
Design, Fabrication and Performance Study of a Biomass Solid1

Waste Pyrolysis System for Alternative Liquid Fuel Production2

Md. Akram Hossain13

14

Received: 11 December 2013 Accepted: 4 January 2014 Published: 15 January 20145

6

Abstract7

Now-a-days production of Bio-fuel is a prime concern in the world due to decrease other fuel8

source. The conversion of devdaru seeds into pyrolytic oil by fixed bed reactor has been taken9

into consideration in this study. A fixed bed pyrolysis system has been designed and10

fabricated for obtaining liquid fuel from biomass solid wastes. The major components of the11

system are: fixed bed reactor, liquid condenser and liquid collectors. The devdaru seeds in12

particle form is pyrolized in an externally heated7.6 cm diameter and 46 cm high fixed bed13

reactor with nitrogen as the carrier gas. The reactor is heated by means of a cylindrical14

biomass source heater. Rice husk, cow dung and charcoal are used as the energy source. The15

products are oil, char and gas. The parameters varied are reactor bed temperature, running16

time and feed particle size. The parameters are found to influence the product yields17

significantly. The maximum liquid yield is 51 wt18

19

Index terms— biomass, polylthia longifolia seeds, pyrolysis, fixed bed reactor.20

1 Introduction21

iomass has been recognized as a major renewable energy source to supplement declining fossil fuel sources of22
energy. It is the most popular form of renewable energy and currently biofuel production is becoming very much23
promising. Transformation of energy into useful and sustainable forms that can fulfill and suit the needs and a24
requirement of human beings in the best possible away is the common concern of the scientists, engineers and25
technologists. From the view point of energy transformation, fixed bed pyrolysis is more attractive among various26
thermo chemical conversion processes because of its simplicity and higher conversion capability of biomass and27
its solid wastes into liquid product. In South Asian developing countries, especially in Bangladesh the generation28
of biomass waste is quite high. Along with other residues these waste accumulated is creating disposal problems.29
Also direct burning of these wastes creates a serious environmental problem. As carbonaceous solid wastes are30
the source of energy, therefore, the potential of recovering these wastes into useful form of energy by pyrolysis31
into liquid fuel should be considered. In this way the waste would be more readily useable and environmentally32
acceptable. This liquid of high heating value can easily be transported, can be burnt directly in the thermal33
power plant; can easily be injected into the flow of conventional petroleum refinery, can be burnt in a gas turbine34
or upgraded to obtain light hydrocarbon transport fuel. The solid char can be used for making activated carbon.35
The gas has high calorific value, sufficient to be used for the total energy requirements of the pyrolysis plant.36

2 a) Thermochemical Conversion Process37

Due to high calorific value and ultimate analysis of plant based agro wastes it implies that these agro wastes are38
potentially useful for energy utilization in the form of combustible gas, tar oil (liquid fuel), char (solid fuel), steam39
or electricity when they are processed by using thermo chemical technologies for biomass conversion. There are40
four main thermo chemical methods of converting biomass. Such as (1) pyrolysis (2) liquefaction (3) gasification41
(4) direct combustion. Pyrolysis is one of the most important thermo-chemical conversion processes.42
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7 B) PYROLYSIS CONVERSION

3 b) Pyrolysis43

Pyrolysis is a thermal decomposition process that occurs at moderate temperature with a high heat transfer rate44
to the biomass particles and a short hot vapor residence time in the reaction zone. Several reactor configurations45
have been shown to assure this condition and to achieve yields of liquid products as high as 75% based on the46
starting dry biomass weight ??16]. Pyrolysis of biomass produces a liquid product, pyrolysis oil or bio-oil that47
can be readily stored and transported. Pyrolysis oil is a renewable liquid fuel and can also be used for production48
of chemicals. Pyrolysis has now achieved a commercial success for production of chemicals and is being actively49
developed for producing liquid fuels. Pyrolysis oil has been successfully tested in engine, turbines and boilers,50
and been upgraded to high quality hydrocarbon fuels although at a presently unacceptable energetic and financial51
cost.52

