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bed. Where both phases in the bed are assumed that there are a mass and energy
transfer between them. These phases include the emulsion phase and the bubble
phase which contains solid particles. The constant temperatures throughout the
reactor are assumed in this modelling. This study also investigates the parametric and
effects of various parameters carried out. The experimental research shows that there
is a change in bed diameter and has a negligible effect on combustion performance.
The results of biomass combustion experiments with a fluidized-bed design have
promising and satisfying results compared to several experimental studies in the
literature. In addition, the increase in reactor temperature and a bed height of
combustion efficiency also increased. However, the moisture of the biomass and the
speed of the fuel entering can affect various for combustion efficiencies. Suitable
operating conditions can produce maximum overall efficiency.
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1. Introduction

Indonesia is one of the countries that have abundant renewable energy sources in the Southeast
Asian region. However, the utilization and available resources are still very minimal so that the
available energy sources cannot be utilized optimally [1,2]. Existing energy sources can be utilized for
decades to come if they can be utilized properly and can even replace dependence on fossil energy
[3].

Current researchers have paid more special attention to computational methods compared to
before. This is because the costs are cheaper and the results obtained are relatively acceptable with
this method than the experimental methods in Mechanical Engineering with various aspects. The
problems of oil recovery continue to increase [4-6]. In addition, chemical reactions, molecular
dynamics, fine particle hydrodynamics [7-10] have also been discussed. Vibration analysis and
application [11,12], spray and atomization technology [13], droplet dynamics [14,15] and Nano-fluid
applications [16—18] have been investigated. However, some of these works are numerical studies in
Mechanical Engineering for various aspects. Renewable energy is one of the most important aspects
of Mechanical Engineering and certainly needs to be investigated and studied in more detail. One of
the most important renewable energy systems in the future is biomass energy because hydrogen
from biomass can be produced on a large scale that can contribute to the development of renewable
energy that is environmentally friendly [19-21]. However, the high energy consumption of
technology in producing hydrogen sourced from biomass has hampered its development so that
technology is only limited to the laboratory scale [22-24]. The availability of biomass for energy
production processes has two general categories such as biological and thermochemical processes.
The various methods used in hydrogen production through biological procedures have been
reviewed [25].

The discovery of these procedures took place a century ago, but at the time they were discovered
they were not included or became practical. In the thermochemical process, there are four categories
namely; combustion, liquefaction, gasification and pyrolysis. The sustainable development,
combustion, is not very suitable for hydrogen production. While biomass has disadvantages such as
operating conditions are very difficult to achieve and low hydrogen production. Therefore, producing
hydrogen from thawing is not very profitable [26—28]. Pyrolysis can be grouped into fast and slow
pyrolysis because its main product is produced from charcoal. The pyrolysis with the slow category
cannot be produced into hydrogen. While fast pyrolysis has a high temperature in the process, where
biomass heating can be done without air with a fast system. This is done so that steam can be formed
and condensed into a dark brown liquid bio-liquid. Most of the pyrolysis can be produced into
biofuels and hydrogen production can be done directly with fast pyrolysis if it gets high temperatures
and sufficient volatile phase periods are allowed. Moreover, hydrogen can be produced and
enhanced by reforming steam from the reaction during the shifting gas hydrocarbon water obtained
from water vapor and CO. The various types of suitable catalysts, heating rate, residence time and
temperature are control parameters for the pyrolysis process. Hydrogen production, high heating
rate, reactor phase residence time and high temperature can support the gas product needed [29-
31]. The selection of these parameters can be regulated by various reactors and heat transfer modes
such as heat transfer in solid conductive and solid-gas convection heat. Investigation of various
reactor features and different heat transfer has been carried out [32-34]. From various
investigations, it can be concluded that the high heating level shown by the fluidized bed reactor
makes it very promising to produce hydrogen sourced from biomass pyrolysis.

The purpose of the gasification process is to produce gas products compared to charcoal and bio-
liquid. Therefore, the gasification process is more profitable in hydrogen production than pyrolysis.
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In addition, the solid biomass process is gasified in the presence of O,. However, the process of
oxygen with biomass gasification has two associated disadvantages. Low hydrogen content is one of
the weaknesses with the dilution of N, which is sourced from the air, high CO, emissions during the
gasification process is also a related constraint [35]. The use of steam as a biomass gasification agent
can be done so that losses can be reduced. In addition, other advantages can also be found in steam
gasification. Higher-level heating can maximize the product gas produced. Moreover, the benefits of
residence time characteristics, char efficiency and tar reduction due to steam reform. However, the
endothermic nature of the steam gasification reaction as a whole can operate the reactor more
precisely so that important activation energy is provided. The method required for heat input must
use steam and air mixtures as gasification agents which can lead to losses from air gasification [36—
38].

In 1952, Johnson and Toomey proposed a two-phase fluidization theory in which the main
hypothesis was divided the two phases in reactors such as emulsions and bubbles. Emulsion and gas
phases are solid materials with a limited amount of gas present in the bubble phase [39]. The
bubbling and assemblage bubble models found in the two-phase modes presented in 1969 have the
most references in their fields [40]. Emulsion and bubble phases have written the conservative
equation of the mass of the gas species. The controlled entry and exit rates of mass conservation and
inconsistent diffusion effects for gas species at each phase need to be considered [41,42]. The
assumption of this model is for the empty bubble phase of solid particles distributed to uniform
species. This equation can also be considered by assuming for simplification so as to obtain a
differential equation [43]. The conservative equations modelled on this type are considered under
established conditions [44].

