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ABSTRACT

Biomass pyrolysis product offers great potentials in facilitating energy and
environmental challenges. This is, however, yet to be realized due to some
technological barriers that limit its economic potential. In this thesis, a flash pyrolysis
of Imperata cylindrica in a transported bed reactor is investigated, aiming at improving
its overall performances from both operation and design perspectives using a
mathematical modelling approach. A macroscopic model of the process was used in
estimating the kinetic parameters of 1. cylindrica and in determining the optimal
operating conditions of the reactor. A microscopic model using Computational Fluid
Dynamics (CFD) was applied to study the reactor’s hydrodynamics and to determine
optimal values for key design parameters, i.e., solid inlet positions, gas inlet position
and height-width ratio. To facilitate more detailed analyses, a new algorithm was
developed for determining cellulose, hemicellulose and lignin compositions from
biomass devolatilization kinetic study. The results obtained confirmed that 1.
cylindrica has good fuel properties and decomposes easily in the presence of heat, thus
making it a suitable feedstock for biofuel production in thermochemical processes.
However, the laboratory scaled transported bed reactor was found inefficient and
requires very high operating temperature in maximizing biooil yield. Based on the
CFD study, the efficiency can be improved if the biomass and hot-sand inlets were
positioned closer to the reactor wall and at opposite end. The results also indicated that
a good hydrogen gas yield could be obtained from steam reforming of 1. cylindrica
biooil. In conclusion, the mathematical modelling approach carried out in this study
has highlighted the potential of the proposed process and the use of . cylindrica as a

good biomass source for energy.
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ABSTRAK

Produk pirolisis biojisim menawarkan potensi besar dalam menangani
cabaran-cabaran sektor tenaga dan persekitaran. Walau bagaimanapun, ia masih
belum terlaksana disebabkan oleh beberapa halangan teknologi yang menyekat potensi
ekonominya. Dalam tesis ini, proses pirolisis kilat bagi Imperata cylindrica di dalam
reaktor lapisan terangkut diselidiki, bertujuan untuk memperbaiki prestasi daripada
perspektif operasi dan reka bentuk dengan menggunakan pendekatan pemodelan
matematik. Model makroskopik bagi proses tersebut telah digunakan bagi
menganggarkan parameter kinetik /. cylindrica dan dalam menentukan keadaan
optimum bagi operasi reaktor. Model mikroskopik yang diselesaikan dengan
menggunakan Pengiraan Dinamik Bendalir (CFD) telah digunakan bagi mengkaji
hidrodinamik reaktor dan untuk menentukan nilai-nilai optimum bagi parameter reka
bentuk yang utama, iaitu, kedudukan masukan pepejal, kedudukan masukan gas, dan
nisbah kelebaran-ketinggian. Bagi membantu analisa yang lebih terperinci, algoritma
baharu telah dibangunkan bagi menentukan komposisi selulosa, hemiselulosa dan
lignin menerusi kajian kinetik nyahmeruapan. Hasil kajian yang diperoleh
mengesahkan bahawa I cylindrica mempunyai ciri-ciri bahan api yang baik dan
mudah diurai dengan haba, dan ini menjadikannya sebagai bahan mentah yang sesuai
bagi pengeluaran biobahan api menerusi proses termokimia. Walau bagaimanapun,
reaktor lapisan terangkut berskala makmal ini didapati tidak efisyen dan memerlukan
suhu operasi yang sangat tinggi untuk memaksimumkan pengeluaran biominyak.
Berdasarkan kajian CFD, kecekapannya boleh diperbaiki sekiranya kedudukan
biojisim dan pasir panas itu adalah berdekatan dengan dinding dan berjauhan antara
satu sama lain. Hasil kajian yang diperoleh juga menunjukkan bahawa gas hidrogen
dapat dihasilkan pada kadar yang baik daripada proses pembaharuan wap minyak /.
cylindrica. Sebagai kesimpulan, pendekatan pemodelan matematik yang dilaksanakan
dalam kajian ini telah menonjolkan potensi proses yang dicadangkan dan penggunaan

L cylindrica sebagai sumber biojisim yang baik untuk tenaga.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

An alternative source of fuel that is environmentally friendly, renewable,
sustainable and commercially viable is the dream in meeting the energy need of the
future. In searching for the perfect fuel, there are a myriad number of factors to
consider. These factors could be summarised as: (i) selection of raw material, (ii)
processing of raw material and (ii1) the cost of conversion of raw material into green
fuel. The raw material of choice is biomass, which is organic and abundantly
available. One of the most suitable classes of technologies is thermochemical process,
which includes combustion, gasification and pyrolysis.  The advantage of
thermochemical process is in its ability to process all kinds of biomass raw material
and could easily be integrated with existing fossil processing plants. However, the
immaturity of thermochemical technology in the conversion of biomass compared to
the well-established fossil fuels conversion technology makes it inefficient and costly.
In order to make biomass thermochemical conversion cost-effective one approach is
by optimisation of the entire process using the most economical tool for the

development of mathematical model from reliable conservation laws.

According to Mohan et al. (2006), in order to make biomass thermochemical

conversion commercially viable especially pyrolysis, new reactors are constantly



needed to be designed and developed. One approach is to make use of modelling
strategy to investigate, parameters that influence pyrolysis process. The parameters
are related to biomass feedstock type, pyrolysis operating condition and pyrolysis
reactor design. A well-conceived pyrolysis model could be simulated to study the
effect of temperature, heating rate, pressure and biomass feed rate on the pyrolysis
product. The sensitivity of the output parameters (quantity of products) to the earlier
mentioned parameters would give the optimal operating condition. Similarly,
computational fluid dynamics (CFD) could be used to investigate the hydrodynamics
and mixing of biomass particles and the heat source with changes in the reactors
height-width ratio, inlets and outlet positions. The CFD results are capable of
presenting the temperature, velocity and volume fraction distribution for the
components in the reactor. The distribution profiles could give insight to the optimal

reactor design.

