
Prediction of Biomass Pyrolysis Mechanisms
and Kinetics: Application of the Kalman
Filter

In order to predict the pyrolysis mechanisms of four different biomasses (Asbos
(Psilocaulon utile), Kraalbos (Galenia africane), Scholtzbos (Pteronia pallens), and
palm shell), a novel method called Kalman filter was investigated and the results
were compared by regression analysis. Both analyses were applied to five different
generalized biomass pyrolysis models consisting of parallel and serial irreversible-re-
versible reaction steps. The models consisting of reversible reactions in addition to
parallel pyrolysis steps demonstrated a better fit with the experimental results. The
pyrolysis step from biomass to bio-oil has the highest reaction rates compared with
the other pyrolysis steps defined in the models. The Kalman filter is thus defined as
a promising filtering and prediction method for the estimation of detailed pyrolysis
mechanisms and model parameters, using minimum experimental data.
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1 Introduction

Biomass feedstocks are defined as clean, environmentally
friendly, and inexpensive energy sources [1, 2]. Additionally,
biomass feedstocks are also considered as CO2-neutral energy
sources since they are an integral part of the global carbon
cycle [3, 4]. The different kinds of biomass therefore belong to
the most promising feedstocks for the production of clean
energy and fine chemicals using thermal (pyrolysis, combus-
tion, hydrothermal) and biological process pathways [5–7].
However, there are several obstacles to the full commercializa-
tion of bioenergy and bioproducts via these technologies,
including the resourcing of biomass, ineffective biomass refin-
ery technologies, a lack of cost-competitive bioproducts, and a
limited and/or unstable supply of biofuels and bioproducts.
Furthermore, the differences in chemical and biological struc-
tures of biomass resources increase the obstacles to the com-
mercialization of these technologies. Pyrolysis is one of the
commonly used processes in which biomass can be effectively
converted into more valuable and clean products: gas, liquid
(bio-oil), and solid (bio-char) products [8–10]. In the pyrolysis
process, the chemical bonds in the hemicellulose, cellulose, and
lignin structures of the biomasses are thermally degraded in an
oxygen-free environment. The pyrolysis process is usually cate-
gorized into three groups as ‘‘slow pyrolysis’’, ‘‘fast pyrolysis’’
and ‘‘flash pyrolysis’’, based on the heating rate, the tempera-
ture, and the residence time of the process conditions. To maxi-
mize the bio-char yield, a lower temperature (~400 �C) with a
slower heating rate for a longer residence time (days) was sug-
gested [11]. To maximize the gas yield, a higher temperature
(650–1000 �C) with a higher heating rate for a shorter residence

time (< 1 s), and finally, to maximize the liquid yield, an inter-
mediate temperature (425–600 �C) with a higher heating rate
(1000–10 000 �C s–1) for a shorter residence time (< 3 s) were
suggested [11]. Identifying the fundamental biomass pyrolysis
mechanisms is, therefore, a challenge due to the differences in
pyrolysis conditions and biomass structures.

