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a  b  s  t  r  a  c  t

While  co-firing  of  coal  and  biomass  represents  an inexpensive,  efficient,  short-range  future  method  to
incorporate  more  renewable  fuels  into  our energy  generation  portfolio,  we know  little  about  how  U.S.
domestic coals  and biomasses  behave  together.  Computational  fluid  dynamics  models  are  routinely  used
to model  combustion  of  solids  in  packed  and  fluidized  beds,  for  which  porosity  changes  are  a  key vari-
able  to predicting  heterogeneities  in  transport  and  fuel  reactivity.  This  work  probes  the  changes  in carbon
contents,  thermal  reactivities,  surface  areas,  and  porosities  as a function  of blend  ratio  and  pyrolysis  tem-
perature for  a  series  of Pennsylvania  coal and  feed  corn  stover  biomass  blends.  There  is a  fairly  linear
trend  between  both  percent  biomass  in a  blend  and  pyrolysis  temperature  with  volatile  matter  content
of  the  char;  this  additive  nature  of the blended  streams  does  not  extend  to surface  area  and  porosity.
Surface  areas  (measured  by N2 adsorption  isotherms)  peaked  for the  pure  coal  and  10  wt%  biomass  peaks
around  600 ◦C,  and  for the  20 and 50 wt%  biomass  and  pure  biomass  between  600  and  750 ◦C. The  sur-
face  area  decreases  for all samples  when  the  pyrolysis  temperature  reaches  900 ◦C.  Generally,  higher

temperatures  led to enhanced  microporosity  across  all fuels  and  blends,  though  this  was  not  a linear
trend.  Of keen  interest  to  co-firing  scenarios  was  the  disappearance  of segregated  oxidation  behavior  of
the  coal–biomass  blends  at pyrolysis  temperatures  as low  as  300 ◦C,  suggesting  that  co-firing  could  be
improved  by  preheating  the  comingled  fuels  and low  temperatures  before  their introduction  into  the
boiler.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Second-generation biomass feedstocks, comprised of agricul-
ural waste and organic byproducts, represent a possible stopgap
ource replacement for dwindling conventional fossil fuel sources.
hey may  be blended with traditional fuels such as coal, an avenue
or immediate usage given the infrastructure already in place for
oal, or treated separately to produce 100% renewable energy, a
romise for the more distant future. The co-firing of biomass and
oal is an efficient and inexpensive use of biomass that reduces net
O2 emissions from power plants [1]. Biomasses are often used to

chieve a better control of the burning process; in co-combustion
hey increase the volatile matter content, flame stability, and alter
Ox precursor formation [2–4]. Despite these applicable benefits to

∗ Corresponding author.
E-mail addresses: jilliang@bu.edu, JillianLGoldfarb@gmail.com (J.L. Goldfarb).

ttp://dx.doi.org/10.1016/j.jaap.2017.02.018
165-2370/© 2017 Elsevier B.V. All rights reserved.
the United States, the majority of studies on coal–biomass pyrol-
ysis and combustion behavior originate in Europe and Asia. While
the overall trends that our worldwide counterparts have found are
reasonably applicable to our energy generation systems, we use
different coals and produce different agricultural waste streams,
leading to differences in co-firing efficiencies. Coal–biomass sys-
tems from the Northeastern/Mid-Atlantic regions of the U.S. tend
to use coals of higher sulfur content and different biomasses than
many previous studies. Because the chemical characteristics of the
blend dictate its thermal and kinetics profile, without data on rel-
evant systems, it is difficult to design processes to utilize locally
available biomass and East Coast coal. The ability to co-fire coal
and biomass depends on the characteristics of the power plant,
availability and price of biomass within a reasonable transportable
distance of the plant, and the perceived economic value of environ-

mental benefits [5].

Biomass and coal are carbonaceous fuels that progress from
pyrolysis to oxidation through a series of steps, for which solid

dx.doi.org/10.1016/j.jaap.2017.02.018
http://www.sciencedirect.com/science/journal/01652370
http://www.elsevier.com/locate/jaap
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaap.2017.02.018&domain=pdf
mailto:jilliang@bu.edu
mailto:JillianLGoldfarb@gmail.com
dx.doi.org/10.1016/j.jaap.2017.02.018
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Table 1
Ultimate, proximate, and combustion enthalpy analyses of samples [1,2].