In this work, the process of burning empty fruit bunches (EFB) and palm kernel shells (PKS) in the
bubbling fluidized-bed combustion chamber is investigated. The kinetic method with two phases was
developed to simulate the combustion process with hydrodynamic parameters derived from the
reactor flow, transport species equations and chemical reactions. There are two-phase modes for
biomass combustion and division of the reactor into two parts solid particles are not present on a
freeboard. The diffusion effect in this model namely; freeboard and bed. The combustion chamber
can contain gas and solid particles, while is neglected, but it is assumed that there are some small
solids present in the bubble phase.

2. Process Modelling

Kinetic models for the combustion process can provide information about the final results of
experiments. In addition, information about the product distribution at the reactor consists of
hydrodynamics sourced from inside the reactor. Features are very important criteria for measuring,
designing, and optimizing parameters during the operations in a reactor [25,34—-36]. This study aims
to investigate the burning of bubbly biomass in certain operational conditions. This investigation was
carried out using a two-phase model of the results of the development made. In addition, the effect
on domain parameters on combustion performance was also investigated. Finally, the design of
combustion at a certain input can be done with the algorithm of the development results. To model
combustion kinetic, pyrolysis, chemical kinetic reaction, hydrodynamic flow behavior and mass
conservation are considered in this study.
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2.1 Hydrodynamic Flow

The research and investigation of biomass combustion performance will use the following
assumptions:

a.

The minimum fluidization conditions can maximize the emulsion phase. Therefore, the
overlay fraction and velocity are always equal to the minimum fluidization conditions.

The process of pyrolysis is only for a moment when the biomass enters the combustion
chamber. Furthermore, it becomes charcoal, gas and tar. In other words, the presentation of
pyrolysis production with this model as a limited condition because it can only be determined
by experimental results.

Pure carbon can be assumed as char, and solid particles do not disappear from the bed.
Experiments for burning biomass in a fluidized bed reactor are rational [45,46].

The Freeboard reactor has no solid particles and gas velocity. This plug flow model used can
simulate various biomass combustion processes.

The volume in the bubble phase that is formed can increase with the height found in the bed.
Gas species in this investigation such as CO;, CO, Hz, H20, CH4, N2, Oz, and trainers. This is
done because there are nine gases in the reactor. In addition, due to low temperatures by
ignoring the nitrogen reaction.

Meanwhile, the gas species are considered perfect.

To produce the speed of channel fluid entering the combustion, the situation of the bed
fluidization depends on the number of maximum and minimum limitations. The minimum fluidization
speed Ums and the terminal speed Ut must be lower than the speed of the incoming channel. To
calculate the parameters of hydrodynamics, it can use the equation below [47-49].

g (V27.22+0.04084r-27.2)

Minimum fluidization velocity u,,r = (1)

Terminal velocity u; = d,, [

dppPg

1
, 1
4(pp-pg) 92]3

(2)

225pgug
. 0.4
Diameter of bubble after distributor d;,,,, = 0.652 (Z d? (uo - umf)> (3)
Diameter of bubble maximum d;, = 0.00376(u0 - umf)o'4 (4)
_03z
Diameter of bubble in reactor d;, = dp,, + (dpo — dpm)e % (5)
. Uo— Umf
Volume of bubble fraction §,, = —— (6)
Up— Umf
Velocity of bubble u,, = 0.711(g. d;)°S % < 0.125 (7)
t
Emulsion considering u,, = [0.711(g.d,)%%] 1.2 exp (— 1";9(1") 0.125% <0.6 (8)
t t
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Velocity of bubble in bed u, = (U, — Ups) + Upy (9)

0.11

Factor of transfer between bubble and emulsion K,,, = o
b

(10)

This study uses biomass fuels such as oil palm midribs (OPM), palm empty fruit bunches (EFB) and
palm kernel shells (PKS). This biomass fuel is tested on a specially designed fluidized bed as shown in
Figure 1. This fluidized-bed design can also be used for burning biomass from composite palm oil and
others.

2.2 Mass Conservative Equations for Species

The kinetic model used in the reactor can produce a wide variety of species with the conservation
of species mass. Thus, the settlement of solid and gas species from a conservative mass equation can
be solved at the bottom and when on a freeboard.

a. Two-phase model bed fluidizing

This process is assumed to be a steady state, while its diffusion effect is ignored. Figure 2 can be
assumed in the equation for the conservative mass of the emulsion and bubble as below.