Isoconversional methods, also called model-free methods,
are the most popular methods for the kinetic analysis of bio-
mass pyrolysis; they determine the activation energy using
thermogravimetric analysis data [12, 13]. In these methods, the
reaction model is the same at a specific conversion, regardless
of the heating rate [13]. Furthermore, the reaction rate (degra-
dation rate) can be determined by considering its temperature
dependence according to the Arrhenius law. To identify the
pyrolysis mechanism, the single-step global kinetic model ‘‘bio-
mass fi volatile gases + char’’ was proposed as an irreversible
first-order pyrolysis mechanism, which is one of the widely
used models [14–16]. However, the single-step global model
has limitations in predicting all pyrolysis mechanisms due to
the consideration of only primary reaction mechanisms [9], as
pyrolysis reaction mechanisms could also include secondary
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reactions such as bio-oil degradation to gas or polymerization
of bio-oils to bio-char [17, 18]. Therefore, the pyrolysis reaction
was modified with additional secondary interactions, as the pri-
mary reaction runs through with parallel reactions (‘‘virgin bio-
mass fi volatile + gas and virgin biomass fi char’’) and the
products in the primary reactions give second interactions
(‘‘(volatile + gas)1 + (char)1 fi (volatile + gas)2 + (char)2‘‘)
[19, 20]. After demonstrating the importance of secondary
reactions, the studies on detailed lumped kinetic models
received more attention [21, 22]. Cuoci et al. [22] suggested
lumped kinetic models for the biomass devolatilization and
investigated the kinetics for each type of biomass structure of
hemicellulose, cellulose, and lignin, with 15 reactions under 30
lumped species. Additionally, a detailed mechanistic study was
investigated for the devolatilization and gas-phase reaction of
the gases released through the thermal decomposition of bio-
mass based on three reference components, by Ranzi et al. [21],
to describe the biomass pyrolysis mechanism.

Although understanding the reaction mechanisms is of
utmost importance for process optimization and reactor
design, the measurement techniques fall short of all the vari-
ables in these kinds of dynamic processes [23–25]. It is also rel-
atively difficult to experimentally investigate the reversibility of
the pyrolysis reactions, while it may be one of the crucial steps
for a better definition of the biomass pyrolysis reactions. How-
ever, recent findings in computational modeling stand out as a
great solution for the identification of these kinds of reaction
mechanisms and for validation of the modeling results with the
experimental findings [26–29]. In previous studies, a group
of different coal liquefaction mechanisms, which consists of
reversible and irreversible steps, were suggested for a variety of
different coals, and the most promising liquefaction mecha-
nisms were clarified and determined using the Kalman filter
method, which has recently become an attractive technique
used in chemical reactions, with the validation of experimental
results [26–29].

The aim of the study described in this manuscript is to
understand the pyrolysis mechanisms and kinetics of four dif-
ferent biomass feedstocks (Asbos (Psilocaulon utile), Kraalbos
(Galenia africane), Scholtzbos (Pteronia pallens), and palm
shell) by using a novel filtering method: the Kalman filter. This
is the first study that demonstrates the applicability of the
Kalman filter to the prediction of the mechanisms and kinetics
of the proposed biomass pyrolysis models. Based on this, five
different generalized pyrolysis models consisting of reversible
and irreversible steps were proposed to predict the pyrolysis
mechanisms of these biomasses with the Kalman filter and
regression analysis. The validity of the proposed models is
determined by the sum of the squared differences of the values
calculated with the models and experimental data.

2 Experimental Method and Pyrolysis
Models

2.1 Experimental Data

The experimental biomass pyrolysis data that were used in the
discrete-time models in this study were produced by De Jongh

et al. [30] who investigated the vacuum pyrolysis of Asbos
(P. utile), Kraalbos (G. africane), and Scholtzbos (P. pallens) at
450 �C for 30, 60, and 90 min, and by Abnisa et al. [31] who
investigated the fast pyrolysis of palm shell at 500 �C for 30, 60,
90, 120, and 150 min. The pyrolysis products (i.e., bio-char,
bio-oil, and gas) are presented in Appendix A Tab. A1 of the
Supporting Information. These experimental data were used to
validate the proposed models and investigate the pyrolysis
kinetics by application of the Kalman filter and regression anal-
ysis.

