Biomass Conversion and Biorefinery (2023) 13:7677-7685
https://doi.org/10.1007/513399-021-01664-x

ORIGINAL ARTICLE q

Check for
updates

Investigating the bioenergy potential of invasive Reed Canary
(Phalaris arundinacea) through thermal and kinetic analyses

Hesham Alhumade'? - Muhammad Sajjad Ahmad>* . Emanuele Mauri’ - Yusuf Al-Turki® - Ali Elkamel*

Received: 24 April 2021/ Revised: 11 June 2021 / Accepted: 16 June 2021 / Published online: 1 July 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

The thermal conversion of biomass plays an important role in the development of energy reaping technologies and fire
engineering. The study investigates the bioenergy potential of Reed Canary (Phalaris arundinacea) through investigating
the combustion kinetics and thermal behavior. Reed Canary samples were collected from various rural areas of Ontario,
Canada. Four heating rates (10, 20, 30, and 40 °C min~!) were utilized to perform the thermal degradation analysis using
a thermogravimetric analyzer. Three different stages were identified ranging from 25 °C to 800 °C in which major degra-
dation stage had two regions from 210 °C to 530 °C where most of the biomass changed into products. Furthermore, iso-
conversional models including Kissenger-Akahira-Sunose (KSA), Starink and Flynn—Wall-Ozawa (FWO) were used to
evaluate the reaction kinetics such as the activation energy and the pre-exponential factor. The reported kinetics parameters
demonstrate the promising potential of Reed Canary for bioenergy production. Moreover, the low cost and the abundance
of Reed Canary facilitate the possibility of introducing the biomass as a cost efficient and environmentally friendly natural

resource for renewable bioenergy production.
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1 Introduction

The global energy demand is increasing rapidly due to the
fast growth in population and modern development of vari-
ous industrial sectors [1]. For decades, fossil fuel has been
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utilized as the primary source of energy despite the associ-
ated major environmental impact [2]. Indeed, the combus-
tion of fossil fuel contributes to the emission of a significant
amount of greenhouse gases such as CO, and CH,. Moreo-
ver, the growing consumption of fossil fuel will definitely
lead to depletion of such a natural resource in the future
[3]. Therefore, an increasing number of studies have been
devoted to explore alternative sustainable and renewable
resources of energy [4]. Examples of renewable resources of
energy include wind power, solar energy, geothermal energy,
and the conversion of the biomass and industrial wastes to
bioenergy. There are different geographical factors that limit
the utilization of wind, geothermal and solar as sustainable
resources of clean energy, whereas, there are various types
of biomass and industrial waste resources globally [5]. For
example, the vision of the relevant policies facilitates the
growth of bioenergy consumption in Europe to reach 61.2%
of the annually total renewable energy consumption [6].
Therefore, a number of technologies are currently devel-
oped to explore the potential of biomass waste for bioenergy
production. Among the promising technologies in biomass
waste conversion to fuel are pyrolysis, combustion and
gasification [5]. The low emission of air pollutants and the
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carbon neutral characteristics of biomass drive the potential
of biomass consumption as renewable resource of energy.

Plant biomass is a typical source of biomass waste that
can be utilized for renewable energy purposes using various
approaches [7]. For instance, thermogravimetric analysis
(TGA) is considered as one of the cost efficient, simple, and
very effective technique to explore the thermal decomposi-
tion behavior of biomass during a combustion process [8].
Carbon dioxide will be released during combustion and can
be consumed by plant. In addition, the conversion of plant
biomass will deliver minimal amount of ash, sulphur and
nitrogen, which supports the environmental friendly charac-
teristic of plant biomass as promising source of renewable
energy [9]. Although the combustion behavior of biomass
depends mainly on the chemical composition of the biomass,
factors of the combustion process will influence the conver-
sion process. These factors include the heating rate, conver-
sion environment, residence time and pressure [10]. There-
fore, it is important to explore the combustion condition
to understand the combustion behavior of a plant biomass
before considering the biomass for bioenergy application
[11]. For this purpose, researchers have developed differ-
ent kinetic models to evaluate significant kinetic parameters
such as activation energy (E,), pre-exponential factor (A),
and reaction order (n). Various plant biomasses were inves-
tigated for bioenergy application including but not limited to
Sida cordifolia L. [12], Pear millet [13], Pine wood [14] and
pistachio shell [15]. Although various feedstock and biomass
waste were evaluated as potential resources for sustainable
and renewable bioenergy, there are some challenges that
may seize the opportunity for utilizing these resources for
bioenergy production. Direct competition with food crops,
chemical composition, and the impact in ecological diversity
are examples of those challenges [13]. Therefore, research-
ers are continuously searching for plant biomass that can
be utilized for bioenergy application with optimal chemical
composition reflected by the minimum lignin content and
least negative impact on the environment.

