Station, a 150 MW sta-
tion with two 50 MW coal-fired boilers. While BSG exits the brewing
process as a wet stream, in many cases the wastewater produced may
not be discarded. Breweries, such as Redhook Ale Brewery in Ports-
mouth and Anheuser-Busch Brewery in Merrimack, NH, use microbes
to treat the water, producing methane. This methane could be used as
a heat source to dry the solid BSG on-site for transport to a local coal-
fired power plant.

Like coal, biomass is a carbonaceous fuel that will undergo a series of
steps from pyrolysis to oxidation. Pyrolysis—the thermal decomposition
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Table 1
Ultimate analyses of brewer's spent grain and Illinois No. 6 coal.

wt.% (dry) Illinois No. 6 Coal Brewer's spent grain

C 70.2 49.70
H 4.8 6.54
N 0.9 3.86
S 3.1 0.33
O 9.9 34.87
Ash 11.1 4.70
Moisture % 4.2 5.68

40 A.M. Celaya et al. / Fuel Processing Technology 129 (2015) 39–51
of a solid in the absence of oxygen—is rapidly gaining attention it-
self as a thermochemical conversion process to obtain fuels from
biomass [12–15]. Pyrolysis is also the first step in thermochemical
conversion via oxidation [10]. The volatiles released during pyroly-
sis undergo oxidation within the gas layer surrounding the parti-
cles. The char remaining after the pyrolysis and ensuing volatile
combustion is essentially fixed carbon; when the volatiles are
exhausted, oxygen will diffuse towards the char surface and
combustion ensues. Because the composition of biomass varies
from source to source, a blanket reactivity profile for the pyrolysis
and oxidation of a specific lignocellulosic biomass material is not
applicable across all biomass types. On a dry basis, barley straw
contains approximately 20% hemicellulose, 33% cellulose, 17% lig-
nin, 2.2% ash, and the remainder of proteins and fat [16]. For com-
parison, wood contains 39–41% cellulose, 24–35% hemicellulose,
and 20–28% lignin on a dry basis [17].

Although each type of biomass exhibits different thermal decompo-
sition profiles, the pyrolysis of biomass generally yields global activation
energies within similar ranges. When analyzed using the Arrehnius
method under a first order global reaction scheme, most biomasses
show three distinct devolatilization regions (suggesting three distinct
activation energies) with abrupt transitions, roughly corresponding to
the hemicellulose, cellulose and lignin fractions of the biomass. The py-
rolysis of hemicellulose occurs approximately between 220 and 315 °C,
cellulose from 315 to 400 °C, and lignin over a range of 160–900 °C [18].
Grammelis et al. [19] find activation energies of the pyrolytic decompo-
sition of the primary components (hemicellulose, cellulose, lignin) of
waste paper biomass of 107–164, 198–232, and 30–48 kJ/mol, respec-
tively, at a heating rate of 20 °C/min under the assumption of multiple
degradation reactions occurring simultaneouslywith a summative reac-
tion order of one. Also under a first order reaction scheme, our laborato-
ry found activation energies of pyrolysis of cabbage palm biomass with
ranges of 64–115, 67–152 and 19–25 kJ/mol for the same three frac-
tions under heating rates ranging from 25 to 100 °C/min [20]. Interest-
ingly, activation energies for the pyrolysis of coal–biomass blends fall
into a similar range as those of pure biomass, with the activation ener-
gies increasing as the amount of coal increases, such as those noted by
Vuthaluru [3] in the pyrolysis of a Collie subbituminous coal and
wheat straw.

Under oxidative conditions, many analyses using the Arrenhius
method find two decomposition regimes, corresponding to a lumped
pyrolysis/oxidation of volatiles, and a second step for char oxidation.
Gil et al. [5] studied the co-combustion of high-volatile bituminous
coal blended with pine sawdust, suggesting that biomass combustion
takes place in two steps over a low temperature range (200–490 °C),
while coal combusted in a single step (315–615 °C); they found the
co-combustion of these solid fuels to be additive, as three steps occurred
during the process. Like pyrolysis, the activation energies of oxidation
increased with increasing coal content in initial stages of degradation,
however, Gil et al. did find that for a greater than 80 wt.% coal content,
the kinetic parameters increase dramatically—more so than perhaps
an additive scheme would suggest.

There is a question of synergistic (non-additive) effects occurring
with blended fuel pyrolysis and oxidation reactions. Some groups
find that the kinetics of pyrolysis and oxidation of blended biomass
and coal are somewhat additive in nature, whereby each fuel con-
tributes to the activation energy and peak devolatilization rates pro-
portionally to the blend ratios [5,9,21,22]. Other studies suggest
synergistic reaction chemistry during biomass–coal co-firing,
lowering overall activation energies for the combustion of blends
as compared to an additive scheme of coal plus biomass activation
energies [23–25]. While biomass exhibits lower heating values
than coal, it tends to release volatiles more rapidly during the pyrol-
ysis stage of combustion, [23] and as such the overall decomposition
profiles are necessary to determine the optimal blend ratio(s) for a
given biomass and coal in co-combustion.
2. Materials and methods

2.1. Materials

One local source of biomass in Southeastern New Hampshire is the
spent barley and hops from the many commercial breweries. To mea-
sure the reaction kinetics of this biomass and coal, brewer's spent grains
(BSG)were collected fromRedhook Brewery immediately following the
malting process, dried in an oven at 105 °C overnight, then ground and
sieved to b125 μm. Illinois No. 6 coal was available in-house with a par-
ticle size b44 μm. Between 5 and 10 g of each blend (90:10, 80:20, 50:50
coal/BSG by mass) were made by measuring the desired mass of each
fuel to the 0.1 mg on a Shimadzu semi-mircobalance into a glass vial
andmechanically agitating with a Scilogex vortex mixer. Ultimate anal-
yses of each of these materials are given in Table 1.