-Smoke Director- \
Chimney Smoke—
Pressure Gate—
|?~Mea\suring Tube-

~—____ Outlet Water__
= T rrw Steam
Thermometer—
Reactor—

Order Frame—

Buner—

—Blower Air Duct Fuel Inlet—

—BloweE

Fig. 1. Design Fluidized-bed for biomass combustion

Air Duct Pushers—

The term from the equation above is the rate of change of mass represented by the right-hand
side for each phase with adjusted convection? The first of these terms starts from the left side so
that it can represent the rate of change in mass in each phase of the emulsion and bubble and at the
end that is where it remains in the equation. Therefore, the resulting chemical reaction can represent
the rate of change in mass in phase. For the equation of the conservative char, mass is shown in Eq.
(13). Changes in the concentration of carbon are functions for the conservation of mass and non-
homogeneous reactions to charcoal in completing the emulsion phase.
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Fig. 2. Two-phase model bed fluidizing
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ABstes) ba: w) _ _ Kpe 8 (Coi — Cie) + (1= 8p) Bgogvti + # Ys—g VjiTi (12)
ac 1

a_zc = Ls—g Vjili (13)

b. Freeboard

Solid particles with low concentration and low gas velocity in the freeboard section in this
simulation can adjust the flow process in the modelling. In this case, mass diffusion for gas species as
in the mass conservation Eq. (14). It is assumed that ug is the speed of gas in a freeboard.

a(ugycy)
% = Yg-g VjiTi (14)

c. Solving method
For solving the presented system of equations, a computational code was developed. The
flowchart of the generated model can be seen in Figure 3. The silica is considered to be sand particles

to the bed reactor and biomass composite as a feed. Silica sand and biomass composites are shown
in Table 1.
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Fig. 3. Flowchart of calculation procedure

Table 1

The characteristics of silica sand particles and rice husk [50-52]

Silica sand particle’s Diameter (mm) Density

(kg/m?)

Silica sand particles 150-450 2650

Rice husk humidity Approximate analysis 12.10

(mass percentage)
volatile matter percentage (dry) 70.36
carbon percentage (dry) 15.07
ash percentage (dry) 14.57
C Element analysis (mass 39.78
H percentage based on 497
0 dry) 40.02
N 0.46
S 0.2
3. Results

The biomass combustion reactor has a standard operating temperature. This setting presents a
minimum operating temperature of 600°C. Because pyrolysis is assumed to have a velocity with inlet
fuel. Moreover, the maximum temperature operated at the reactor is 900°C. This is made higher than
the number of particles in the bed to accelerate the melt and heavier particles are formed quickly
which stick together so that the hydrodynamic properties of the bed can be changed. The heating
value of the gas with respect to the equality constellation which is different from the temperature
and the combustion agent is shown in Figure 4. Based on Figure 4, the temperature increases with
increasing heating value. However, the heating value is negatively affected by the equality ratio. A
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30% increase in heating value when burning using oxygen as a burning agent. These results show as

expected.
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Fig. 4. LHV for different temperature using air and O, as combustion agents

Combustion efficiency to different equality ratios, temperatures and combustion agents is
illustrated in Figure 5. The amount of temperature increases indicates that efficiency can be directly
affected. However, increasing the equality ratio can increase efficiency initially and subsequently
decrease. This can be explained by looking at and paying attention to the definition of efficiency. This
is the heating value and function of the output gas flow rate. This multiplied parameter has caused
an increase in the initial period; however, in its continuation, the decreasing effect predominates in
the heating value. The maximum efficiency for combustion EFB with an equality ratio level of 0.31
and its quantity to be 0.73 is recorded at 900°C. Combustion using oxygen on the other hand
maximum efficiency with an equivalent ratio of 0.33 and a quantity of 0.83 is also recorded at 900°C.

The heating value of the gas against various equal ratios of combustion agents and increasing
humidity is shown in Figure 6. Increased biomass humidity has reduced the heating value, this is due
to the increased amount of water vapour in the produced gas and the reduced molar fractions such
as Hz, CH4, and CO. Combustion of EFB biomass, in this case, uses oxygen, where humidity has
increased by 14% from 2% and the heating value of 11% and 16% can decrease, respectively. The
combustion efficiency of various equality ratios, combustion agents and humidity values is illustrated
in Figure 7. Where these results indicate that the percentage of increased biomass humidity can
cause the efficiency of cold gas in the reactor to decrease. The reduced EFB biomass and oxygen are
0.18 and 0.21, respectively.
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Species interactions can also be affected by the hydrodynamic flow and heat between the base
material and the fuel that moves. Hydrodynamic flow can affect the volume in the bubble phase and
the level of the emulsion and bubble phase and their subsequent growth. The value of the heated
gas produced and the efficiency of the combustion agent against the inlet speed for different
combustion agents are shown in Figure 8. The increased speed of the combustion agent can reduce
the value of heating efficiency. It can be stated that as speed increases, fuel operating time in bed is
not enough. In other words, the time available has decreased. Therefore, the reactor efficiency and
the existing heating value can be reduced.