An example of the plant biomass that can be explored for
bioenergy application is Reed Canary grass (RC), which is
one of the Eurasian cultivars that were in brought to North
America as a marginal land product and livestock need.
However, it was noticed that the invasive characteristic of
RC might threat the biodiversity and the modern develop-
ment of society in several ways. For instance, the fast growth
of RC in wetlands represents a threat for the availability and
biodiversity of wetland various species. In addition, the inva-
sive characteristic of RC allows the plant biomass to grow
rapidly and cause clogging of waterways, which increases
the risk of flooding. The fast growing of RC triggers the need
for a solution that attenuate the population of RC species in
wetland with minimum impact on the environment. Inspired
by the need to attenuate the spreading of RC, propose an
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environmental friendly approach and the growing need to
explore various resources for sustainable and renewable
energy purpose, this study was conducted to evaluate RC as
a potential resource for bioenergy production. The combus-
tion behavior of RC was examined using TGA at various
heating rates to demonstrate the combustion characteristic
of the biomass. In addition, the composition of the plant
biomass was studied using elemental analysis.

2 Materials and methods
2.1 Sample preparation and characterization

Reed Canary samples were collected from various rural
areas of Ontario, Canada and the biomass is widely spread in
North America. Preparing the RC samples for analysis starts
with cleaning the samples with double distilled water and
allowing the samples to dry under natural sunlight for few
days. The moisture residue for the washing process was fur-
ther removed in an oven at 100 °C for 2 h. Then the samples
were grinded with a micro-mill grinder to obtain average
particle size of 150-200 um to avoid heat and mass trans-
fer limitations during the proximate and thermogravimetric
analysis. Proximate analysis was conducted to determine the
solid, moisture, and volatile matter contents of RC, where
the analysis was carried out following the protocol described
in standards ASTM-E781 and ASTM-E1755. First, 10 mg
of cleaned biomass samples were dried in a vacuum oven at
105 °C for two days and the observed mass loss was reported
as the moisture content of the samples (MC%). The dried
samples were then placed in a crucible at 970 °C in inert
environment in a muffle furnace and the observed loss in
mass was reported as the volatile matter (VM%). The ash
content was computed by oxidizing the cleaned and dried
biomass sample at 815 °C, where the residue was reported
as the ash content. Finally, the fixed carbon content (FC%)
was computed using the following equation:

FC(%) = 100 — (ash content + VM + moisture) D

In addition, all proximate analyses were carried out in
triplicate to examine the repeatability of the reported results.

Elemental analyzer was utilized to conduct the ultimate
analysis of the biomass sample. Here, the cleaned and dried
biomass samples were examined to determine the carbon,
sulphur, nitrogen and hydrogen contents, while the residue
was reported as oxygen content.

2.2 TGA experiments

The TGA were performed in triplicates to insure the accu-
racy of results at four different heating rates (10, 20, 30, and
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40 °C min~") with particle size ranging from 150 to 300 um
in STA-409 (NETZSCH-Geritebau). The 10 mg mass was
used to conduct experiments with 100 mL continuous air
flow in the reaction chamber. Sample was heated from nor-
mal room temperature to 800 °C in the aluminum crucibles.
The temperature was elevated continuously at each heating
rate with uniform mass degradation pattern.

2.3 Mathematical model development

Thermogravimetric conversion rate can be calculated as;
a = (m—m)/ (m;—my) @

where m;, m, and my refer to initial, change in mass at time
t and final masses, respectively.

