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ABSTRACT 

Today’s pyrolysis of biomass to produce bio-oil is a promising technology to 

solving the world’s energy problems. Biomass energy reduces green gas 

emissions released into the atmosphere. The product of pyrolysis is a substitute 

to fossil energy but its volume production is very limited to satisfy the world’s 

energy needs. Therefore, in order to maximize high liquid yield, certain conditions 

need to be met. This study aims at optimizing the conditions necessary for high 

liquid yield. In this work, fast pyrolysis experiment was carried out to produce bio-

oil by pyrolyzing fine particles size of straw using small laboratory test facility with 

varying flow rates of nitrogen and steam as sweeping gas. The experiments were 

carried out by preheating the honeycomb and thus the whole reactor by the flow 

of gas passing through to the temperature range of 4710C- 9020C. The mass loss 

were measured and recorded. The volatiles vapour was led to cooling system 

where the condensable gaseous phase are collected as bio-oil while the non-

condensable gases were detected and measured using GC-MS. The effect of 

pyrolysis temperature, particle size distributions and flow velocity on the pyrolysis 

product was analyzed.  The results show that the volatiles yield increases with 

temperature and reaction time and also the H2 concentration in gaseous products 

increases with temperature.  The result from effect of temperature on the product 

yield show that using N2 as carrier gas maximizes volatile yield at pyrolysis 

temperature of 7330C while the highest volatile was achieved at 6590C when 

steam was employed as carrier gas. The particle size 125μm produces the 

highest volatile yield under steam pyrolysis when compared to N2. In overall using 

steam as carrier gas produces higher volatile yield. The result from pyrolytic gas 

analysis show that the concentrations of gas composition increases with 

temperature except CO and CO2.  
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ABBREVIATIONS AND SYMBOLS 

 

PAH                              Polycyclic Aromatic Hydrocarbon 

HHV                              High Heating Value 

LHV                              Low Heating Value 

VM                                Volatile Matter 

FC                                Fixed Carbon 

DAF                              Dry Ash Free 

CFB                              Circulating fluidized bed 

BFB                              Bubbling fluidized Bed 

HCL                              Hemicelluloses 

LIG                               Lignin 

CL                                Celluloses 

AIL                               Acid Insoluble Lignin 

RT                                                 Residence Time 

 Mo                               Original mass of the Biomass 

Q                                  Volume flow rate 

µ                                   Heat transfer coefficient 

β        Reactor Efficiency 

dp          Biomass Particles diameter 

dT        Change in temperature 

MLIQ          Mass of liquid  

MFG                                              Mass of flue gas 

Eloss                                             Energy loss to surrounding 

Echar                                            Enthalpy of char 

E bio-oil                                        Energy content of the bio-oil 

MSTEAM                                      Mass of steam as carrier gas 

MFS                                              Mass flow rate of biomass feed stock 

Mnon-cond gas                             Mass of pyrolytic gas produced 

Mcond gas                                    Mass of Bio-oil produce 

MCHAR                                        Mass of char after pyrolysis 

Mdry feedstock                             Mass of biomass feed materials 

Mchar                                           Mass of char (residue) after pyrolysis 
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∆H0f                                Standard heat of formation (enthalpy) 

Ecarriar gas                                    Calorific energy value of the carrier gas 

Einput                                              Input energy from biomass and steam as carrier gas 

∑Vj∆H0 f product             Energy content of  pyrolysis product species 
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1. INTRODUCTION 

1.1 BIOMASS 

Biomass refers to all biologically produced matter or plant-derived materials such 

as straw, garbage, manure woods or municipal wastes, which have great 

potential in providing energy. It is described as biologically produced matter and 

all the earth living matter that contains carbon, hydrogen, oxygen and nitrogen 

Sulphur may also be present but in less proportions. Many biomass types contain 

significant content of inorganic materials and the concentration of ashes from 

inorganic varies from soft wood to herbaceous biomass and agricultural residues. 