Comparison of the efficiency and heating value of the bed is illustrated in Figure 9. The height
that increases directly has an effect on the heating efficiency value. However, the changes that occur
are not too significant. Increased altitude, carbon conversion and increased residence time were
recorded so that the amount of gas obtained then increased. The value of the heating efficiency
shows the effect on the diameter of the bed as shown in Figure 10. The results can be concluded that
the diameter of the bed becomes a very dominant parameter in combustion. Combustion using
oxygen and an increased layer of diameter can cause a small increase in the efficiency and heating
value. This can be due to the increasing diameter so that the process of bubbles and coagulation that
rarely joins can be delayed. Thus, the contraction between the particles and the fuel used can be
affected.
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Fig. 10. The result combustion for gasifiers by using air and O, as combustion agents

The value of the heating efficiency shows the effect on the diameter of the bed as shown in Figure
10. The results can be concluded that the diameter of the bed becomes a very dominant parameter
in combustion. Combustion using oxygen and an increased layer of diameter can cause a small
increase in the efficiency and heating value. This can be due to the increasing diameter so that the
process of bubbles and coagulation that rarely joins can be delayed. Thus, the contraction between
the particles and the fuel used can be affected. The efficiency and heating value of the different bed
particle diameters are shown in Figure 11. By changing the diameter of the bed particles in these four
cases the efficiency and heating values initially increase, however, then continue to decrease. These
results indicate that the diameter of 150 to 200um hydrodynamic conditions are given optimal and
have the best interaction between the bed particles and fuel in the reactor.

The gas molar fraction of the difference inequality constellations is shown in Figure 12. The
increase in nitrogen and oxygen due to the ratio of air to fuel is also increasing. It is assumed that
oxygen is consumed during the process and all that is left is nitrogen at the end and H3, CH4, and CO
which decrease with increasing equality ratios. However, the air used remains constant for CO; to
increase when combustion uses oxygen. In addition, an increase also occurred in H,0 for both cases.
The ratio of equality increases as the number of oxygen increases. Therefore, the oxygen used can
take place more quickly and produce more CO; and H,0. While the reaction on oxygen consumption
to consume Hj, CH4, CO and molar fraction has decreased. Combustion using EFB biomass can reduce
the molar fraction of CHa, while the heating value such as CH4, Hy, CO and the heating value of the
resulting gas becomes reduced. The results of this study are a continuation of the analysis of the
utilization of biomass for power plants that have been done previously [53]. The results of research
on biomass burning have also been done before [53-55]. The pre-treatment and hydrolysis process
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@

for the production of POME-based biogas with evaluation through the application of hydrolytic
enzymes, cellulose and lipases has also been carried out [56]. Where the results reported that about

66.67% more free fatty

acids (FFA) than treatment without using POME.
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4. Conclusions

This experimental study of the process of burning palm empty fruit bunches (EFB) and palm kernel
shells (PKS) is bubbling fluidized beds. The use of kinetic models aims at the simulation process. From
the results of this experimental study, several conclusions can be drawn as follows:

i.  Oxygen used as a combustion agent can increase combustion efficiency and heating value.

ii.  Reactor temperature which increases directly can affect combustion efficiency and heating
value.

iii.  The equality ratio is increased initially, increased efficiency, and then reduced. However, the
equivalence ratio shown is poor to the heating value of the gas output.

iv.  The increased humidity can reduce heating efficiency and value. Therefore, using a dryer is
considered more appropriate.

v. The diameter of the reactor is ignored because it has an effect on combustion performance.
However, the height of the reactor that increases can cause efficiency, carbon conversion and
heating value to increase.

Acknowledgement
This research supported by PNBP Universitas Syiah Kuala and Lembaga Penelitian dan Pengabdian
Masyarakat LPPM-Unsyiah) with the contract number of (32/UN11.2.1/PT.01.03/PNBP/2020).

References

[1]  Erdiwansyah, Rizalman Mamat, M. S. M. Sani, and K. Sudhakar. "Renewable energy in Southeast Asia: Policies and
recommendations." Science of The Total Environment 670 (2019): 1095-1102.
https://doi.org/10.1016/j.scitotenv.2019.03.273

[2]  Erdiwansyah, Mahidin, R. Mamat, M. S. M. Sani, Fitri Khoerunnisa, and Asep Kadarohman. "Target and demand for
renewable energy across 10 ASEAN countries by 2040." The Electricity Journal 32, no. 10 (2019): 106670.
https://doi.org/10.1016/].tej.2019.106670

[3] One Community for Sustainable Energy. "The 4th ASEAN Energy Outlook 2013-2035." ASEAN Centre for Energy,
2015.

[4]  Al-Huthali, Ahmed, and Akhil Datta-Gupta. "Streamline simulation of counter-current imbibition in naturally
fractured reservoirs." Journal of Petroleum Science and Engineering 43, no. 3-4 (2004): 271-300.
https://doi.org/10.1016/j.petrol.2004.03.001

[5] Baghernezhad, Danial, Majid Siavashi, and Ali Nakhaee. "Optimal scenario design of steam-assisted gravity drainage
to enhance oil recovery with temperature and rate control." Energy 166 (2019): 610-623.
https://doi.org/10.1016/j.energy.2018.10.104

[6] Doranehgard, Mohammad Hossein, and Majid Siavashi. "The effect of temperature dependent relative
permeability on heavy oil recovery during hot water injection process using streamline-based simulation." Applied
Thermal Engineering 129 (2018): 106-116.
https://doi.org/10.1016/j.applthermaleng.2017.10.002