2.2 Proposed Pyrolysis Mechanisms

A number of pyrolysis models consisting of serial and parallel
steps have been published to identify the biomass pyrolysis
processes with different properties [32–34]. Five different bio-
mass pyrolysis models based on lumped parameters of bio-oil
(liquid, B) and gas (C) were investigated for the pyrolysis of the
four different biomasses feedstocks: Asbos (P. utile), Kraalbos
(G. africane), Scholtzbos (P. pallens), and palm shell. The pro-
posed biomass pyrolysis models have a group of parallel and
serial irreversible-reversible reaction steps, as shown in Fig. 1.
Model 1 illustrates a simplistic biomass pyrolysis mechanism
involving the subsequent formation of liquid and gases from
the thermal decomposition of biomass. Model 2 represents a
reversible reaction between solid and liquid products in addi-
tion to Model 1. Contrary to the first two models, Model 3 con-
sists of two parallel irreversible reactions where the liquid and
gas products are simultaneously produced from the biomass.
Model 4 presents an additional pyrolysis step from liquid to gas
products in addition to the proposed pyrolysis Model 3. In
addition to irreversible pyrolysis steps, reversible reaction steps
by the polymerization of liquid products may also occur, due to
trace amounts of transition metals. Therefore, Model 5 repre-
sents a reversible reaction between solid and liquid products in
addition to the proposed pyrolysis process in Model 4. In the
models, A, B, and C represent the remaining bio-char, bio-oil,
and gas, respectively.

The very early studies about biomass pyrolysis proposed that
the decomposition rates of the biomass can be modeled based
on the thermal behavior of the main components and their rel-
ative contributions to the chemical structure of the biomasses
[35–38]. Biomasses can thermally decompose through breaking
the chemical bonds in their molecules, producing a gas mixture
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Figure 1. Proposed biomass pyrolysis models. A represents the
biomass (or remaining char), B and C represent the pyrolysis
products as bio-oil and gas, respectively.
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rich in hydrocarbons, a bio-oil based liquid, and a solid (bio-
char) rich in carbon (as shown in the predicted models in
Fig. 1). The produced fragments usually become smaller mole-
cules; however, they may also combine to produce a residue
with a larger molecular mass, or even an amorphous covalent
solid. Therefore, the yields of these products and the pyrolysis
mechanism mainly depend on the chemical composition of the
raw biomass and the pyrolysis conditions such as the tempera-
ture, the heating rate, and the residence time. Biomasses may
contain water, oxygen, and/or other substances, which may
contribute to combustion, hydrolysis, or any other chemical
process besides pyrolysis [39]. However, the adverse chemical
reactions may be avoided by the application of an inert atmo-
sphere or vacuum conditions. Additionally, pyrolysis in a vacu-
um atmosphere may decrease the boiling point of the by-prod-
ucts, which improves their recovery [40, 41].

The current reaction steps accepted for biomass pyrolysis
assume that the volatiles (including some moisture) are evapo-
rated below 100 �C [42]. Additionally, heat-sensitive substances
such as proteins may partially decompose at this stage. When
the pyrolysis temperature reaches around 100–120 �C, the
remaining moisture is removed from the material, but higher
temperatures are required to remove the water trapped in the
crystal structure of hydrates. For example, sugars in the bio-
mass structures start decomposing at 160–180 �C, with some
condensable chemicals starting decomposition in a very early
stage of the pyrolysis, which leads to parallel pyrolysis mecha-
nisms as suggested in Models 3–5 instead of serial steps. Addi-
tionally, the organic molecules (fats, waxes, sugars, etc.) break
down at temperatures between 100 and 500 �C [42]. Addition-
ally, the main biomass structures such as hemicellulose, cellu-
lose, and lignin also demonstrate thermal decomposition
trends at about 220–315 �C, 315–400 �C, and 160–900 �C,
respectively [43–45].