The combustion of biomass to take advantage of its heating value has been 

known for long but its combustion is not favourable due to high content of 

moisture. However, the application of other thermo-chemical processes 

maximizes the potential heating value of biomass [1]. Biomass can be utilized in 

the combined heat and power plant for power generation. The energy from 

biomass recently grew to solving increasing environmental and energy supply 

problems associated with fossil fuel. Today, the use of biomass uniquely provides 

renewable fixed carbon which is essential fuel element. It is inexhaustible source 

of energy and chemicals [2].The fuels from biomass have been proven to be 

efficient and clean-burning, it is widely dispersed and available all over the world. 

The major advantages of using biomass as source of renewable energy are 

summarized as 

 Reduction in air pollution, reduction in agricultural and municipal waste,  

 Reduction in use of landfills and wildfire risk.  

 The use of biomass energy as CO2 emission-reduction strategies and 

energy-efficient technologies in metallurgical industries is still under 

research. 

 The three major chemical components in biomass are cellulose, hemicelluloses 

and lignin and can be converted in many forms of useable energy. The three 

major conversion technologies usually used are 

 Direct combustion which involves heating biomass materials in the 

presence of unlimited or controlled oxygen to produce steam and heat. 

Combustion product can be used to generate heat and electricity.  
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 The second method is Pyrolysis which involves decomposition of biomass 

materials in absence of oxygen to produce solid (char), liquid (bio-oil) and 

combustible gases.  

 The third one is  gasification where biomass materials are heated to 

temperature above 10000C resulting in production of combustible gases 

consisting mainly of carbon monoxide (CO), hydrogen (H2) and traces of 

methane (CH4) and this mixture is known as producer gas.  

 

1.2 Economic advantages and disadvantages of bio-oil over fossil 

Bio-oil as a green fuel has many considerable advantages over fossil fuel among 

them is its no green-gas emission since it can be produced from organic matter. 

Bio-oil has participated and competed among other renewable energy generation 

source creating awareness on carbon emission reduction, it can be easily 

transported and stored however prolonged storage causes polymerization 

problem. It serves as a source of heat for boilers and co-firing since it is 

combustible when ignited. Bio-oil has lowest or no NOx and SOx emissions in 

diesel engines and turbines application. Bio-oil has potential to attract investment 

by providing market for local forest product and location of processing plant in 

timber based area boost rural economic development. It can be stored and 

transported as like petroleum products [3]. However it has some disadvantages 

which limit its usage as direct fuel. Such limitations are corrosion problem due to 

presence of organic acid and inorganic, high oxygen and water content makes it 

inferior to fossil fuel, deterioration over time resulting in change in viscosity and 

volatility among others.  

1.3 Pyrolysis 

Pyrolysis is essentially a thermal decomposition process of materials in absence 

of oxygen 

Basically, it is always regarded as the first stage of combustion and gasification 

[4]. The three type of pyrolysis reaction which is differentiated by reaction and 

biomass residence time are; 

 Slow pyrolysis is a process where biomass is slowly devolatilized to tar 

and char. This  type of pyrolysis reaction is characterized by slow heating 
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rates, low reaction temperature and longer residence time greater than 5 

seconds 

 Flash pyrolysis produces less tar and char. The reaction normally occurs 

at moderate temperature ranges from 400-6000C. It is characterized by 

rapid heating rates and residence time less than 2 seconds  [5] 

1.4 Pyrolysis products and parameters affecting their distribution 

The Bio-oil is organic energy carrier liquid generally produced by fast pyrolysis. 

Bio-oil is made up of complex oxygenated compound of H2O and other 

compounds soluble in water such as acids, esters, alcohols, ketones, aldehydes 

and phoneless compound derived from decomposition of lignin, cellulose, 

hemicelluloses and other extractive. Ingemarsson A et al [6] reported that bio-oil 

produced from pyrolysis of pine and spruce materials at 5500C contained higher 

quantity of oxygenated organic compounds. Bio-oil is a source to other fuels such 

as hydrogen, syngas and chemicals such as resins, fertilizer, sugar, adhesives 

etc. The moisture content is about 20-30wt% of original moisture of the feedstock 

used in the pyrolysis. The high oxygen content in bio-oil lowers the heating value. 