[71 Lin, Haizhou, Qingang Xiong, Yuan Zhao, Jingping Chen, and Shurong Wang. "Conversion of carbohydrates into 5-
hydroxymethylfurfural in a green reaction system of CO2-water-isopropanol." AIChE Journal 63, no. 1 (2017): 257-
265.
https://doi.org/10.1002/aic.15550

[8] Dewapriya, M. A. N., and S. A. Meguid. "Comprehensive molecular dynamics studies of the ballistic resistance of
multilayer graphene-polymer composite." Computational Materials Science 170 (2019): 109171.
https://doi.org/10.1016/j.commatsci.2019.109171

[9] Chen, Bo, Meng Wang, Mingxiao Duan, Xiaotian Ma, Jinglan Hong, Fei Xie, Ruirui Zhang, and Xiangzhi Li. "In search
of key: protecting human health and the ecosystem from water pollution in China." Journal of Cleaner Production
228 (2019): 101-111.
https://doi.org/10.1016/j.iclepro.2019.04.228

[10] Wang, Zhaoliang, Jia Li, and Kunpeng Yuan. "Molecular dynamics simulation of thermal boundary conductance
between horizontally aligned carbon nanotube and graphene." International Journal of Thermal Sciences 132

94


https://doi.org/10.1016/j.scitotenv.2019.03.273
https://doi.org/10.1016/j.tej.2019.106670
https://doi.org/10.1016/j.petrol.2004.03.001
https://doi.org/10.1016/j.energy.2018.10.104
https://doi.org/10.1016/j.applthermaleng.2017.10.002
https://doi.org/10.1002/aic.15550
https://doi.org/10.1016/j.commatsci.2019.109171
https://doi.org/10.1016/j.jclepro.2019.04.228

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 74, Issue 1 (2020) 81-97

(11]

[12]

(13]

(14]

(15]

(16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

(2018): 589-596.

https://doi.org/10.1016/].ijthermalsci.2018.07.004

Ali, Faizan, Waseem Raza, Xilin Li, Hajera Gul, and Ki-Hyun Kim. "Piezoelectric energy harvesters for biomedical
applications." Nano Energy 57 (2019): 879-902.

https://doi.org/10.1016/j.nanoen.2019.01.012

Bavi, Reza, Ali Hajnayeb, and Hamid Mohammad Sedighi. "Comments on "Nonlinear phenomena, bifurcations, and
routes to chaos in an asymmetrically supported rotor-stator contact system" by Philip Varney and ltzhak Green [J.
Sound Vib. 336 (2015) 207-226)." Journal of Sound and Vibration 409 (2017): 336-342.
https://doi.org/10.1016/].jsv.2017.08.012

Ma, Huan, Fenggqi Si, Kangping Zhu, and Junshan Wang. "Quantitative research of spray cooling effects on thermo-
flow performance of the large-scale dry cooling tower with an integrated numerical model." International Journal
of Heat and Mass Transfer 141 (2019): 799-817.

https://doi.org/10.1016/].ijheatmasstransfer.2019.06.085

Ding, Bin, Hong Wang, Xun Zhu, Rong Chen, and Qiang Liao. "Water droplet impact on superhydrophobic surfaces
with various inclinations and supercooling degrees." International Journal of Heat and Mass Transfer 138 (2019):
844-851.

https://doi.org/10.1016/].ijheatmasstransfer.2019.04.106

Mohammadi, Morteza, Moussa Tembely, and Ali Dolatabadi. "Predictive model of supercooled water droplet
pinning/repulsion impacting a superhydrophobic surface: the role of the gas-liquid interface temperature."
Langmuir 33, no. 8 (2017): 1816-1825.

https://doi.org/10.1021/acs.langmuir.6b04394

Dutta, Shantanu, Navneet Goswami, Arup Kumar Biswas, and Sukumar Pati. "Numerical investigation of
magnetohydrodynamic natural convection heat transfer and entropy generation in a rhombic enclosure filled with
Cu-water nanofluid." International Journal of Heat and Mass Transfer 136 (2019): 777-798.
https://doi.org/10.1016/].ijheatmasstransfer.2019.03.024

Kasaeian, Alibakhsh, Reza Daneshazarian, Omid Mahian, Lioua Kolsi, Ali J. Chamkha, Somchai Wongwises, and loan
Pop. "Nanofluid flow and heat transfer in porous media: a review of the latest developments." International Journal
of Heat and Mass Transfer 107 (2017): 778-791.

https://doi.org/10.1016/].ijheatmasstransfer.2016.11.074

Nithyadevi, N., A. Shamadhani Begum, Hakan F. Oztop, and Khaled Al-Salem. "Effects of inclination angle and non-
uniform heating on mixed convection of a nanofluid filled porous enclosure with active mid-horizontal moving."
International Journal of Heat and Mass Transfer 104 (2017): 1217-1228.
https://doi.org/10.1016/j.ijheatmasstransfer.2016.09.041

Hiloidhari, Moonmoon, D. C. Baruah, Moni Kumari, Shilpi Kumari, and I. S. Thakur. "Prospect and potential of
biomass power to mitigate climate change: A case study in India." Journal of Cleaner Production 220 (2019): 931-
944,

https://doi.org/10.1016/].iclepro.2019.02.194

Li, Jianfeng, and Jiwen Ge. "Present Utilization Analysis and Development Countermeasures on Biomass Energy in
China." Procedia Environmental Sciences 10 (2011): 2153-2158.