The applications of modelling and simulation to biomass thermochemical
processes are reported in the literature by many researchers, yet many systems lack
model or area of improvement exist. With current computational power, both macro
and micro (CFD) modelling approach to simulation of the multiphase gas-solid system
is affordable. The modelling and simulations results are valid, accurate and acceptable
for the empirical results. Therefore, a model that captures biomass pyrolysis process
using the fundamental conservation laws of mass, momentum and energy is expected
not only produce results acceptable within permitted errors to the empirical results. It
could further simulate results for new operating conditions. The ability to simulate

new results allows the determination of optimal conditions.

1.2 Problem Statement

In other, for biomass pyrolysis to be commercially viable new reactors that are
more efficient and economical to build and operate must be investigated. Transported

bed reactor is one of such simple and cost-effective reactor. However, the product



obtained from the lab-scale transported bed reactor in the pyrolysis of Imperata
cylindrica shows that less biooil was produced compared to gas and char (Kamaroddin,
2014). Therefore, the essence of this research work is to give understanding to the
following concerns associated with the pyrolysis of Imperata cylindrica in a

transported bed reactor:
I.  Understanding the fuel suitability of the biomass (Imperata cylindrica).

II.  Understanding the kinetics behaviour of the biomass (/mperata

cylindrica) when subject to heat.

III.  Understanding the influence of changes in operating conditions to

pyrolysis product.

IV.  Understanding the influence of the transported bed reactor geometry,
inlet and outlet position on the mass and temperature distribution of the

biomass particles in the reactor, an important factor in pyrolysis.

V.  Understanding the pyrolysis products and possible further processing

in the generation of energy-rich fuel

From the problems identified the following research questions (RQ) are

formulated:

RQ1: How suitable is the biomass (Imperata cylindrica) as fuel?

RQ2: How does Imperata cylindrica decompose in the presence of heat?

RQ3: What is the theoretical optimal operating conditions of Imperata
cylindrica pyrolysis in transported bed reactor with respect to the
experimental results?

RQ4: How does the geometry of the transported bed reactor influence the
system hydrodynamics and consequently the mass and temperature
distribution.

RQS5: What energy packed fuel (hydrogen gas) is derivable from the lab-

scale pyrolysis experiment of Imperata cylindrica biooil product?



The research questions (RQ) stated above are the central issues and their
investigation is the core activity of this research. Each research question is associated
directly with an objective. The solutions to RQ1 and RQ2 are found in Chapter 3 and
that of RQ3, RQ4 and RQ5 are in Chapter 4, 5 and 6 respectively. Therefore, using
conservation law, property laws and kinetic laws the mathematical model of the
pyrolysis of Imperata cylindrica in the transported bed would be developed. The
empirical result obtained will be used in fitting the mathematical model and
subsequently, the optimal operation and design of the transported bed reactor is

determined

1.3 Objectives

The pyrolysis of Imperata cylindrica in a lab scale transported bed reactor gave
a low yield of biooil (Kamaroddin, 2014). The biooil low yield could be has a result
of inefficient temperature distribution and/or delay in volatile condensation.
Therefore, this research will be optimising the transported bed operating condition and
design for efficient temperature distribution and short volatile residence using
modelling and simulation. To achieve this aim, the objectives of this research are the

followings:
I.  To determine the fuel characteristic of Imperata cylindrica
II.  To determine the devolatilization kinetic of Imperata cylindrica.

III.  To develop a macro model for the pyrolysis of biomass in the transported
bed reactor and fit the developed reactor model with the empirical result

and subsequently determine the theoretical optimal operating conditions.

IV.  To determine the transporter bed reactor optimal design by studying the

system hydrodynamics using computational fluid dynamics (CFD).

V.  To thermodynamically model and simulate the steam reforming of the
components identified in the biooil from Imperata cylindrica pyrolysis

experiment for hydrogen gas production.



14 Scope of the study

Though many of the models and simulation in this research could be applied

to many biomass and pyrolysis reactors. The biomass and pyrolyzer used as a case

study are Imperata cylindrica and the transported bed reactor. Therefore, this research

is within the confines of the following concepts:

L.

II.

I11.

IV.

The fuel characteristics are limited to physiochemical properties
determined from the ultimate analysis, proximate analysis and bomb

calorimeter.

The devolatilization kinetic of Imperata cylindrica was obtained from
Thermogravimetric analysis (TGA) through FWO and KAS model free

and multicomponent model methods

All the mathematical model developed in this research are based on the
conservation laws (mass, momentum and energy), property laws,
kinetic or rate laws and other intrinsic equations. These fundamental
theories are sufficiently accurate and reliable. Therefore, this research
is on the theoretical application and the theoretical results are

acceptable within the limit.

Since pyrolysis reaction depends on heat transfer to the biomass from
the heat sources. The CFD study is limited to the hydrodynamic of the
biomass and hot sand interaction using the volume fraction and

temperature distribution.

The yield of hydrogen gas produced was determined theoretically using
a mathematical simulation of steam reforming by nonstoichiometric

equilibrium model.