wt% (dry basis) Pennsylvania coal Feed corn stover

C 76.28 46.55
H  5.33 5.66
N  1.42 0.95
S  1.73 0.13
O  7.65 39.59
Moisture 6.55 4.54
Volatile 32.18 75.77
Fixed 60.88 16.16
Ash 6.93 8.07
HHV (MJ/kg) 30.93 11.60
0 A. Vyas et al. / Journal of Analytical

evolatilization is the first step [6,7]. Due to its less-condensed
romatic nature, biomass pyrolysis yields different temperature
rofiles than those of coal decomposition, yet their separate
evolatilization stages can often be followed in a co-pyrolysis
cenario [8]. In order to design an effective thermochemical con-
ersion unit, we must know the chemical composition, thermal
ehavior, and reactivity of the fuel in question [9]. As Gayan et al.
10] note, combustion models used for coal must be modified to
nclude biomass’ higher reactivity and volatile matter content than
oal. During devolatilization, the solid’s macromolecular structure
hanges due to depolymerization, vaporization, and cross-linking
f the solid matrix, causing aromatic ring rupture, evolving gases
nd tars, and forming a carbonaceous char. Devolatilization is often
odeled using different rate expressions for each conversion (gas,

ar, and char) process [11]. However, there is considerable debate
s to whether or not devolatilization of fuel blends can be modeled
s an additive function of each fuel’s contribution [12–14].

To improve the combustion efficiency and reduce pollutant
missions of solid biomass and blended biomass–coal streams, we
eed a better understanding of the conversion processes. Com-
utational fluid dynamics (CFD) simulations are commonly used
o model the combustion of solid fuels in packed and fluidized
eds [15–21]. However, models that neglect changes in porosity
re unable to account for heterogeneities in transport and fuel con-
umption [22], as changes in char reactivity can mediate carbon
urnout [23]. The surface area and porosity of chars are one of many
etermining factors in whether reaction rates – be it pyrolysis, oxi-
ation, adsorption, chemical, etc. – in CFD models are controlled
y gaseous diffusion through the pore surface, versus kinetically
ontrolled regimes where reaction rates are limited by total inter-
al surface area [24–27]. Often, such intrinsic solid reactivities
re expressed on a basis of available surface area [28]. In such
odels, Knudsen diffusion is often neglected, assumed to be incon-

equential as compared to molecular diffusion [29]. To improve the
ccuracy of CFD models, the changing volatile fraction and porosity
f solid fuels can be incorporated [30–32]. As pyrolysis continues,
he solid fraction of a combustion bed decreases as the porosity
ncreases [33]. Depending on whether or not a shrinking- and/or
eacting-core mechanism is responsible for overall rate limiting,
olids either decrease in density or particle size, each of which has
ts own kinetic parameter [34]. Knowledge of how the porosity and
urface area changes as a function of temperature – and if the co-
yrolysis of biomass and coal can be represented by an additive
odel – could improve the accuracy and reliability of CFD models

35–37].
There is substantial discord among those who study the ther-

ochemical conversion of blended fuels, specifically concerning
he interactions – or lack thereof – between different solid fuels.
he chemical analysis literature shows that different species are
ormed at different rates when fuels are blended than a simple
dditive nature indicates. Other studies that focus only on global
eaction kinetics say that fuel blends are easily described by an
dditive or linear scheme, whereby each fuel contributes to the
otal activation energy or decomposition rate as a weighted frac-
ion of its presence [38–42]. However, there is little data available
n the literature that compares the porosity development in these
lends. One of the few recent studies in this vein was performed by
owan et al. [43] on the co-pyrolysis of a 50–50 blend of coal and
ardwood. The authors find some synergistic (or non-additive) tar
nd char yields, as well as FTIR char structures, for 50–50 blended
treams. In this study we probe the porosities of pyrolyzed blends
f a Pennsylvania Coal and Feed Corn Stover at different pyrol-

sis temperatures and three blend ratios (90–10, 80–20, 50–50
oal–biomass) to make inferences on the extent to which diffu-
ion might limit thermal behavior due to changes in porosity. We
ook at the BET isotherms of the semi-carbonaceous chars result-
PA coal provided by PSNH suppliers.
Biomass performed by Hazen Research, Golden, CO.

ing from the pyrolysis of these blends at multiple temperatures to
determine the potential for waste-to-byproduct conversion such
as concrete/cement additives and sorbent material. This is com-
plemented by a nonisothermal thermogravimetric analysis of the
coal–biomass blends to probe the reactivity of the fuel blends. This
study compliments a recent publication from our laboratory [40]
on the pyrolysis kinetics of blends of PA Coal and Feed Corn Stover
determined via the distributed activation energy model.

