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Abstract

Objective of this work was to pyrolysis woody biomass. Experiments were carried out at 300 to 500 °C. Relatively bigger particles were
used. Special emphasis was given to investigate the effects of heating rate and heating up time of the central mass of the particles on the
product distribution. Surface temperature reached to the reactor set temperature immediately while the temperature at the central part was
as low as 50 °C. The center temperature gradually increased to the final temperature within 3 to 8 minutes, depending on the wood types
and the reactor set temperature. For ipil-ipil wood the heating rate of the central mass was much faster than krishnachura and koroi woods,
and thus the heating up time was lower. Ipil-ipil wood was experienced higher yield (65%) even at lower reactor temperature 300 °C with
particle temperature 450 °C. In the case of krishnachura and koroi woods, the bio-oil yields were lower under the same condition due to the
heating rates of the central parts were much slower. Further researchon different biomasses may be necessary to demonstrate overall process.

Keywords: Woody biomass; Bio-oil; Pyrolysis; Reactor; Fossil fuels

Introduction

Energy is an integral part of a society and plays a pivotal role
in its socio-economic development by raising the standard of
living and the quality of life. The state of economic develop-
ment of any region can be assessed from the pattern and con-
sumption quality of its energy uses. Energy demand increas-
es as the economy grows bringing along a change in the con-
sumption pattern, which in turn varies with the source and
availability of its energy, conversion loss and end use effi-
ciency (Dodi¢ et al., 2010; Kanakraj ef al., 2014). Through
the different stages of development, humankind has experi-
mented with various sources of energy ranging from wood,
coal, oil and petroleum to nuclear power (Demirbas, 2004;
McKendry, 2002). Industrializations during the nineteenth
century witnessed dependence on resources such as coal, oil,
and gas (Grubler, 2012).

Fossil fuel such as natural gas, petroleum and coal is the
major source of energy now-a-days. Projections from the
World Energy Council and others (Banik et al., 2015; Ghose,
2013) are that oil and gas should both be available through
most of this century, and that the present coal production
could be for more than 200 years (Bentley, 2002; Moriarty

and Honnery, 2009). This limitation of fossil fuel sources is
threatening to the energy depended future generation in one
hand and the use of these huge amount of fuels within this
short span of time is causing abnormal increase of CO, on
the other hand that ultimately making the atmosphere unsuit-
able for human being (Awal, 2010; Song et al., 2002).
Therefore, many efforts and counter measurements have
been attempted to reduce the emission of greenhouse gases,
especially CO,, such as fuel switching although it may
involve a structural change in the energy supply system,
developing the technologies of improved efficiency of car-
bon fuels (Rao and Rubin, 2002; Yousuf et al., 2014).

For the development of new technologies on the renewable
and sustainable energy, for example solar, wind and/or tide
energy has still many problems in the technology. These
renewable energy sources are quite friendly to the environ-
ment (Asif and Muneer, 2007; Dincer, 2000). However, the
limited area of application, low production efficiency, high
production cost and many other technological problems slow
down the development of this energy field and will take pro-
long time to commercialize or even impossible to commer-
cialize in developing countries (McNeil's et al., 2002).
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Biomass,a potentially CO,-neutral, isabundantly produced in
the forest and in agricultural field everywhere in the world
and thus readily accessible (Sakaki and Yamada, 1997;
Kaygusuz, 2002). In terms of the cost, it is a least cost ener-
gy source and sometimes it has negative cost associated with
its disposal in the rural area especially in the developing
countries (McGowan, 1991; Kinoshita ez al.,1997). Thus the
energy such as electricity and heat generation from biomass
are considered the most lucrative opportunity for commer-
cial exploitation and environmental protection, since the
high value of electricity and heat (Van den Broek et al.,
2000; Saleh et al., 2010).