Bio-oil contains oxygenated compounds and not miscible with conventional 

petroleum oil because it is not oil [7]. The bio-oil is characterized by low heating 

value of about 20 MJ/kg compared to 42-44MJ/kg of fossil fuel , high density of 

about 1.3g/ml; high acidity of about pH 2-4 and high viscosity. The quality of bio-

oil is dependent of pyrolysis condition and feedstock used [5, 8]. The elemental 

composition of bio-oil is assumed to be in range of 50-58%C, <0.2%N, 35-42%O, 

and 5.5-7%H [9]. The sulphur content is almost absent and ash content is below 

1%. The pyrolysis products distribution and yield depend on experimental 

parameters such as high heating rate, biomass feedstock type and particle size 

distribution, reactor configuration, vapour residence time, sweeping gas flow rate 

and controlled temperature, pressure, chemical and structural composition of the 

biomass. Increasing pyrolysis temperature decreases the char yield and 

increases gaseous product. The ratio of H/C and O/C of the char decreases as 

the temperature increases. Increasing the biomass size particles decreases the 

volatiles yield and increases the char yield.  At higher temperature pyrolysis of 

smaller particles size increases the heating rate and decreases the char yield. It 

is worthwhile to mention that smaller feedstock particles fulfilled the requirement 
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for high heating rate. Materials that contain high lignin content normally result in 

higher char yield. Pyrolysis reactor designed to have high heating rate, enhanced 

temperature control and accommodating small particle feedstock forces the 

releasing of volatiles faster provided the residence time is short enough to avoid 

secondary reaction. Initial moisture level in the biomass influences the degree of 

thermal degradation during pyrolysis. Metallic ions and salts present in biomass 

can alter the product of fast pyrolysis. For example alkaline cations can caused 

fragmentation of monomers in affect induces high yield of char and low yield of 

tar. The presence of transition metal influences the yield of chemical 

levoglucosan in the bio-oil. Application of Catalyst during fast pyrolysis can alter 

chemical composition of pyrolysis oil. It can also alter the yield of gas, char and 

liquid. High concentration of phenol and aromatic hydrocarbons can be obtained 

by co-feeding tetralin with bio-oil at increasing temperature and gaseous product 

altered to C2-C8 chain paraffins [10]. 

1.5 Fast pyrolysis 

The fast pyrolysis is the widely used method of production of bio-oil. To optimize 

the liquid yield, the biomass is heated to temperature range of 4500-6500C as fast 

as possible resulting in de-volatilization and rapidly quenched  in cooling system 

.The gaseous product of fast pyrolysis is quickly quenched to reduce or avoid 

secondary reaction like cracking and carbon deposition. The volatilized gases 

usually consist of condensable and non-condensable molecules. The 

condensable gaseous vapour upon cooling condensed to heavy molecules called 

bio-oil while non-condensable gases consisting of CO, CO2, CH4, H2 and other 

light hydrocarbons can be recycled back for heating up the reactor or combusted 

to form synthesis gas. The oil produced from fast pyrolysis is about 80% wt on 

dry feed and solid char product is about 25-30%. The main advantage of fast 

pyrolysis is it produces higher liquid which can be converted to fuel and 

chemicals. Fast pyrolysis is generally characterized by high heating rate, high 

heat transfer rate and short vapour residence time usually less than 2 seconds 

[11]. 

1.6 The mechanism of fast pyrolysis and products formation 

The pyrolysis reaction equation is depicted as: 



13 
 

Biomass                    Char + Volatile matter           (1) 

CH1.3O0.5 + wH20                             organic vapour + aCO + bH2 +cCO2 + dCH4 + Char 

(2) 

The equations below represent the mechanisms of product formation [12].  
            
            Primary reaction 

 Biomass                     1 + 1 

                                         Secondary interaction      

1 + 1                  2 + 2 

CH1.46O0.67 → 0.71CH1.98 O0.7 6 + 0.21C0.1 O0.15 +0.08CH0.44O1.23 

 
Biomass    → Bio-Oil (75%)        Char (13%)         Gas (12%) 
 
The primary products interaction causes modification of end product distribution. 