The decomposition rate of the sample can be written as;
da
— =kf(a 3
=M@ 3)
f(a) represents the reaction model and & is the rate constant.
Using Arrhenius temperature dependence of k, Eq. (3) is
written as

da E

e ool

= Aap(—=Z )@ )
By introducing the heating rate () and conversion func-

tion f(a) = (1 — a) Eq. (4) was re-written as;

da A E

= Eexp(—ﬁ)(l — (@) )
After mathematical manipulations when a=0and T=T,

in Eq. (§), it became;

a

Gla) = / da/f(1 - @) = ART*/E[1 — 2RT/E] exp(—RET)
0
(6)
After rearranging Eq. (6), and neglecting 2RT/E which is
negligible compared with unity, Eq. (6) became;

G(a) = (ART?/BE)exp(—E/RT) (N

All data generated through real-time TGA analysis
was analyzed by using different isoconversion methods
(Flynn—Wall-Ozawa (FWO), Kissenger-Sunose-Akahira
(KAS), and Starink) [16—19] to ensure the consistency in
experimentation.

Upon rearranging and some mathematical manipulations
deviced by ICTAC recommendations, we obtained following
equations.

Taking logarithms and rearranging and of both sides of
Eq. (7), we obtained Eq. (8)

7679
1 b =1 AL, Eq KAS
n(ﬁ) = nRg(a) ~RT ( ) 3

Integrating Eq. (5) and with the initial conditions,, a=0,
at T = T,,, and Doyle’s approximation [20] was introduced,
and after some mathematical manipulations, we obtained
Eq. (9), the final form used by FWO procedure:

AE, E,
— (FWO) )

Inf =1In -
Rg(a) RT

Starink method uses the optimized by class of approxima-
tions minimizing the deviation between the approximation
function and the exact integral.

In(=P—) = 2L
M) = M Retay

E, .
(1.0008)ﬁ (Starink) (10)
Left-hand side of each equation including (8), (9), and
(10) were plotted in y-axis against the inverse of combustion
temperature in x-axis, and each conversion degree o was
applied to calculate kinetic and thermodynamic parameters
by compensation effect by the ICTAC kinetics recommenda-
tions using following Equations [21].

InA=aE, +b (11)
AH =E —RT (12)
AG = E+ RT, In(KgT,,/hA) (13)

The theoretical plots of reaction mechanism were found
using following Eq. (14), where 8 can be described by (6/
05 =p(X)/p(Xo5) [21, 22]:

g(a) _ p(x)

505 p(xps) (9
Ea

oo B
RT

™00 _ 0,312
pe) = (15)

3 Results and discussion
3.1 Physiochemical analysis

The proximate analysis was conducted on RC samples to
determine the moisture, volatile matter and ash contents.
The analysis revealed that the moisture content of RC was
about 6.6%, which supports the suitability of RC for bio-
energy production through combustion. Furthermore, the
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promising potential of RC for bioenergy application was fur-
ther supported by the high volatile matter (80.9%) and low
ash (8.82%) contents. Here, the fixed carbon content was cal-
culated using Eq. (1) to be (3.67%). The elemental analyzer
was utilized to examine the composition of RC and in par-
ticular to identify the carbon, oxygen, nitrogen, sulphur and
hydrogen contents, which were reported as 40.52%, 53.22%,
1.41%, 0.1% and 4.95%, respectively. The low traces of
hydrogen and sulphur as reported by the ultimate analysis;
indicate that RC biomass will not deliver significant amount
of toxic gases during the combustion process. The combina-
tion of high volatile matter, low ash and toxic components
contents illustrate that RC biomass is a valuable candidate
for bioenergy production. In fact, volatile matter content of
RC biomass is higher than various previously examined and
reported biomass samples such as pine sawdust, Urochloa
mutica, rice husk, elephant grass and Miscanthus gigan-
tus [13, 14, 23, 24]. High heating value (HHV) is another
valuable figure to evaluate biomass samples for bioenergy
production purposes since HHV demonstrates the amount
of energy release during the combustion process. However,
HHYV requires experimental analysis, which is expensive
and subjected to high experimental error [25]. Therefore,
different models were proposed to compute HHV and here
the following correlation was adopted to compute HHV of
RC biomass [25].

HHV = 19.288 — 0. 2135— — 1.95845% | 00034 £C
FC VM Ash
(16)

The adopted model was selected since it delivers the least
error compare to further models reported in the literature
and HHV for RC biomass was computed to be 14.4 MJ kg™".