The power generation efficiency from the biomass fuel is the
most important factor for achieving the potential utilization
of biomass (Imran et al., 2012; Rana et al., 2015). Advanced
conversion technologies such as pyrolysis (Ganesh and
Banerjee, 2001) and gasification (Asadullah, 2014) can offer
methods of power generation with higher efficiencies than
combustion based steam cycles. In these processes biomass
is first converted to liquid called bio-oil which is a mixture
of about 200 types of organic compounds (Hasan et al.,
2011; Hasan et al., 2010) (fast pyrolysis) or gaseous (gasifi-
cation) fuels, which are then burned in the engines or gas tur-
bines. The heat generated by this process is converted to
power at a higher temperature than in the simple steam cycle
giving the potential for thermodynamically more efficient
process (Asadullah et al., 2004).

Different biomass conversion processes have different resi-
dence time and temperature of pyrolysis. These depend on
the particle size and conversion temperature (Demirbas,
2004; Sharma et al., 1998). Smaller the particle higher the
conversion efficiency but it has high cost to make it small
particles. And thus for large scale production it is necessary
to consider about cost and also the size of the particles.

Thus in this study the production of liquid fuel was consid-
ered by pyrolysis of biomass. Biomass in various forms is
available in Bangladesh, however, woody biomass as a
model for biomass was considered for bio-oil production by
pyrolysis. In this study, the main aims were to (i) study the
effects of heating rate and heating up time of the central mass
of the particles on the product distribution, (ii) calculate the
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yield of bio-oil for different biomasses and (iii) comparative
product distribution analysis of the different biomasses

pyrolysis.
Materials and methods
Feedstock's preparation

The feedstock's considered in this study were three different
types of woods such as ipil-ipil wood, krishnachura wood
and koroi wood, which are cheap raw materials (Nessa et al.,
2014) and abundantly available in Bangladesh.The raw
materials (ipil-ipil, krishnachura and koroi wood particles)
usually contain moisture more than 10 wt. % which usually
causes difficulty to feed into the pyrolysis reactor. In addi-
tion, the high moisture content in the raw materials results in
high water content in the bio-oil. To ensure the consistent
feeding and optimized pyrolysis products, the feedstock's
were dried to below 10 wt.% moisture content and particles
made to about 3-4 cm length and 2-3cm wide in size. The
properties as well as ultimate and proximate analyses of the
biomass were carried out and summarized in Table I and II..

Table I. Proximate analysis and other characteristics
data (average value)

Proximate analysis Experimental value

Volatile fraction (wt. %) 76 - 78
Fixed carbon (wt. %) 214-234
Ash content (wt. %) 0.60-0.75
Other characteristics ---
Moisture content (wt. %) 3-12
Particle size in diameter (cm) 2-3
Particle size in length (cm) 3-4
Density for krisnachura tree (g/cc) 0.27
Heating value (HHV) (MJ/kg) 17-19

Table II. Ultimate analysis of typical biomass (dry basis)

Name % C %H %0 %N %S
Ipil-ipil 4830 6.80 42.50

Krisnachura 48.09  7.68 43.68(withN,) 0.55
Koroi 48.13  5.87 42.46 1.45  0.00
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Characterization of woody biomass

The woody biomass was first characterized by measuring the
particle size, density, moisture content, pH determining,
heating value and by ultimate and proximate analyses. The
ultimate analysis and proximate analysis of the woody bio-
mass was carried out by many researchers as shown in Table
II (Kibria, 1994; Mwang'ingo, 2010; Suarez, 2000; Vargasa
etal.,2011).

Pyrolysis of woody biomasses

About 3-4 cm long biomass particles were fed batch wise
into the reactor to measure the product distribution and heat-
ing rate of the central part of the biomass as the experimen-
tal setup shown in Fig. 1. The biomass particles were drilled
with a 1 mm diameter drill beet. Then a I mm diameter ther-
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Fig. 1. Design of pyrolysis reactor

mocouple was inserted through the hole. The thermocouple
tip was kept at the center of the particle. Before inserting the
thermocouple into the biomass particle, it was inserted
through a heat proof rubber cork. When the biomass particle