 

         Figure 1: Scheme of single particle pyrolysis   Source: [13]              

 

1.6.1 Formation of char and volatiles 

The devolatization of biomass leads to solid residue (char). At pyrolysis temperature, 

this product does not react further.  The intermediate chars may also formed, and are 

characterized by the functional group such as aromatic and olefin structures, a large 

surface area, and a high degree of reactivity. Increasing the temperature reduces 

char yield and also increases the aromatization of char as measured by the aromatic 

carbon content of the acids. Aromatization which involves nucleation and 

development of isolated aromatic structures may occur at temperatures between 400 

and 5000C. Above 5000C, the aromatic clusters that have oxidized to acid become 

constant, however the process continues through condensation and the growth of 

individual cluster resulting in lower H/C ratios. The reaction may also involve 

reduction of molecular weight, appearance of free radicals, elimination of water, 

evolution of CO and CO2, and the production of charred residue. Alternatively 
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primary reaction may occur which is depolymerization. This takes place when the 

molecules are sufficiently activated and further increasing the temperature results 

in tar formation that are more pronounced [5] 

 

1.7 OBJECTIVES 

The aim of this work is to verify some of the operating conditions that influence 

high liquid during fast pyrolysis. Such conditions are pyrolysis temperature and 

reaction time on particles mass loss, temperature-effects on bio-oil yield, particle-

size distribution and composition on the bio-oil yield, vapour phase residence 

time, heating rate effects, and effects of flow velocity. Since the pyrolysis 

products are dependent on reactor type, the scope also covers a proposal and 

designing of new and improved ablative type reactor of capacity 2kg/h for fast 

pyrolysis. 

PYROLYSIS 

WITHOUT O2

At 400-600
0
C

condensation

Char Bio-oil

Agricultral 

straw

Vapour gas

 Gases

              
 

Figure 2a: Products of Pyrolysis of agricultural straw, Figure 2b: Bio-oil produced by fast pyrolysis 
at KTH Lab 

                          

2: LITERATURE REVIEW ON BIO-OIL PRODUCTION AND UPGRADING 

Many research works have been carried out to examine the possibility of using 

Biomass as an alternative fuel and energy source. Trevor M [14] conducted a fast 

pyrolysis experiment of biomass at temperature of 500°C at short residence time 

to produce bio-oil and he found out that the yield were about 75% of liquid, 13% 

of char and 12% of non-condensable gas. From his analysis, the bio-oil contains 

about 40 wt% of oxygen, corrosive and acidic. However when compared to fossil 
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fuel it has a heating value of approximately 17MJkg-1 or 60% equivalent value for 

diesel on volume basis. He also reported that the char produced can be further 

gasified or use in kilns, boilers, and briquette or other activated carbon char 

application. He recycled back the non-condensable gas produced to reactor 

thereby reducing heating energy during the experiment. He carried out other 

investigations during the experiment such as the effects of heating rates, fast 

quenching of the volatilized vapour on the ratio of the end product and  he found 

out that the production of bio-oil were mainly favoured by rapid heating-up time 

and fast quenching. Dinesh Mohan et al [15] conducted a pyrolysis experiment 

for bio-oil production and found out that Bio-oil can be formed by rapid and 

simultaneous de-polymerization and fragmentation of cellulose, hemicelluloses 

and lignin under high temperature, followed by fast quenching of the intermediate 

product of degradation. They explained the important of rapid quenching in order 

to entrap products that would have reacted if the residence time is prolonged. 

The authors said that the heat for fast pyrolysis includes sensible radiation and 

reaction heat from decomposition and are transferred via conduction and 

convection.  Hyeon Suheo et al [16] in their studies have verified how the particle 

size of feed stock affects the pyrolysis end product distribution. Their experiments 

showed that increasing particle size to 1.3mm, the amount of bio-oil produced 

decreases and chars yield increases and this was as a result of decrease in 

heating rate due to larger surface area of the particles. Apparently, larger 

particles heats up more slowly than fine particle and produces less volatile gas 

and more char while for smaller particle sizes, the gas yield increases due to over 

heating resulting in conversion of emitted vapour into gas. They also verified the 

effect of reducing flow rate on bio-oil yield, by lowering the flow rate, the bio-oil 

yield reduces as well but without any effect on the amount of char produced. At 

lower flow rate the vapour residence time becomes longer enabling higher gas 

yield. In their experiment, pyrolysis performed at temperature of 450-5500C, 

showed a decrease in the amount of char produced and higher pyrolysis vapour. 

