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Abstract

Combustion behavior of rice straw torrefied at 300 °C for different residence time and their blends with sub-bituminous coal
was investigated. The torrefied product and its blends were characterized for fuel properties and Hardgrove Grindability Index
(HGI). Also, the torrefied product is characterized fordensity, proximate and ultimate analysis, energy yield, and structural
analysis by Raman spectroscopy. The calorific value data of blend shows its value is equivalent to the value of sub-bituminous
coal, i.e., 17.21 MJ/kg. On the other hand, HGI of torrefied product is 40—45 and that of coal is 80. On blending, the value
of HGI up to a certain ratio shows the synergetic effect while higher content of the torrefied product in blend demonstrated
non-additivity behavior and it is dominated by coal as a consequence of density difference between torrefied product and
coal. Characteristic combustion parameter for blends reveals the synergetic behavior. It is found that the blend of torrefied
products and sub-bituminous coal at a ratio of 10:90 and 20:80 had ignition and burnout temperature almost close to coal
sample. The ignition and burnout temperature of 10:90 of torrefied product at 300 °C for 60 and 120 min are 295 °C and
507 °C, 301 °C and 505 °C whereas that of sub-bituminous coal is 325 and 515 °C. The change in the fuel properties of the
blend suggests there is a certain degree of interaction that occurred during combustion.
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1 Introduction

The growth of any country is related to economic devel-
opment which is inspired by continuous energy consump-
tion. Most of the energy demand is fulfilled by the use of
fossil fuels as energy sources as well as syngas from coal
gasification as alternative fuel [41]. In the recent times, sci-
entists are looking for alternate sources of energy, in this
direction number of studies are focused on development of
renewable fuels such as hydrogen [3], biofuels such as bio
diesel from organic or biomass waste by supercritical and
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microwave-assisted transesterification method [48], and bio-
coal for thermal power plants from waste biomass [32, 38].

A country like India is satisfying most of the energy
needs by generating two hundred GW of power through
coal-based thermal power plants. This consumes approxi-
mately 1000 million tonnes of sub-bituminouscoal annually.
According to a report by Intergovernmental Panel on Cli-
mate Change (IPCC), hard coal power plants shows higher
CO, emission specifically in the range 710-950 gCO2eq/kW
has compared to natural gas combined-cycle plants generat-
ing emissions in the range of 410-650 gCO2eq/kWh [9].
However, CO, arising from thermal power plants or other
sources can be utilized in combination with water to form
sustainable hydrocarbon fuels by electrolysis in presence of
molten salts, which not only mitigate the problem of envi-
ronmental pollution as well as take us a step ahead towards
sustainable energy development [2].

Biomass is an environmental friendly energy source
that has different advantages such as carbon neutrality,
renewability, less sulfur, and huge availability within a
small period (agriculture waste, municipal solid waste, and
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forestry waste). It is possible to reduce the overall green-
house gas emission of an existing thermal plant [11, 17]
by using agricultural biomass.

However, there are inherent problems of agriculture
waste biomasses compared to sub-bituminous coal fossil
fuel resources, i.e., low bulk density, high moisture con-
tent, hydrophilic nature, and low calorific value, render it
difficult to use on a large scale [4]. These attributes greatly
impact logistics and final energy efficiency. High moisture
in rice straw is one of the primary challenges, it reduces
the efficiency of the process and increases fuel produc-
tion costs, leads to natural decomposition resulting in loss
of quality and storage issues such as off-gas emissions
(Evergreen Renewables, LLC. Biomass torrefaction as a
preprocessing step for thermal conversion: Reducing costs
in the biomass supply chain 2009). These collective attrib-
utes make rice straw unacceptable to use as a renewable
source of energy. On the other hand, the co-combustion of
agriculture waste biomass with coal in the existing power
plant has received a lot of attention in recent times [29, 38,
46]. Apart from the environmental benefits, the replace-
ment of coal partially with biomass does not require large
investments in a new standalone biomass plant [1]. The
co-combustion can reduce the net CO, emissions from
coal-based power plants besides providing effective use
of biomass. The use of biomass with coal also provides
a reduction in NOx and SOx emissions [30, 31]. The co-
combustion is a very effective way to dispose of waste
biomass. The co-combustion of coal with different ligno-
cellulosic biomasses are reported in the literature, such as
cotton stalk [31], forest residues, olive kernel and wood
[22], fir wood [39], wastes from palm oil production [21],
olive tree pruning [44], woody biomass [42], pine sawdust,
and oat straw [23], bagasse [10], rice husk [37], etc. There
are technical challenges in the co-combustion of biomass
with coal in existing coal-fired power plants. The most
common challenges are low energy density causing flame
instabilities in the combustion chambers [24], poor grind-
ability resulting in higher grinding energy requirements,
slagging and fouling problems in boilers [40], low bio-
mass flowability and fluidization properties [19] leading
to difficulties in feeding biomass into combustors. These
facts create difficulties for utilization of biomass directly.
In order to reduce these inherent problems of biomass,
it requires some form of pre-treatment, pre-treatment
helps to alter biomass physical and chemical properties.
Among the different techniques, torrefaction is simple
process. Torrefaction is a slow pyrolysis process carried
out at low temperatures, within a temperature range of
200-300 °C fora different isothermal time in protective
atmosphere [20]. The torrefaction process is cost-effective
over to other process [11, 17], increases the calorific value
and shelf life of biomass because it covert hydrophilic to