2.2. Thermogravimetric analysis

The pyrolysis and oxidation kinetic measurements were performed
on a Mettler Toledo TGA/DSC1, with data output from Mettler STARe
Default DB V10.00 software. The mass was logged every second to the
10−8 g, along with time and temperature to ±0.1 K. Between 7 and
12 mg of each sample (pure biomass, pure coal, and three different
blends) were placed in a 70 μl alumina crucible and thermally treated
in a N2 (pyrolysis) or air (oxidative) atmosphere, flowing at approxi-
mately 50 ml/min. The biomass samples were heated from 298 K to
383 K at 50 K/min, and held at 383 K for 60min to remove any residual
water. The temperaturewas ramped back down to 298 K at−10 K/min
and held for 5 min. For the pure biomass samples, the temperature was
increased to 1023 K at 100 K/min to simulate fast pyrolysis/oxidation
(while maintaining experimental reproducibility) and held for 5 min
to insure that the reactionswere complete (reactions were all complete
before this temperature was reached) as a terminal mass is critical to
determining the kinetic parameters. The coal and the biomass–coal
blends were pyrolyzed/oxidized in the TGA through the same process,
but up to a temperature of 1173 K to ensure complete decomposition
of the coal. Each thermal treatment was repeated a minimum of three
times per sample to insure reproducibility.

There are several factors to consider when describing the reaction
kinetics for the combustion of biomasswith coal. To overcome potential
heat and mass transfer limitations, much research on biomass/coal ki-
netics has been performed at slow heating rates (b10 K/min). However,
this does notmodel the rapid combustion processes in an industrial coal
boiler with heating rates up to 1000 K/min. In this study we employ a
fast heating rate of 100 K/min to insure reproducibility within our
data but expand available literature on the kinetics of thermochemical
conversion processes. This is performed for both the pyrolysis and oxi-
dation of BSG and BSG–coal blends; pyrolysis is often a rate-limiting
step in combustion during which most volatiles are released from the
solid fuel. It was observed by van de Velden et al. [26] that there are
mass transfer limitations in the pyrolysis of larger particles as larger par-
ticles and higher heating rates cause a temperature gradient from the
outside to the center of the particle; as such we elect to use very fine
particles to mitigate potential mass transfer limitations within the
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particle. Our laboratory has previously shown that there is no appar-
ent effect of particle size (between 125–250 μm, 250–300 μm, and
300–500 μm) on activation energy [20].

To determine global kinetic parameters, we use the reaction rate
constant method, widely used in determining the activation energy
and pre-exponential factor of solid fuels. The extent of conversion, x, is
defined as:

x ¼ m0‐mt

m0‐mf
: ð1Þ

m0 is initial mass,mt is mass at time t in seconds,mf is mass at complete
decomposition. The rate of reacted material is:

dx tð Þ
dt

¼ k 1‐x tð Þð Þ: ð2Þ

The reaction rate constant is modeled by the Arrhenius equation,
under a first order reaction rate assumption as:

k ¼ Ae−
Ea
RT : ð3Þ

R is the universal gas constant and T is the absolute temperature. For
non-isothermal experiments, k is solved for with β as the heating rate:

k ¼ β
dx Tð Þ
dT

= 1‐x Tð Þð Þ: ð4Þ

From a plot of ln(k) vs. 1/T, Ea (activation energy) and A (pre-expo-
nential factor) may be calculated:

ln kð Þ ¼ ln Að Þ−1
T
Ea
R
: ð5Þ

The maximum rate of decomposition is found from derivative ther-
mogravimetric (DTG) curves, plotting dx⁄dt versus T; the maximum
rate occurs as a peak where the slope equals zero.

2.3. Pyrolysis gas chromatography–mass spectroscopy

As a solid is devolatilized, itsmacromolecular structure is altered be-
cause of depolymerization, vaporization, and cross-linking of the solid
matrix,which leads to aromatic ring rupture, evolution of gaseous prod-
ucts and tars, and the formation of a carbonaceous char. Simultaneous
measurement of the thermal behavior and gas devolatilization products
of coal pyrolysis are commonly performed by coupling TGA with either
MS or Fourier Transform Infrared Spectroscopy (FTIR) in an inert atmo-
sphere [27] or with a Curie Point Apparatus, as done in this work. We
use a Shimadzu QP-2010 Plus gas chromatograph–mass spectrometer
with quadruple MS with EI detection (GCMS) equipped with a Frontier
Double-Shot Pyrolyzer (EGA/PY-GC 3030D) to explore the gaseous
products of coal–biomass blends in an inert atmosphere, mimicking
the conditions in the TGA [21].

The samples (pure and blends) were weighed into a stainless steel
crucible (1.42 ± 0.12 mg per run) that is loaded in the pyrolyzer.
When the pyrolyzer reaches the set point temperature, the sample
cup was rapidly introduced into the furnace. A helium atmosphere
was used for pyrolysis of samples under a flow of 62 ml/min with a
SHRX1-5MS GC column of length 30 m with an inner diameter of
0.25 mm. In order to avoid introducing water into theMS from residual
moisture in the biomass, the sample was initially heated to 383 K to
drive off water [23]. The pure biomass, coal, and blend samples were
then pyrolyzed to 1173 K at 100 K/min for consistencywith the TGA ex-
periments. Flash pyrolysis was also performed to mimic industrial situ-
ations for co-combusting in a coal-fired boiler. The volatiles evolved and
pyrolyzed gasses were carried by the He through the column, which is
heated to 573 K for 5 min. Compound evolution was determined for
the highest 50 peaks by total chromatograph area. Assuming peak
area is directly proportional to compound concentration, the area, nor-
malized to sample size, was compared for each compound across each
sample [28,29] to offer a semi-quantitative analysis of the impact of
blend ratio on compound devolatilization.