4 Issue V Version I53

A c) Direct Combustion Direct combustion of biomass solid waste produces heat energy by direct burning of54
them. The products and applications of various biomass solid waste converting method are mentioned in Table55
1 Pyrolysis is the heating of any fuel particle, droplet or gaseous molecule in the absence of oxygen and for solids56
it can be presented by the following equation:57

There are three classes of products of pyrolysis; they are volatiles, tar and char. The volatiles may or may58
not be condensable at ambient condition; however, in all practical combustion systems these component remains59
in the gas phase. The tar is generally a heavy hydrocarbon substance with an atomic H/C ratio > 1.0 [15].60
The char generally is a carbon rich solid with only minor fractions of hydrogen and heteroatom present in the61
fuel or waste. Although there are exothermic regions associated with some pyrolysis reaction, the overall solid62
particle pyrolysis is endothermic. This equation presents a summary of pyrolysis; however, it makes fundamental63
chemical process involved. Pyrolysis involves both chemical and physical changes. The physical changes include64
the potential for particle shrinkage. Further, pyrolysis changes the thermodynamic and transport properties of65
the fuel particles resulting in a material which is more isolative.66

5 II.67

6 Objectives and Scope of the Project68

The aim of the project is to design and fabricate an externally heated fixed bed pyrolysis system for the production69
of alternative liquid fuel from devdaru seeds.70

? To simplify the design a fixed bed pyrolysis system, ? To fabricate the pyrolysis system, ? To produce liquid71
from biomass solid waste(Devdaru seeds) by pyrolysis process,72

? To analyze the liquid product obtained from the pyrolysis system.73
The scope of the work is as follows:74
? Only Devdaru seeds are considered as feed materials for their availability at cheap price. ? The emphasis75

of the study is on the production of liquid. The char product is also quantified. The gas is flared to atmosphere.76
a) Selected Biomass Waste Devdaru seeds were selected as the feed material for this study. Polylthia Longifolia77
(Devdaru) in the genus Switenia, is extensively cultivated in India, Sri Lanka, Bangladesh etc as avenue tree. It78
is a semi evergreen tree, about 30-35m tall. Fruit shape is oval, fruit length is 1 to 3 inches, fruit covering dry or79
hard, the fruit color is brown. In Bangladesh, a large amount (250000 tons/yr) of devdaru seeds are not utilized80
but the production of oil from it may provide the use of a Pyrolysis is the process of thermal decomposition81
to produce gases, liquids (tar), and char (solid residue). These pyrolysis products can be used as fuels, with or82
without prior upgrading, or they can be utilized as feed stocks for chemical or material industries. The types83
of materials which are candidates for pyrolysis processing include coal, plant biomass, animal and human waste,84
food scraps, paper, cardboard, plastics, and rubber. AFR has developed novel pyrolysis experiments (Series 10185
TG/Plus Analyzer) and modeling techniques (FG-DVC Modeling Software).Pyrolysis is generally described as86
the thermal decomposition of the organic components in biomass wastes in the absence of oxygen at mediate87
temperature (about 500° C) to yield tar (bio oil, bio fuel, bio crude), char (charcoal) and gaseous fractions (fuel88
gases) ??18]. For convenience, there are two approaches to the conversion technology. The first approach referred89
to as conventional or traditional pyrolysis, is to maximize the yields of fuel gas at the preferred conditions of90
high temperature, low heating rate and long gas residence time or to enhance the char production at the low91
temperature and low heating rate. Another approach referred to as flash or fast pyrolysis is to maximize the92
yields of liquid product at the processing conditions of low temperature, high heating rate and short gas residence93
time. The heating approaches are as follows Due to the poor thermal stability and corrosivity in the use of the94
bio crude, the liquid products still need to be upgraded by lowering the oxygen content and removing residues95
by means of hydrogenation and catalytic cracking. Eventually the purified bio oil can be used as fuel in boilers,96
engines, turbines or processed into refineries as a feed stock is also being considered.97

