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1 Introduction

Pyrolysis is a process of thermal decomposition of biomass in the oxygen-free or
oxygenless environment. During the pyrolysis, biomass is converted into different
products of (a) a solid product—biochar; (b) a liquid product—bio-oil; and (c) a
gaseous product syngas which consists of CO, CO,, hydrogen gas, and other
hydrocarbons [1]. Various process parameters such as feedstock type, pyrolysis
temperature, heating rate, and the pressure parameter for the gaseous and liquid
product yield [2].

Different compositions of cellulose, hemicellulose, and lignin in the biomass
affect the yield of charred product. Lignin-rich biomass yields a higher amount of
charred product than the biomass which is rich in cellulose and hemicellulose [3].
The temperature and the heating rate affect the char yield inversely. Higher heating
rate condition during fast pyrolysis yields lesser biochar than the biomass pyrolyzed
at as lower heating rate in slow pyrolysis [4]. Thus, the yield of different pyrolysis
products can be controlled by process parameters.

Biochar holds potential application in agriculture as a soil amendment for
enhanced crop production [5] and simultaneously acts as an anthropogenic climate
mitigation strategy [6]. The upgraded bio-oil (which is the combination of tar and
pyrolysis water from the reaction) can be used as liquid fuel for the internal
combustion engines. Shihadeh and Hochgreb [7] had also shown that heat release
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profiles of bio-oil are consistent with the slow combustion and rapid mixing as
relative to the diesel engine. The volatiles are mainly composed of carbon
monoxide, carbon dioxide, hydrogen gas, and hydrocarbons such as methane,
ethylene which are liberated as flue gas [8]. Methane, one of the volatiles, is used as
natural gas fuel.

Modeling of pyrolysis system is used to predict the product distribution based on
reactions. Pyrolysis modeling helps to get the required outcome through steering
the process toward the specific product. The manipulation can be done on different
parameters, heating rate, pyrolysis temperature, etc.

A number of models have been developed to simulate the pyrolysis process for
the prediction of products yield. But each one has its own limitation. Sharma et al.
[1] have modeled the slow pyrolysis of wood and predicted the biochar yield and
the flue gas composition. In this model, the authors have used the plots of exper-
imental data of CO/CO,, H,/CO,, and total hydrocarbons/CO, from [8, 9] to solve
the set of equations with zero degrees of freedom. But in the model developed,
temperature parameter has not been taken into account for the prediction of char
yield.

Song [2] has taken into account of the kinetic parameters used in a gasifier
reactor by considering the empirical relationships previously developed by Neves
et al. [10]. One of the advantages of this model is being the temperature factor is
taken into account in calculating the biochar amount and accordingly the proportion
of carbon, hydrogen, and oxygen ratio in the char is obtained. Thus, the char
composition varies with the temperature. Char yield is directly obtained from
temperature parameter and not through the biomass composition as it has been
taken an average from all the biomass composition. The biochar yield is further
used to calculate the volatiles and tar yield.

An economic trade-off model as developed by Yoder et al. [11] also dealt with
the prediction of biochar and bio-oil yield percentage. Biomass has been broadly
classified into four main categories, namely agricultural residues, other agricultural
residues, forest residues, and industrial residues. Also, in this paper, pyrolysis
process has been broadly classified into fast and slow pyrolysis based on the heating
rate which adds one more set of parameter that needs to be considered apart from
pyrolysis temperature. The model developed by Yoder et al. [11] has been given
importance on economic aspects of the pyrolysis process rather than the flue gas
composition. Biomass composition has not been considered for the prediction of
biochar yield is one of the disadvantages of this model.

In this research manuscript, the pyrolytic kinetics model designed by Song [2]
has been further modified to predict the yield of the biochar, tar, and the flue gas
composition in the pyrolytic reactor. The feedstock selection of different straw
biomass has been considered. The comparison of the results was performed to
understand the temperature and biomass effect on the pyrolysis products yield.
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2 Model Development for Biomass Pyrolysis

The model designed by Song [2] used to predict the yields of biochar, tar, and
volatile gas composition essentially derived and advanced from [10]. The mathe-
matical model to predict the components yield based on the following assumptions:
Gasification of carbon takes place in an isothermal reactor, and the biomass is well
mixed; oxygen supplied is consumed entirely, and nitrogen remains inert
throughout the reaction; pyrolysis of carbon takes place in the isothermal reactor
condition; thus, kinetic model can be designed, and drying takes place at the start of
the reaction itself (i.e., at the inlet).