Their investigation showed that the volume of the vapour released increases at 

4500C and decreases towards high temperature (5500C) due to secondary 

reactions of the heavy molecular weight compounds in pyrolysis vapour. At 

pyrolysis temperature of 4000C, the gas released contains more CO2 followed by 

secondary reaction at temperature of 4500C that leads to rapid increase in gas 
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yield containing CO. At 5000C the yield becomes C1-C4 chain hydrocarbon. The 

result of their experiment predicted some factors that can reduce bio-oil yield. 

The literature review carried out by [15] on composition of bio-oil showed that the 

quality of bio-oil and its composition is dependent of wood component, that 

cellulose decomposes at temperature between 240-3500C to hydrocellulose and 

levoglucosan and free radicals created in the process transforms C-1 cation to C-6 

when oxygen bridges are formed while hemicellulose decomposes to more 

volatiles, less tars and less char at lower temperature. They also reported that 

acidic nature of bio-oil may have originated from hemicellulose. And Lignin 

decomposes at temperature between 280-5000C, pyrolysis yielding phenols via 

cleavage of ether and C-C bond and produces more residual char than cellulose. 

They also reported that the composition of bio-oil from pyrolysis may be around 

20% aqueous component consisting of methanol, acetic acid, acetone and water 

and 15% tar residue consisting of phenol compound, while the gaseous product 

is mainly of methane, ethane, and carbon monoxide. The inorganic minerals of 

the wood are converted to ash while the organic extractives such as fats, waxes, 

alkaloids, proteins, phenols, resins, terpenes etc are extracted using polar or non-

polar solvent.  The bio-oil produced from Funda A et al [17] experiment was 

described as heterogeneous chemical that contained phenols, carbonyl groups, 

carboxylic acids, aromatic compounds, monoaromatic compounds, PAH’s esters 

n-alkanes and alkenes. The Bio-oil from Philip Steele [5] experiment was 

described as water emulsifying suspensions of thermally fractured chemical 

structure containing over 1000 chemical compounds that are immiscible with 

petroleum. He also reported some successful research studies about application 

of bio-oil, for example in boiler fuels, combustion test carried out in Finland using 

bio-oil and co-firing test in Wisconsin with boil-oil as 5% of fuel value, using bio-oil 

as diesel fuel has been demonstrated to power slow-speed diesel engines and 

higher speed engines however they perform better with alcohol addition. His 

report described how dynamo-motive bio-oil has successfully powered a fuel 

turbine in dual-fuel modes at Ukraine turbine.  Bio-oil was described as dark 

brownish liquid with pungent smoky odour that can cause irritation to the eyes 

according to the paper presented at fourth biomass conference that the density of 

bio-oil varies from 1.0-1.2kg/liter with energy content equivalent to No.2 fuel oil 
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[3].  The high oxygen content in components of biomass is considered as the 

reason why biomass pyrolysis produces high water content [18, 19]. 

 The assessment of bio-oil as a fossil fuel substitute was performed by James L 

[20] and reported that the quality of bio-oil depends on its water content and that 

some important properties such as viscosity, water-content (25%wt.water) comes 

from conversion process.  The water content of bio-oil may vary from 40-60wt% 

when pyrolysis temperature increases. In his work, he also reported that initial 

water content in the wood feed stock influences bio-oil physical and chemical 

properties such as the acidity, density, chemical composition, ash content, 

solvability, surface tension, aging and combustion temperature. The elemental 

analysis of bio-oil derived from wood was conducted and  he found out  that it 

contain 56.6%carbon, 6.2%Hydrogen, 37.3%Oxygen, 0.1%Nitrogen, 0.1%Ash, 

0.5%Solids (char) and negligible sulphur. By drying the wood further to about 

10% less moisture can improve its quality by lowering final water content in the 

bio-oil. His paper explained how the miscibility of water in bio-oil influences the 

properties of bio-oil and that at higher content it tends to separate and ages with 

increasing viscosity. Better ignition and better performance are achieved at lower 

water content. The work of Zhang et al [21] mentioned the major problems 

associated with bio-oil such as stability problem due to complex nature of its 

chemical composition.  The experiment carried out at DynaMotive [22] to verify 

the stability of bio-oil have shown that it can retain its stability over a year as long 

as char content (ash) and water content were very low, however  polymerization 

may occur and cause combustion problem that may lead to equipment clogging 

or frequent filter changes in turbine engines application. The review of [21] on 

properties of bio-oil show that bio-oil with high solid content 1% by mass and 

water 20-30% have lower viscosity and this enhances the fluidity which is a good 

characteristic that promotes atomization and combustion of bio-oil in the engine. 