https://doi.org/10.1016/j.proenv.2011.09.337

Matsumura, Yukihiko, and Shin-ya Yokoyama. "Current situation and prospect of biomass utilization in Japan."
Biomass and Bioenergy 29, no. 5 (2005): 304-309.

https://doi.org/10.1016/j.biombioe.2004.06.011

Aydin, Ebubekir Siddik, Ozgun Yucel, and Hasan Sadikoglu. "Numerical and experimental investigation of hydrogen-
rich syngas production via biomass gasification." International Journal of Hydrogen Energy 43, no. 2 (2018): 1105-
1115.

https://doi.org/10.1016/j.ijhydene.2017.11.013

Hu, Yuan, Li Li, Lichun Zhang, and Yi Lv. "Dielectric barrier discharge plasma-assisted fabrication of g-C3N4-Mn304
composite for high-performance cataluminescence H2S gas sensor." Sensors and Actuators B: Chemical 239 (2017):
1177-1184.

https://doi.org/10.1016/j.snb.2016.08.082

Susastriawan, A. A. P., and Harwin Saptoadi. "Small-scale downdraft gasifiers for biomass gasification: A review."
Renewable and Sustainable Energy Reviews 76 (2017): 989-1003.

https://doi.org/10.1016/j.rser.2017.03.112

Boodhun, Bibi Shahine Firdaus, Ackmez Mudhoo, Gopalakrishnan Kumar, Sang-Hyoun Kim, and Chiu-Yue Lin.
"Research perspectives on constraints, prospects and opportunities in biohydrogen production." International
Journal of Hydrogen Energy 42, no. 45 (2017): 27471-27481.

95


https://doi.org/10.1016/j.ijthermalsci.2018.07.004
https://doi.org/10.1016/j.nanoen.2019.01.012
https://doi.org/10.1016/j.jsv.2017.08.012
https://doi.org/10.1016/j.ijheatmasstransfer.2019.06.085
https://doi.org/10.1016/j.ijheatmasstransfer.2019.04.106
https://doi.org/10.1021/acs.langmuir.6b04394
https://doi.org/10.1016/j.ijheatmasstransfer.2019.03.024
https://doi.org/10.1016/j.ijheatmasstransfer.2016.11.074
https://doi.org/10.1016/j.ijheatmasstransfer.2016.09.041
https://doi.org/10.1016/j.jclepro.2019.02.194
https://doi.org/10.1016/j.proenv.2011.09.337
https://doi.org/10.1016/j.biombioe.2004.06.011
https://doi.org/10.1016/j.ijhydene.2017.11.013
https://doi.org/10.1016/j.snb.2016.08.082
https://doi.org/10.1016/j.rser.2017.03.112

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 74, Issue 1 (2020) 81-97

[26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

https://doi.org/10.1016/].ijhydene.2017.04.077

Ayodele, Bamidele Victor, Tuan Ab Rashid Bin Tuan Abdullah, May Ali Alsaffar, Siti Indati Mustapa, and Siti Fatihah
Salleh. "Recent advances in renewable hydrogen production by thermo-catalytic conversion of biomass-derived
glycerol: Overview of prospects and challenges." International Journal of Hydrogen Energy (2019).
https://doi.org/10.1016/j.ijhydene.2019.08.002

Mishra, Puranjan, Santhana Krishnan, Supriyanka Rana, Lakhveer Singh, Mimi Sakinah, and Zularisam Ab Wahid.
"Outlook of fermentative hydrogen production techniques: An overview of dark, photo and integrated dark-photo
fermentative approach to biomass." Energy Strategy Reviews 24 (2019): 27-37.
https://doi.org/10.1016/j.esr.2019.01.001

Ni, Meng, Dennis YC Leung, Michael KH Leung, and K. Sumathy. "An overview of hydrogen production from
biomass." Fuel Processing Technology 87, no. 5 (2006): 461-472.

https://doi.org/10.1016/j.fuproc.2005.11.003

Chai, Yue, Ningbo Gao, Meihong Wang, and Chunfei Wu. "H2 production from co-pyrolysis/gasification of waste
plastics and biomass under novel catalyst Ni-CaO-C." Chemical Engineering Journal 382 (2020): 122947.
https://doi.org/10.1016/].cej.2019.122947

Demirbas, Ayhan. "Gaseous products from biomass by pyrolysis and gasification: effects of catalyst on hydrogen
yield." Energy Conversion and Management 43, no. 7 (2002): 897-909.
https://doi.org/10.1016/50196-8904(01)00080-2

Prasertcharoensuk, Phuet, Steve J. Bull, and Anh N. Phan. "Gasification of waste biomass for hydrogen production:
Effects of pyrolysis parameters." Renewable Energy 143 (2019): 112-120.
https://doi.org/10.1016/j.renene.2019.05.009

Bridgwater, A. V. "Principles and practice of biomass fast pyrolysis processes for liquids." Journal of Analytical and
Applied Pyrolysis 51, no. 1-2 (1999): 3-22.