2. Materials and methods

2.1. Sample preparation

A commercial U.S. high-volatile bituminous coal from Pennsyl-
vania was obtained as part of a shipment received by the PSNH
Merrimack Station (Public Service of New Hampshire, now Ever-
source Energy) in October 2011. Feed corn stover was  collected
during the same time from the Coppal House Farm in Lee, NH.
It was dried in a laboratory oven overnight to prevent decompo-
sition. Table 1 supplies the proximate and ultimate analyses of
each raw fuel used in this investigation. The higher heating val-
ues were measured in-house on a Parr Model 6100 Oxygen Bomb
Calorimeter, standardized with NIST-traceable Benzoic acid. All
samples were mechanically ground and sieved to a particle size
of 125–250 �m.  van de Velden et al. [44] demonstrated that mass
transfer limitations occur in the pyrolysis of large particles because
of temperature gradients within the particle. As Gu et al. [45–47]
have shown in their CFD models, the temperature gradients inside
particles can be neglected with sufficiently small Biot numbers that
would result from particles of this size and smaller.

The biomass and coal were blended at weight ratios of 90:10,
80:20, and 50:50, measured to the 0.1 mg  on a Sartorius semi-
microbalance directly into clean glass vials. The samples were
homogenized on a vortex mixter. The blended samples, along with
raw samples of both coal and biomass, were pyrolyzed under
high purity nitrogen gas with a flow rate of 125–150 mL/min in
a Thermo-Scientific Lindberg Blue TF55035A-1 tube furnace. They
were heated at a rate of 10 ◦C/min and held at 110 ◦C for 30 min  to
drive off moisture. They were then heated to their respective max-
imum temperatures of 300 ◦C, 450 ◦C, 600 ◦C, 750 ◦C, and 900 ◦C (at
10 ◦C/min) and held for 30 min  before being allowed to cool to room
temperature under continuous nitrogen flow to prevent oxidation.

2.2. Thermal analysis

To determine the volatile matter, fixed carbon, and ash content

of each material, each pure solid fuel and blend was first pyrolyzed
in a high purity nitrogen atmosphere (reactive plus protective gas
flow at 70 mL/min) in a 70 �L alumina crucible. Samples were
heated to 110 ◦C and held for 30 min  to insure moisture removal.
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hen the sample was heated at 10 ◦C/min up to 910 ◦C and held for
0 min  in nitrogen to obtain a stable mass reading. The total amount
f dry mass loss at this point was considered to be volatile matter.
he gaseous atmosphere was changed to 50 mL/min air (20 mL/min
itrogen balance protective flow) via an automatic flow controller
s the temperature increased to 950 ◦C at 10 ◦C/min, and held for
0 min, to determine the percent of fixed carbon in the sample.
Percent ash was determined as the remaining matter after fixed
arbon and volatile matter.) This analysis was performed in dupli-
ate and the average values presented; despite the heterogeneity
f the samples all pairs of measurements were within 5% of each
ther.

In addition to using the TGA to measure volatile and fixed mat-
er, thermal analysis was used to gauge the reactivities of the
arying fuel blends through derivative thermogravimetric curves
f oxidation. As a solid fuel decomposes, it goes through a series
f steps. Initially any water will leave the solid around 100–110 ◦C
at atmospheric pressure), followed by devolatilizing, or pyrolysis,
here the volatiles leave the solid matrix. These volatiles, if oxy-

en is present, will combust, followed by oxidation of the resulting
har. The extent of mass conversion of a solid fuel at any time, t,
(t), is determined from the TGA data as:

(t) = m0 − mt

m0 − mf
(1)

where m0 is initial mass, mt is mass at time t in seconds, and mf
s mass at complete decomposition. Derivative thermogravimet-
ic curves, dx(t)/dt versus reaction temperature, are a convenient
epresentation of the relative reactivity of each solid sample. From
hese curves we can see the peak reaction rates and temperatures;
ower temperatures and higher rates indicate an overall higher
eactivity. In this analysis of DTG curves, samples were heated
nder 50 mL/min air (20 mL/min nitrogen balance flow) to 110 ◦C
nd held for 30 min, then heated at 100 ◦C/min up to 950 ◦C and
eld for 30 min. Mass is logged every second to the 10−8 g and
emperature to the 0.01 ◦C.

.3. Surface area and porosity analysis

The surface area and porosity of the pyrolyzed coal, biomass and
lends were analyzed on a Quantachrome Autosorb iQ gas sorp-
ion analyzer. The results were fitted to a multipoint BET curve
o find total surface area with 11 points at a partial pressure of
/P0 from 0.05 to 0.35 using nitrogen as the adsorptive gas. Sam-
les pyrolyzed at 300 ◦C, 600 ◦C, and 900 ◦C were also subjected to

 full adsorption–desorption analysis to determine pore volume,
icropore surface area, and micropore volume using the Langmuir

sotherm. We  note there is some discord in the literature concern-
ng the use of N2 versus CO2 for adsorption isotherms of solid fuels.
ome argue that CO2 is preferential given potential diffusive lim-
tations in small pores of N2 gas [48] whereas others insist that
itrogen is preferential given CO2’s inability to fill larger microp-
rosity [49], and that chars that have experienced some burnout
re “better” characterized by nitrogen [50].