In the first stage of pyrolysis, given biomass fuel (F) is pyrolyzed and converted
into char (ch), volatile gas, and liquid. Liquid consists of tar and pyrolytic water
(H,O) as given in Eq. 1. The volatile gas compositions include carbon dioxide
(CO,), carbon monoxide (CO), methane (CH,4), hydrogen gas (H,), as described in
Eq. 2.

Total liquid yield = Yy ¢ + Yu,0r + Moisture content of biomass (1)
Total volatile gas yield = Yy, r + Ycor + Ycu, F + Yco, F (2)

Y, ;is the expression to denote yield of ith element in kilograms from jth element
in kilograms. Temperature parameter input is given in Celsius, and the yield is
obtained in units, kg/kg of biomass. For instance, the char yield is obtained as a
kilogram of biochar obtained per kilogram of biomass.

In the second stage, i.e., during the increase in temperature, the tar again gets
cracked into volatiles called secondary cracking of tar particles. During this phase,
the produced targets cracked into different gaseous substance based on the com-
position of biomass. Moreover, the increased pressure in response to increased
gaseous level in the reactor causes the recompression to tar (liquid).

To apply the pyrolysis model, the elemental composition of different biomasses
should be known. These elemental compositions are given as input in the current
model under discussion in order to predict the pyrolytic yields. The elemental
composition of biomass is obtained from [12]. Elemental compositions of different
straw biomasses are used in this model which are: Rice straw, Corn straw, Wheat
straw, Barley straw and Oat straw. The elemental composition on dry ash free basis
is given in Table 1. Different biochemical compositions of straw biomass are given
in Table 2.

Table 1 Elemental Biomass Carbon Oxygen Hydrogen
g(l’;rrf;s?;o'[’lg]f vanous staW - Rice straw 50.1 430 5.7
Corn straw 45.7 44.1 6.4
Wheat straw 49.4 43.6 6.1
Oat straw 48.8 44.6 6.0
Barley straw 49.4 43.6 6.2
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Table 2 Biochemical composition of various straw biomasses

Biomass Cellulose Hemicellulose Lignin References

Rice straw 3247 19-27 5-24 Binod et al. [20]
Corn straw 29.8 333 16.65 Shawky et al. [21]
‘Wheat straw 30 50 15 Sun and Cheng [22]
Oat straw 31-37 27-38 16-19 Rowell [23]

Barley straw 31-34 24-29 14-15 Rowell [23]

The char yield is only related to temperature and not of the biomass in the kinetic
model designed by Song [2] as described in Eq. 3:

Char yield : Yop 5 = 0.106 +2.43 x exp(—0.66 * T * 10~?) (3)

Equations (4), (5), and (6) give the composition of CHO in the biochar which is
also related to the temperature as follows:

Carbon content : Y¢ o = 0.93 — 0.92 % exp(—0.42 * T % 10_2) 4)

Hydrogen content : Yy o = (—0.41 * 1072) + (O.IO * exp(—0.24 * T * 1072))
(5)
Oxygen content : Yo = 0.07 +0.85 x exp(—0.48 * T  10~?) (6)

The elemental composition ratio of tar to the input biomass/fuel in relation to
temperature is obtained from [10] as Egs. (7), (8), and (9) describe.

Carbon : Yoy = Y F * (1-05 + (1~9 * T x 1074)) ()
Hydrogen : Yg tor = Y F * (0.93 + (3.8 * T % 10_4)) (8)
Oxygen : Your = Yor % (0.92 — (225 T % 107%)) )

To nullify the degrees of freedom, further three more empirical equations were
introduced as Egs. (10), (11), and (12).