was fed along with the thermocouple just at the center of the
reactor, the heat proof rubber cork was blocked the reactor
inlet as it was adjusted exactly the same distance before heat-
ing up the reactor. The reactor is made of mild steel with a
height of 42 cm and a diameter of 4.5 cm. In both of the
experiments, the biomass particles were heated with heater.
The reactor was heated to the desired temperature before
starting the feeding of biomass. Nitrogen gas flow of 450
mL/min was usually used for avoiding any combustion reac-
tions in the reactor during the feeding of biomass. The flow
of nitrogen replaces the air from the reactor and permits the
pyrolysis reaction under anaerobic condition. The vapor pro-
duced in the reactor was passed through a series of ice
cooled condenser where it was condensed as bio-oil. To
avoid any loss of liquid collection in order to accurately
measure the liquid yield, the condenser was weighed before
and after the condensation of bio-oil vapor. The weight of
bio-oil was accounted from the difference of the weights.
The char was collected after cooling down the reactor and
weighed. The yield of gas was measured from the difference
of the weights of biomass fed and the total weight of liquid
and solid char. The temperature of the reactor was displayed
by temperature monitors through thermocouple. The process
was carried out under atmospheric pressure

Bio-oil characterization

Bio-oil is usually a dark brown viscous liquid. It was charac-
terized by measuring the pH, density, water content, solid
content, pyro lytic lignin content, acid value etc. The densi-
ty was measured with a density measurement bottle.
Viscosity of the bio-oil is the measure of its internal friction
which resists the flow of the fluid. Water content in the bio-
oil was measured by Karl-Fischer titrimetric method. The
pH was measured with a digital pH meter (Hanna Model-HI
8424). The solid content in the pyrolysis oil was measured as
ethanol insoluble portion. The lignin portion was measured
as water insoluble fraction by using phase separation. The
acid value of the bio-oil was determined by direct titration
with standard potassium hydroxide solution. Ash content
was calculated by burning the bio-oil with supplying excess
air in a muffle furnace.
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Results and discussion

Biomass is abundantly available in Bangladesh in different
forms such as agricultural residues, forestry bi-products,
industrial wastes and municipal wastes. The sources of bio-
masses for this study are cultivated at different places in
Bangladesh which includes ipil-ipil tree, koroi tree and
krishnachura tree. The local name and scientific nameof
these trees are listed in Table III (Kibria, 1994; Mwang'ingo,
2010; Suarez, 2000; Vargasa et al., 2011). Characteristics
data of those woody biomasses are given in the Tables I-11.

Table III. Local name, scientific name and heating value
of the experimental woods

Local name  Scientific name Experimental
HHV (MJ/Kg)
Ipil-ipil Leucaena leucocephala 20.22
Krisnachura Delonix regia 17-19
Koroi Albizia spp 17-19

Pyrolysis of woody biomasses

Here the pyrolysis of woody biomasses was performed in a
reactor as designed in a laboratory scale reactor. The woody
biomass of the size 2-3 cm diameter and 3-4 cm length
including thermocouple was fed into the reactor. The nitro-
gen gas was passed through the bottom of the reactor. The
furnace temperature was controlled by a temperature con-
troller. The reactor was heated to a desired temperature
before feeding biomass. After inserting the piece of biomass
with thermocouple, the particle heating rate was counted on
temperature controller screen. The data was recorded rough-
ly every after two second. The surface of the biomass was
immediately exposed to the set temperature while the tem-
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perature at the center was gradually increased. The pyrolysis
vapors were condensed and collected by two condensers pre-
pared locally. Two condensers were set in an ice cold bath
where the inlet of the vapors was connected to the one end
and the outlet of the non-condensable gases was connected
to the other end which was set at the ventilation of the labo-
ratory. The non-condensable gas is exposed into the air.