3. Results and discussion

On a global level, results indicate that the pyrolytic and oxidative
thermal degradation of BSG and coal blends proceeds at rates and ener-
gies roughly corresponding to the mass fraction of each solid fuel pres-
ent in the blend, though by no means a simply “additive” trend. On a
chemical level, however, the semi-quantitative data offered by the
GC–MS presents a slightly different story, suggesting that the blending
of BSG and coal may repress the formation of some aromatics and pro-
mote the formation of other compounds.

3.1. Rates of thermal decomposition

Across the literature we see that coal–biomass blends display in-
creasing mass loss rates, as noted through derivative weight peaks, for
thermal evolution profiles as the percentage of biomass increases at
lower temperatures. The reverse is noted at higher temperature mass
loss regimes.We confirm this trend, as seen in Figs. 1 and 2, DTG curves
for the pyrolysis and oxidation of pure BSG, coal, and their blends heated
at 100 K/min under N2 and air. The peaks on theDTG curves correspond
to the maximum rate of mass loss during thermal treatment.

During pyrolysis, the DTG evolution profile for BSG shows that there
are two primary peaks at temperatures of 595 K and 642 K. Biagini et al.
[30] report that the maximum rate of devolatilization for hemicellulose
occurs at 572 K, cellulose at 627 K, and lignin at 634 K, though it is well
documented that lignin decomposes over a wider temperature range
[9]. It is supposed that the two primary DTG peaks correspond to the de-
composition of hemicellulose and cellulose fractions of the BSG for the
lower and higher temperature peak, respectively, with lignin and
other minimal BSG components (sugar, proteins, representing less
than 10% of total mass) decomposing across the temperature profile
[31]. The pyrolysis of pure Illinois No. 6 coal shows a primary DTG
peak at 740 K. As the proportion of biomass increases in the blend, the
heights of the peak—and thus the rate of conversion—increases fairly
linearly and rather quickly at the lower temperature decomposition
realm around 590 K. As seen in Fig. 3, the opposite trend appears at
740 K. That is, as the proportion of biomass increases the peak mass
loss rate decreases, though not as abruptly as the differences at 590 K.
As Vuthaluru [3] found during the co-pyrolysis of wheat straw and
coal, our results suggest no obvious synergistic effects during the pyrol-
ysis of coal–biomass blends in terms of overall conversion rates at peak
temperatures.

As seen in Fig. 4, the linear or “additive” nature of mass loss rates
with respect to BSG/coal proportion seen for pyrolysis at 100 K/min
does not hold for oxidation at 100 K/min. While the DTG peak for the
oxidation of each fuel and their blends all occurred around 580 K, a
sharp decrease in peak mass loss rate is seen as the percent of BSG in-
creases from 0 wt.% to 20 wt.%, at which point the decrease in peak
mass loss rate is considerably less sharp as the percentage of BSG in-
creases from 20 wt.% to 100 wt.%.

3.2. Apparent activation energies—pyrolysis

Many kinetic studies of biomass and coal pyrolysis show a reaction
order of decomposition close to one; it is common in the literature to
apply this global or apparent reaction order to account for all the reac-
tions occurring simultaneously [32,33]. The data presented here show
high degrees of linearity for each mass loss regime when graphed in
an Arrhenius plot (as seen in Fig. 5), providing a reasonable basis for
comparison to other first order thermal decompositions presented in
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the literature. For lignocellulosic biomass there exist distinct thermal
events during pyrolysis corresponding roughly to the decomposition
of cellulose, hemicellulos, and lignin [34,35]. In the coal–biomass blends
investigated here, we see four distinct activation energies of pyrolytic
decomposition for the BSG, and five for the coal-BSG blends and coal.
As seen in Table 2, the largest mass loss during pyrolysis for the BSG oc-
curs roughly between 550 and 750 K, for the coal between 650 and
1025 K, and for the blends between 500 and 1025 K. The total amount
of mass lost in the first mass loss regime (between ~425-550 K) is
minimal—less than 2 wt.% for the blends and coal, suggesting that the
nature of this step is an energy-intensive activation step, as opposed
to the physical breaking of bonds and devolatilizing of compounds at
this temperature (Fig. 6). The activation energies determined here
align well with the kinetic constants presented by Pantoleontas et al.
[35], who also find five decomposition fractions for a lignite coal and
four for biomass samples. Like Pantoleontas et al., Vamvuka and co-
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workers [10,36] use this pure fuel data on a variety of biomass and lig-
nite coal to predict co-firing characteristics, but do not measure the
blended fuel kinetics.

As seen in Table 2 and Fig. 7, the first three temperature regimes for
the pyrolysis of BSG and blends show activation energies that decrease
substantially as the amount of biomass decreases. This is explained by
the higher amounts of lignocellulosic material present in the biomass
that decompose at lower temperatures (as compared to coal), which
we already noted among the DTG curves. The fourth mass loss regime
(higher temperature fraction; ~960 to 1025 K) shows increasing appar-
ent activation energy with decreasing biomass content, and in the fifth
mass loss regime, we see only the devolatilization of coal occurring;
there appears to be little impact of the biomass on the trends in appar-
ent activation energy. Biagini et al. [37] suggest that the weight loss
curve of each blend is the sum of the weight loss curve of two coals
(low and high volatile) and two biomasses (pine sawdust and sewage
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sludge) are the sum of the weight loss curves of each material. Further-
more, they find that kinetic parameters are, at least for a first estimate,
well described by such assumptions. If we “predict” the activation ener-
gy for each mass loss regime as:

Eapredict ¼ yCoalEaCoal þ yBSGEaBSG ð7Þ

where y is the mass fraction of coal and BSG (respectively) and Ea is the
activation energy, we find evidence for reaction synergism beyond the
non-linear behavior noted in Fig. 7. Fig. 8(a–d) shows the predicted ver-
sus measured activation energies as per Eq. (7) for mass loss regimes
1–4; there is no observed BSG decomposition in mass loss regime 5
and thus we cannot offer a predicted value (Table 3).