1.5 Significance of the study

The application of modelling and simulation to any chemical engineering
process allows the representation of the real process in a mathematical equation from
the fundamental conservation (mass, momentum and energy) laws. Simulating the
system of equations developed gives a set of output variables with respect to changes
in certain input parameters. The entire simulation is done on a computer system and
currently, computational power is cheaper and faster compared to running experiments
for each of the input parameter changed. Therefore, three points could be deduced:
Firstly, the models developed are reliable and accurate within acceptable error.
Secondly, the model could be arranged and simulated for the suppose of optimising
certain output parameters constraint by some set of input parameters. Thirdly, the
model and simulations are cheaper and faster compare to empirical optimisation. This
research utilises mathematical modelling and simulation to study the pyrolysis of
Imperata cylindrica in a novel transported bed reactor and the significance of the

research are the followings:

I.  The exploitation of Imperata cylindrica, a farmer’s nightmare weed as
possible energy grass, such as switchgrass and miscanthus, in the

production of biofuel

II.  The determination of the devolatilization kinetics gives an indication of
the degree of decomposition of Imperata cylindrica in the presence of
heat energy. Subsequently, an indication to the rate of conversion of

biomass in a thermochemical process.

III.  The optimal operation condition for the pyrolysis of biomass (Imperata

cylindrica) in the transported bed reactor.

IV.  The optimal design of the transported bed reactor for the pyrolysis of

biomass (Imperata cylindrica).

V.  The production of hydrogen gas from biooil produced from pyrolysis
of Imperata cylindrica further enhances the fuel quality of the grass.



1.6 Layout of Thesis

This thesis is structured into seven major chapters. The summary of the content

of each chapter are stated below:

Chapter 2: The chapter documents the reviews of all literature related and relevant to
the research. It identifies a current area of studies in the research of biomass pyrolysis
and the application of modelling and simulation to the technology. The review led to
the formulation of the research questions by (1) analysis of existing biomass
thermochemical process feedstock and reactors, (2) their limitations, (3) the tools used

in investigating the biomass fuel and reactors performances.

Chapter 3: In this chapter, the biomass (Imperata cylindrica) fuel characteristics was
determined as well as the devolatilization kinetics, which is the first and second
objectives. The biomass was subjected to some experimental test and the results are
used to fit models developed. The fitted model was used to determine the

devolatilization kinetics and composition of the biomass.

Chapter 4: The third objective on the biomass pyrolysis optimal operating condition
was investigated and the findings are presented in this chapter. In addressing the
objective, a macro mathematical model of the biomass pyrolysis process in the
transported bed reactor was developed. The model was validated using the pyrolysis
kinetic parameter cellulose, hemicellulose and lignin. The validated model was then
fitted using the empirical data from the lab-scale Imperata cylindrica pyrolysis. The
fitted model was then simulated to obtain the optimal operating condition for the

reactor.

Chapter 5: This chapter dealt with the fourth objective, which is the optimal design of
the transported bed reactor. The CFD multiphase model was used to study the

hydrodynamic of the biomass and hot sand particles as well as the sweeping gas in the



reactor. The volume fraction and temperature distribution of the biomass are examined

with changes in the reactor geometry: inlet positions and height and width ratio.

Chapter 6: This chapter is the fifth objective which is about the theoretical production
of hydrogen from the biooil produced in the lab scale biomass pyrolysis experiment.
The aqueous components in the biooil were identified and are subjected to steam

reforming using thermodynamics and non-stoichiometry model.

Chapter 7: This is the concluding chapter and the research contributions and future

work are highlighted.



REFERENCES

Aboyade, A. O., Carrier, M., Meyer, E. L., Knoetze, J. H. and Gorgens, J. F. (2012).
Model Fitting Kinetic Analysis and Characterisation of the Devolatilization of
Coal Blends with Corn and Sugarcane Residues. Thermochimica Acta, 530,
95-106.

Aboyade, A. O., Hugo, T. J., Carrier, M., Meyer, E. L., Stahl, R., Knoetze, J. H. and
Gorgens, J. F. (2011). Non-Isothermal Kinetic Analysis of the Devolatilization
of Corn Cobs and Sugar Cane Bagasse in an Inert Atmosphere. Thermochimica
Acta, 517(1-2), 81-89.

Agikalin, K. (2011). Pyrolytic Characteristics and Kinetics of Pistachio Shell by
Thermogravimetric Analysis. Journal of Thermal Analysis and Calorimetry,
109(1), 227-235.

Ahmed, S. I, Johari, A., Hashim, H., Mat, R., Lim, J. S., Ngadi, N. and Ali, A. (2015).
Optimal Landfill Gas Utilization for Renewable Energy Production.
Environmental Progress & Sustainable Energy, 34(1), 289-296.

Anca-Couce, A. and Zobel, N. (2012). Numerical Analysis of a Biomass Pyrolysis
Particle Model: Solution Method Optimized for the Coupling to Reactor
Models. Fuel, 97, 80-88.

Anca-Couce, A., Zobel, N. and Jakobsen, H. A. (2013). Multi-Scale Modeling of
Fixed-Bed Thermo-Chemical Processes of Biomass with the Representative
Particle Model: Application to Pyrolysis. Fuel, 103, 773-782.

Ansys (2016). Ansys® Academic Research, Release 16.2.

Azduwin, K., Ridzuan, M. J. M., Hafis, S. M. and T.Amran, T. A. (2012). Slow
Pyrolysis of Imperata Cylindrica in a Fixed Bed Reactor. International Journal

of Biological, Ecological and Environmental Sciences, 1(5), 176-179.



192

Babu, B. V. and Chaurasia, A. S. (2003). Modeling, Simulation and Estimation of
Optimum Parameters in Pyrolysis of Biomass. Energy Conversion and
Management, 44(13), 2135-2158.

Balan, V., Kumar, S., Bals, B., Chundawat, S., Jin, M. and Dale, B. (2012).
Biochemical and Thermochemical Conversion of Switchgrass to Biofuels. /n:
Monti, A. (ed.) Switchgrass, Green Energy and Technology. (pp. 153-185).
London, UK: Springer.