@ Springer

hydrophobic through destruction of -OH groups and hence
biomass losses its capability of hydrogen bonding [13].

India is an agriculture-based country and it generates a
lot of waste biomass from different sources. To dispose of
it, generally, it is burned in the field as well as in forest land
which creates a lot of environmental and socio-economic
problems to humanity. The torrefaction of biomass can not
only solve the problem of open field burning but also can
be utilized in the production of power in co-firing with coal
in the thermal power plants. During torrefaction, proper-
ties of biomass change, and the resultant darker fuel possess
higher calorific value, reduced volatile content, improved
hydrophobicity, and grindability, which make it suitable
for co-combustion [33, 34, 45]. Also, the torrefied biomass
cofired with lignite coal provides a synergistic effect in burn-
ing performance [37].

Therefore, in the present work, torrefaction of rice straw
was carried out in a rotating reactor at 300 °C for different
residence times and extensively studied for fuel properties
in co-combustion with coal. The fuel properties as well as
hard groove grindability index of different torrefied biomass
samples and sub-bituminous coal blend are reported in the
present work. The investigation reveals that the torrefaction
at 300 °C with 120 min residence time in a rotating reactor
is very much compatible for co-firing with sub-bituminous
coal in the thermal power plant.

2 Materials and methods
2.1 Experimental

In the present investigation, the rice straw torrefaction was
carried out in a laboratory-scale rotating reactor (Fig. 1) at
temperature 300 °C for residence time 60, 90, and 120 min.
The samples are termed RS-300-60, RS-300-90, and
RS-300-120 respectively in the whole manuscript. The
rotating reactor consists of a feeder, a rotary reactor unit
heated by external electric heating (Fig. 1). It is controlled
by a PID controller with a temperature indicator in which
the thermocouple monitors the temperature in the middle
of the furnace. The volatile released during the heating of
biomass was condensed through a water-cooled condenser
as shown in Fig. 1. Nitrogen gas was used as the carrier gas
with a flow rate of 100 ml/min.

2.2 Characterizations
2.2.1 Proximate and ultimate analysis
The TGA of the samples was carried out in the temperature

range of 40-1000 °C@ 10°C/min in a nitrogen atmosphere.
From the TG data, the proximate analysis was carried out
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Fig. 1 Laboratory-scale rotating
type torrefaction set-up
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in accordance with the standard ASTM E870-82 procedure
[5]. The density of the torrefied product was measured using
a specific gravity bottle of constant volume.

2.2.2 Structural analysis

The Raman spectroscopy is very suitable for obtaining
information about the chemical structures of bio-coal. The
Raman spectral measurement of torrefied rice straw and coal
was carried out using Renishaw in-via Raman microscope
usinga laser of excitation wavelength 514 nm. The Raman
spectra are deconvoluted using Voigt line shape to obtain
different components.

2.2.3 Grindability index

Hardgrove grindability index (HGI) is determined empiri-
cally using a sample mill, according to the following proce-
dure. The device to measure the hardgrove grindability con-
sists of a top rotating ring with eight balls of 1 in. (25.4 mm)
diameter. The ASTM standard D409 is for the measurement
of HGI for coal of which bulk density is greater than 1.2 g/
cc. However, the agriculture waste biomass is voluminous
and low-density material (bulk density varied from 0.01 g/
cc to 0.2 g/cc. After torrefaction, there is an improvement
in the physical properties but not it is comparable to coal.
Therefore, in this study, as per ASTM D409, it has to take 50
gm of material for measuring HGI. But due to low density,
the biomass, and torrefied product were taken only 10 gm in
a hardgrove testing machine sample container. The torrefied
biomass was first ground with a grinder and then the material
underwent a sieving process to produce a 630-1250 um frac-
tion of biomass. The next 10 g of the sample was inserted
evenly into the hard grove testing machine. After the sample
was crushed for 60 rotations by the apparatus, it was then
sieved with a 75-um sieve for 10 min. The two different
fractions of biomass were then weighed using a balance.