3.2 Analyses of TG-DTG curves

The TGA revealed that the increase in reaction temperature
resulted in the loss in biomass that was further converted
into various other products. During this analysis (TG-DTG
curves), thermochemical conversion of the biomass into
three states of matter i.e. liquid, solid and gas was rep-
resented by the curves during the analysis. These curves
showed specific trend, for the understudied samples of the
thermal degradation of lignocelluloses when they were put
for the comparison to TG-DTG curves (Fig. 1) and it was
found for Cardoon leaves, Red pepper waste, Camel grass,
Elephant grass, Rice husk and Switchgrass [26-31].
During thermal degradation, mass loss occurred at a cer-
tain temperature and these characteristic temperature ranges.
There was a direct proportion between thermal conversion
of the sample and heating rate. Thermal conversion of the
sample consisted of three stages whereas stage-1I had two
zones. Temperature in the first stage reached from ambient
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Fig.1 TG (A) and DTG (B) curves at four heating rates (10—
40 °C min™)

to 210 °C at all heating rates and resulted in the loss of of
approximately 11% of mass, which exhibits the evapora-
tion of the moisture content retained within intercellular
spaces or compartments. In the second stage, all the heating
rates were taken into account and temperature range was
210-370 °C (Region-I) and 370-530 °C (Region-II) that
resulted in the maximum of the mass loss i.e. 25% and 14%
in both regions respectively. In the third stage temprature
was between 530 to 800 °C and this stage resulted about 5%
of the total mass lost.

Feasible biomass for combustion contains less than 10%
of the retained moisture, hence, the sample of the cureent
study is a best choice for pyrolysis and combustion [27].
Typical patteren of lignocelluosic biomass was exhibited by
thermal transformation. Here, stage-II was responsible for
most of the thermal conversion, demonstrating the degrada-
tion of pectin, cellulose and hemicellulose where a specific
temperature of 210-530 °C was set for their degradation
[27]. Temprature ranges in the third stage reflected the deg-
radation of lignin and formation of char [27]. Keeping in
view the above trend of these values, it is evident that using
RC biomass for pyrolysis and combustion possesses repre-
sents significant advantage over previously studied biomass
samples of elephant grass, water hyacinth and rice husk
[27, 28, 30-32]. Biochar yields of 24.59, 25.45 and 23.67%
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were determined at 660 K at three different heating rates,
and these yields were comparable to biochar obtained from
the combustion and pyrolysis of straw (23.68%) and bran
(25.17%) of rice plant, and lower than Para grass (31.5%)
[31], and Camel grass (30.46%) [30]. These values suggest
for the suitability of the sample for biochar production.

4 Thermokinetics to elucidate the reaction
chemistry of RC

Detailed kinetic analyses were performed to calculate
different thermodynamic parameters including activation
energy (Ea, kJ mol™), pre-exponential factors (A, s7h,
change in enthalpy (AH, kJ mol~!) and Gibbs free energy
(AG, kJ mol™"), and root square of regression (R?). The
combustion reaction mechanism was elucidated through
master plots under all heating rates by applying different
kinetic models to retain accuracy throughout the mod-
eling process. The reaction mechanism was observed by
plotting all the reaction mechanisms of g(a)/g (0.5) and
the best plot was compared with experimental data by
considering all the reaction models following the ICTAC
kinetics recommendations. The perfect match of reac-
tion model was the Fn order (Fig. 2). All regression plots
were made by following ICTAC kinetics for all models
including KAS, FWO and Starink as shown in Fig. 3.
Therefore, all thermodynamic parameters including
Ea, A, R%, AH and AG were calculated for all « values
ranging from 0.1 to 0.9 and are shown in Table 1. The
E, varied between 124 and 218 kJ mol~! with an aver-
age value of 161-180 kJ mol~!, furthermore, E, values
remaining decreasing with a minute difference when con-
version ranges from 0.1 to 0.6 in all kinetic models. The
E, showed a narrow range (213-143 kJ mol™!) with a
ranging from 0.6 to 0.9, where some combustion reaction
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Fig.2 Reaction mechanism study of Reed Canary

occurred; it indicates that the combustion was thermody-
namically favorable. However, a little increase in E, was
observed after o of 0.7 (Fig. 4). A similar variation trend
was observed for AH (Fig. 4), where the lower differ-
ence between the E, and AH values again demonstrated
a thermodynamically favorable reaction. The E, values
of RC during combustion had remarkable resemblance
with already studied biomass samples like pine branch
[33] pear millet [13], Sida cordifolia L.[12], beech wood
[34], and Lentinula edodes [35]. Therefore, it indicates
that the RC reaction chemistry had significant potential
into energy-efficient combustion reactions.