Their review paper reported that oxygen content of bio-oil depends on pyrolysis 

temperature, residence time and heating rate and that the higher the oxygen 

content, the lower the energy density. Thus at temperature above 5000C the bio-

oil becomes less oxygenated. They reported that the heating values of bio-oil 

obtained from fast pyrolysis depends on biomass feedstock, production process, 

reaction conditions and collection efficiency and that bio-oil from plants residues 

has higher heating value than one from woods and agricultural residues. Bio-oil 
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upgrading methods were also reviewed. They reported that the presence of 

aldehydes and ketones makes bio-oil to be hydrophilic and highly hydrated 

making the water elimination difficult. However by using hydro-deoxygenation 

process, in the presence of hydrogen, Co-Mo, Ni-Mo catalyst or their oxides 

under pressurized condition the oxygen is removed as H2O and CO2 thereby 

increasing the energy density. They reported that formation of coke may 

deactivate the catalyst by blocking the activated sites resulting in production of 

more water and complication of the bio-oil with much impurity. One of their 

experimental investigations reported how to up-grade bio-oil by hydro-treatment. 

They separated the bio-oil into water phase and oil phase, followed by hydro-

treatment using sulphide Co-Mo-P/Al2O3 catalyst in the presence of tetralin as 

hydrogen donor under optimal temperature condition of 3600C and 2MPa 

hydrogen pressure. At the end of treatment process the oxygen content of the 

bio-oil was reduced from 41.8% to 3% and becomes soluble in hydroxyl. They 

however mentioned some problems with hydro-treating of bio-oil such as 

advance and superior techniques, very expensive and complicated equipments 

usually halted by catalyst, deactivation and reactor clogging. They also reported  

that bio-oil can be upgraded by catalytic cracking of pyrolysis vapour where too 

high  oxygen content in bio-oil are catalytically decomposed to hydrocarbon and  

oxygen converted to H2O, CO2 or CO  with aid of ZnO catalyst without reducing 

the liquid yields of pyrolysis. The result reported in their review indicated the 

effect and properties of catalyst on bio-oil during cracking, that viscosity of bio-oil 

cracked with ZnO catalyst at temperature of 800C for 24 hr was lower than 

untreated bio-oil. And that catalysis increases the yields of acetic, furfural and 

furans and reduces or completely eliminates levoglucosan while catalyst pore 

enlargement and incorporation reduces the yield of acetic acid and water 
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Figure 3a: Bio-liquid upgrading by Hydrogenation, Figure 3b: Conceptual view of Bio-oil 
production and upgrading  

Sources: a) 15
th
 European Biomass conference may 2007; b) Bio-Energy Research Group, 

Birmingham, UK 

 The bio-oil upgrading experiment of Tony Bridgewater [23] reported that coking 

can lower the catalyst life but can be resolved by using dual bed FCC-type unit 

with some catalyst characteristic requirements to produced gasoline-like product 

with high content of noxious compound such as PAH. He also reported that 

upgrading using thermal cracking separates bio-oil into light organics and heavy 

organics, and subsequent polymerization into char. These effects produces coke, 

tar, gas, water and desired organic distillate fraction. He recommended this 

process as the cheapest method of upgrading bio-oil to lighter oil fraction but with 

lower quality due to high coking. Roman Galdamez.J et al [24] reported in their 

experiment to verify the influence of the composition of catalyst on product of 

steam reforming process that high yield of hydrogen was temperature dependent 

for non-catalytic reforming while the yield of H2 and CO2 was co-precipitated Ni-Al 

catalyst dependent for catalytic steam reforming.  
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                               Figure 4: Bio-oil production and upgrading 
 

The experiment carried out by Zhang et al [21] reported that Pt/ZrO2 catalyst aid 

conversion of acetic acid into hydrogen during the reformation and that Pt 

activates the steam reforming to proceed while ZrO2 activate the steam and 

oligomer precursor formation.  Xu Junming et al [25] carried out experiment to 

investigate a method of improving storage and fuel characteristics of upgraded 

bio-oil to avoid deactivation of catalyst by high char yield, coke and tar deposit. 