The mass (m,) was the fraction of biomass that was sieved
through 75 um sieve that can be calculated using equation

(where m, is the biomass that was collected from 75 pm
sieve).

2.2.4 Fuel properties

The calorific value was calculated by combustion of a unit
quantity of torrefied rice straw as well as sub-bituminous
coal and torrefied product blend under specified conditions
[8].

The mass yield(M,) and energy yield(E,) calculated from
relation (Egs. 1 and 2) described by Bridgemanet al. [8].

M,(% ) = S 100
%)=+ ¢))

where M,,,, is Mass of torrefied product and M,,,, is mass of
raw biomass taken

C
Ey(%) =M, x == @
raw
where C, . is Calorific value of torrefied product and C,,, is

Calorific value of raw biomass taken.

To know the fuel properties and reactivity of torrefied
productsas well as sub-bituminous coal and their blend,
TGA studies were carried out at the heating rate 10°C/
min up to 1000°C in air environment with a flow rate of air
100 ml/min.

The ignition and combustion performance of torrefied
biomass was calculated from the following equations [43].

R, XR,
TXXT,
l
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where S is combustion index, R 1S maximum combustion
rate and it is also called DTG _,,, R, is average mass loss
rate it is also called DTG |, is the mean value of mass
loss rate, T; is ignition temperature, and T, is the burnout
temperature.

In the present investigation, ignition and burnout tem-
perature was calculated by the intersection method [26].
The ignition temperature was calculated from the first DTG
which crosses the TGA curve, the point at which devola-
tilization begins. The burnout temperature was determined
from the second DTG peak. It is the position of the TGA
curve at which a vertical line from the second peak of the
DTG curve crosses the TGA curve. The temperature cor-
responding to the intersect point of tangent drown on TGA
curve and horizontal of DTG curve where stable weight loss
was registered.

The activation energy of rice straw biomass, torrefied
product, and blend of torrefied products-sub-bituminous coal
was calculated using the Coats-Redfern method[18]. The

TGA data was plotted as In(@

max

> > vs. 1/T and activation

energy was calculated using the following equation [7].

(2 (] - () £

where E(kJ/mol) is the activation energy that can be cal-
culated from the slope of the linear fitted curve. R is the
universal gas constant(8.314 J/K.mol), T is the temperature
(K), H is the heating rate (°C/min), and A is the frequency
factor (per min), x isa fraction of sample at time t.

3 Results and discussion
3.1 Proximate and ultimate analysis

The bulk density of as such rice straw is very low, i.e., in
the range of 0.01 g/cc because it is porous and voluminous.
On the other hand, when it ground into powder its density
increases to 0.22 g/cc. On torrefaction the rice straw losses
more oxygen and hydrogen than carbon and as a result,
there is an increase in bulk density. The bulk density after

Table 1 Proximate and ultimate analysis of torrefied rice straw (RS)

torrefaction at 300 °C at residence time 60, 90, and 120 min,
bulk density of torrefied ground powder increase to 0.37,
0.40, and 0.43 g/cc respectively. While sub-bituminous coal
is used in the thermal plant having a bulk density of 0.90 g/
cc which is more than double the value of the torrefied prod-
uct. With increasing the residence time at 300 °C, there is a
continuous release of volatile content, increases the carbon
content, and as a result increase in bulk density. The tor-
refaction increases the density of torrefied products, which
may reduce transportation costs as well as solve the storage
problem. The proximate analysis calculated from the TGA
data and ultimate analysis measured by elemental analyzer
is illustrated in Table 1. It is observed that the moisture and
volatile content decreases with increasing the residence time
at torrefaction temperature 300 °C. Initially, the rice straw
used possesses 6.33% moisture content, 72.67% volatile
content, and 20% fixed carbon. The fixed carbon content
increases from 21 to 47% for residence time 120 min at
temperature 300 °C. The ultimate analysis reveals that neat
rice straw consists of 38% carbon and 54% oxygen and on
torrefaction carbon content increases, and hydrogen content
decrease. The maximum carbon content 53.65% and oxygen
content 40% in the case of sample torrefied at 300 °C for
residence time 120 min. On the other hand, the sub-bitumi-
nous coal used in thermal power plants for the generation
of electricity possesses a carbon content of 42% and oxygen
content is 52% (Table 1). During torrefaction, dehydration
and decomposition of cellulose, hemicellulose and lignin
takes place in the temperature range of 200-300 °C, as a
result release of gaseous products CO,, CO, small amounts
of H, and CH,, which attributes in to increase in carbon
content and decreases in hydrogen and oxygen. [15, 16]
Figure 2 shows the digital images of torrefied rice straw
at temperature 300 °C for different residence times. As such
rice straw is yellowish buton torrefactionits color changes
from light brown to dark brown to blackish (Fig. 2). The
color change of the rice straw is a good means of describ-
ing the degree of torrefaction. With increasing torrefaction
residence time at temperature 300 °C, destructive drying
is taking place, as a result, there are carbonization and
devolatilization. This temperature represents the torrefac-
tion processes limit and as a consequence disruption of most