Balat, M. (2008). Mechanisms of Thermochemical Biomass Conversion Processes.
Part 1: Reactions of Pyrolysis. Energy Sources Part a-Recovery Utilization and
Environmental Effects, 30(7), 620-635.

Basu, P. (2013). Biomass Gasification, Pyrolysis and Torrefaction: Practical Design
and Theory. Academic press.

Basu, P. and Kaushal, P. (2009). Modeling of Pyrolysis and Gasification of Biomass
in Fluidized Beds: A Review. Chemical Product and Process Modeling, 4(1).

Blaine, R. L. and Kissinger, H. E. (2012). Homer Kissinger and the Kissinger
Equation. Thermochimica Acta, 540, 1-6.

Bradbury, A. G., Sakai, Y. and Shafizadeh, F. (1979). A Kinetic Model for Pyrolysis
of Cellulose. Journal of Applied Polymer Science, 23(11), 3271-3280.
Bridgwater, A. V. (1999). Principles and Practice of Biomass Fast Pyrolysis Processes
for Liquids. Journal of Analytical and Applied Pyrolysis, 51(1-2), 3-22.
Bridgwater, A. V. (2012a). Review of Fast Pyrolysis of Biomass and Product

Upgrading. Biomass and Bioenergy, 38, 68-94.

Bridgwater, A. V. (2012b). Upgrading Biomass Fast Pyrolysis Liquids. Environmental
Progress & Sustainable Energy, 31(2), 261-268.

Bridgwater, A. V., Meier, D. and Radlein, D. (1999). An Overview of Fast Pyrolysis
of Biomass. Organic Geochemistry, 30(12), 1479-1493.

Bruchmiiller, J., Van Wachem, B. G. M., Gu, S., Luo, K. H. and Brown, R. C. (2012).
Modeling the Thermochemical Degradation of Biomass inside a Fast Pyrolysis
Fluidized Bed Reactor. AIChE Journal, 58(10), 3030-3042.

Ceylan, S. and Topcu, Y. (2014). Pyrolysis Kinetics of Hazelnut Husk Using

Thermogravimetric Analysis. Bioresource Technology, 156, 182-8.



193

Chen, T., Liu, R. and Scott, N. R. (2016). Characterization of Energy Carriers Obtained
from the Pyrolysis of White Ash, Switchgrass and Corn Stover — Biochar,
Syngas and Bio-Oil. Fuel Processing Technology, 142, 124-134.

Chikoye, D., Manyong, V. and Ekeleme, F. (2000). Characteristics of Speargrass
(Imperata Cylindrica) Dominated Fields in West Africa: Crops, Soil Properties,
Farmer Perceptions and Management Strategies. Crop Protection, 19(7), 481-
487.

Coats, A. and Redfern, J. (1965). Kinetic Parameters from Thermogravimetric Data.
Ii. Journal of Polymer Science Part B: Polymer Letters, 3(11), 917-920.

Cohce, M. K., Dincer, 1. and Rosen, M. A. (2010). Thermodynamic Analysis of
Hydrogen Production from Biomass Gasification. International Journal of
Hydrogen Energy, 35(10), 4970-4980.

Damartzis, T., Vamvuka, D., Sfakiotakis, S. and Zabaniotou, A. (2011). Thermal
Degradation Studies and Kinetic Modeling of Cardoon (Cynara Cardunculus)
Pyrolysis Using Thermogravimetric Analysis (Tga). Bioresource Technology,
102(10), 6230-8.

De Vrije, T., De Haas, G. G., Tan, G. B., Keijsers, E. R. P. and Claassen, P. a. M.
(2002). Pretreatment of Miscanthus for Hydrogen Production by Thermotoga
Elfii. International Journal of Hydrogen Energy, 27(11-12), 1381-1390.

Demirbas, A. (2007). Combustion Systems for Biomass Fuel. Energy Sources, Part A:
Recovery, Utilization, and Environmental Effects, 29(4), 303-312.

Di Blasi, C. (2008). Modeling Chemical and Physical Processes of Wood and Biomass
Pyrolysis. Progress in Energy and Combustion Science, 34(1), 47-90.

Di Blasi, C. (2009). Combustion and Gasification Rates of Lignocellulosic Chars.
Progress in Energy and Combustion Science, 35(2), 121-140.

Di Blasi, C. and Branca, C. (2001). Kinetics of Primary Product Formation from Wood
Pyrolysis. Industrial & engineering chemistry research, 40(23), 5547-5556.

Doyle, C. D. (1965). Series Approximations to the Equation of Thermogravimetric
Data. Nature, 207(4994), 290-291.

Felix, E. and Tilley, D. R. (2009). Integrated Energy, Environmental and Financial
Analysis of Ethanol Production from Cellulosic Switchgrass. Energy, 34(4),
410-436.



194

Floudas, C. A., Elia, J. A. and Baliban, R. C. (2012). Hybrid and Single Feedstock
Energy Processes for Liquid Transportation Fuels: A Critical Review.
Computers and Chemical Engineering, 41, 24-51.

Font, R., Marcilla, A., Verdu, E. and Devesa, J. (1990). Kinetics of the Pyrolysis of
Almond Shells and Almond Shells Impregnated with Cobalt Dichloride in a
Fluidized Bed Reactor and in a Pyroprobe 100. Industrial & Engineering
Chemistry Research, 29(9), 1846-1855.

Freeman, E. S. and Carroll, B. (1958). The Application of Thermoanalytical
Techniques to Reaction Kinetics: The Thermogravimetric Evaluation of the
Kinetics of the Decomposition of Calcium Oxalate Monohydrate. The Journal
of Physical Chemistry, 62(4), 394-397.