https://doi.org/10.1016/S0165-2370(99)00005-4

Bridgwater, Anthony V. "Review of fast pyrolysis of biomass and product upgrading." Biomass and Bioenergy 38
(2012): 68-94.

https://doi.org/10.1016/j.biombioe.2011.01.048

Iraola-Arregui, ., P. Van Der Gryp, and J. F. Gorgens. "A review on the demineralisation of pre-and post-pyrolysis
biomass and tyre wastes." Waste Management 79 (2018): 667-688.
https://doi.org/10.1016/j.wasman.2018.08.034

Kraisornkachit, Paripat, Supawat Vivanpatarakij, Jon Powell, and Suttichai Assabumrungrat. "Experimental study of
dual fixed bed biochar-catalytic gasification with simultaneous feed of 02-steam-CO2 for synthesis gas or hydrogen
production." International Journal of Hydrogen Energy 43, no. 32 (2018): 14974-14986.
https://doi.org/10.1016/j.ijhydene.2018.06.054

Karl, Jirgen, and Tobias Proll. "Steam gasification of biomass in dual fluidized bed gasifiers: A review." Renewable
and Sustainable Energy Reviews 98 (2018): 64-78.

https://doi.org/10.1016/].rser.2018.09.010

Li, Jie, Yingyun Qiao, Xiaorong Chen, Peijie Zong, Song Qin, Youging Wu, Shurong Wang, Huawei Zhang, and Yuanyu
Tian. "Steam gasification of land, coastal zone and marine biomass by thermal gravimetric analyzer and a free-fall
tubular gasifier: Biochars reactivity and hydrogen-rich syngas production." Bioresource Technology 289 (2019):
121495.

https://doi.org/10.1016/j.biortech.2019.121495

Soria-Verdugo, Antonio, Lukas Von Berg, Daniel Serrano, Christoph Hochenauer, Robert Scharler, and Andrés Anca-
Couce. "Effect of bed material density on the performance of steam gasification of biomass in bubbling fluidized
beds." Fuel 257 (2019): 116118.

https://doi.org/10.1016/].fuel.2019.116118

Gidaspow, Dimitri, and Pilaiwan Chaiwang. "Bubble free fluidization of a binary mixture of large particles." Chemical
Engineering Science 97 (2013): 152-161.

https://doi.org/10.1016/j.ces.2013.04.009

Agwu, Okorie E., Julius U. Akpabio, Sunday B. Alabi, and Adewale Dosunmu. "Artificial intelligence techniques and
their applications in drilling fluid engineering: A review." Journal of Petroleum Science and Engineering 167 (2018):
300-315.

https://doi.org/10.1016/j.petrol.2018.04.019

Boujjat, Houssame, Sylvain Rodat, Srirat Chuayboon, and Stéphane Abanades. "Experimental and numerical study
of a directly irradiated hybrid solar/combustion spouted bed reactor for continuous steam gasification of biomass."
Energy 189 (2019): 116118.

https://doi.org/10.1016/j.energy.2019.116118

96


https://doi.org/10.1016/j.ijhydene.2017.04.077
https://doi.org/10.1016/j.ijhydene.2019.08.002
https://doi.org/10.1016/j.esr.2019.01.001
https://doi.org/10.1016/j.fuproc.2005.11.003
https://doi.org/10.1016/j.cej.2019.122947
https://doi.org/10.1016/S0196-8904(01)00080-2
https://doi.org/10.1016/j.renene.2019.05.009
https://doi.org/10.1016/S0165-2370(99)00005-4
https://doi.org/10.1016/j.biombioe.2011.01.048
https://doi.org/10.1016/j.wasman.2018.08.034
https://doi.org/10.1016/j.ijhydene.2018.06.054
https://doi.org/10.1016/j.rser.2018.09.010
https://doi.org/10.1016/j.biortech.2019.121495
https://doi.org/10.1016/j.fuel.2019.116118
https://doi.org/10.1016/j.ces.2013.04.009
https://doi.org/10.1016/j.petrol.2018.04.019
https://doi.org/10.1016/j.energy.2019.116118

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 74, Issue 1 (2020) 81-97

(42]

[43]

(44]

[45]

(46]

[47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

Ostermeier, Peter, Felix Fischer, Sebastian Fendt, Stefan DeYoung, and Hartmut Spliethoff. "Coarse-grained CFD-
DEM simulation of biomass gasification in a fluidized bed reactor." Fuel 255 (2019): 115790.
https://doi.org/10.1016/j.fuel.2019.115790

Ahmed, Tigabwa Y., Murni M. Ahmad, Suzana Yusup, Abrar Inayat, and Zakir Khan. "Mathematical and
computational approaches for design of biomass gasification for hydrogen production: A review." Renewable and
Sustainable Energy Reviews 16, no. 4 (2012): 2304-2315.

https://doi.org/10.1016/j.rser.2012.01.035

Agu, Cornelius E., Christoph Pfeifer, Marianne Eikeland, Lars-Andre Tokheim, and Britt ME Moldestad.
"Measurement and characterization of biomass mean residence time in an air-blown bubbling fluidized bed
gasification reactor." Fuel 253 (2019): 1414-1423.