A large number of volatile organic compounds and non-con-
densable gases (H2, CH4, CnHm, CO, CO2, and N) may be
released from the biomass processed by pyrolysis [46–48].
Some of the volatiles may ignite and burn to create a visible
flame. The solid residue from the pyrolysis of the biomasses is
generally described as ‘‘bio-char’’, having a high carbon content
with a color ranging from brown to black. The char also con-
sists of ash and trace amounts of metals such as Na, K, Hg, Cd,
Be, Se, Sb, As, Pb, Zn, Cr, Co, Ni [49–51], which may catalyze
the pyrolysis reaction with an additional cracking reaction
[52–54], supporting a serial reaction from bio-oil to gases as
suggested in Models 1, 2, 4, and 5. On the other hand, free radi-
cals may polymerize and produce high-molecular-weight prod-
ucts [28, 29, 55], as suggested in the reversible steps in Models 2
and 5. It is known that biomass-based waxes consist of a group
of chemicals including n-alkanes, branched-chain alkanes,
alkenes, esters, free fatty acids, primary and secondary fatty
alcohols, aldehydes, ketones, and many others [53, 56]. In the
presence of oxygen, some of the carbonaceous and nitrogen-
containung residues may oxidize at about 200–300 �C with no
(or little) visible flame, and thus the combustion gases CO,
CO2, and NOx are released [57]. Furthermore, other elements
such as sulfur, chlorine, and arsenic may also be oxidized at
this stage.

2.3 Kalman Filter Method

The Kalman filter, also known as linear quadratic estimation, is
an iterative mathematical process that uses a set of equations
and consecutive data inputs to estimate the unknown variables
in a process, which tends to be more precise than methods
based on a single measurement [58–61]. The Kalman filter can
be used to predict the unknown parameters using the known
parameters of the period with the minimum variance of state
variables, by using the three main stages of filtering, smoothing,
and prediction [60, 62]. The Kalman filter operates in two
steps; first, the current state of the variables is estimated, along
with their uncertainties in the prediction step. Second, once the
output of the next measurement is obtained, these estimates
are updated using a weighted average, with more weight being
given to estimates with higher certainty [28]. Therefore, the
reaction rate constants of the complex biomass pyrolysis mod-
els can be predicted using the Kalman filter method. Further
information about the Kalman filtering theory and its applica-
tion in the prediction of kinetic parameters of different chemi-
cal processes using MATLAB has been presented in previous
studies [26–29].

The compliance of the proposed pyrolysis models with the
experimental data is figured out by forming first-order [63] lin-
ear discrete-time models [29, 55, 64]. Additionally, the reaction
rate constants for each of the reactions in the models are deter-
mined using a MATLAB program (written in ver. 7.11; The
MathWorks Inc., Natick, MA, USA) with the use of the Kalman
filter. The discrete-time models and reaction rate equations are
provided in Eqs. (1)–(3) and Eqs. (4)–(6) as an example of
Model 51) The reaction rate equations for the Models 1–4 are
provided in Appendix B of the Supporting Information.

CA iþ1ð Þ ¼ CAi 1� k1 þ k3ð ÞDtð Þ þ k4CBiDt (1)

CB iþ1ð Þ ¼ CBi þ k1 CAi � k2 þ k4ð ÞCBið ÞDt (2)

CC iþ1ð Þ ¼ CCi þ k3CAi þ k2CBið ÞDt (3)

where CA is the unreacted biomass yield (wt %), CB and CC are
the liquid and gas product yields (wt %), respectively, and k1 to
k4 are the reaction rate constants for each reaction.

For Model 5:

dA
dt
¼ � k1 þ k3ð ÞAþ k4B (4)

dB
dt
¼ k1A� k2 þ k4ð ÞB (5)

dC
dt
¼ k2Bþ k3A (6)
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2.4 Regression Analysis Method

Regression analysis is a method used to determine the relation-
ship between at least two variables [65]. It not only determines
the model of the relationship between variables but also makes
predictions for an unknown variable by using the known vari-
ables and investigates the strength of the relationship between
these variables [65–68]. In the regression analysis using the Sig-
maPlot program (ver. 12.0 Notebook, Systat Software, Inc.), as
the first step, the equation giving the lowest error rate with the
experimental results for the biomasses is found as a cubic
expression (Eq. (8)). The coefficients of Eq. (8) were deter-
mined and are presented in Appendix A Tab. A2 of the Sup-
porting Information. The derivative of this equation gives the
reaction rate equation (Eq. (9)). The reaction rate equations of
Model 5 are presented in Eqs. (10)–(12). The reaction rate
equations for Models 1–4 are provided in Appendix B of the
Supporting Information.