Sample Moisture Volatile matter % Fixed carbon % Nitrogen wt % Carbon wt % Hydrogen wt % Oxygen wt %
content %

Neat RS 6.33 72.67 21 1.157 38916 5.541 54.386

Coal 3.44 63.74 32.82 1.954 42.98 2.73 52.33

RS-300-60 5.84 52.36 41.8 1.815 46.726 4.289 47.349

RS-300-90 4.80 50.17 45.03 1.667 47.493 4.142 46.698

RS-300-120  3.84 48.94 47.22 1.692 53.658 4.372 40.278
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Fig. 2 Digital images of (a) as
such rice straw and (b, ¢, d) rice
straw torrefied at temperature
300 °C for different residence
times of (b) 60, (¢) 90, and (d)
120 min

inter-and intermolecular hydrogen bonds, C—C and C-O
bonds. The cell structure of rice straw is destroyed, loses its
fibrous nature, and becomes brittle. The torrefied product’s
color changes fromdark brown to blackish, which can be
mainly attributed to chemical compositional changes.

3.2 Structural analysis

Figure 3 shows the typical Raman spectra of sub-bituminous
coal and biocoal (RS-300-90 and RS-300-120). Due to the
low transmission efficiency of the light used in the spec-
trometer, a strong fluorescence inference as evidenced by a
sloping background with the Raman shift is observed due to
the insulating behavior of torrefied rice straw. To avoid the
interference from the background, it is subtracted using the
baseline method. The background-subtracted Raman spectra
are depicted in Fig. 3. In all three samples majorly registered
D and G peak at Raman shift around 1350 and 1600 cm™".
The spectrum was deconvoluted using the Voigt line (G+L)
profile to trace out different components present in the sam-
ples. The spectrum shows the presence of peak position peak
area and peak intensity summarized for the individual peak
in Table 2. The peak position named SR, S, S;, D, Vg, V|,
Gg, G, and G for peak positions near1030, 1150, 1240,
1310, 1360, 1430, 1520, 1590,1690 cm™". The G band rep-
resents the graphite-like structure and the D band represents
the defects in the carbon structure. The S-band represents
the crosslinking structures and the presence of substitutional
groups. I¢/I ratio decreases (0.13 to 0.12) with an increase

in residence time at torrefaction temperature, indicates the
cross-linking and substitutional groups are removed in the
increased residence time and it is nearer to I/l value in coal
(0.10). These results can on the basis of destroying the disor-
dered carbon microstructure and promoted the formation of
crystalline-like carbon microstructure by poly-condensation
[25]. The Iy/I ratio represents the defect level in the sample.
As increasing the biomass torrefaction time from 90 to 120
at 300 °C, the I/I; ratio increases from 0.13 to 0.22 show-
ing an increase in defect level due to the removal of volatile
matter. In the case of the coal sample, it is found highest as
0.25. However, overall graphitic character (calculated from
Ig/1,;) is found almost the same for coal, RS-300-90 and
RS-300-120. Also, peak at 1532 cm_l(GR) arises due to
the presence of amorphous carbon character in the sample,
it can be seen from the table that intensity, as well as the
peak area of GR band, is decreases as heat treatment time
increases from 90 to 120 min and found least in the case of
the coal sample. The sharpness of the G band signifies the
more crystalline structure which can be observed as decreas-
ing FWHM value with heat treatment time from 105.04 to
88.25 almost near to coal (74.57). This shows an overall
increase graphitic nature ofthe coal sample for RS-300-120.

3.3 Calorific value (CV)
The calorific value is the most important fuel property of

torrefied products when it will be used as a renewable source
of energy instead of fossil fuel in different applications. The

@ Springer
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value enhanced by 22 and 26% for the residence time 90
and 120 min. This enhancement is due to the removal of
volatile products and an increase in carbon content. On the
other hand, sub-bituminous coal used as an energy source in
the thermal power plant has possessed the calorific value of
17.21 MJ/kg which is 14% higher than rice straw. The tor-
refied rice straw product has 5, 8.5, and 10.5% higher than
that of sub-bituminous coal. On the other hand, on blending
of sub-bituminous coal with torrefied rice straw in the ratio
of 90:10, 80:20, and 70:30, it is found that the calorific value
does not change significantly than the sub-bituminous coal,
i.e., 17.21 MJ/kg (Table 3). In all different blend ratios, the
calorific value is almost same. This suggests that biomass
blending with coal does not influence the calorific value of
sub-bituminous coal.