7 b) Pyrolysis Conversion98

Among the various thermal conversion processes, pyrolysis has received much more attention, since the process99
conditions could be optimized to produce high energy density pyrolysis oils and chemicals in addition to derived100
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char and gaseous products [4]. Research have been carried out on different stages of the process, from the101
pretreatment of the feed stock, the pyrolysis conversion process and technology, the utilization and the upgrading102
of the products and to the techno-economic assessment of the whole process. Different types of pyrolysis process103
have been studied and developed either in laboratoryscale or a pilot plant units and a small number of commercial-104
scale pyrolysis plants are installed. The results of this research have proved the feasibility of this technology and105
strongly suggested that pyrolysis is the most promising technology for solid waste treatment. Pyrolysis conversion106
of other organic solid wastes to liquid hydrocarbon have also been studied and reported extensively. Pyrolysis107
of municipal waste has been studied much earlier where initially the emphasis was on the waste disposal but108
gradually attention was shifted towards the liquid hydrocarbon recovery from the A possible reaction pathway109
of pyrolysis process is shown below: Pyrolysis may be either fixed bed pyrolysis or fluidized bed pyrolysis. In110
fixed bed pyrolysis, a fixed bed pyrolyser is used. The feed material in the reactor is fixed and heated at high111
temperature. As the feed is fixed in the reaction bed (reactor), it is called fixed bed pyrolysis. In this process,112
the feed material is fed into the reactor and heat is applied externally. Liquid petroleum or other inert gas is113
used for making inert condition and for helping the gaseous mixture to dispose of the reactor. The losses in fixed114
bed pyrolysis are relatively less than fluidized bed pyrolysis. Moreover, fluidized bed pyrolysis is more complex.115
This project work is based on fixed bed pyrolysis.116

IV.117

8 Design and Fabrication of the Pyrolysis System118

The design and fabrication of the fixed bed pyrolyser is the major part of this project work and maximum time119
has been spent to design, construct and assemble the experimental setup. The main parts of the system are fixed120
bed reactor and condenser. The pyrolysis system has been designed based on the following considerations:121

? Short vapor residence time in the reactor.122
? Rapid condensation of the vapor product to promote high yield of pyrolysis liquid product. ? Reliable heat123

supply for heating the system.124
? Rapid heat transfers into the reactor so that less heating material is required ? Adequate gas flow rate to125

dispose off the vapor mixture. ? Proper mass flow rate of vapor and water for proper condensation.126
? Size of the system is such that sufficient amount of pyrolysis liquid can be produced.127

9 a) Simplification of the design128

For simplifying the fixed bed pyrolysis system the following factors may be considered:129
? To eliminate leakage problem liquid gasket may be used.130
? Passing of the Nitrogen gas through a heated pipe situated in the biomass heater may save fuel for preheating.131
? Using ice instead of huge amount of water may be a better substitution for condensation.132

10 b) Description of work133

Due to corrosive nature of pyrolysis liquid, especially derived from biomass and high operating temperature of the134
process (400°C to 550°C ), stainless steel of grade ASTM A 240 and AISI 340 has been selected as the material135
for the major component of the system. Oxy-acetylene gas welding has been used for joining the parts of each136
component using brass as filler metal in the fabrication of the rig. Lathe machine has been used for cutting the137
stainless steel pipes and sheets . Drilling operation has been done by the drill machine for drilling various sizes138
of holes in the steel pipes and flanges. Gas welding has been used for various joints in the setup. Oxygen and139
acetylene gas has been used here for welding. Grinding machine has been used for smooth surface finishing of140
the flanges.141