General regression equation:

y ¼ aþ bx (7)

Y ¼ y0 þ at þ bt2 þ ct3 (8)

dY
dt
¼ aþ 2bt þ 3ct2 (9)

where y is the dependent variable, a, b, and c are
regression coefficients, and x is the independent
variable.

For Model 5:

dA
dt
¼ �k1Am � k3An þ k4Bp (10)

dB
dt
¼ k1Am � k2Br � k4Bp (11)

dC
dt
¼ k3An þ k2Br (12)

The best model explaining the pyrolysis of the
selected biomasses is defined by the sum of the
squared differences of the values, calculated with
the models and experimental data, using Eq. (13)
[28].

X

i

ymi
� yei

� �2 ¼ lm � leð Þ2 þ gm � geð Þ2 (13)

Where ymi and yei are the values calculated from
the model and the experimental data, lm and le are
the liquid yields, and gm and ge are the gas yields
calculated using the model and the experimental
data, respectively.

3 Results and Discussion

3.1 Determination of the Pyrolysis Kinetics with
the Kalman Filter

The findings from the models by forming the first-order linear
discrete-time models with the application of the Kalman filter
are compared with the experimental data supplied for Asbos
(P. utile), Kraalbos (G. africane), Scholtzbos (P. pallens), and
palm shell, and the results are presented in Figs. 2–6. Addition-
ally, the reaction rate constants for each of the reactions in the
proposed models and the sum of the squared differences of the
values calculated with the models and experimental data are
shown in Tab. 1. In Model 1, the biomass is first converted to
liquids (B), which can also be defined as bio-oil, and then gases
(C) are produced from the bio-oils in a serial reaction pathway.
It is assumed that the pyrolysis of biomass would cause the
scission of the bonds in a specific way [55]. Therefore, first, a
group of fragments, which is defined as liquid bio-oil, would be
produced during the thermal decomposition of the biomass.
The other assumption in Model 1 is that the non-condensable
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Table 1. Sums of the squared differences of the values calculated with the
models and experimental data for four different biomasses and reaction rate
constants (min–1) for the models.

Biomass Model
X

i

ymi
� yei

� �2 Reaction rate constants [min–1] ·103

k1 k2 k3 k4

Asbos (P. utile) 1 4.51 0.65 6.08 – –

2 4.07 5.97 5.54 16.75 –

3 3.75 0.55 2.32 – –

4 3.63 0.88 5.33 0.92 –

5 3.08 3.98 3.74 1.57 15.31

Scholtzbos
(P. pallens)

1 6.65 3.95 8.07 – –

2 6.36 11.26 7.60 16.09 –

3 4.56 1.28 0.14 – –

4 4.37 1.68 0.09 0.01 –

5 3.98 8.21 0.38 0.32 16.15

Kraalbos
(G. africane)