Effect of reactor temperature on bio-oil yield from three dif-
ferent woods

Table IV represents the effect of temperature on the bio-oil
yield from ipil-ipil wood. The yield of bio-oil is the maxi-
mum at 300 °C reactor set temperature and it decreased with
increasing temperature. The duration of complete pyrolysis
of total mass was also decreased with increasing tempera-
ture. When biomass was fed even at 300 °C, the pyrolysis
was started and substantial amount of bio-oil was produced
as shown in Table IV. The pyrolysis started from the surface
and gradually moved towards the center of the particle.
Therefore, the complete pyrolysis of the particle depends on
three factors: 1. the particle diameter, 2. temperature gradi-
ent, and 3. thermal conductivity of the particle. After feed-
ing, the surface component immediately got the reactor tem-
perature and suddenly decomposed to the volatile matter. If
the particle size is small enough (mm range), the location of
the pyrolysis temperature zone in the particle would imme-
diately arrive in the center part and take less time to be com-
pletely pyrolyzed. However, we have used comparatively
very big size of the particle (3-4 cm length and 2-3 cm diam-
eter) where a far distance for pyrolysis temperature zone in
the particle to travel. Furthermore, since the woody materi-
als are less thermal conductive, the heat transfer rate to the
center part is substantially low. This gives rise to the slow
heating of the center mass and takes longer time to be com-
pletely pyrolyzed as is shown in Table IV.

Table IV. Yield of bio-oil from ipil-ipil woody biomass pyrolysis at different temperatures

Exp. Wt ofparticle [ ofparticle D of particle Ractor Volatile Amount of Yield of
No. gm. cm cm temp. °C  release min oil g 0il%
1 7.68 4.00 2.55 300 8.24 5.0 65.0
2 7.87 4.00 2.55 350 7.26 4.7 59.6
3 7.96 4.00 2.65 400 5.58 3.7 46.4
4 7.57 3.90 2.55 450 4.20 3.4 44.8
5 6.95 4.00 2.35 500 3.41 2.7 36.5
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Heat transfer rate also depends on the temperature gradient,
the higher the gradient the higher the heat transfer rate. The
higher set temperature to the reactor resulted in higher gradi-
ent of temperature from the surface to the center which
inevitably promoted the heat flow rate and decreased the
total duration of complete pyrolysis of total mass. It is to
mention that the primary pyrolysis at just the decomposition
temperature is endothermic; however, the secondary pyroly-
sis at higher temperatures than decomposition temperature is
exothermic. In the case of bigger particles of biomass, the
heat generated by exothermic reaction was completely added
to the inward transferred heat, so as to increase the actual
temperature of the central part of the particle. It seems that
the final pyrolysis proceeded at the central part was at high-
er temperature than that of the reactor set temperature. The
higher temperature facilitates more preferably to form gas,
and thus the bio-oil yield at higher temperature is lower
(Table IV). On the other hand, the lower temperature facili-
ties more preferably to form solid char. At lower tempera-
ture, when cellulosic compounds decompose the re-polymer-
ization and cross linking reactions are predominantly pre-
ceded which led to the formation of solid char.

Table V and VI represent the effect of temperature on the
bio-oil yields from krisnachura and koroi wood biomasses,
respectively. The pyrolysis rate also depends on the charac-
teristics of wood. The soft wood is usually decomposed
faster than that of the hard wood. The krisnachura wood is
much harder than ipil-ipil wood and the koroi is the hardest
one among them as from carpenter's experience. Therefore,
the pyrolysis rate of ipil-ipil wood would be much faster than
others and it was reflected in the highest bio-oil yield at the
lowest temperature (300°C) for ipil-ipil wood. The maxi-
mum yield of bio-o0il (66%) was achieved at 400°C for kris-
nachura wood. The pyrolysis of the hardest wood (koroi)
was very slow and the bio-oil yield was very low and it was
less than 50% in all temperatures.

Effect of heating up rate of central mass on the product dis-
tribution

Tables VII, VIII and IX exhibit the yield of solid, liquid and
gas as a function of heating rate of the central part of the bio-
mass particles. Fig. 2 to Fig. 7 show the relationship of heat
ing up time and final temperature at the central mass with the

Table V. Yield of bio-oil from krisnachura biomass pyrolysis at different temperatures

Exp. Wt of particle [ o patticle D of particle Ractor Volatile Amqunt of Yie}d of
No. gm. cm cm temp. °C release min oil g 0il%