The conversion of biomass to produce products is a
complex process due to various reactions involved due to
degradation of biomass at different stages as discussed ear-
lier. Many reactions may involve during the combustion of
biomass that effect the product formation. The A with sev-
eral collisions between several compounds elucidates the
direct proportion to complexity of biomass. The A showed
the nature of the complexity of the reaction. The A of RC
may vary from 10*-10'3 s7!, the A <10 s~ mainly shows
the exterior reactions whereas A > 10 s~! shows a sim-
pler complex mechanism [36]. The A values of RC were
obtained as 5.90x 10°-1.55x 10", 1.96 x 10*-1.39x 10",
and 2.24 x 10%*-1.53 x 10" as estimated through FWO, KAS
and Starink models for o (0.1-0.9), respectively. These val-
ues indicated simple reaction kinetics during the chemical
conversions. Moreover, the lower energy was required to
make activated complex for effective collisions between the
molecules. Furthermore, A-values of RC were compared to
A-values calculated for pine branch [33] pear millet [13],
S. cordifolia L.[12], beech wood [34], and L. edodes [35]
had significant closeness. Moreover, the lower difference
between the Ea and AH indicated that it would be easy to
produce activated complex intermediates by shattering the
potential energy barrier [37]. The AH values were shown to
be ranging from 117 to 207 kJ mol~! for « ranging from 0.2
to 0.9 with an average value of 156—174 kJ mol~! for all the
models employed (Table 1). For AH, an arc was observed
for a0 0.1 to 0.6, then there was a rapid rise from 0.7 to 0.9
after a uniform behavior with a minute rise from a: 0.4-0.7
(Fig. 5). Similar differences were observed in some already
explored biomass including tobacco waste [38], pine needle
[39], wheat straw [40] and paper mill sludge [41]. Addi-
tionally, AG represents the total amount of energy during
reaction. The AG values explain the array of carbon layers
in the biochar produced. Here, AG values were ranging from
199 to 253 kJ mol~! at o ranging from 0.1 to 0.9 with an
average value of 226228 kJ mol~! (Fig. 6). The AG values
showed relevance with the already studied biomass samples
in recent studies ranging from 220 to 335 kJ mol ™! at various
fractional conversions including tobacco waste [38], pine
needle [39], wheat straw [40] and paper mill sludge [41].
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Fig. 3 Best fitting plots of RC
(Reed Canary) for (A) KAS, (B)
FWO, (C) Starink
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Table 1 Thermodynamics parameters of all models

Alpha| E, As?! R* | AH AG E, As! R AH AG E, As! R AH AG

kJmol™ kJmol™ | kJmol” | kJmol™ kJmol™ | kJmol ™" | kJmol™ kJmol™ | kJmol
FWO KAS Starink