1 7.07 4.98 8.67 – –

2 6.88 15.83 7.59 14.86 –

3 4.06 0.95 3.62 – –

4 4.17 0.50 5.29 2.01 –

5 3.85 9.34 1.73 6.04 15.38

Palm shell 1 6.83 1.22 0.96 – –

2 6.41 21.91 0.75 1.37 –

3 4.66 0.26 0.83 – –

4 4.56 0.12 0.11 1.11 –

5 4.87 13.49 0.35 4.75 10.96
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Figure 2. Comparison of Model 1 with the experimental data for (a) Asbos (P. utile), (b) Scholtzbos (P. pallens), (c) Kraalbos (G. afri-
cane), and (d) palm shell.
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Figure 3. Comparison of Model 2 with the experimental data for (a) Asbos (P. utile), (b) Scholtzbos (P. pallens), (c) Kraalbos (G. afri-
cane), and (d) palm shell.
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Figure 4. Comparison of Model 3 with the experimental data for (a) Asbos (P. utile), (b) Scholtzbos (P. pallens), (c) Kraalbos (G. afri-
cane), and (d) palm shell.
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Figure 5. Comparison of Model 4 with the experimental data for (a) Asbos (P. utile), (b) Scholtzbos (P. pallens), (c) Kraalbos (G. afri-
cane), and (d) palm shell.
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gases (i.e., H2, CH4, CO, CO2, and N) are formed by the ther-
mal or catalytic cracking of the liquid bio-oil.

In addition to Model 1, Model 2 represents a reversible reac-
tion between the bio-char and bio-oils (bio-char « bio-oils)
under the assumption of polymerization of the free radicals in
the liquid products. The sums of the squared differences
obtained by comparison of Model 1 and Model 2 with the
experimental data demonstrate that these models cannot fully
describe the biomass pyrolysis, as demonstrated in Tab. 1. The
incompatibility of Model 1 (Fig. 2) and Model 2 (Fig. 3) with
the experimental data proves that the gas products may arise
from biomass rather than from bio-oil.

The experimental results demonstrate that both the gas and
liquid yields were gradually increased in the first 30 min of the
pyrolysis of Asbos (P. utile), Scholtzbos (P. pallens), Kraalbos
(G. africane), and palm shell. Therefore, the models having par-
allel pyrolysis reactions from biomass (A) to bio-oil (B) and gas
(C) would be expected to demonstrate a better explanation for
the pyrolysis of these biomasses, as proposed in Model 3. Fig. 4
(Model 3) shows the importance of the parallel reactions, bio-
mass to bio-oil and biomass to gas, for the definition of the bio-
mass pyrolysis, as the model shows better fit with the experi-
mental data compared with Model 1 and Model 2.

In addition to these parallel reactions, the formation of gases
may also be contributed by the cracking of bio-oils over the
trace metals in the biomass, as metals such as Cu, Co, Mn, and
Fe may contribute to the pyrolysis reaction with cracking reac-
tions [52, 54, 69]. The experimental data demonstrates that,
although the formation of bio-oil continues to increase, the for-

mation of gas slightly decreases after 60 min for the pyrolysis
of Asbos (P. utile) and Kraalbos (G. africane). Subsequently, a
decrease in the bio-oil yield was observed after 120 min, with
an increase in the gas and/or char yields. The increase in the
gas yield may be attributed to the cracking of the bio-oils by
the catalytic effects of trace amounts of metals. Therefore,
Model 3 is updated with an additional reaction step from bio-
oil to gases, as presented in Model 4. Furthermore, the increase
in bio-char may also be attributed to the polymerization of free
radicals. A large number of free radicals can be formed by the
cracking of hydrocarbons thanks to the beta-scission reaction,
which breaks the carbon-carbon bond. The free radicals may
polymerize and produce high-molecular-weight products in
the absence of hydrogen, which demonstrates an additional
reversible reaction step of biomass « bio-oils, as presented in
Model 5.

As demonstrated in Figs. 5 and 6, in Models 4 and 5 the for-
mation of bio-oil and gas products from direct biomass pyroly-
sis better fits with the experimental data supplied from the
pyrolysis of all four biomasses. Furthermore, the sum of the
squared differences (Tab. 1) supports this fitting and the impor-
tance of the reversibility between bio-char and bio-oil. Model 5
represents the best fitting with the experimental data for the
vacuum pyrolysis of Asbos (P. utile), Scholtzbos (P. pallens),
and Kraalbos (G. africane) compared with the other models, as
shown in Fig. 5. Model 4 demonstrates the best fitting with the
experimental data for the fast pyrolysis of palm shell compared
with the other models, as demonstrated in Fig. 6. Furthermore,
the sum of the squared differences illustrated in Tab. 1 also
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Figure 6. Comparison of Model 5 with the experimental data for (a) Asbos (P. utile), (b) Scholtzbos (P. pallens), (c) Kraalbos (G. afri-
cane), and (d) palm shell.
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proves that Model 4 and Model 5 provide the best prediction
for biomass pyrolysis, compared with the other three models.