. Results and discussion

One of the issues associated with co-firing of coal and biomass is
uel segregation that occurs due to the considerably higher reactiv-
ty (at lower temperatures) of biomass than coal during oxidation.
his thermal mismatch is apparent in Fig. 1, the derivative thermo-
ravimetric (DTG) curves of the raw fuels and their blends oxidized

t 100 K/min. Here we see how blends of coal and biomass demon-
trate two distinct peak reactivities, the lower temperature peak
howing higher mass loss rates as the percent biomass in the blend
ncreases. The two fuels react at their characteristic temperatures.
pplied Pyrolysis 124 (2017) 79–88 81

While there is some debate in the literature on varying degrees of
synergy between co-fired fuels, the literature is in accord that such
disparate fuels do display segregated oxidation. This segregation
can be minimized or almost eliminated by carbonizing the biomass
prior to co-firing, as demonstrated by Haykiri-Acma et al. [51].
Our current research probes the underlying thermal relationships
between biomass and coal as they devolatilize in a fixed bed sce-
nario. While most industrially relevant co-firing scenarios would
occur in a fluidized reactor, these data provide insight into how
the two fuels behave at varying temperatures in different propor-
tions, shedding light into potential synergistic behavior between
the solids, and exploring if there are certain temperature regimes
that can be exploited in a pyrolysis scenario to minimize co-firing
segregation issues. Also in Fig. 1, we see a reasonably linear trend
between the peak reaction temperature (for both peaks 1 and 2) and
the percent biomass in a given blend. As the percent coal increases,
the peak temperature increases and reaction rate decreases.

3.1. Proximate analysis

If the blended fuel streams behave in an additive manner, we
would expect that the volatile matter, fixed carbon and ash contents
of the chars be a linear function of those resulting from pyrolysis
of the pure fuels at each pyrolysis temperature. Table 2 presents
the proximate analysis of the carbonized fuels and their blends as a
function of pyrolysis temperature and blend composition. In Fig. 2,
we see that the volatile matter remaining from the blended fuels
is lower than would be predicted by an additive scheme at each
mass fraction biomass in blend, at every pyrolysis temperature.
Interestingly, Rowan et al. [43] find, for the pyrolysis at 500 ◦C of a
50–50 mixture of Pittsburgh #8 coal and sawdust from Appalachian
hardwoods, that the volatile matter content of the mixture was
up to 3.8–7.7% lower than predicted by a weighted average of the
two pure components; they suggest that this is evidence of a lin-
ear, or non-synergistic relationship. This conclusion is, they admit,
somewhat tenuous, as though they find “linearity” in the proximate
and ultimate analyses, FTIR data and char/tar mass yields suggest
potential reaction synergism. For these reasons, in our study we
probe several blend ratios, as well as pyrolysis temperatures.

In Fig. 2b, we find that the pure feed corn, as well as 50–50
blend, show a linear trend in terms of volatile matter content as
a function of pyrolysis temperature. That is, as pyrolysis tempera-
ture increases for these two  samples, the mass fraction of volatiles
remaining in the solid decreases accordingly. For the coal, 90% and
80% coal blends, the volatile matter content is not linearly related
to the pyrolysis temperature. This is not unexpected; coal begins
to pyrolyze at considerably higher temperatures than biomass [52]
and has an initial lower volatile content than the biomass. As can be
seen in the figure, the pure coal and 90% coal blend loose less than
1% (certainly within the 95% confidence interval) volatile matter
when pyrolyzed at 300 ◦C for 1 h.

3.2. Porosity and surface area development

While thermal analyses (i.e. reaction kinetics studies) and bio-
oil and pyrolysis gas analyses of blended biomass and coal fuel
streams are replete in the literature, there is little work done on
the chars resulting from co-pyrolysis, especially as a function of
blend ratio and pyrolysis temperature. Table 2 shows the BET sur-
face area (as a function of sample mass) and specific BET (surface
area normalized to volatile matter) for each fuel and blend at

the five pyrolysis temperatures. Fig. 3 illustrates the surface area
development as pyrolysis temperature increases. The solid lines in
Fig. 3 demonstrate what we might expect in terms of surface area
development if the coal–biomass blends behaved as an “additive”
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Fig. 1. DTG analysis for oxidation at 100 ◦C/min for raw fuels and their blends.