Friedman, H. L. (1964). Kinetics of Thermal Degradation of Char-Forming Plastics
from Thermogravimetry. Application to a Phenolic Plastic. Journal of Polymer
Science Part C: Polymer Symposia, 6(1), 183-195.

Garrity, D. P., Soekardi, M., Van Noordwijk, M., De La Cruz, R., Pathak, P.,
Gunasena, H., Van So, N., Huijun, G. and Majid, N. (1996). The Imperata
Grasslands of Tropical Asia: Area, Distribution, and Typology. Agroforestry
Systems, 36(1-3), 3-29.

Goicoechea, S., Ehrich, H., Arias, P. L. and Kockmann, N. (2015). Thermodynamic
Analysis of Acetic Acid Steam Reforming for Hydrogen Production. Journal
of Power Sources, 279, 312-322.

Goyal, H. B., Seal, D. and Saxena, R. C. (2008). Bio-Fuels from Thermochemical
Conversion of Renewable Resources: A Review. Renewable and Sustainable
Energy Reviews, 12(2), 504-517.

Hattingh, B. B., Everson, R. C., Neomagus, H. W. J. P., Bunt, J. R., Van Niekerk, D.
and Ashton, B. P. (2014). Modeling the Nonisothermal Devolatilization
Kinetics of Typical South African Coals. Energy & Fuels, 28(2), 920-933.

Hayes, D. J. M. (2013). Second-Generation Biofuels: Why They Are Taking So Long.
Wiley Interdisciplinary Reviews: Energy and Environment, 2(3), 304-334.

Heaton, E. A., Dohleman, F. G., Miguez, A. F., Juvik, J. A., Lozovaya, V., Widholm,
J., Zabotina, O. A., Mcisaac, G. F., David, M. B., Voigt, T. B., Boersma, N. N.
and Long, S. P. (2010). Chapter 3 - Miscanthus: A Promising Biomass Crop.



195

In: Jean-Claude, K. and Michel, D. (eds.) Advances in Botanical Research. (pp.
75-137). Academic Press.

Hodgson, E. M., Nowakowski, D. J., Shield, L., Riche, A., Bridgwater, A. V., Clifton-
Brown, J. C. and Donnison, I. S. (2011). Variation in Miscanthus Chemical
Composition and Implications for Conversion by Pyrolysis and Thermo-
Chemical Bio-Refining for Fuels and Chemicals. Bioresource Technology,
102(3), 3411-8.

Holzmueller, E. J. and Jose, S. (2011). Invasion Success of Cogongrass, an Alien C4
Perennial Grass, in the Southeastern United States: Exploration of the
Ecological Basis. Biological invasions, 13(2), 435-442.

Holzmueller, E. J. and Jose, S. (2012). Response of the Invasive Grass Imperata
Cylindrica to Disturbance in the Southeastern Forests, USA. Forests, 3(4),
853-863.

Huang, Y. F., Kuan, W. H., Chiueh, P. T. and Lo, S. L. (2011). A Sequential Method
to Analyze the Kinetics of Biomass Pyrolysis. Bioresource Technology,
102(19), 9241-6.

Janse, A., De Jong, X. A., Prins, W. and Van Swaaij, W. P. (1999). Improvement and
Validation of the Fluoroptic Temperature-Measurement Method. AIChE
journal, 45(10), 2087-2096.

Kafle, S., Parajuli, R., Euh, S. H., Oh, K. C., Choi, Y. S., Adhikari, K., Oh, J. H. and
Kim, D. H. (2016). Potential Biomass Supply for Agro-Pellet Production from
Agricultural Crop Residue in Nepal. Energy Sources, Part A: Recovery,
Utilization, and Environmental Effects, 38(1), 149-153.

Kamaroddin, M. F. A. (2014). Bio-Oil Production by Pyrolysis of Lalang Grass.
Master of Chemical Engineering, Universiti Teknologi Malaysia.

Keshwani, D. R. and Cheng, J. J. (2009). Switchgrass for Bioethanol and Other Value-
Added Applications: A Review. Bioresource Technology, 100(4), 1515-1523.

Kissinger, H. E. (1956). Variation of Peak Temperature with Heating Rate in
Differential Thermal Analysis. Journal of Research of the National Bureau of
Standards, 57(4), 217-221.

Knight, J. A., Gorton, C. W. and Kovac, R. J. (1984). Oil Production by Entrained
Flow Pyrolysis of Biomass. Biomass, 6(1), 69-79.



196

Lanzetta, M. and Di Blasi, C. (1998). Pyrolysis Kinetics of Wheat and Corn Straw.
Journal of Analytical and Applied Pyrolysis, 44(2), 181-192.

Lehto, J., Oasmaa, A., Solantausta, Y., Kytd, M. and Chiaramonti, D. (2014). Review
of Fuel Oil Quality and Combustion of Fast Pyrolysis Bio-Oils from
Lignocellulosic Biomass. Applied Energy, 116, 178-190.

Lemus, R., Brummer, E. C., Moore, K. J., Molstad, N. E., Burras, C. L. and Barker,
M. F. (2002). Biomass Yield and Quality of 20 Switchgrass Populations in
Southern lowa, USA. Biomass and Bioenergy, 23(6), 433-442.

Liden, A. G., Berruti, F. and Scott, D. S. (1988). A Kinetic Model for the Production
of Liquids from the Flash Pyrolysis of Biomass. Chemical Engineering
Communications, 65(1), 207-221.

Liew, W. H., Hassim, M. H. and Ng, D. K. S. (2014). Review of Evolution,
Technology and Sustainability Assessments Of biofuel Production. Journal of
Cleaner Production, 71, 11-29.