Formass loss regime 1, Eq. (7) predicts a value for the 10wt.% BSG of
17.9 kJ/mol, and measure 17.3; for 20 wt.% predicted is 21.9 and mea-
sured 22.1. For the 50:50 blend, the predicted value is substantially
higher (34.1 kJ/mol) than the measured value (19.6 kJ/mol), and the
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Fig. 4. Peak derivative mass loss rate for the oxidation of BSG, Illinois No. 6 coal, and their
blends as a function of percent (by mass) BSG in Illinois No. 6 coal at 580 K.
fraction mass lost in this range (2% by mass) is the same as the coal
and other blends, as compared to 5% by mass for pure BSG, suggesting
that the biomass pyrolysis may be suppressed by the presence of the
coal, as the BSG pyrolysis activation energy in this temperature range
is 54.2 kJ/mol. In mass loss regime 2, the predicted values are all signif-
icantly lower than themeasured values; given that a substantial amount
of biomass (15% bymass for pure BSG, 10% for 50:50 blend, 4% for 80:20
and 3% for 90:10, as compared to 1% for coal) is lost in this regime, we
suspect a higher amount of the devolatilization products originating
from the biomass in the blends, as opposed to the coal. In mass loss re-
gime 3 the agreement between predicted and measured activation en-
ergies for the 50:50 and 90:10 blends are within one standard
deviation of the measured values, though the Ea for 80:20 blend is
about 30% lower than the predicted value. In regime 4 the predicted
values are again higher than the measured values, suggesting that
much of the biomass has preferentially devolatilized before reaching
this temperature, as in this temperature range the activation energy
for the coal pyrolysis is substantially higher than the BSG (90.3 versus
16.4 kJ/mol). Given behavior noted in regimes 1 and 2, this is likely a
factor of a blend with significantly different composition (primarily
coal) than the original 50, 20 or 10 wt.% BSG. The data presented in
these tables and figures are the average of three experimental runs;
the results from each run (for both pyrolysis and oxidation) are given
in the Supplemental Information (available online).

3.3. Apparent activation energies—oxidation

The oxidation of the samples occurs over fewer steps than the pyrol-
ysis. There are threemass loss regimes corresponding to primary oxida-
tion of BSG, one of which results in only a 1% mass loss. There are four
distinct steps of decomposition for the coal, though two of which result
in only 1 and 2 wt.% decomposition, indicating only two primary de-
composition steps. For the blends we see an amalgam of these distinct
mass loss regimes; the low temperature step (~430 to 515 K) results,
like pyrolysis, in less than 2% sample mass loss. The percent mass lost
in the second mass loss regime (~400 to 580 K) decreases substantially
as the percent of biomass decreases, as does the apparent oxidation en-
ergy, indicating that this step is primarily the oxidation of the biomass.

Though the trend is not quite linear, there is a strong dependence of
global activation energy on blend composition, as seen in Fig. 9. In the
third mass loss regime again we see a decrease in fraction of sample
lost as biomass content decreases, though the activation energies are
relatively similar, all in the range of ~37 to 47 kJ/mol. In the fourth
mass loss regimewe see clear oxidation of the coal in the blend. At tem-
peratures between 980 and 1080 K, the apparent activation energy for
the 50:50 blend is ~209 kJ/mol, and for the 80:10, 90:10 and 100%
coal samples Ea is approximately 243 kJ/mol for the oxidation of each
sample, with increasing fractional mass lost as the percent coal in-
creases. From themass lost over each regime and corresponding chang-
es in activation energy, it would appear that the oxidation of the
blended fuel does occur in distinct steps for each solid fuel component,
with the biomass possibly promoting some coal oxidation at lower tem-
peratures as seen in mass loss regimes two and three (Fig. 10). Howev-
er, each solid fuel appears to oxidize in two steps, likely corresponding
to its oxidation of released volatiles followed by char oxidation at higher
temperatures. The activation energies predicted via Eq. (7) support this
conclusion; if the blends oxidized as a weight-averaged fuel, we would
see Eapredicted = Eameasured, such that each plot in Fig. 11 showed points
along the y= x line. Rather, in oxidation regimes 1 and 2 themeasured
activation energies are significantly higher than the predicted values ac-
cording to Eq. (7), and for regime3 themeasured activation energies are
considerably lower than predicted. This suggests that the BSG is oxi-
dized at lower temperatures, and coal undergoes in its own
devolatilization and char oxidation steps at higher temperatures.

Gil et al. [5] found two combustion steps for pine sawdust, the first
occurring at 200–360 °C where volatiles are released and burned, and
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Fig. 5. Sample Arrhenius plot for pyrolysis of 20 wt.% BSG in Illinois No. 6 coal at 100 °C/min (a= full temperature range; b=mass loss regime 1; c =mass loss regime 2; d=mass loss
regime 3; e = mass loss regime 4; f = mass loss regime 5).
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Table 2
Average activation energies, pre-exponential factors, mass loss fractions and predicted activation energies according to Eq. (7) over a series of temperature-dependent mass loss regimes
for pyrolysis of BSG–Illinois No. 6 coal blends.