11 c) Fixed Bed Reactor142

The selection of the size of the fixed bed reactor depends primarily on the fixed bed. The gas flow rate and the143
volume of the reactor determine the apparent vapor residence time in the reactor and this vapor residence time is144
an important parameter in fast pyrolysis process for maximizing liquid product. For fast pyrolysis the residence145
time should not exceed 5 sec. For the ease of fabrication, a cylindrical reactor has been considered for the system146
using stainless steel pipe. ii. Design of Condenser A rapid quenching of pyrolysis vapor products promotes high147
liquid yield. The pyrolysis condensate, especially biomass derived liquid contains tarry substance, which rapidly148
forms and deposits in the condenser and pipelines.We have constructed a condenser which is made by copper149
pipe. The copper pipe is winded like a spring and placed within a plastic bottle. It is joint with the reactor by150
a joint connector nut.151

Length of copper pipe = 14 ft Diameter of copper pipe=0.25 in V.152

12 Necessary Apparatus and Equipment a) Pyrometer153

A pyrometer is used for taking the temperature reading. Temperature is measured between 400°C-600°C. The154
maximum temperature range of the thermometer was 1000°C.155
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23 SEEDS

13 b) Biomass Heater156

The biomass heater system is used to heat the reactor externally. A body of cylindrical shape biomass heater is157
used to heat the reactor at desired temperature.158

14 c) Electric Blower159

The necessary oxygen required to burn the heating fuel in the biomass heater is supplied trough an electric160
blower. This flow meter measures the flow of gas in liter per minute. Maximum rating of this flow meter is 40161
liter per minute.162

15 VI.163

16 Argument of Material Selection164

With the anticipation of corrosive nature of pyrolysis liquid, especially liquid derived from organic solid and high165
operating temperature of the process, problems of corrosion has been envisaged. The material of various parts166
(reactor and their joining pipes) is stainless steel for its less corrosiveness and higher metallurgical limit. In167
condenser, copper pipe is used for its better work as a condensing device. As it is widely used is refrigerator for168
its good condensing quality. Plastic bottle is used to hold the copper pipe. Wolf bottle is used as liquid collector.169

17 VII.170

18 Assembly of the Rig171

The rig is assembled on a frame structure made of mild steel angle bar. The rig is mounted by making rack in172
frame, so that the position of the rig is fixed. They are joined with each other or with reactor and condenser173
by locking screw with flange. Liquid gasket is used to seal various joints. The biomass heater is set in a rack of174
frame, which supplied heat uniformly to the reactor externally. The assembly is shown in Figure ??.6. At the175
bottom of the reactor is connected a gas (inert) cylinder and there is a condenser also for cooling vapors. The176
schematic diagram and photograph of the setup is shown in Figure 1.4 and 1.5. The devdaru seed is collected177
and dried. It is then crushed into smaller sizes. These are <1.18mm, 1.18mm, 2.36mm, and 4.75mm in dia. It178
is dried with the help of oven. Thus the feed material is prepared.179

19 Biomass burner180

20 Reactor181

21 b) Process Flow Chart182

The flow path of the fixed bed pyrolysis of devdaru seed is given in Figure 1.6. The prepared feed material is183
taken into the reactor and heated. The gaseous vapor is passed through the condenser to separate the products184
into liquid and gas.185

22 Experimental Procedure186

At first, Feed material was weighed and filled into the reactor. The experimental set-up was assembled. High187
temperature adjustable gaskets were used to seal the joints and fittings of the hot parts of the connecting pipe,188
reactor and condenser. Ice was placed into the condenser. The reactor was heated externally by a biomass heater189
at different temperatures and these temperatures were measured by pyrometer. The N gas was passed through190
reactor through a heated pipe and this flow was controlled by the use of a gas flow meter valve. The operation191
time was recorded by means of a stopwatch. When the operation was completed a small flow of N gas was allowed192
to pass Seeds Air drying through the system to prevent back flow of air which might react with hot gases when193
the reactor was still hot. It is dismantle when the rig was cooled enough to be handled. The char was collected194
from the reactor bed and weighed. All data are recorded in tabular form. All the parts of the system were195
cleaned and the heating value of the liquid and char was measured by a bomb calorimeter before reassembling196
for the next run. a) Gas flow rate Nitrogen gas is metered from gas cylinder. A multi-stage nitrogen gas pressure197
regulator of model MUREX N-10 is used to regulate the pressure of the gas198