Liu, S., Chen, M., Hu, Q., Wang, J. and Kong, L. (2013). The Kinetics Model and
Pyrolysis Behavior of the Aqueous Fraction of Bio-Oil. Bioresource
Technology, 129, 381-386.

Ma, C., Gao, J., Zhong, L. and Xing, S. (2016). Experimental Investigation of the
Oxidation Behaviour and Thermal Kinetics of Diesel Particulate Matter with
Non-Thermal Plasma. Applied Thermal Engineering, 99, 1110-1118.

Maia, A. A. and De Morais, L. C. (2016). Kinetic Parameters of Red Pepper Waste as
Biomass to Solid Biofuel. Bioresource Technology, 204, 157-63.

Mathworks, T. (2013). Matlab. Natick, Massachusetts, United States: The MathWorks
Inc.

Mei, Y., Wu, C. and Liu, R. (2016). Hydrogen Production from Steam Reforming of
Bio-Oil Model Compound and Byproducts Elimination. International Journal
of Hydrogen Energy, 41(21), 9145-9152.

Mellin, P., Kantarelis, E. and Yang, W. (2014). Computational Fluid Dynamics
Modeling of Biomass Fast Pyrolysis in a Fluidized Bed Reactor, Using a
Comprehensive Chemistry Scheme. Fuel, 117, 704-715.

Mellin, P., Zhang, Q., Kantarelis, E. and Yang, W. (2013). An Euler—Euler Approach
to Modeling Biomass Fast Pyrolysis In fluidized-Bed Reactors — Focusing on
the Gas Phase. Applied Thermal Engineering, 58(1-2), 344-353.



197

Menon, V. and Rao, M. (2012). Trends in Bioconversion of Lignocellulose: Biofuels,
Platform Chemicals & biorefinery Concept. Progress in Energy and
Combustion Science, 38(4), 522-550.

Miller, R. S. and Bellan, J. (1997). A Generalized Biomass Pyrolysis Model Based on
Superimposed Cellulose, Hemicelluloseand Lignin Kinetics. Combustion
Science and Technology, 126(1-6), 97-137.

Miller, R. S. and Bellan, J. (2010). A Generalized Biomass Pyrolysis Model Based on
Superimposed Cellulose, Hemicelluloseand Ligqnin Kinetics. Combustion
Science and Technology, 126(1-6), 97-137.

Mohammadi, M., Najafpour, G. D., Younesi, H., Lahijani, P., Uzir, M. H. and
Mohamed, A. R. (2011). Bioconversion of Synthesis Gas to Second Generation
Biofuels: A Review. Renewable and Sustainable Energy Reviews, 15(9),4255-
4273.

Mohan, D., Pittman, C. U. and Steele, P. H. (2006). Pyrolysis of Wood/Biomass for
Bio-Oil: A Critical Review. Energy & Fuels, 20(3), 848-889.

Mohanty, P., Pant, K. K. and Mittal, R. (2015). Hydrogen Generation from Biomass
Materials: Challenges and Opportunities. Wiley Interdisciplinary Reviews:
Energy and Environment, 4(2), 139-155.

Monlau, F., Barakat, A., Trably, E., Dumas, C., Steyer, J.-P. and Carrére, H. (2013).
Lignocellulosic Materials into Biohydrogen and Biomethane: Impact of
Structural Features and Pretreatment. Critical Reviews in Environmental
Science and Technology, 43(3), 260-322.

Moutsoglou, A. (2012). A Comparison of Prairie Cordgrass and Switchgrass as a
Biomass for Syngas Production. Fuel, 95, 573-577.

Nyakuma, B. B., Mazangi, M., Tuan Abdullah, T. A., Johari, A., Ahmad, A. and
Oladokun, O. (2014a). Gasification of Empty Fruit Bunch Briquettes in a Fixed
Bed Tubular Reactor for Hydrogen Production. Applied Mechanics and
Materials, 699, 534-539.

Nyakuma, B. B., Oladokun, O. A., Johari, A., Ahmad, A. and Abdullah, T. a. T.
(2014b). A Simplified Model for Gasification of Oil Palm Empty Fruit Bunch
Briquettes. Jurnal Teknologi, 69(2), 7-9.



198

Oladokun, O., Ahmad, A., Abdullah, T. a. T., Bemgba B. Nyakuma, Al-Shatri, A. H.
and Bello, A. A. (2015). Modelling Multicomponent Devolatilization Kinetics
of Imperata Cylindrica. Chemical Engineering Transactions, 45, 919-924.

Oladokun, O., Ahmad, A., Abdullah, T. a. T., Nyakuma, B. B., Kamaroddin, M. F. A.
and Nor, S. H. M. (2017). Biohydrogen Production from Imperata Cylindrica
Bio-Oil Using Non-Stoichiometric and Thermodynamic Model. International
Journal of Hydrogen Energy, 42(14), 9011-9023.

Ozawa, T. (1992a). Estimation of Activation-Energy by Isoconversion Methods.
Thermochimica Acta, 203, 159-165.

Ozawa, T. (1992b). Estimation of Activation Energy by Isoconversion Methods.
Thermochimica Acta, 203, 159-165.

Papadikis, K., Bridgwater, A. V. and Gu, S. (2008). Cfd Modelling of the Fast
Pyrolysis of Biomass in Fluidised Bed Reactors, Part A: Eulerian Computation
of Momentum Transport in Bubbling Fluidised Beds. Chemical Engineering
Science, 63(16),4218-4227.

Papadikis, K., Gu, S. and Bridgwater, A. V. (2009a). Cfd Modelling of the Fast
Pyrolysis of Biomass in Fluidised Bed Reactors. Part B Heat, Momentum and
Mass Transport in Bubbling Fluidised Beds. Chemical Engineering Science,
64(5), 1036-1045.