https://doi.org/10.1016/j.fuel.2019.05.103

Karmakar, M. K., J. Mandal, S. Haldar, and P. K. Chatterjee. "Investigation of fuel gas generation in a pilot scale
fluidized bed autothermal gasifier using rice husk." Fuel 111 (2013): 584-591.
https://doi.org/10.1016/j.fuel.2013.03.045

Kook, Jin Woo, Hee Mang Choi, Bo Hwa Kim, Ho Won Ra, Sang Jun Yoon, Tae Young Mun, Jae Ho Kim, Yong Ku Kim,
Jae Goo Lee, and Myung Won Seo. "Gasification and tar removal characteristics of rice husk in a bubbling fluidized
bed reactor." Fuel 181 (2016): 942-950.

https://doi.org/10.1016/j.fuel.2016.05.027

Benedikt, F., J. C. Schmid, J. Fuchs, A. M. Mauerhofer, S. Miiller, and H. Hofbauer. "Fuel flexible gasification with an
advanced 100 kW dual fluidized bed steam gasification pilot plant." Energy 164 (2018): 329-343.
https://doi.org/10.1016/j.energy.2018.08.146

Hassan, Mohamed I., and Yassir T. Makkawi. "A hydrodynamic model for biomass gasification in a circulating
fluidized bed riser." Chemical Engineering and Processing-Process Intensification 129 (2018): 148-161.
https://doi.org/10.1016/j.cep.2018.05.012

Zou, Yanping, and Tiankui Yang. "Rice husk, Rice husk ash and their applications." In Rice Bran and Rice Bran Oil,
pp. 207-246. AOCS Press, 2019.

https://doi.org/10.1016/B978-0-12-812828-2.00009-3

Chen, Juhui, Weijie Yin, Shuai Wang, Guangbin Yu, Jiuru Li, Ting Hu, and Feng Lin. "Modelling of coal/biomass co-
gasification in internal circulating fluidized bed using kinetic theory of granular mixture." Energy Conversion and
Management 148 (2017): 506-516.

https://doi.org/10.1016/j.enconman.2017.05.080

Sanz, Alvaro, and Jose Corella. "Modeling circulating fluidized bed biomass gasifiers. Results from a pseudo-rigorous
1-dimensional model for stationary state." Fuel Processing Technology 87, no. 3 (2006): 247-258.
https://doi.org/10.1016/j.fuproc.2005.08.003

Miao, Qi, Jesse Zhu, Shahzad Barghi, Chuangzhi Wu, Xiuli Yin, and Zhaoqiu Zhou. "Modeling biomass gasification in
circulating fluidized beds." Renewable Energy 50 (2013): 655-661.

https://doi.org/10.1016/j.renene.2012.08.020

Mahidin, Erdiwansyah, H. Husin, Hisbullah, A. P. Hayati, M. Zhafran, M. A. Sidiq, A. Rinaldi, B. Fitria, R. Tarisma,
Hamdani, M. R. Hani, Maizirwan Mel, and Y. Bindar. "Utilization of Oil Palm Biomass as a Renewable and Sustainable
Energy Source in Aceh Province." Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 67, no. 2
(2020): 97-108.

Hayati, A. P., M. Zhafran, M. A. Sidiq, A. Rinaldi, B. Fitria, R. Tarisma, and Y. Bindar. "Analysis of power from palm
oil solid waste for biomass power plants: A case study in Aceh Province." Chemosphere 253 (2020): 126714.
https://doi.org/10.1016/j.chemosphere.2020.126714

Hani, M. Reza, Mahidin, Husni Husin, Khairil, Hamdani, Erdiwansyah, Hisbullah, Muhammad Faisal, Mahyudin,
Muhtadin, M. I. Afkar, O. Taka, and Maizirwan Mel. "Experimental Studies on Combustion Characteristics of Qil-
Palm Biomass in Fluidized-Bed : A Heat Energy Alternative." Journal of Advanced Research in Fluid Mechanics and
Thermal Sciences 68, no. 2 (2020): 9-28.

https://doi.org/10.37934/arfmts.68.2.928

Islam, M. S. Tajul, Md Zahangir Alam, Abdullah Al-Mamun, Amal A. Elgharbawy, and Fatimah A. Riyadi.
"Development of enzymatic pretreatment of palm oil mill effluent for monomers towards biogas production."
Journal of Advanced Research in Materials Science 38, no. 1 (2017): 39-44.

97


https://doi.org/10.1016/j.fuel.2019.115790
https://doi.org/10.1016/j.rser.2012.01.035
https://doi.org/10.1016/j.fuel.2019.05.103
https://doi.org/10.1016/j.fuel.2013.03.045
https://doi.org/10.1016/j.fuel.2016.05.027
https://doi.org/10.1016/j.energy.2018.08.146
https://doi.org/10.1016/j.cep.2018.05.012
https://doi.org/10.1016/B978-0-12-812828-2.00009-3
https://doi.org/10.1016/j.enconman.2017.05.080
https://doi.org/10.1016/j.fuproc.2005.08.003
https://doi.org/10.1016/j.renene.2012.08.020
https://doi.org/10.1016/j.chemosphere.2020.126714
https://doi.org/10.37934/arfmts.68.2.928