3.4 Grindability analysis

Grindability is an important characteristic property of the
brittle raw materials for designing the mills. The grind-
ability depends on many unknown factors and HGI is
important for the up-gradation of biomass for the post-
application.The HGI test is most commonly used to esti-
mate the energy usage, capacity, and performance of the
mill and the particle distribution after the milling pro-
cess[12]. As a general rule, higher HGI values indicate
that the fuel is easier to grind, requiring lower power
inputs and giving higher mill output. The understanding
of the grindability properties of the torrefied rice straw
are important for their application. After torrefaction, the
cell-wall structures are ruptures and develop bigger pores,
elucidating the significant collapse of the cell walls[15,

Table 3 Calorific value of torrefied product and its blend with sub-
bituminous coal

Sample name Calorific
value( MJ/
kg)

RS neat 15.23

RS-300-60 min 18.01

RS-300-90 min 18.65

RS-300-120 min 18.95

Sub-bituminous coal 17.21

Coal: RS 300-60-(90:10) 17.36

Coal: RS 300-60-(80:20) 17.15

Coal: RS 300-60-(70:30) 17.15

Coal: RS 300-90-(90:10) 17.35

Coal: RS 300-90-(80:20) 17.41

Coal: RS 300-90-(70:30) 17.43

Coal: RS 300-120-(90:10) 17.55

Coal: RS 300-120-(80:20) 17.39

Coal: RS 300-120-(70:30) 17.51

16]. This is attributed to the release of volatile matter in
the form of gases and condensation liquid during torrefac-
tion [35]. Once the cell walls of biomass are destroyed, it
is easier to grind the torrefied biomass, thereby improv-
ing the grindability. This improvement in grindability is
crucial for fuel application. Specifically, the better grind-
ability of material is conducive to saving more energy if
the biomass is pulverized into small particles [28]. The
HGTI value of torrefied rice straw and its blend with sub-
bituminous coal is reported in Table 4. The raw rice straw
possesses a very low value of HGI in the range of 10-14
because it depends upon moisture content retain in the
biomass. After torrefaction at 300 °C for different resi-
dence times, it is observed that the HGI is continuously
increasing. After torrefaction, HGI is almost double and
further increases up to 47 for residence time 120 min at
300 °C. However, the sub-bituminous coal is used in the
thermal power plant possesses an HGI value in the range
of 80-82. It has been proposed to use the torrefied rice
straw in the thermal power plant with sub-bituminous
coal in the different ratios in an existing plant. Therefore,
it is necessary to know the value of HGI when it is used in
co-firing. Table 3 also shows the HGI of sub-bituminous
coal and torrefied rice straw blend. The case of torrefied
product at 300 °C for residence time 120 min is taken in
three different ratios demonstrating that at 10% addition
of a torrefied product in sub-bituminous coal, the HGI
value is in the range of 66—68 which is lower than coal
and higher than a torrefied product. On the other hand,
further increasing the torrefied product 20 and 30%, the
value of HGI is increasing instead of decreasing. This
can be due to the fact that higher content of torrefied
product of lower density than bituminous coal, occupies
the maximum volume in the grinding jar. The higher den-
sity of coal is settled in the downstate of the jar and the

Table 4 HGI value of torrefied rice straw and its blend with sub-bitu-
minous coal

Sample name HGI

RS neat 13-14
RS-300-00 min 24-26
RS-300-60 min 40-43
RS-300-90 min 43-45
RS-300-120 min 45-47
Sub-bituminous coal 82-85
Coal: RS-300-60-(90:10) 60-63
Coal: RS-300-60-(80:20) 75-76
Coal: RS-300-60-(70:30) 80-82
Coal: RS-300-120-(90:10) 66-68
Coal: RS-300-120-(80:20) 82-83
Coal: RS-300-120-(70:30) 83-84
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lower density torrefied product is above the coal pow-
der. Whereas the grinding balls are at the ground state
of the jar and as a result, it will grind coal powder toa
higher extent as compared to the torrefied product. This is
attributed to the higher value of HGI in the case of blend
ration 80:20 and similar observation is registered in case
of 70:30 ratios and HGI value is equivalent to that of
bituminous coal HGI value. The improved grinding per-
formance of the torrefied product can significantly save
power consumption during biomass milling.