The kinetic results for Model 5 (Tab. 1) demonstrate that the
reaction rate from biomass fi bio-oil (k1) is much higher than
the reaction rate from biomass fi gas (k3) for the pyrolysis of
these biomasses, similar to the experimental data in which the
formation of bio-oil was faster than the formation of gas. The
highest reaction rates for the pyrolysis step of biomass fi bio-
oil for Asbos (P. utile), Scholtzbos (P. pallens), Kraalbos (G. afri-
cane), and palm shell were determined as 3.9 ·10–3, 8.2 ·10–3,
9.3 ·10–3, and 13.5 ·10–3 min–1, respectively. Furthermore, the
reaction rate for the reversible step from bio-oil to bio-char
(presented in Model 5) was found as 1.5 ·10–2 min–1 for the
vacuum pyrolysis of Asbos (P. utile), Scholtzbos (P. pallens),
and Kraalbos (G. africane) and as 1.1 ·10–2 min–1 for the fast
pyrolysis of palm shell.

3.2 Determination of the Pyrolysis Kinetics with
Regression Analysis

The reaction rates and orders were determined by regression
analysis for the best three models defined by the Kalman filter,
and the results are presented in Tab. 2. Although Model 5 does
not provide a better fit in the regression analysis, Models 3 and
4 presented a relatively low sum of the squared differences with
the experimental data collected by the vacuum pyrolysis of
Asbos, Scholtzbos, and Kraalbos, and the fast pyrolysis of palm

shell. The reaction rates from biomass fi bio-oil (k1) and bio-
mass fi gas (k3) were calculated as much higher than the reac-
tion rate from bio-oil fi gas (k2) in Model 4. This may be
attributed to the formation of gas run through direct biomass
pyrolysis with a small contribution by bio-oil cracking, as the
reaction order (p) for this step was also much lower than in the
other pyrolysis steps, as presented in Tab. 2. On the other side,
a relatively high reaction order for the main pyrolysis steps
(from biomass to bio-oil or gas) was determined, as presented
in Tab. 2. The varying reaction orders resulted from the differ-
ences in the biomass. In Model 3, the reaction orders for the
pyrolysis step from biomass fi gas (n) were determined as
about 3.5 for Kraalbos, 2.8 for Scholtzbos, and 2.2 for palm
shell, which are roughly 1.6–1.1 times higher than for the
pyrolysis step from biomass fi bio-oil (m).

4 Conclusion

Models 3, 4, and 5, where the products are formed from bio-
mass in parallel pyrolysis reactions, show a better fit with the
experimental data compared with Models 1 and 2, proposing
pyrolysis in a series of reactions by the Kalman filter and
regression analysis. However, the Kalman filter provided a bet-
ter estimation for the biomass pyrolysis reaction kinetics com-
pared to regression analysis. Model 5 was the best one of the
proposed models; it consists of reversible reaction steps in
addition to parallel pyrolysis steps, with the assumption of
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Table 2. Sums of the squared differences of the values calculated with the models and experimental data for four different biomasses
and reaction rate constants (mass fraction(1 – n)min–1) for the models.