Table 2
Carbon contents and BET surface area for coal, biomass and blends pyrolyzed at various temperatures between 300 and 900 ◦C (with NIST-calculated standard deviations
[79]).

Pyrolysis
temperature, ◦C

Volatile matter,
wt  fraction

Fixed carbon, wt
fraction

Ash (by difference
wt  fraction)

BET surface area,
m2/g

Specific surface
area, m2/gVM

1:0 PA:FC 300 0.313 ± 0.09 0.610 ± 0.018 0.078 11.376 ± 0.307 36.403 ± 0.983
450  0.190 ± 0.006 0.719 ± 0.022 0.092 4.147 ± 0.112 21.859 ± 0.590
600  0.125 ± 0.004 0.771 ± 0.023 0.104 19.457 ± 0.525 156.215 ± 4.218
750  0.113 ± 0.003 0.722 ± 0.022 0.165 5.246 ± 0.142 46.588 ± 1.258
900  0.083 ± 0.002 0.802 ± 0.024 0.116 5.292 ± 0.143 63.885 ± 1.725

9:1  PA:FC 300 0.365 ± 0.011 0.554 ± 0.017 0.081 17.236 ± 0.465 47.287 ± 1.277
450  0.216 ± 0.006 0.681 ± 0.020 0.103 8.719 ± 0.235 40.350 ± 1.089
600  0.129 ± 0.004 0.756 ± 0.023 0.115 33.014 ± 0.891 255.229 ± 6.891
750  0.106 ± 0.003 0.766 ± 0.023 0.118 14.226 ± 0.384 134.620 ± 3.635
900  0.106 ± 0.003 0.766 ± 0.023 0.128 11.149 ± 0.301 105.484 ± 2.848

4:1  PA:FC 300 0.409 ± 0.012 0478 ± 0.014 0.113 10.352 ± 0.280 25.307 ± 0.683
450  0.211 ± 0.006 0.667 ± 0.020 0.122 10.468 ± 0.283 49.687 ± 1.342
600  0.147 ± 0.004 0.712 ± 0.021 0.141 18.162 ± 0.490 123.340 ± 3.330
750  0.121 ± 0.004 0.751 ± 0.023 0.128 17.983 ± 0.486 148.713 ± 4.015
900  0.093 ± 0.003 0.773 ± 0.023 0.135 12.947 ± 0.350 139.772 ± 3.774

1:1  PA:FC 300 0.417 ± 0.013 0.482 ± 0.014 0.101 27.174 ± 0.734 65.146 ± 1.759
450  0.339 ± 0.010 0.508 ± 0.015 0.154 5.247 ± 0.142 15.492 ± 0.418
600  0.184 ± 0.006 0.681 ± 0.020 0.135 40.319 ± 1.089 219.591 ± 5.929
750  0.171 ± 0.005 0.652 ± 0.020 0.177 41.921 ± 1.132 244.874 ± 6.612
900  0.097 ± 0.003 0.656 ± 0.020 0.246 18.255 ± 0.493 187.557 ± 5.064

0:1  PA:FC 300 0.645 ± 0.019 0.156 ± 0.005 0.199 23.123 ± 0.624 35.847 ± 0.968
450  0.610 ± 0.018 0.110 ± 0.03 0.280 8.207 ± 0.222 13.454 ± 0.363
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600  0.470 ± 0.014 0.173 ± 0.0
750  0.413 ± 0.012 0.122 ± 0.0
900  0.335 ± 0.010 0.206 ± 0.0

unction of mass fraction, x, whereby the predicted surface area,
Apredict, would be equal to:

Apredict = xFCSAFC + xILSAIL (2)

However, as Fig. 3 shows, this is hardly the case. For all but the
0:50 blend at 450 ◦C, the “predicted” surface areas are consider-
bly lower than the measured surface areas, suggesting that the coal
nd biomass synergistically interact to promote porosity develop-
ent. We  probe this further through Fig. 4, which demonstrates the

mpact of pyrolysis temperature on the BET surface areas of each
f the coal-feed corn blends. As pyrolysis temperature increases to
50 ◦C, the surface areas of the samples (with the exception of the
:1 coal:corn sample) drop significantly, and then rise as the pyrol-

sis temperature reaches 600 ◦C. This is an expected phenomenon;
t lower pyrolysis temperatures the evolved gases can re-condense
o form tars and become trapped within the chars. The higher tem-
erature is able to release them from the solid matrix [53–55]. The
0.357 23.593 ± 0.637 50.163 ± 1.354
0.465 29.881 ± 0.807 72.421 ± 1.955
0.458 14.674 ± 0.396 43.750 ± 1.181