The mass yield and energy yield calculated from Eqgs. 1
and 2 described in the method section. The energy yield
decreases progressively from 93 to 70% with an increased
residence time at torrefaction temperature 300 °C which
is calculated from the relation between mass yield and
calorific value (Eq. 1). After torrefaction at 300 °C for
0 residence time, 93% of energy is retained by torrefied
products. With increasing residence time at torrefaction
temperature, energy yield decreases to 72% for 120 min.
The mass yield of the torrefied products also decreases
from 84 to 55% with an increase in the residence time

at torrefaction temperature 300 °C. There are two main
causes in the decrease of mass yield of torrefied prod-
ucts, one is moisture loss and the otheris due to thermal
decomposition of lignocelluloses rice straw which forms
volatile gaseous products and increase in carbon content.

3.5 Combustion analysis

Figure 4 shows the TGA and DTG curves of rice straw and
torrefied rice straw in air environment. In the case of raw
rice straw, the TG curve demonstrated initial weight loss up
to 200 °C due to the released moisture content. The major
de-volatilization is taking place between temperatures 200
to 475 °C; this is due to thecombustion of volatile matter
and combustion of biocharplus remaining lignin. Further
continuous slow weight loss up to final temperature and
maximum rate of volatilization is in-between temperature
200-450 °C. The DTG curve reveals three peaks at around
temperatures 292, 392, and 448 °C, a major peak at tempera-
ture 292 °C it is due to the combustion of volatile matter and
as a result degradation of biomass constituent hemicellulose
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and cellulose [27]. Above 300 °C, the peak observed is due
to the combustion of lignin and fixed carbon in the oxidizing
atmosphere[ 14]. After torrefaction at 300 °C, for different
residence times, the peaks are sharper with higher intensity
and the peak position also has redshift. After torrefaction
at 300 °C for residence time 120 min, peak at temperature
376 °C is highly intense due to combustion of cellulose and
at 454°C is due to the lignin and fixed carbon combustion.
The fuel parameters are calculated from the TGA data
reported in Table 3. After torrefaction, the ignition tempera-
ture increases with increasing the residence time from 60
to 120 min at temperature 300 °C. The ignition tempera-
ture of un-torrefied rice straw is 229 °C and it increases to
263 °C after torrefaction. It depends upon combustion of low
molecular weight component of, e.g., volatile matter. With
increasing the residence time at 300 °C, the combustion of
volatile matter rate increases. On the other hand, burning
temperature also increases but the extent of increase is not so
high, it increases from 468 to 475 °C and it is less than the
burning temperature of sub-bituminous coal. The combus-
tion index is improved on the torrefaction of rice straw but
does not show a linear relationship with residence time at
300 °C because biomass combustion is a complex reaction.
The combustion of waste biomass is a complex process
because it consists of different components of different
characteristics, i.e., hemicellulose, cellulose, and lignin. It
is normally divided into three different reaction stages [47].
Hemicellulose consists of a complex, branched, and hetero-
geneous polymeric network with lower molecular weight
polymers and it connects lignin and cellulose. Cellulose is
along with chain polysaccharide and its structure has crys-
talline and amorphous parts. It consists of high molecular
weight polymers of glucose that are held rigidly together
fiber bundle to provide material strength [6]. On the other

hand, lignin is an amorphous polymer made by different
phenolic compounds and is the main component of cell walls
(tridimensional polymer and propyl-phenol that is embedded
in and bound to the hemicelluloses). It provides rigidity to
the structure and holds together cellulose and hemicelluloses
fibers and gives support, resistance, and impermeability [36].
The TGA weight loss data is used to calculate the reaction
kinetics. The activation energy is the energy required to start
the reaction during the combustion process. As depicted in
Fig. 4, the weight loss curve of the rice straw TG curve is
divided into three steps in the liner weight loss region. The
first step in the temperature range 242-306 °C, the second
step 307-435 °C and in-between temperature 436—467 °C
is the third step. The activation energy for the first step is
41 kJ/mol, in the second step 11, and 43 kJ/mol for the third
step. After torrefaction at 300 °C for 60 min residence time,
the step temperature range varies and three different steps
temperature range 254-294, 294-386, and 387-462 °C and
corresponding the activation energy is around 62, 19, and
17 kJ/mol. This reveals that after torrefaction the activa-
tion energy increases the first and second step; this brings
out the fact that due to the release of volatile matter due to
decomposition of hemicellulose and cellulose during torre-
faction, during combustion process reaction higher energy
is required to start the reaction. The same trend is followed
with subsequent torrefaction condition of rice straw but with
increasing the temperature during the combustion process
third step the activation energy is lower than that of as such
rice straw. This is due to the oxidation of biomass char dur-
ing combustion process (Table 5).