23 Seeds199

Air drying Cutting Oven drying Reactor Char Condenser Liquid collector Liquid Gas from the cylinder. During200
the study, the outlet gage reading is set at atmospheric pressure. The gas entered at the bottom of the reactor201
through the heated pipe. Nitrogen gas is used in the study for its inertness and ease of availability and cheapness202
in cost. A nitrogen gas flow-meter of model MUREX 0011 with a variable control valve of capacity 0-40 liter/min203
is used to control The reactor temperature of the rig is measured by a pyrometer. Its capacity for measuring204
temperature range is 0°C to 1000°C. The pyrometer is inserted into the reactor from the side to the almost205
bottom of the reactor where the pyrolysis conversion has taken place.206
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24 IX.207

25 Study of Physical Properties of208

Pyrolysis Oil a) Higher Heating Value209
The higher heating value is a measure of the quantity of the heat released in the total combustion and therefore210

the energy content of a fuel. It is the most important fuel properties of any liquid fuel. The higher heating value211
of the derived oil is determined by using Parr adiabatic bomb calorimeter according to the test method of DIN212
51 900. The test is conducted in the Heat Engine Laboratory of the Department of Mechanical Engineering of213
Rajshahi University of Engineering and Technology.214

By using a Bomb calorimeter The density of oil is a measure of aromatics in hydrocarbon oils, but not in215
biomass derived oils. It is a necessary parameter used to calculate the volumetric output of pumps and injectors216
needed to supply a given rate of delivered energy, because the heat of combustion is determined on a weight217
basis. Mass density means mass per volume.H.C.V. = (TW-E -E -E )/M218

26 c) Kinematic Viscosity219

Kinematic viscosity is a measure of the resistance to gravity flow of a fluid. Viscosity of oil is an important220
property, since it affects for example the flow of the liquid through pipelines. The lower the viscosity of the221
liquid, the easier it is to pump and to atomize and achieve finer droplets. This is the major criterion upon which222
the oils are graded. The kinematic viscosity of the This measure the liquid temperature necessary for the vapors223
above a pool of the fuel to ignite by passing flame through the vapor. This is a measure of volatility of the oil as224
oil as its ease of ignition. The higher value is the safer the oil is to handle because the risk of accidental vapor225
ignition is reduced. Pyrolysis oil has a reported flash point of between 30°C and over 100°C, reflecting a wide226
variation in the content of volatiles. However, above temperature of 70°C to 75°C, water vapor from the pyrolysis227
oils start to disturb the analysis and a reproducible value is difficult to obtain. The flash point of the liquid was228
determined using Cleveland open cup tester, according to ASTM D 92-IP36 test methods. e) Fire Point Fire229
point is the temperature at which the oil, if once lit with flame, will burn steadily at least for 5 seconds. The fire230
point of the liquid was determined using Cleveland open cup tester, according to ASTM D 92-IP36 test method.231

27 X.232

Results and Discussion a) Experimental run A total of 12 experimental run has been taken in this study. Four sizes233
of devdaru seeds are used here. The sizes are <1.18 mm, 1.18 mm and 2.36 mm and 4.75mm. The experimental234
results of the run at different conditions with their effects are presented here.235

Figure 1236

.7 represents the percentage weight of liquid and solid char products for different particle size of feed at a bed237
temperature of 500 o C and an operating time of 90 minutes. It is observed that at 500 o C the percentage of238
liquid collection is a maximum of 51% of total biomass feed for particle size of <1.18 mm. A less amount of239
liquid is obtained from the larger particle size feed. This may be due to the fact that the larger size particles are240
not sufficiently heated up so rapidly causing incomplete pyrolysis that reduced liquid product yield.241