re-condensation of tars within solid biomass and coal matrices is
well-documented in the literature (for at least single samples), and
here we  have extended it to coal–biomass blends. While the degree
of re-condensation within tars is quite variable, being dependent
on pyrolysis unit design, residence time, and to some extent the
specific biomass [56–60]; overall, it has been shown that as pyrol-
ysis temperature increases, the lower molecular weight (more
volatile components) decrease, with a somewhat murkier picture
for polycyclic aromatic hydrocarbons [61–63]. However, there is
a balance between increasing pyrolysis temperature to prevent
tar re-condensation, and removing the majority of the volatile
compounds that promote high surface areas, as seen with higher
pyrolysis temperatures. At 750 ◦C and 900 ◦C the BET surface areas

of the coal chars, 5.246 ± 0.142 and 5.292 ± 0.143 m2/gchar, respec-
tively, are considerably lower than the biomass and blends, which
range from 11.149 ± 0.301 to 41.921 ± 1.132 m2/gchar, for the 9:1
pyrolyzed at 900 ◦C and 1:1 at 750 ◦C samples, respectively. At these
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Fig. 2. Proximate analyses of pure fuels and blends (error bars indicate 95% confidence interval).
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ig. 3. BET surface area as a function of mass fraction biomass in blend at each pyrol-
sis temperature with solid lines showing “additive” predicted behavior for surface
rea as a function of composition (error bars indicate 95% confidence interval).

igher temperatures, the volatiles likely exhaust themselves from
he solid matrices; as it is these volatiles that provide much of the
arbon responsible for surface area and porosity of the chars, their
emoval leads to a decrease in observed surface area.

From Figs. 3 and 4, there is no generalizable “linear” or “addi-
ive” trend between the percent biomass in a blend and the BET
urface area. Given prior literature indicating potential reaction
ynergies between coal–biomass blend pyrolysis, whereby differ-
nt compounds evolve as a function of blend composition and
emperature [14,38,64–68], it is not surprising that such chemical

ynergies manifest in physical ways such as surface area. Surface
rea will generally reach a maximum at an intermediate burn-off
emperature, specific to each fuel [69]; such behavior has been doc-
mented for not only oxidation, but also CO2 gasification [70–72],
Fig. 4. BET surface area as a function of pyrolysis temperature for each blend (error
bars indicate 95% confidence interval).

steam gasification[73,74] and hydrogenation [75], and now here for
the devolatilization of coal, biomass, and their blends. In this case,
the maximum surface area for the pure coal and 10 wt% biomass
peaks around 600 ◦C, and for the 20 and 50 wt%  biomass and pure
biomass between 600 and 750 ◦C. The surface area decreases for all
samples when the pyrolysis temperature reaches 900 ◦C

The synergistic behavior is less conclusive when we  look at the
development of microporosity detailed in Table 3. In Fig. 5 we note
that for the 300 ◦C and 900 ◦C blends, there is a fairly regular trend
between the fraction of feed corn stover in the blend and both the
micropore surface area and micropore volume. For these pyrolysis

temperatures, as the percent biomass increases, the microporos-
ity tends to increase; the effect is considerably more pronounced
for 900 ◦C pyrolysis than 300 ◦C. However, at 600 ◦C we see a peak
in both microporous surface area, and volume, for the 50:50 IL:FC
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Table  3
Micropore surface area, volume and total pore volume for full isotherms for coal, biomass and blends pyrolyzed at 300, 600 and 900 ◦C (with NIST-calculated standard
deviations [79]).

Pyrolysis
temperature, ◦C

Micropore surface
area (m2/g)

Micropore
volume (cm3/g)

Total pore
volume (cm3/g)

Fraction microporous
volume

1:0 PA:FC 300 11.319 ± 0.340 4.00E−03 ± 1.20E−04 1.57E−02 ± 4.70E−04 0.255 ± 0.023
600  16.404 ± 0.492 6.00E−03 ± 1.80E−04 2.15E−02 ± 6.46E−04 0.279 ± 0.025
900  5.955 ± 0.179 2.00E−03 ± 6.00E−05 6.11E−03 ± 1.83E−04 0.328 ± 0.029

9:1  PA:FC 300 15.674 ± 0.470 6.00E−03 ± 1.80E−04 2.44E−02 ± 7.31E−04 0.246 ± 0.022
600  15.011 ± 0.450 1.00E−02 ± 3.00E−04 3.60E−02 ± 1.08E−03 0.278 ± 0.025
900  12.264 ± 0.368 5.00E−03 ± 1.50E−04 1.03E−02 ± 3.08E−04 0.487 ± 0.044