1 11.41 3.95 2.60 300 7.45 7.0 61.2

2 11.00 3.90 2.35 350 7.20 59 53.6

3 11.98 4.00 2.70 400 6.42 8.0 66.7

4 11.80 4.00 2.65 450 6.10 4.9 41.4

5 12.75 4.10 2.75 500 5.35 5.0 39.1
Table VI. Yield of bio-oil from koroi wood biomass pyrolysis at different temperatures

Exp. Wt ofparticle [ ofparticle D of particle  Reactor temp. Volatile Amqunt of Yigld of
No. gm. cm cm oC release min oil g 0il%

1 10.27 4.00 2.60 300 7.59 4.9 47.6

2 10.31 3.90 2.70 350 7.25 52 50.3

3 9.47 4.00 2.70 400 5.37 4.6 49.0

4 10.72 4.00 2.75 450 5.58 52 48.4

5 9.36 4.00 2.50 500 4.52 3.6 423
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Table VII. Effect of heating rate of the central mass of the ipil-ipil wood particle on the product distribution

Wt. of Central heat- Heating rate of
Particle Reactor temp. Central temp.  jng up time central mass  Yield of oil  Yield of char  Yield of gas
om. °C °C min °C/min o % %
7.68 300 425 8.24 48.54 65.0 26.03 08.89
7.87 350 485 7.26 63.36 59.6 24.13 16.18
7.96 400 545 5.58 93.18 46.4 16.31 37.26
7.57 450 600 4.20 136.90 44.8 15.83 39.30
6.95 500 625 3.41 175.95 36.5 14.38 49.08

Table VIII. Effect of heating rate of the central mass of the krisnachura wood particle on the product distribution

Wt. of Central heat- Heating rate of
Particle Reactor temp. Central temp.  jng up time central mass  Yield of oil  Yield of char  Yield of gas
gm. °C °C min °C/min %o % %

11.41 300 415 7.45 55.70 61.20 30.29 08.42
11.00 350 475 7.20 65.97 53.60 29.08 17.30
11.98 400 530 6.42 82.55 66.70 25.03 08.21
11.80 450 590 6.10 96.72 41.40 22.86 35.65
12.75 500 620 5.35 115.88 39.10 18.02 42.80

Table IX. Effect of heating rate of the central mass of the koroi wood particle on the product distribution

Wt. of Central heat- Heating rate of

Particle Reactor temp. Central temp.  jng yp time central mass  Yield of oil  Yield of char  Yield of gas
gm. °C °C min °C/min %o % %

7.68 300 420 7.59 55.35 47.69 23.36 28.95

7.87 350 480 7.25 66.20 50.39 23.25 26.36

7.96 400 535 5.37 99.62 49.05 23.22 27.73

7.57 450 595 5.58 106.63 48.47 18.64 32.89

6.95 500 625 4.52 138.27 38.43 19.21 42.36

reactor set temperature. For the ipil-ipil wood (Table VII), o

the heating rate of the central mass varied from 48°C/min to &0

176°C/min depending on the reactor set temperatures. With a0 Bio-oil

the higher heating rate at the center part of the biomass, bio-

oil and solid char yields are decreased while the gas yield = =0
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fer rate from the surface to the center. Faster heating of cel- -

lulosic biomass predominantly leads to the gas formation 10 Char

rather than the formation of organic molecules which ulti- o . .

mately goes to the bio-oil. This is the main reason of higher Q =Y 100 150 200
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Furthermore, the faster heating rate prevents the polymeriza- Fig. 2. Relationship between heating up rate of central-

part and yields of solid, liquid and gas from ipil-
ipil wood.
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tion and cross linking reactions among the organic molecules
produced from the decomposition of biomass. This supports
the decreasing trends of solid char yields with increasing
heating rate.