Figure 5a shows the co-combustion TG —DTG curve of
the Coal with different content of rice straw blend. In the
case of combustion behavior sub-bituminous coal shows a
single DTG peak centered at 447 °C. On blending of 10% of

Table 5 Fuel properties of torrefied rice straw (RS) calculated from TGA performed in Air atmosphere up to 1000 °C

Sample Name Ignition temp Burning temp Ryax R nean Combustion Activation Temp range
Ti (C) Tb (C) Index S energy (kJ/mol) °C
mg? min~%C ?

RS NEAT 229.5 468.7 0.91 12.49 4.59E-07 41.69 242-306
11.33 307435
43.83 436-467

RS 300-60 257.5 470.1 0.85 37.73 10.27E-07 62.81 254-294
19.19 294-386
17.87 387-462

RS-300-90 256.1 482.2 0.77 5.33 1.29E-07 33.11 258-337
29.48 337-398
20.93 399477

RS- 300-120 263.3 475.0 0.84 24.89 6.38E-07 60.36 264-306
24.18 306-381
20.32 382-464
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Fig.5 a TG-DTG curve of coal and co-combustion of RS-coal blend
in different ratios (a) Coal, (b) Coal:RS ratio: 90:10, (¢) Coal:RS
ratio: 80:20, and (d) Coal:RS ratio: 70:30. b TG-DTG curve of co-
combustion of torrefied RS at 300 °C for 60 min residence time-
coal blend in different ratios. (a) Coal: torrefied RS ratio: 90:10, (b)

rice straw with coal, DTG shows two peaks one is one coal
418 °C and left shoulder peak at around 292 °C, this is due
to the decomposition hemicellulose of biomass during the
combustion process. With increasing the rice straw content
20 and 30% in the coal blend the shoulder peak is more
prominent and it appeared at 290 and 289 °C while coal peak
also shifted to lower temperature, this indicates that blending
of rice straw influencing the combustion behavior of coal.
Figure 5b shows the co-combustion TG —DTG curves of
the coal with different content of torrefied rice straw (300 °C
for 60 min) blend. Similar to the above case, Onblending
10% of the torrefied product with coal, the DTG curve shows
two peaks one is one coal 435 °C and left shoulder peak at
around 317 °C, this is due to the decomposition cellulose of
biomass. With increases, the torrefied content 20 and 30%
in the coal blend the shoulder peak is more prominent and it
appeared at~315 °C while coal peak appeared attempt same

@ Springer

Coal:torrefied RS ratio: 80:20 and (d) Coal:torrefied RS ratio: 70:30.
¢ TG-DTG curve of co-combustion of torrefied RS at 300 °C for
120 min residence time-coal blend in different ratios. (a) Coal: tor-
refied RS ratio: 90:10, (b) Coal:torrefied RS ratio: 80:20, and (d)
Coal:torrefied RS ratio: 70:30

temperature, this indicates that blending of torrefied product
influencing the combustion behavior of coal to some extent.

Figure 5c shows the co-combustion TG —DTG curves of
the coal with different content of torrefied rice straw (300 °C
for 120 min residence time) blend. On addition of 10% tor-
refied product in coal blend, DTG curve shows two peaks
one is one coal 435 °C and left shoulder peak at around
334 °C, this is due to the decomposition cellulose of bio-
mass. With increases, the torrefied content 20 and 30% in
the coal blend the shoulder peak is more prominent and it
appeared at~332 °C while coal peak appeared attempt same
temperature, this indicates that blending of torrefied product
influencing the combustion behavior of coal to some extent.
With increasing the torrefaction severity, fuel properties tor-
refied products approach near the properties of sub-bitumi-
nous coal and as a consequence improvement in combustion
behavior properties of blends.
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Fig.5 (continued)

Table 6 depicted the fuel properties of coal-torrefied and
un-torrefied product blends. The ignition and burning tem-
peratures in the case of sub-bituminous coal are 325 and
515 °C. On blending with rice straw in different ratios with
coal, both ignition and the burning temperature decrease
with the content of rice straw and it is 246 and 493 °C for
70:30 blend ratio of coal and rice straw. With torrefaction
severity, in the blend ratio, the ignition and burning tempera-
ture difference is minimizing between coal-torrefied product
blend and coal.