4:1  PA:FC 300 11.110 ± 0.333 4.00E−03 ± 1.20E−04 1.29E−02 ± 3.86E−04 0.311 ± 0.028
600  12.264 ± 0.368 6.00E−03 ± 1.80E−04 1.35E−02 ± 4.06E−04 0.443 ± 0.040
900  15.681 ± 0.470 4.00E−03 ± 1.20E−04 2.03E−02 ± 6.09E−04 0.197 ± 0.018

1:1  PA:FC 300 19.899 ± 0.597 7.00E−03 ± 2.10E−04 2.93E−02 ± 8.79E−04 0.239 ± 0.021
600  58.998 ± 1.770 2.10E−02 ± 6.30E−04 3.60E−02 ± 1.08E−03 0.583 ± 0.052
900  25.405 ± 0.762 9.00E−03 ± 2.70E−04 1.74E−02 ± 5.22E−04 0.517 ± 0.047

0:1  PA:FC 300 19.241 ± 0.577 7.00E−03 ± 2.10E−04 2.54E−02 ± 7.62E−04 0.276 ± 0.025
600  29.395 ± 0.882 1.00E−02 ± 3.00E−04 2.95E−02 ± 8.85E−04 0.339 ± 0.031
900  35.409 ± 1.062 1.30E−02 ± 3.90E−04 3.62E−02 ± 1.09E−03 0.359 ± 0.032
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ig. 5. Development of microporosity of IL coal, feed corn stover and blends as a fu
ndicate  95% confidence interval).

lend. To compound this observation, Fig. 5b shows the microp-
rous volume fraction (micropore volume divided by total pore
olume, as given in Table 3). For the pure coal, 10 wt%  biomass,
0:50 blend and pure corn stover (though only statistically signif-

cant for the 10 and 50 wt% blends), the 900 ◦C pyrolyzed samples
ave the highest percent microporous surface areas; upwards of
5% for the 10 and 50 wt% blends. Interestingly, the 20 wt% blend
yrolyzed at 600 ◦C has 44.3 ± 4.0% microporosity, which is con-
iderably higher than the 900 ◦C pyrolyzed sample at 19.7 ± 1.8%
icroporosity. The distribution of meso- and micropores within

hese solid fuels has potential consequences for the modeling of
oal–biomass co-firing.

.3. Thermal analysis

Derivative thermogravimetric curves of oxidation at 100 K/min
f each solid fuel and blend, pyrolyzed at 300, 450, 600, 750 and
00 ◦C, are shown in Fig. 6. In terms of overall reactivity, we point
he reader to the scales of the y-axis in Fig. 6. Figs. 6a–d (pure coal
nd blends) have a y-axis up to 0.005 s−1; the scale of the pure feed

orn DTG plot is up to 0.012 s−1. As this suggests, the pure feed corn,
ven when pyrolyzed, is considerably more reactive than the coal
nd blends. This is due to the higher carbon contents and remain-
ng volatile matter available in the pure biomasses, especially at the
n of pyrolysis temperature and mass fraction feed corn stover in blend (error bars

lower pyrolysis temperatures. As the percent of biomass increases
in the blends, the reactivity clearly increases. This higher reactiv-
ity, coupled with remaining high carbon content – even for FC
pyrolyzed at 900 ◦C – suggests that the biochar remaining after
pyrolysis (i.e. extraction of bio-oil and pyrolysis gas as fuels) could
well be used as a co-fired fuel with coal. For all the pure fuels and
blends, the samples pyrolyzed at 300 and 450 ◦C are considerably
more reactive – seen through both lower peak temperatures and
higher peak reaction rates – than the samples pyrolyzed at 600 ◦C
and higher. Again this is attributed to the higher volatile matter
content remaining in the solids fuels after pyrolysis at lower tem-
peratures. Interestingly, for the 4−1 and 1−1 blends comprised of
450 ◦C pyrolyzed biomass, there appears to be an increase in reac-
tivity well beyond what might be expected for an additive scheme;
the peak reaction rate of for these two blends is actually higher than
the 300 ◦C blend (and for the 9–1 blend the 300 ◦C and 450 ◦C sam-
ples appear to have the same peak reaction rate). The peak reactivity
of the PA coal pyrolyzed at 300 ◦C is less than 0.003 s−1, and for the
450 ◦C pyrolyzed sample is less than 0.002 s−1, yet the 9–1 blends
pyrolyzed at these temperatures are both slightly above 0.003 s−1,

and the 4–1 and 1–1 blends have peak reactivities over 0.003 s−1

for the 300 ◦C pyrolyzed samples, and over 0.004 s−1 for the 450 ◦C
pyrolyzed samples. The peak reactivity for the pure FC pyrolyzed at
these two temperatures is over 0.01 s−1. Therefore, it seems quite
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Fig. 6. DTG curves for the oxidation, at 100

ossible that the biomass is synergistically reacting with the coal to
romote the rate of decomposition beyond the coal’s inherent reac-
ivity. Whether this is due to the pyrolyzed biomasses’ reactivities,
r other confounding factors such as mineral matter content of the
iomass catalyzing the reactivity [76–78] is unknown at present,
nd warrants future investigation.