Onset temperature
(K)

Endset temperature
(K)

Activation energy
(kJ/mol)

Pre-exponential factor
(s−1)

Fraction sample mass loss Predicted activation energy
(kJ/mol)

Pyrolysis mass loss regime 1
BSG 466.2 ± 5.9 547.0 ± 1.8 54.2 ± 3.0 2.72E + 02 ± 1.27E + 02 0.05 ± 0.01
50:50 BSG/IllNo6 431.7 ± 0.9 496.8 ± 6.0 19.6 ± 0.6 8.29E−02 ± 1.13E−02 0.02 ± 0.01 34.1
20:80 BSG/IllNo6 428.1 ± 4.6 517.4 ± 7.2 22.1 ± 1.1 1.62E−01 ± 4.09E−02 0.02 ± 0.003 21.9
10:90 BSG/IllNo6 430.0 ± 2.0 524.6 ± 4.3 17.3 ± 2.9 6.13E−02 ± 3.14E−02 0.02 ± 0.01 17.9
IllNo6 coal 426.8 ± 5.6 530.5 ± 2.9 13.9 ± 1.2 2.51E−02 ± 5.22E−03 0.02 ± 0.002

Pyrolysis mass loss regime 2
BSG 550.4 ± 1.8 594.2 ± 2.4 105.2 ± 1.9 2.05E + 07 ± 7.29E + 06 0.15 ± 0.01
50:50 BSG/IllNo6 503.8 ± 0.5 593.1 ± 1.2 92.5 ± 2.3 1.81E + 06 ± 9.84E + 05 0.10 ± 0.01 67.1
20:80 BSG/IllNo6 525.3 ± 7.4 587.6 ± 5.1 80.2 ± 1.3 8.53E + 04 ± 2.14E + 04 0.04 ± 0.01 44.2
10:90 BSG/IllNo6 534.8 ± 1.7 589.0 ± 2.7 61.2 ± 2.5 1.20E + 03 ± 6.89E + 02 0.03 ± 0.01 36.6
IllNo6 coal 544.5 ± 4.8 580.5 ± 3.9 29.0 ± 2.7 7.78E−01 ± 4.82E−01 0.01 ± 0.001

Pyrolysis mass loss regime 3
BSG 619.5 ± 4.6 654.5 ± 5.5 42.6 ± 0.8 4.23E + 01 ± 5.98E + 00 0.24 ± 0.02
50:50 BSG/IllNo6 614.5 ± 0.2 650.5 ± 6.0 23.8 ± 2.2 9.83E−01 ± 5.21E−01 0.09 ± 0.03 25.2
20:80 BSG/IllNo6 617.0 ± 1.3 652.8 ± 4.8 11.3 ± 0.2 4.93E−02 ± 8.90E−04 0.04 ± 0.01 14.8
10:90 BSG/IllNo6 623.6 ± 1.3 676.4 ± 6.8 11.5 ± 0.5 3.43E−02 ± 1.78E−03 0.04 ± 0.01 11.3
IllNo6 coal 599.5 ± 3.3 639.6 ± 1.2 7.8 ± 0.8 7.74E−03 ± 1.15E−03 0.01 ± 0.002

Pyrolysis mass loss regime 4
BSG 683.7 ± 2.0 738.8 ± 6.1 16.4 ± 1.4 2.57E−01 ± 7.14E−02 0.17 ± 0.02
50:50 BSG/IllNo6 681.7 ± 2.1 755.7 ± 4.6 41.7 ± 1.1 1.29E + 01 ± 2.48E + 00 0.11 ± 0.01 53.3
20:80 BSG/IllNo6 681.0 ± 4.5 747.8 ± 2.9 64.3 ± 1.1 4.72E + 02 ± 8.09E + 01 0.10 ± 0.02 75.5
10:90 BSG/IllNo6 686.8 ± 5.4 744.4 ± 4.9 77.0 ± 1.9 3.68E + 03 ± 1.15E + 03 0.11 ± 0.05 82.9
IllNo6 coal 646.0 ± 6.0 745.6 ± 7.2 90.3 ± 3.3 3.34E + 04 ± 1.67E + 04 0.09 ± 0.01

Pyrolysis mass loss regime 5
BSG
50:50 BSG/IllNo6 966.3 ± 4.5 1015.7 ± 10.1 73.3 ± 4.3 8.80E + 01 ± 7.45E + 01 0.09 ± 0.04
20:80 BSG/IllNo6 973.4 ± 9.4 1022.1 ± 10.5 94.4 ± 3.1 1.00E + 03 ± 3.34E + 02 0.07 ± 0.01
10:90 BSG/IllNo6 961.2 ± 1.1 1023.1 ± 18.4 84.1 ± 1.9 2.91E + 02 ± 6.74E + 01 0.08 ± 0.03
IllNo6 coal 965.2 ± 4.8 1025.3 ± 13.6 75.4 ± 2.4 1.07E + 02 ± 2.87E + 01 0.08 ± 0.02

Overall pyrolysis total mass loss
BSG 0.74 ± 0.005
50:50 BSG/IllNo6 0.56 ± 0.04
20:80 BSG/IllNo6 0.44 ± 0.001
10:90 BSG/IllNo6 0.38 ± 0.02
IllNo6 coal 0.35 ± 0.004
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the second at 360–490 °C corresponding to char oxidation. Using an
overall, or apparent, first order reactions scheme for the oxidation of
coal–biomass blends, they determined that the co-combustion of pine
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Fig. 6. Fraction of mass lost over each mass loss regime and fraction of total sample mass
lost for each fuel and blend during pyrolysis.
sawdust with coal shows no synergistic reaction effects and that the
first step for the oxidation of biomass and coal combustion may be
modeled by first order kinetics. However, their activation energies
0

20

40

60

80

100

120

0 20 40 60 80 100

A
ct

iv
at

io
n 

En
er

gy
/k

J/
m

ol

Percent (by mass) BSG in BSG-Ill No. 6 Coal Blend

Fig. 7. Activation energy of pyrolysis as a function of percent, bymass, BSG inmixture (●)
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Fig. 8. Predicted activation energy of pyrolysis via Eq. (7) versus measured activation energy of pyrolysis for each blend for (a) mass loss regime 1; (b) mass loss regime 2; (c) mass loss
regime 3; (d) mass loss regime 4.
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over the two stages are considerably higher than ours determined here;
for 10% pine sawdust in coal, they find an Ea of 149.5 kJ/mol for the first
decomposition region and 115.8 kJ/mol over the second, as compared
to our 88.2 and 37.3 kJ/mol, respectively. Sahu et al. [38] report activa-
tion energies for the combustion of a medium volatile coal and saw
dust blends ranging from 32.8 to 125.3 kJ/mol and of the same coal
and rice husk from 25.2 to 105.3 kJ/mol.