Papadikis, K., Gu, S. and Bridgwater, A. V. (2009b). Cfd Modelling of the Fast
Pyrolysis of Biomass in Fluidised Bed Reactors: Modelling the Impact of
Biomass Shrinkage. Chemical Engineering Journal, 149(1-3), 417-427.

Papadikis, K., Gu, S., Bridgwater, A. V. and Gerhauser, H. (2009c). Application of
Cfd to Model Fast Pyrolysis of Biomass. Fuel Processing Technology, 90(4),
504-512.

Papadikis, K., Gu, S., Fivga, A. and Bridgwater, A. V. (2010). Numerical Comparison
of the Drag Models of Granular Flows Applied to the Fast Pyrolysis of
Biomass. Energy & Fuels, 24(3), 2133-2145.

Pope, S. B. (1997). Computationally Efficient Implementation of Combustion
Chemistry Usingin Situadaptive Tabulation. Combustion Theory and
Modelling, 1(1), 41-63.

Prakash, N. and Karunanithi, T. (2008). Kinetic Modeling in Biomass Pyrolysis—a
Review. Journal of Applied Sciences Research, 4(12), 1627-1636.



199

Prakash, N. and Karunanithi, T. (2009). Advances in Modeling and Simulation of
Biomass Pyrolysis. Asian Journal of Scientific Research, 2(1), 1-27.

Pudukudy, M., Yaakob, Z., Mohammad, M., Narayanan, B. and Sopian, K. (2014).
Renewable Hydrogen Economy in Asia — Opportunities and Challenges: An
Overview. Renewable and Sustainable Energy Reviews, 30, 743-757.

Ramsey, C. L., Jose, S., Miller, D. L., Cox, J., Portier, K. M., Shilling, D. G. and
Merritt, S. (2003). Cogongrass [Imperata Cylindrica (L.) Beauv.] Response to
Herbicides and Disking on a Cutover Site and in a Mid-Rotation Pine
Plantation in Southern USA. Forest Ecology and Management, 179(1-3), 195-
207.

Remon, J., Broust, F., Valette, J., Chhiti, Y., Alava, 1., Fernandez-Akarregi, A. R.,
Arauzo, J. and Garcia, L. (2014). Production of a Hydrogen-Rich Gas from
Fast Pyrolysis Bio-Oils: Comparison between Homogeneous and Catalytic
Steam Reforming Routes. International Journal of Hydrogen Energy, 39(1),
171-182.

Remon, J., Broust, F., Volle, G., Garcia, L. and Arauzo, J. (2015). Hydrogen
Production from Pine and Poplar Bio-Oils by Catalytic Steam Reforming.
Influence of the Bio-Oil Composition on the Process. International Journal of
Hydrogen Energy, 40(16), 5593-5608.

Resende, K. A., Avila-Neto, C. N., Rabelo-Neto, R. C., Noronha, F. B. and Hori, C.
E. (2015a). Hydrogen Production by Reforming of Acetic Acid Using La—Ni
Type Perovskites Partially Substituted with Sm and Pr. Catalysis Today, 242,
71-79.

Resende, K. A., Avila-Neto, C. N., Rabelo-Neto, R. C., Noronha, F. B. and Hori, C.
E. (2015b). Thermodynamic Analysis and Reaction Routes of Steam
Reforming of Bio-Oil Aqueous Fraction. Renewable Energy, 80, 166-176.

Sadighi, S., Ahmad, A. and Rashidzadeh, M. (2010). 4-Lump Kinetic Model for
Vacuum Gas Oil Hydrocracker Involving Hydrogen Consumption. Korean
Journal of Chemical Engineering, 27(4), 1099-1108.

Scott, D. S., Majerski, P., Piskorz, J. and Radlein, D. (1999). A Second Look at Fast
Pyrolysis of Biomass - the Rti Process. Journal of Analytical and Applied
Pyrolysis, 51(1-2), 23-37.



200

Scott, D. S., Piskorz, J. and Radlein, D. (1985). Liquid Products from the Continuous
Flash Pyrolysis of Biomass. Industrial & Engineering Chemistry Process
Design and Development, 24(3), 581-588.

Shafizadeh, F. and Chin, P. P. (Year) Published. Thermal Deterioration of Wood. ACS
Symposium Series American Chemical Society, June 1, 1977 1977.

Sharma, A., Pareek, V. and Zhang, D. (2015). Biomass Pyrolysis—a Review of
Modelling, Process Parameters and Catalytic Studies. Renewable and
Sustainable Energy Reviews, 50, 1081-1096.

Sims, R. E., Mabee, W., Saddler, J. N. and Taylor, M. (2010). An Overview of Second
Generation Biofuel Technologies. Bioresource Technology, 101(6), 1570-80.

Slopiecka, K., Bartocci, P. and Fantozzi, F. (2012). Thermogravimetric Analysis and
Kinetic Study of Poplar Wood Pyrolysis. Applied Energy, 97, 491-497.

Starink, M. J. (2003). The Determination of Activation Energy from Linear Heating
Rate Experiments: A Comparison of the Accuracy of Isoconversion Methods.
Thermochimica Acta, 404(1-2), 163-176.

Syamlal, M., O'brien, T. J., Benyahia, S., Gel, A. and Pannala, S. (2008). Open-Source
Software in Computational Research: A Case Study. Modelling and Simulation
in Engineering, 2008, 1-10.

Syamlal, M., Rogers, W. and O’brien, T. J. (1993). Mfix Documentation: Theory
Guide. National Energy Technology Laboratory, Department of Energy,
Technical Note DOE/METC-95/1013 and NTIS/DE95000031.