0.1 | 213.79 |4.39E+13[0.990 | 207.44 | 207.35 | 195.12 |4.41E+12[0.331| 188.77 | 203.25 | 195.46 |4.83E+12]0.332| 189.11 | 203.01
0.15 | 218.68 |1.55E+14|0.993 | 212.34 | 204.24 | 199.35 |1.39E+13]0.968| 193.01 | 200.22 | 199.71 |1.53E+13{0.968| 193.36 | 199.96
0.2 | 191.64 |1.45E+11[0.997| 185.29 | 221.42 | 173.40 |1.23E+10(0.989| 167.05 | 218.83 | 173.76 |1.36E+10(0.989| 167.42 | 218.57
0.25 | 184.46 |2.29E+10|0.996 | 178.12 | 225.98 | 166.41 |1.86E+09|0.992| 160.06 | 223.84 | 166.78 |2.06E+09(0.992| 160.43 | 223.57
0.3 | 185.71 |3.15E+10|0.996 | 179.36 | 225.18 | 167.46 |2.48E+09[0.996| 161.12 | 223.08 | 167.84 |2.74E+09|0.996| 161.50 | 222.81
0.35 | 183.66 |1.86E+10|0.999 | 177.32 | 226.48 | 165.38 |1.41E+09|0.995| 159.04 | 224.58 | 165.76 |1.56E+09(0.995| 159.42 | 22430
0.4 | 181.47 |1.06E+10|0.999 | 175.12 | 227.88 | 163.16 |7.72E+08|0.996| 156.81 | 226.17 | 163.54 |8.57E+08(0.996| 157.20 | 225.89
0.45 | 177.23 |3.54E+09|0.999 | 170.88 | 230.57 | 158.99 |2.50E+08|0.999| 152.65 | 229.16 | 159.38 |2.78E+08(0.999| 153.04 | 228.88
0.5 | 165.84 |1.88E+08|0.998 | 159.50 | 237.80 | 148.03 |1.29E+07[0.998| 141.69 | 237.01 | 148.43 |1.43E+07(0.998| 142.09 | 236.73
0.55 | 160.89 |5.26E+07|0.997 | 154.55 | 240.95 | 143.22 |3.50E+06|0.999| 136.88 | 240.46 | 143.62 |3.90E+06(0.999| 137.28 | 240.18
0.6 | 161.45 |6.07E+07|0.944 | 155.11 | 240.59 | 143.66 |3.94E+06|0.998| 137.31 | 240.15 | 144.06 |4.39E+06(0.998| 137.71 | 239.86
0.65 | 183.74 |1.90E+10|0.958 | 177.39 | 226.44 | 164.71 |1.17E+09]0.996| 15836 | 225.06 | 165.12 |1.31E+09|0.996| 158.78 | 224.76
0.7 | 217.99 |1.30E+14|0.981 | 211.64 | 204.68 | 196.86 |7.07E+12[0.938| 190.52 | 202.00 | 197.29 |7.94E+12{0.938| 190.95 | 201.69
0.75 | 187.90 |5.55E+10|0.989 | 181.56 | 223.79 | 167.75 |2.68E+09|0.953| 161.41 | 222.88 | 168.20 |3.02E+09(0.953| 161.85 | 222.55
0.8 | 161.04 |5.46E+07|0.992 | 154.70 | 240.85 | 141.67 |2.30E+06|0.978| 135.32 | 241.58 | 142.13 |2.61E+06|0.978| 135.79 | 241.24
0.85 | 153.92 |8.72E+06|0.954 | 147.58 | 245.38 | 134.45 |3.26E+05|0.987| 128.10 | 246.76 | 134.93 |3.71E+05(0.987| 128.59 | 246.41
0.9 | 143.47 |5.90E+05|0.000 | 137.13 | 252.01 | 124.06 |1.96E+04|0.991| 117.71 | 25420 | 124.56 |2.24E+04(0.991| 118.22 | 253.84
Af;” 180.76 174.41 | 22833 | 161.98 155.64 | 227.01 | 162.39 156.04 | 226.72
240 220

- 220 — 200

§ 200 oQ iﬁ 180
180 =

gléo OOOOOo 53160 OOOOOO

g 140 [ —=-Fwo ®o0 Oq il =T g

£ 120 KAS © 120 KAS °

< O Starink o Starink
100 100

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

Conversion o

Fig.4 Comparison between conversion and activation energy values
obtained from KAS, FWO and Starink

Taking these values into account, it is concluded that RC has
shown to be an easily convertible low-cost source to produce
energy and chemicals.

Conversion o

Fig.5 Comparison between conversion and change in Enthalpy
obtained from KAS, FWO and Starink

5 Conclusion

The study focused on Reed Canary biomass for bioenergy
application due to the free accessibility to the biomass and
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Fig.6 Comparison between conversion and change in Gibbs free
energy obtained from KAS, FWO and Starink

the invasive nature of Reed Canary, which require suitable
and environmental friendly approach to control. The com-
bustion behavior of Reed Canary consists of three major
thermal degradation zones that can be influenced slightly
by the heating rate. These stages are mainly the extraction
of the moisture content, followed by the significant mass
loss attributed to the decomposition of cellulose, hemicel-
lulose and pectin components. The third stage of thermal
degradation represents the formation of char and lignin
degradation as depicted by the tail like steady mass loss
towards the end of the combustion process. Finally, It was
interesting to observed the significant potential of Reed
Canary as feedstock for bioenergy production through the
thermodynamics properties.
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