In this study the apparent oxidation activation energy for the first
two mass loss regimes decreases as the BSG content decreases in BSG-
Illinois No. 6 coal blends. The opposite occurs when comparing values
for the higher temperature mass loss regime, where the apparent
activation energy increases with increasing coal content. The same
wasnoted at higher temperatures during pyrolysis,with thermal degra-
dation steps dependent on the sum of components in the blends. How-
ever, the activation energies required for the thermal degradation of
BSG + IllNo6 coal blends—via oxidation or pyrolysis—are not simply
an “additive” function according to blend composition. We explore
this further through a look at the devolatilization profiles of blends via
Py–GC–MS.
3.4. Devolatilization profile of blends

The thermal desorption of volatiles from biomass occurs at rela-
tively low temperatures during pyrolysis. Aromatic hydrocarbons
are formed when pyrolyzing cellulose due to reactions at higher
temperatures [39]. The pyrograms for rapid pyrolysis (100 K/min)
show that many aromatic compounds, such as phenols and ben-
zenes, are present in the pyrolysis gases of all samples. Heavy hydro-
carbons (C14

+ ) are also present in the BSG and blends. Fig. 12
compares the chromatograph area percent of a series of compounds
detected through the Py–GC–MS experiments. Figures S1–S4 (avail-
able in online supplemental material) show plots of these com-
pounds as a function of weight percent of BSG in the BSG–IllNo6
coal blend. The inclusion of biomass appears to significantly de-
crease/suppress the formation of some compounds, such as the phe-
nols detected here; 2-methyl phenol decreases linearly and rapidly
as the BSG is added to the blend, whereas the 2,5-dimethyl phenol
decreases exponentially as the percentage of BSG increases, as seen
in Table 4. At 50 wt.% BSG we see no 2-methyl phenol, and at
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Table 3
Average activation energies, pre-exponential factors, mass loss fractions and predicted activation energies according to Eq. (7) over a series of temperature-dependent mass loss regimes
for oxidation of BSG–Illinois No. 6 coal blends.

Onset temperature
(K)

Endset temperature
(K)

Activation energy
(kJ/mol)

Pre-exponential factor
(s−1)

Fraction sample mass loss Predicted activation energy
(kJ/mol)

Oxidation mass loss regime 1
BSG 428.0 ± 8.2 482.8 ± 0.9 28.0 ± 1.5 0.56 ± 0.2 0.01 ± 0.004
50:50 BSG/IllNo6 426.8 ± 6.5 489.5 ± 11.7 37.2 ± 1.8 3.76 ± 1.6 0.01 ± 0.003 22.3
20:80 BSG/IllNo6 432.7 ± 3.2 489.2 ± 19.1 30.7 ± 1.3 0.61 ± 0.2 0.01 ± 0.001 18.8
10:90 BSG/IllNo6 440.4 ± 9.0 516.3 ± 4.8 20.9 ± 2.7 0.06 ± 0.03 0.02 ± 0.000 17.7
IllNo6 coal 438.6 ± 8.7 488.6 ± 3.8 16.5 ± 2.5 0.02 ± 0.01 0.01 ± 0.001

Oxidation mass loss regime 2
BSG 498.4 ± 7.6 582.1 ± 2.4 129.8 ± 2.0 1.04E + 10 ± 5.49E + 09 0.21 ± 0.01
50:50 BSG/IllNo6 507.5 ± 10.7 577.6 ± 1.3 127.2 ± 5.6 4.66E + 09 ± 4.35E + 09 0.09 ± 0.02 92.5
20:80 BSG/IllNo6 522.5 ± 2.9 571.9 ± 4.4 105.6 ± 4.8 2.26E + 07 ± 1.79E + 07 0.04 ± 0.002 70.1
10:90 BSG/IllNo6 523.9 ± 0.9 575.3 ± 3.8 87.6 ± 3.5 2.47E + 05 ± 1.45E + 05 0.03 ± 0.002 62.6
IllNo6 coal 523.6 ± 8.4 581.2 ± 3.1 55.1 ± 5.1 1.56E + 02 ± 1.62E + 02 0.02 ± 0.003

Oxidation mass loss regime 3
BSG 681.6 ± 6.8 976.0 ± 21.8 40.6 ± 0.7 3.82 ± 1.2 0.45 ± 0.1
50:50 BSG/IllNo6 669.8 ± 5.5 929.2 ± 11.6 36.9 ± 3.0 1.73 ± 0.6 0.23 ± 0.03 43.6
20:80 BSG/IllNo6 657.4 ± 13.2 940.2 ± 11.2 37.0 ± 5.3 2.84 ± 0.7 0.16 ± 0.04 45.4
10:90 BSG/IllNo6 654.0 ± 1.5 983.7 ± 1.4 39.7 ± 2.6 2.72 ± 1.1 0.15 ± 0.01 46.0
IllNo6 coal 621.3 ± 6.2 967.0 ± 3.3 46.6 ± 1.2 9.05 ± 2.1 0.16 ± 0.01