The DTG curves of oxidation at 100 K/min of the pure fuels
nd blends pyrolyzed at each temperature demonstrate non-
egregated fuels, especially as compared to those shown in Fig. 1
or the raw fuels. Even for the samples pyrolyzed at 300 ◦C, there
re single peaks for each fuel and blend, suggesting that the fuels
re no longer segregating after this co-pyrolysis step. This has
ignificant implications when it comes to utilizing biomass as a
o-fired fuel. First, these results agree well with the recent study
y Haykiri-Acma et al. [51] on the potential to improve co-firing
y first carbonizing biomass, even at low temperatures. Second,
ur data suggest that the two fuels could be preheated – when
omingled – at low temperatures to improve the overall firing step.

.4. Summation – with qualitative evidence

The data presented here on the co-pyrolysis of feed corn stover
nd Pennsylvania Coal demonstrate several important thermal and
hysical characteristics that ought to be considered as transient
roperties when employing Computational Fluid Dynamics (CFD)
odels to co-fired fuel systems. From our proximate analyses, we

nd that the volatile matter content of pyrolyzed pure feed corn and

he 50:50 blends is fairly linear with respect to temperature, though
he 90 and 80 wt% coal blends loose considerably less than 1% at the
owest pyrolysis temperature and thus the trend is not quite lin-
ar for these materials. Conversely, this “additive” trend does not
, of pyrolyzed solid fuels and their blends.

extend to surface area and porosity distributions in terms of compo-
sition or pyrolysis temperature. Thermal analysis follows a general
trend – that as the percent biomass in the blend increases, the reac-
tivity increases (seen through higher reaction rates and lower peak
reaction temperatures) – and the same trend holds for pyrolysis
temperature. Finally, Fig. 7 shows SEM images of the pure fuels
and blends pyrolyzed at 900 ◦C, at 2000 and 10,000 magnifications
(2k magnification scale bar = 2 �m,  10k magnification = 1 �m).  The
feed corn stover shows a highly structured microporous material
with amorphous nanoscale deposits along the surface. Conversely,
the 900 ◦C pyrolyzed coal shows amorphous, bulb-like formations
along the surface of the char. From the proximate, thermal, sur-
face area and qualitative analyses performed here, we  see that the
physical blending of biomass and coal results in changes to various
physical characteristics of the fuel blend, depending on the percent
of each solid present, and the pyrolysis profile.

4. Conclusions

In this investigation, we  demonstrate the impact of blend-
ing ratio and pyrolysis temperature on the physical and thermal
properties of feed corn stover and Pennsylvania coal blends. The
overarching goals were (1) to provide information on the poten-
tial to model such blended fuel streams as additive functions
of the blends’ composition, versus the impact of any synergis-
tic interactions between the blended fuels and (2) to explore the
impact of pyrolysis temperature on this behavior on blended fuel

streams. Overall, we  find that these fuels are difficult to model
using a simple additive scheme; the surface areas and micro-
porosities of the blended streams are not a simple function of
the materials present. Rather, it seems that the biomass and
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Fig. 7. SEM images at 2k and 10k magnification for 
oal interact during pyrolysis; at low temperatures there is little
mpact of blend ratio on surface area and microporosity. How-
ver, as pyrolysis temperature increases, the presence of biomass
al, feed corn stover, and blends pyrolyzed at 900 ◦C.
in the blend considerably increases the degree of microporosity
of the pyrolyzed fuel blend. Of import to combustion scenarios,
fuel segregation, as noted through derivative thermogravimetric
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urves, seemingly disappears at pyrolysis temperatures as low as
00 ◦C. The evidence presented here suggests that CFD modeling
f coal–biomass co-firing may  be improved by including a dynamic
erm for porosity development as a function of both blend ratio and
emperature. Further studies are recommended to develop such
n algorithm that would enable prediction of such changes as a
unction of time and temperature in industrially relevant firing sce-
arios. The present work underscores that the co-firing of blended
oal–biomass streams cannot be modeled using a simple additive
cheme, but rather synergistic interactions between the two solid
uels suggest that the presence of biomass, with its greater reactiv-
ty and higher volatile content, may  promote the devolatilization
nd development of porosity in blended fuel streams.
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