Tamang, B., Rockwood, D. L., Langholtz, M., Machr, E., Becker, B. and Segrest, S.
(2008). Fast-Growing Trees for Cogongrass (Imperata Cylindrica) Suppression
and Enhanced Colonization of Understory Plant Species on a Phosphate-Mine
Clay Settling Area. Ecological Engineering, 32(4), 329-336.

Thurner, F. and Mann, U. (1981). Kinetic Investigation of Wood Pyrolysis. Industrial
& Engineering Chemistry Process Design and Development, 20(3), 482-488.

Usda. (2014). Plants: Species Profiles -Cogongrass [Online]. United States
Department of Agriculture National. Available:
http://www.invasivespeciesinfo.gov/plants/cogongrass.shtml [Accessed 2016-

02-02 2016].




201

Vagia, E. and Lemonidou, A. (2007). Thermodynamic Analysis of Hydrogen
Production Via Steam Reforming of Selected Components of Aqueous Bio-Oil
Fraction. International Journal of Hydrogen Energy, 32(2), 212-223.

Van De Velden, M., Baeyens, J. and Boukis, I. (2008). Modeling Cfb Biomass
Pyrolysis Reactors. Biomass and Bioenergy, 32(2), 128-139.

Varhegyi, G. (2007). Aims and Methods in Non-Isothermal Reaction Kinetics. Journal
of Analytical and Applied Pyrolysis, 79(1-2), 278-288.

Vassilev, S. V., Baxter, D., Andersen, L. K. and Vassileva, C. G. (2010). An Overview
of the Chemical Composition of Biomass. Fuel, 89(5), 913-933.

Vassilev, S. V., Vassileva, C. G. and Vassilev, V. S. (2015). Advantages and
Disadvantages of Composition and Properties of Biomass in Comparison with
Coal: An Overview. Fuel, 158, 330-350.

Venderbosch, R. H. and Prins, W. (2010). Fast Pyrolysis Technology Development.
Biofuels, Bioproducts and Biorefining, 4(2), 178-208.

Vyn, R. J., Virani, T. and Deen, B. (2012). Examining the Economic Feasibility of
Miscanthus in Ontario: An Application to the Greenhouse Industry. Energy
Policy, 50, 669-676.

Wagenaar, B. M., Kuipers, J. a. M., Prins, W. and Swaaij, W. P. M. (1993a). The
Rotating Cone Flash Pyrolysis Reactor. /n: Bridgwater, A. V. (ed.) Advances
in Thermochemical Biomass Conversion. (pp. 1122-1133). Dordrecht:
Springer Netherlands.

Wagenaar, B. M., Prins, W. and Van Swaaij, W. P. M. (1993b). Flash Pyrolysis
Kinetics of Pine Wood. Fuel Processing Technology, 36(1-3), 291-298.

Woli, K. P., David, M. B., Tsai, J., Voigt, T. B., Darmody, R. G. and Mitchell, C. A.
(2011). Evaluating Silicon Concentrations in Biofuel Feedstock Crops
Miscanthus and Switchgrass. Biomass and Bioenergy, 35(7), 2807-2813.

Xie, H., Yu, Q., Wang, K., Shi, X. and Li, X. (2014). Thermodynamic Analysis of
Hydrogen Production from Model Compounds of Bio-Oil through Steam
Reforming. Environmental Progress & Sustainable Energy, 33(3), 1008-1016.

Xie, H., Yu, Q., Yao, X., Duan, W., Zuo, Z. and Qin, Q. (2015). Hydrogen Production
Via Steam Reforming of Bio-Oil Model Compounds over Supported Nickel
Catalysts. Journal of Energy Chemistry, 24(3), 299-308.



202

Xie, N., Battaglia, F. and Fox, R. O. (2004). Simulations of Multiphase Reactive Flows
in Fluidized Beds Using in Situ Adaptive Tabulation. Combustion Theory and
Modelling, 8(2), 195-209.

Xu, Q., Ma, X., Yu, Z. and Cai, Z. (2014). A Kinetic Study on the Effects of Alkaline
Earth and Alkali Metal Compounds for Catalytic Pyrolysis of Microalgae
Using Thermogravimetry. Applied Thermal Engineering, 73(1), 357-361.

Xue, Q., Dalluge, D., Heindel, T. J., Fox, R. O. and Brown, R. C. (2012). Experimental
Validation and Cfd Modeling Study of Biomass Fast Pyrolysis in Fluidized-
Bed Reactors. Fuel, 97, 757-769.

Xue, Q., Heindel, T. J. and Fox, R. O. (2011). A Cfd Model for Biomass Fast Pyrolysis
in Fluidized-Bed Reactors. Chemical Engineering Science, 66(11), 2440-2452.

Yang, H., Yan, R., Chen, H., Lee, D. H. and Zheng, C. (2007). Characteristics of
Hemicellulose, Cellulose and Lignin Pyrolysis. Fuel, 86(12-13), 1781-1788.

Yildiz, G., Ronsse, F., Duren, R. V. and Prins, W. (2016). Challenges in the Design
and Operation of Processes for Catalytic Fast Pyrolysis of Woody Biomass.
Renewable and Sustainable Energy Reviews, 57, 1596-1610.

Zhang, L., Xu, C. and Champagne, P. (2010). Overview of Recent Advances in
Thermo-Chemical Conversion of Biomass. FEnergy Conversion and
Management, 51(5), 969-982.

Zhang, X., Wang, T., Ma, L., Zhang, Q. and Jiang, T. (2013). Hydrotreatment of Bio-
Oil over Ni-Based Catalyst. Bioresource Technology, 127, 306-11.



	cover
	img-615134424
	body