The combustion index in the case of sub-bituminous coal
is 8.87x 10~®mg? min =2 C~3, on blending with rice straw
biomass and torrefied product combustion index increases
in case of RS-coal blend with increasing RS content. While
in the case of torrefied RS and coal blend, the combustion
index decreases to 7.45x 103 mg? min =2 C~>. In the case
of torrefied RS-coal blend (torrefied rice straw at 300 °C for
120 min), the combustion index is close to the value that of
coal. The higher value of combustion index in case of Coal:
RS neat blend due to more oxygen content as a consequence

of neat RS oxygen content which resulted in to lower igni-
tion and burning temperature. After torrefaction the oxygen
content decreases and carbon content increases, this results
in an improvement in the ignition temperature and burring
temperature as reported in Table 5. On blending of coal with
the torrefied product, the combustion index decreases in all
three cases as compared to coal because of lower oxygen
content.

The activation energy of sub-bituminous coal at a single
step is 34.05 kJ/molin a temperature range of 342-497 °C.
However, in RS-coal blend activation energy is decreased
in two steps but in a combination of both the step activation
energy, overall it is higher; this shows that lower reactivity
of blend as compared to sub-bituminous coal. In torrefied
RS—coal blend activation energy increase with increasing
torrefied RS content in mild torrefied products (300 °C for
60 min residence time). In case of severe torrefied prod-
uct blends (300 °C for 120 min residence time), activation
energy is approaching close to the activation energy of coal
in ration 70:30. This brings out the fact the fuel properties
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Fig.5 (continued)

of severely torrefied product blend with coal are somewhat
similar to fuel properties of sub-bituminous coal. This also
in agreement with Raman spectroscopic studies of the torre-
fied product (300 °C for 120 min residence time), structural
parameters approaches towards the coal-like properties hav-
ing lower reactivity. If compared the data of torrefied rice
straw and its blend with sub-bituminous coal (Table 6), it
brings out the fact that change in the value of ignition and
burnout temperature is due to the synergistic effect between
the blending constituent.

4 Conclusions

In the present study, the fuel properties of the torrefied rice
straw-coal blend and its HGI value demonstrated the positive
judiciousness for utilization in the existing thermal power
plant. The torrefaction of waste biomass rice straw is carried
out successfully in a rotating reactor at 300 °C for different
residence times. The co-combustion properties investigated

@ Springer

for RS 300-60 and RS 300-120 demonstrated that 120 min
torrefied products give significantly appropriate fuel prop-
erties and HGI index. The energy yield decreases progres-
sively from 93 to 70% with an increased residence time at
torrefaction temperature 300 °C. The calorific value of blend
is equivalent to that of sub-bituminous coal, i.e., 17.21 MJ/
kg. The HGI value of the torrefied product (40-45) is lower
than coal (80), while, on blending with coal, HGI increases
up to a certain ratio shows the synergistic effect. However,
higher content of the torrefied product in blend demonstrated
non- synergistic behavior and it is dominated by coal as a
consequence of density difference between torrefied product
and coal. After torrefaction, the oxygen content decreases
and carbon content increases, this results in an improve-
ment in the ignition temperature and burring temperature.
The ignition and burnout temperature of biochar: coal in the
ratio 10:90 (torrefied product at 300 °C) for residual time
60 and 120 min are 295 °C and 507 °C, 301 °C and 505 °C
whereas that of sub-bituminous coal is 325 and 515 °C. The
change in the value of ignition and burnout temperature of
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Table 6 Fuel properties of coal blended with different proportions of raw and torrefied rice straw biomass samples

Sample name Ignition Burning temp Ryax R ean Combustion Activation Temp range (°C)
Temp Tb (°C) Index (Sx107%) energy (kJ/mol)
Ti (°C) mg2 min 2 C™3
Bituminous Coal 325.50 515.18 0.68 7.12 8.87 34.05 342-497
RS NEAT + COAL 268.89 503.29 0.682 4.983 9.34 22.35 253401
10:90 36.66 401-500
RS NEAT + COAL 251.87 496.15 0.690 4.344 9.52 27.98 265-363
20:80 28.27 363-483
RS NEAT + COAL 246.93 493.68 0.733 4.153 10.1 25.01 239.-374
30:70 27.78 374-483
RS-300-60+ COAL 295.79 507.14 0.656 5.040 7.45 29.11 307405
10:90 42.71 404-499
RS-300-60+ COAL 285.91 500.82 0.682 4.710 7.84 24.34 273-409
20:80 34.77 409-514
RS-300-60+ COAL 271.36 496.83 0.670 4.352 7.94 24.20 280405
30:70 38.89 406-488
RS-300-120+ COAL 301.82 505.76 0.672 5.108 7.45 27.34 280402
10:90 35.78 402-495
RS-300-120+ COAL 287.43 498.62 0.664 4.738 7.63 26.42 281413
20:80 45.92 413-483
RS-300-120+ COAL 277.40 493.68 0.686 4.558 8.23 26.10 273-409
30:70 37.98 409-491
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