Oxidation mass loss regime 4
BSG
50:50 BSG: IllNo6 980.7 ± 13.3 1052.3 ± 9.6 208.7 ± 15.9 6.44E + 08 ± 6.47E + 07 0.33 ± 0.1
20:80 BSG/IllNo6 1042.8 ± 2.7 1087.6 ± 0.7 243.7 ± 5.3 8.05E + 10 ± 4.35E + 10 0.45 ± 0.0
10:90 BSG/IllNo6 1023.9 ± 9.7 1084.7 ± 6.2 242.6 ± 10.6 3.89E + 10 ± 2.10E + 10 0.48 ± 0.02
IllNo6 coal 1015.6 ± 5.8 1085.7 ± 11.0 242.8 ± 3.9 1.50E + 10 ± 3.41E + 09 0.59 ± 0.04

Overall oxidation total mass loss
BSG 0.91 ± 0.003
50:50 BSG/IllNo6 0.81 ± 0.004
20:80 BSG/IllNo6 0.78 ± 0.0
10:90 BSG/IllNo6 0.78 ± 0.01
IllNo6 coal 0.83 ± 0.03
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80 wt.% BSG we see no 2,5-dimethyl phenol. Similarly, heneicosane,
1-tridecane and undecane decrease as the weight percent of BSG in-
creases. The opposite trend holds for n-hexadecanoic acid; we detect
none in the pure coal and 10 wt.% BSG blend, but see increasing
amounts at 20 wt.%, 50 wt.% and pure BSG. There are no clear trends
for some compounds, such as octadecanoic acid and heptadecane, as
a function of %BSG. However, hexadecane appears only in the pure
BSG, not in any of the blends. The total amount of naphthalenes
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Fig. 9. Activation energy of oxidation as a function of percent, by mass, BSG in mixture:
(●) mass loss regime 1; ( ) mass loss regime 2; ( ) mass loss regime 3; (Δ) mass loss
regime 4.
present—polycyclic aromatic compounds—decreases substantially
and non-additively as the amount of BSG increases in the blend
(none were detected in the BSG). This is not surprising; these com-
pounds are known to be by-products of fossil fuel decomposition
reactions.

The GC–MS work on the blends here was performed at heating
rates of 100 °C/min to mimic the TGA experimental work. We note
an important effect of heating rate on devolatilizing compounds
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Fig. 11. Predicted activation energy of oxidation via Eq. (7) versusmeasured activation en-
ergy of pyrolysis for each blend for (a) mass loss regime 1; (b) mass loss regime 2; and
(c) mass loss regime 3.
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through subsequent GC–MS experiments; though previous work in
our laboratory shows little effect of heating rate (between 10 and
100 K/min) on the pyrolysis of some hemicellulosic biomass [20],
clearly there are differences in the chemical reactions occurring dur-
ing pyrolysis at different heating rates/residence times. Fig. 13 com-
pares the area percent of selected aromatics across different heating
rates found in the pyrolysis of IllNo6 coal in order to compare relative
yields, as done by González-Vila et al. [28]. The identifiable aromatics
evolved consisted of naphthalenes, benzene rings, toluene, phenol, and
anthracene, common byproducts of the incomplete combustion of car-
bonaceous fuels. When we increase the heating rate to flash pyrolysis,
the amount of phenols volatilizing decreased and the concentration of
benzene increased. During flash pyrolysis, only toluene and anthracene
were identified in the gaseous products. The immediate addition of high
heat to the particles may have caused critical bonds to be weakened for
the release of these compounds. Fig. 14 compares the area percent of or-
ganic acids evolved during the pyrolysis of BSG at different heating
rates. The only organic acid present during flash pyrolysis is acetic
acid, 2-ethylhexyl ester at 1.2% by area. At low heating rate, formic
acid evolved (1.2% by area), and acetic acid evolved at increasing con-
centrations with heating rates; these compounds are known to form
from cellulose pyrolysis [39]. Sanna et al. study the pyrolysis of spent
grain pyrolysis over activated alumina and find lighter compound yields
increasing with increasing temperature, similar to the impact we note
in increasing heating rate [40]. Because compounds appear at different
concentrations in blends that are not necessarily an additive function of
coal/biomass composition, we suspect that possible synergistic reac-
tions may be occurring on a molecular level [21].

3.5. Summary: Additive versus synergistic behavior

There ismuch debate in the literature concerning the additive versus
synergistic nature of thermochemical conversions of coal–biomass
blends, specifically during pyrolysis. Krerkkaiwan et al. [41] suggest
that this disagreement may be an artifact of operating parameters
(temperature, pressure, heating rate, fuels, blend ratio and type of ex-
periment). They suggest that the slow (~10 °C/min) heating rate of con-
ventional TGA experiments or short residence time of fluidized bedmay
explain the lack of synergistic effects. Using a drop tube fixed-bed
reactor, Krerkkaiwan et al. demonstrate synergism between a sub-
bituminous coal and two biomasses (rice stream and Leucaena
leucocephawood), suggesting that a larger amount of H and OH radicals
from the biomass may catalyze cracking of aromatic compounds in the
coal, and that alkali and alkaline earth metals present may increase
char reactivity and gasification. Sonobe et al. [42] find no evidence of
synergism in their TGA experiments, though they do see synergistic re-
actions in the pyrolysis products of lignite/corncob pyrolysis in a fixed-
bed reactor. Likewise, Kastanaki et al. [43] report no synergistic interac-
tions in the solid phase between a Greek lignite coal and four biomasses
(two olive mill wastes and a forest and cotton residue). Interestingly,
Sanna et al. [44] find that oxidation of blends of bituminous coal and
chars remaining after wheat spent grain and rapeseed meal pyrolysis
display similar behavior; at lower temperatures the biochar has an ini-
tial release of volatiles below 400 °C, following a fairly additive trend
up to 700 °C, at which point the at 10 wt.% bio-char blend showed
slower converstion than coal alone. They suggest this is likely due to “in-
teraction between the coal and the bio-coke during the final stages of
oxidation in the TGA.”