The heating rate of the central mass of krisnachura and koroi
wood is significantly different from that of the ipil-ipil wood.
Although the reason is not clear it may be due to the compo-
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Fig. 3. Relationship between heating up rate of central
part and yields of solid, liquid and gas from
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Fig. 4. Relationship between heating up rate of central
part and yields of solid, liquid and gas from koroi
wood.

sitional difference of the woods. The heating rate of the ipil-
ipil wood is much faster than other two at the higher temper-
ature levels. We have also obtained the higher yield of bio-
oil for ipil-ipil wood. These results indicate that the ipil-ipil
wood underwent in much faster pyrolysis. Furthermore, it is
evident that the pyrolysis of woody biomass at above decom-
position temperature (300 - 400°C) is exothermic. Therefore,
the heat released from the pyrolysis reaction along with the
heat transferred from the surface heated up the central mass
much faster than other two. Due to the faster heating rate, the
gas yield is higher for ipil-ipil wood at the higher tempera-
ture range. In the case of krisnachura and koroi woods, the
pyrolysis rate is slow, and thus the exothermic heat releasing
rate is also slow which resulted in overall slow heating rate
at the central mass. This slow heating rate reflected to the
higher char yield and lower gas yields for this two woods.
Figs. 2 to 4 show the relationship between the heating rate
and the product distribution. Fig. 2 clearly indicates the
faster decrease of the yields of liquid and solid while the
faster increase of the gas yield from ipil-ipil wood. However,
as shown in Fig. 4, the decreasing trend of liquid and solid is
comparatively very slow from koroi wood. In other word,
the increasing trend of gas yield is slow from this wood.
Figs. 5 to 7 represent the final temperature of the central
mass and the duration of the volatile release as a function of
the reactor temperature. When the particle was thrown
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Fig. 5. Resulted final temperature and the duration of
volatile release as a function of reactor temper-
ature for ipil-ipil wood.
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into the reactor along with the thermocouple embedded
inside the biomass particle (3-4 cm long with 2-3 cm diame-
ter), the center temperature just started to increase while the
surface temperature reached to the reactor temperature. The
center temperature gradually increased and the pyrolysis
started when it reached to 250-260°C. Initially, the pyroly-
sis reaction was endothermic; however it turned to the
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Fig. 6. Resulted final temperature and the duration of
volatile release as a function of reactor temper-
ature for krisnachura wood.

exothermic when it reached at around 400°C and immediate-
ly reached to the final temperature. This is because the heat
transferred from the surface and the heat released from there
action. As Fig. 5 shows, the heating up time is very short at
higher temperature range for ipil-ipil wood indicates the
faster decomposition of the solid to liquid vapor and also the
organic molecules to gas as discussed earlier which led to the
higher gas yield at a cost of liquid yield as discussed earlier.
As Figs. 6 and 7 show, to reach the final temperature at the
center takes longer time for krisnachura and koroi woods. In
the pyrolysis reaction, if the particle heating rate is slow, the
condition more likely facilitates the recombination of the
molecules to form solids rather than the formation of the lig-
uid vapor. This is the reason of higher char yield for kris-
nachura and koroi woods as discussed earlier.

Effects of heating rate and heating up time to
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Fig. 7. Resulted final temperature and the duration of
volatile release as a function of reactor tempera-
ture for koroi wood.

Conclusion

The experiments were carried out at different temperatures
ranging from 300 to 500 °C reactor temperature. Relatively
bigger particle of the wood (3-4 cm -lengthand 2-3 cm diam-
eter), real size for pyrolysis, was used. Special emphasis was
given to investigate the effects of heating rate and heating up
time of the central mass of the particles on the product dis-
tribution. In each experiment, the temperature at the central
part was low at the initial stage of pyrolysis while the surface
temperature reached to the reactor set temperature immedi-
ately. The center temperature gradually increased and
reached to the final temperature in 3 to 8 minutes, depending
on the wood type and the reactor set temperature. The heat-
ing rate and heating up time of the central mass greatly
affected the product distribution. For ipil-ipil wood the heat-
ing rate of the central mass was much faster than krisnachu-
ra and koroi woods, and thus the heating up time was lower.
This was resulted in the higher yield (65%) of bio-oil even
at lower reactor temperature (300 °C, particle temperature
450 °C) from ipil-ipil wood. In the case of krisnachura and
koroi woods, the bio-oil yields were lower under the same
condition. This was because the heating rates of the central
parts were much slower. Further research especially for dif-
ferent biomasses need to carry out to merge with the biomass
conversion technologies.
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