9.384

Hydrogen gas yield : Yp, p = 1.145 % (1 — exp(—0.11 % T * 10’2)) (10)
0.0429
Carbon monoxide yield : Yco.r = Yu, r / (3 %1074 + <ﬁ>>
(1+ 55)
(11)

Methane yield : Yep, p = 0.146 % Yoo p — (2.18 % 107%) (12)
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The general mass balance equations for the determination of carbon, oxygen,
and hydrogen in the pyrolysis reaction are expressed as Egs. (13), (14), and (15).
Carbon Balance

Yer — Ycen * Yonr = Year * Yiarp + Yo on, * Yen, F + Ye,co * Yoo + Yo co,
* Yco, F

(13)
Oxygen Balance

Yor — Yoeh * Yoo r = Yo tar * Yiarr + Yo,co * Ycor + Yoco, * Yco,r+ Yon,0
* YH,0,F

(14)
Hydrogen Balance

Yur — Yuen * YenF = Yiae * YeaeF + Yuon, * Yeu F + Yuu, * Y, F + Yan,0
* Ym0 F

(15)

3 Results and Discussion

The present developed model is programmed and executed on ‘MATLAB R2015b’
platform in order to predict the yields of different pyrolysis products. The effects of
temperature and biomass compositions on the yield of different pyrolysis products
are analyzed. The model coded for the pyrolysis temperature range from 200 to
1000 °C, and the results are obtained as the program output, exported in the form of
excel sheet.

3.1 Effect of Temperature

The developed model depicts the overall trend of the yield of char, tar, and volatile
components obtained from rice straw with respect to temperature in Fig. 1. The
volatiles components are , namely carbon dioxide, carbon monoxide, methane, and
hydrogen gas. The char yield decreases in an exponential way and becomes steady
at higher temperature due to the fixed carbon content in the biomass. The tar
quantity increases at the initial pyrolysis process and then declines due to secondary
cracking. Among the volatiles, the levels of hydrogen, methane, and carbon
monoxide increased with increase in temperature at the later stage of pyrolysis.
From Fig. 2, it is observed that at a higher yield of water is obtained at the pyrolysis
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Fig. 1 Effect of pyrolysis temperature on various product yield obtained from rice straw
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Fig. 2 Effect of pyrolysis temperature on water yield from different straw biomass

temperature around 300 °C; the results are due to the release of bound moisture in
the biomass. In case of the volatile compounds, the increasing trend of carbon
dioxide release was observed up to 800 °C and a further increase in temperature
presented sudden drop of carbon dioxide yield (Fig. 3). Similar trends have been
observed in the other four types of straws such as barley, oat, corn, and wheat. It
might be due to the fact that all the studied agro-residues belonged to the category
of straw that comes under the lignocellulosic biomass.

The amount of tar produced found increasing up to the temperature around
600 °C (Fig. 1). At a temperature higher than 600 °C, the yield of tar begins to
decrease due to the secondary cracking of tar into gaseous species. The main
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Fig. 3 Effect of temperature pyrolysis on carbon dioxide yield from different straw biomass

components of tar are benzene, toluene, styrene, phenol compounds, and a meager
amount of naphthalene [13]. These compounds of tar are especially phenols and
oxygenated tar species get cracked at higher temperatures around 700 °C and
produce hydrogen and carbon dioxide gases. These results in increased carbon
dioxide and hydrogen gas yields in the temperature range of 700-800 °C [14].

The investigation of the pyrolysis model showed that the considered straw types
of biomass produced an almost same quantity of tar. However, oat straw produced a
slightly lesser quantity of tar than the other straw types. From the model used, the
ratio of oxygen present in tar to the oxygen present in parent biomass was 0.8 [2].
From [12], the concentration of oxygen in the oat straw was found to be higher than
the other straw types. Therefore, the presence of a higher proportion of oxygen may
affect the overall tar yield of oat straw.

Figure 1 shows the yield of hydrogen and methane for the temperature effect.
Both the volatiles are observed increasing in the temperature range of 800-
1000 °C. Park et al. [15] showed that due to secondary thermal cracking of tar at
800 °C, there is a sudden increase in methane and carbon monoxide compounds.
The carbon monoxide yield increases drastically around the temperature range of
700-800 °C as shown in Fig. 1. Im-orb et al. [16] also reported that carbon
monoxide level increases from the range of temperature 500 to 700 °C.

Moisture content present in the biomass contributes to the over all liquid yield of
the pyrolysis. Figure 2 indicated that the yield of water increases up to 300 °C,
which may be due to the release of bound water molecules from the biomass and
then decreases linearly up to 1000 °C. The water vapor produced at higher tem-
perature reformed into hydrogen and methane in the gas phase leading to the
decrease in pyrolytic water and increase in the level of hydrogen and methane [16].
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Figure 3 depicts the pattern of carbon dioxide yield influenced by the temper-
ature. Around 800 °C, the yield of carbon dioxide found highest and then followed
by a decline phase up to 1000 °C. This was due to the partial oxidation of carbon to
carbon monoxide at higher temperature rather than complete oxidation to form
carbon dioxide.