Biomass
X

i

ymi
� yei

� �2 Reaction rate constants [mass fraction(1 – n)min–1] Reaction orders

Models k1 k2 k3 k4 m n p r

Asbos (P. utile)

Model 3 6.74 1.2 ·10–8 1.2 ·10–7 – – 4.0 3.4 – –

Model 4 6.71 6.9 ·10–10 7.6 ·10–17 1.2 ·10–7 – 4.6 3.4 0.6 –

Model 5 49.53 2.4 ·10–26 2.0 ·10–2 1.6 ·10–7 8.6 ·10–3 1.6 1.7 1.3 0

Scholtzbos (P. pallens)

Model 3 13.03 9.7 ·10–6 3.4 ·10–6 – – 2.5 2.8 – –

Model 4 13.17 7.1 ·10–2 5.1 ·10–17 3.4 ·10–6 – 0.6 2.8 0 –

Model 5 13.17 7.1 ·10–2 3.5 ·10–18 3.4 ·10–6 9.5 ·10–16 0.6 2.8 0 0

Kraalbos (G. africane)

Model 3 22.30 5.7 ·10–5 1.6 ·10–7 – – 2.2 3.5 – –

Model 4 23.12 3.6 ·10–1 6.6 ·10–24 7.5 ·10–7 – 0.2 3.2 0.4 –

Model 5 1000< 3.2 ·10–1 1.0 ·10–17 1.6 ·10–7 4.5 ·10–6 1.6 3.5 1.3 0.6

Palm shell

Model 3 14.80 5.0 ·10–4 5.4 ·10–5 – – 1.7 2.2 – –

Model 4 14.68 4.8 ·10–5 4.4 ·10–20 5.5 ·10–5 – 2.3 2.2 0 –

Model 5 1000< 3.5 ·10–1 2.7 ·10–16 5.4 ·10–5 3.0 ·10–4 2.2 0 2.2 0
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first-order linear discrete-time models. The highest reaction
rates for the pyrolysis of Asbos, Scholtzbos, Kraalbos, and palm
shell were found as 3.9 ·10–3, 8.2 ·10–3, 9.3 ·10–3, and
13.5 ·10–3 min–1, respectively, for the step from biomass fi
bio-oil. Although it is possible to generalize, the reaction rate
constants and reaction orders are fully dependent on the bio-
mass properties.

This study demonstrates that the Kalman filter is a promis-
ing filtering method to estimate the biomass pyrolysis models
and parameters using minimum experimental data, as the most
stable results were obtained with the Kalman filter. As future
work, detailed studies on the mechanisms of biomass pyrolysis
to value-added chemicals (products) could be made to identify
the impact of pyrolysis conditions such as the residence time,
the temperature, and the heating rate in a commercial pyrolysis
process. Those detailed pyrolysis mechanisms must be investi-
gated for specific types of biomass due to the differences in the
physicochemical properties of biomass feedstocks.
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Symbols used

a, b, c [–] regression coefficients in regression
analysis

CA [wt %] unreacted biomass yield
CB [wt %] liquid product yields
CC [wt %] gas product yields
gm [wt %] gas yields determined by modeling
ge [wt %] experimental gas yields
lm [wt %] liquid yield determined by modeling
le [wt %] experimental liquid yield
k1 to k4 [min–1] reaction rate constants
y [–] dependent variable in regression analysis
ymi [wt %] values calculated from the model data in

the sum of the squared differences
yei [wt %] values calculated from the experimental

data in the sum of the squared
differences

x [–] independent variable in regression
analysis

Subscripts

A biomass
B liquid products from pyrolysis
C gas products from pyrolysis
e experimental data
m model data
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1209, 127948. DOI: https://doi.org/10.1016/
j.molstruc.2020.127948

[25] C. Boztepe, M. Daskin, A. Erdogan, T. Sarici, Polym. Eng.
Sci. 2021, 61, 2083–2096. DOI: https://doi.org/10.1002/
pen.25736

[26] G. Welch, G. Bishop, An Introduction to the Kalman Filter,
University of North Carolina at Chapel Hill, Chapel Hill,
NC 2006.

[27] M. Grewal, A. Andrews, Kalman Filtering: Theory and Prac-
tice Using MATLAB, John Wiley & Sons, New York 2001.
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