Given thatwe see both additive (in terms of peakmass loss rates and
temperatures) and synergistic (in terms of activation energies and
devolatilization profiles) behavior for the same set of fuel blends across
different experiments, we note a further conclusion: globally, the ener-
gy required to initiate pyrolysis is somewhat dependent on the percent
of biomass present in the blend, whereby each fuel impacts the activa-
tion energy as a function of its concentration, but not through a simple
additive function. The possibility of synergistic reactions occurring at
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Fig. 12. Percent of chromatogram area of select compounds detected in rapid pyrolysis of Illinois No. 6 coal, BSG and blends at 100 °C/min (solid black = IllNo6; diagonal red = 90:10
IllNo6/BSG; horizontal blue = 80:20 IllNo6/BSG; cross-hatch green = 50:50 IllNo6/BSG; solid gray = BSG).
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molecular level that are not reflected in global reaction kineticsmay po-
tentially be due to a pseudo-catalytic effect between the coal and bio-
mass particles. That is, at a molecular level, the addition of biomass to
coal may promote or suppress the formation of some compounds. This
is analogous to work performed by Sanna et al. [40] on both wheat
and barley spent grains. They show that the bio-fuel yield and composi-
tions can be altered by pyrolyzing the biomass in fluidized bedswith ac-
tivated alumina, which lowers bio-oil nitrogen and oxygen contents,
increasing stability and increasing O and N retention in the chars. Fur-
therwork by this group finds that using activated serpentine and olivine
led to higher levels of aliphatics and hydrogen, improving the energy
yield in bio-oil conversion, attributed tomacromolecules in the oxygen-
ated bio-oil interacting with active sites of the catalyst [45]. We suspect
a similar type of behavior when the BSG interacts with the coal surface
and devolatilization products; the inorganic content of the coal may
promote similar catalytic activity, leading to different products formed.
However, fromour and literature data it is not clear if the synergistic na-
ture of the decomposition products is due to primary devolatilization or
secondary reactions occurring in the vapor phase.
Table 4
Percent by area of selected compounds detected in Py–GC–MS chromatograms as a function o

Compound Start RT (min) End RT (min) ILLNo6 (Area

1-Tridecene 39.500 39.550 1.41
Heneicosane 53.660 53.740 1.37
Heptadecane 44.665 44.725 1.41
Naphthalene 38.025 38.100 4.38
Phenol, 2-methyl- 35.935 36.060 5.34
Phenol, 2,5-dimethyl- 37.490 37.665 9.20
Tetradecane 40.990 41.060 1.32
Undecane 36.410 36.505 5.80
Octadecanoic acid 49.430 49.575
n-Hexadecanoic acid 47.545 47.710
Hexadecane 39.595 39.690
Acetic acid, 2-ethylhexyl ester 36.205 36.325
Total naphthalenes 13.98
4. Conclusions

The present work explores the pyrolysis and oxidation behavior
of brewer's spent grains and Illinois No. 6 coal blends at a fast heating
rate of 100 K/min using thermogravimetric analysis and pyrolysis–
gas chromatography–mass spectroscopy. Derivative thermogravi-
metric curves show that the rates of devolatilization of BSG and
IllNo6 coal and their blends are a function of the amount of each solid
fuel present, but this is not the case for oxidation. As sharp decrease in
mass loss rate is observed as the percentage of BSG increases from 0
to 20%. The apparent, or global activation energies of pyrolysis are
well represented by a first order Arrhenius plotwith different activation
energies for each mass loss regime over consistent temperature ranges.
The energy required to pyrolyze the BSG–coal blends in each mass loss
regime is not an additive function of each fuel's contribution to the
blend. Rather, at lower temperatures the biomass appears to preferen-
tially devolatilize, and at high temperatures a higher proportion of
coal remains in the blends, contributing to higher activation energy
than would be predicted by a simple additive scheme, likely due simply
f blend ratio pyrolyzed at 100 °C/min.

%) 90:10 (Area %) 80:20 (Area %) 50:50 (Area %) BSG (Area %)

0.60 0.55 0.34 0.25
1.19 0.75 0.30 0.23
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Fig. 13. Selected aromatic compounds detected in pyrolysis of IllNo6 coal at heating rates
of 50 °C/min (crosslinks), 100 °C/min (diagonal), and flash pyrolysis (solid).
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to changing concentrations of coal in the blend as biomass leaves the
mixture. Likewise, for the oxidation of BSG–coal blends, while the
thermal decomposition occurs over one fewer mass loss regime,
the activation energies are again not an additive function of each fuels'
contribution. There is a strong dependence of global activation energy
on the composition of the whole, but it is not a linear function. As the
BSG content decreases, so does the apparent oxidation activation ener-
gy at low temperatures, and vice versa. Curie point analysis of the solid
fuels and blends shows that some compounds devolatilize in a manner
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Fig. 14. Selected organic acids found during pyrolysis of BSG at heating rates of 50 °C/min
(crosslinks), 100 °C/min (diagonal), and flash pyrolysis (solid).
somewhat proportional to each fuel, whereas others, such as the meth-
ylated phenols, are suppressed by the inclusion of biomass into the
blends.

The implications of this work are twofold: first, it suggests that
simple “back of the envelope” calculations that predict the pyrolysis
and oxidation behavior of some biomass–coal blends based solely on
a mass-fraction weighted contribution of each fuel are likely to both
over- and under-predict energy required to initiate thermal decom-
position depending on the temperature regime. Second, this finding,
in conjunction with the non-additive behavior noted through specific
compound evolution, suggests reaction synergism between some
biomass–coal blends that may have broader-reaching consequences
for co-firing in coal boilers in terms of the formation of hazardous air
pollutants.
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