3.2 Effect of Biomass

In the present model, the char yield is dependent directly on the pyrolytic tem-
perature and independent of the biomass used. Thus, char yield remains almost
same for all the types of straw used. However, in the pyrolytic process, the feed-
stock biomass utilized affects the char yield. By using Eq. (16), the calculated char
yield was obtained.

Calculated char yleld =1- (Ytar,F + YHZO,F + YHZA,F + YCOA,F —+ YCH4A,F + YCO;,F)
(16)

It can be observed from Fig. 1, that with an increase in temperature; the char
yield decreases exponentially, and at a higher temperature range, the char yield
becomes almost constant. This trend of char yield found similar to the results of
[17]. The result observation is because the fixed carbon content increases with
increase in temperature [18].

Effect of higher pyrolysis temperature on different straw biomasses has been
expressed in Fig. 4. At the higher temperature of pyrolysis, the calculated char yield
of rice is higher than the calculated char yield of oats. This can be due to higher
fixed carbon content in the rice straw than in comparison to the oat straw. The
standard average percentage composition of CHO in the straw biomass assumed to
be 49% of carbon, 5.90% of hydrogen and remaining 44% of oxygen. This standard
composition is used for determining the char yield in this model. Deviation from
this standard biomass composition causes the change in the biochar yield. Higher
the deviation from the standard composition causes higher the variation in the
biochar yields. Since all the straw biomasses have almost similar elemental (from
Table 1) and biochemical composition (from Table 2), the practice of co-pyrolysis
process could be promoted. This can be an energy-efficient process of using
combined different straw biomasses since the straws do not need to be pyrolyzed
separately due to availability restrictions. The characteristics of pyrolysis
product-biochar include the particle size, density, porous structure and pH varies
based on the feedstock biomass type [19].
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Fig. 4 Effect of various straw biomass on char yield at higher pyrolysis temperature

The hydrogen present in the straw contributes to the water yield during pyrolysis
since corn straw has higher hydrogen percentage (Fig. 2). Other straws yield less
amount of pyrolytic water than corn straw because of the lower hydrogen per-
centage. Figure 3 indicated that the rice straw produces more amount of carbon
dioxide during the pyrolysis reaction due to the higher carbon percentage, whereas
corn straw produces lesser amount due to the lower carbon content biomass.

4 Model Validation

The model has been validated by comparing the model predicted value with the
actual experimental yield for various straw biomasses as given in Table 3. Different
operating temperatures are considered, compared, and validated for each straw
biomass. In the case biochar yield from barley and oat straws, model predicts the
yield which slightly differs by 20% form the experimental value. In the case of tar,
for wheat straw biomass, predicted value slightly differs by 21.5%, for wheat straw
biomass, it is 18%, and for maize, it is 13%. Rice and barley straws tar yield
prediction is almost similar to the actual experimental value. In the gaseous com-
ponent yield prediction, result greatly varies for barley around 66%, and for the
other straws, the difference is insignificant.
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5 Conclusion

The model presents the simplified and generalized equations for predicting the
pyrolysis yields of char, tar, and volatiles. The pyrolytic model has been designed
and executed in the MATLAB R2015b software platform. The biomass elemental
composition is used as input in the present model for the prediction of volatiles gas
and tar composition. In this paper, the elemental compositions of straw biomasses
such as rice, corn, barley, oat, and wheat were subjected to predict their conversion
behaviors at various pyrolytic temperatures. The char and tar yield found almost
same for the straw biomasses considered in the present investigation as all belonged
to the category of lignocellulosic biomasses. The yield of carbon dioxide obtained
highest at 600-700 °C. The yield of other volatiles includes carbon monoxide,
hydrogen, and methane increasing around a temperature range of 700-800 °C.
Further, validation of the model is also carried out for all the five types of straw
biomasses, and difference of mostly around 20% is found in predicted and actual
yield. The elemental compositions of different straw biomasses were witnessed
equivalent in nature, and these observations encourage the employment of
co-pyrolysis for an energy-efficient conversion process.
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