ii. Effect of reaction temperature Figure 1.8 : The effect of operating temperature on product yield Figure242
1.8 shows the variation of percentage weight liquid, char and gaseous products at different bed temperature243
with particle size of < 1.18mm. From this it is found that the maximum liquid products yield is obtained at a244
temperature of 500 o C, and this is 47%wt of total biomass feed. At lower temperature the liquid product yield is245
decreasing while with the increase of temperature above 500 0 C, the liquid product yield is again deteriorating.246
With the increase of temperature the solid char yield is decreasing above 500 0 C and increasing below 500 0 C.247
It may be caused at lower temperature less than 500 0 C, complete reaction cannot be taken place.248

iii. Effect of Running Time Figure 1.9 : Effect of running time on product yield for reaction bed temperature249
450~500 C and for feed particle size 1.18 mm Figure 1.9 shows the variation of product yield (wt%) of liquid,250
solid char and gas products at a temperature of 500 C for feed particle of size of < 1.18mm. The maximum liquid251
product is 48 wt% of biomass feed while the solid char product is 30wt% of dry feed at 90 minutes. It is observed252
that lower and greater running time than of that of 90 minutes the liquid product yield is not optimum that253
may be due to insufficient pyrolysis reaction and higher rate of gas discharge respectively. Secondary cracking254
reaction taken place by which the amount of permanent gas product is increased. So at temperature higher than255
5000C liquid product is decreased.256

28 b) Physical Characteristics257

The physical characteristics of the pyrolysis oil are shown in Table 1.3. The energy content of the oil is 24.22258
MJ/kg. The oil is found to be heavier than water with a density of 1240 kg/m at 35 C. The flash point of the oil259
is 60 C and hence precautions are not required in handling and storage at normal atmosphere. The viscosity of260
the oil of 12.15 cSt at 35 C is a favorable feature in the handling and transportation of the liquid.261
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30 RECOMMENDATION

29 Conclusion262

The objectives of the study are fulfilled by using the biomass waste in the form of devdaru seeds with fixed bed263
pyrolysis system made of stainless steel pipes and sheets. The fixed bed pyrolysis of solid devdaru seed has a264
maximum oil yield of 51wt% of biomass feed particle size of <1.18mm at a reactor bed temperature of 500 C265
and a gas flow of 5 liter/ minute with the running time of 90 minute. With increasing reactor bed temperature,266
percentage weight of char production is decreasing and the gas production is increasing. The physical properties267
analysis showed that the oil is heavy in nature with moderate viscosity. The oil possessed favorable flash point.268
The heating value of the oil is moderate.269

30 Recommendation270

The liquid yield of devdaru seed from the fixed bed reactor is quite satisfactory. However, the performance of the271
system could be improved further, to produce more reliable and better results. The following recommendations272
are suggested for such improvement. a) The process bed temperature would be easier to control at uniform value273
if the system could be well insulated and supplied uniform rate of air by the blower. b) If only copper pipe is274
used for condenser, more liquid yield will be condensed.275

c) The char products from pyrolysis of devdaru seed is reasonably high. The high char yield has a potential276
values a solid fuel or as activated carbon or further characterization of the char are suggested. The energy content277
of the char could be utilized. The gaseous product may be taken into consideration. d) The consumption of278
expensive inert gas (nitrogen) was high. The gas product could be recycled as fluidizing gas. However, the effect279
of the use of recycling gas on the pyrolysis product yield and characteristics should be studied first.280

e) The external heating system (heater) should be insulated to reduce heat loss.281
f) The properties of different products of this research work can be found for comparison with other conventional282

fuels for alternative use.283
g) Finally after implementing product-upgrading process, the fuel may be tested in an internal combustion284

engine. 1

21

Figure 1: Figure 2 . 1 :
285
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Figure 2: Type 1 :
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Figure 3: Figure 1 .
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30 RECOMMENDATION

Figure 4:

1415

Figure 5: AirFigure 1 . 4 :Figure 1 . 5 :

11

d) Solid Particle Pyrolysis
1 : Thermal conversion technologies, products
and applications [4]

Figure 6: . 1 Table 1 .
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