They found out that using solid acid catalyst of 2

4SO /ZrO2 as a reactive rectifier 

converts all the volatiles organics in bio-oil water to ester and followed by 

separation and conversion to heavy oil thereby improving the properties of bio-oil 

such as decrease in density, increase in acidity and calorific value, lower water 

content and improved storage ability after a period of 3 months. The upgrading 

experiment carried out by Adyaje J.D et al [26] reported that catalysts selection 

should be based on their pore size, acidity and molecular sieving property, that 

catalyst with lower pore size enhances conversion of non-volatiles fraction. They 

found out that the quality of upgraded bio-oil depends on catalyst performance 

which is temperature dependent. They also found out that better catalyst 

performance was achieved when the non-volatiles fraction of bio-oil is low with 

least coke formation and that acidic catalyst promote yield by initiating reactions 

such as cracking, oligomerization, cyclization, hydrogen and hydride transfer 

which are necessary for hydrocarbon formation. They concluded that using 

HZSM-5 catalyst could upgrade bio-oil to hydrocarbon with gasoline boiling point 

range while using H-Y and H-mordenite catalyst can upgrade bio-oil to boiling 

point range of kerosene.  Courtney A.Fisk et al [27] performed experiment to 

investigate the upgrading of bio-oil using Pt/Al2O3 catalyst under inert condition. 

They found out that by reforming, gas, oil, aqueous layer and solid were 

produced. Their experiment reported that the oxygen content was lowered by 

deoxygenating thereby upgrading  the bio-oil to a composition consist mainly of 

aromatic, alky substituted benzenes, cyclohexanes and CI-C6 chain hydrocarbon. 

These are formed by C-O bonding as H2 was been generated in situ via 

reforming of light oxygenates and subsequent consumption in hydroxygenation 

and hydrogenation of unsaturated C-C bonds. The authors concluded that 

deoxygenation was due to thermal cracking and dehydration reaction where 
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lighter components decomposes and heavier compounds forms with boiling 

points of kerosene, distillate and heavy gas oil ranges. Zhang et al performed an 

experiment to show how the properties of bio-oil can be improved by 

emulsification. They found out that emulsification with alcohol can stabilize bio-oil 

with high viscosity. The experiment carried out by [7, 28-29] showed that bio-oil 

can be used as transport fuels if  emulsify with diesel fuel via surfactant  however 

this application was limited due to high cost  surfactant for phase separation and 

engine corrosion problem as a result of interaction with the emulsions. 

Investigations carried out in [30] have shown that bio-oil can be upgraded in a 

petroleum refinery setting using continuous flow reactor incorporating hydro-

treating and  hydro-cracking system with improved result. Yrjö Solantausta et al 

[31] carried out experiment to investigate how to improve on the combustion 

property of bio-oil. They found out that the property can be enhanced by so called 

piloting system in which the fuel with good ignition properties is ignited first to get 

the combustion started, followed by poor ignition fuel which then starts to burn 

readily. They also found out that injection pumps fuel by volume units and the 

amount of fuel per volume determine the maximum amount of energy per stroke 

of injection pump and that viscosity and density of oil is a factor which determines 

the fuel injection timing and spray formation. The result of their test showed that 

bio-oil can be used in diesel engines if pilot injection system is coupled into a 

diesel engine and with small addition of cetane improver it can be used to run 

small high-speed engines. Zhang Qi et al [21]  from their experiment have shown 

that many  substances can be extracted from bio-oil, for example phenols which 

find application in resin industry, volatile organic acids for de-icers, levoglucosan, 

hydroxyacetaldehyde and other additives which can be applied in pharmaceutical 

industry, fiber-synthesizing, fertilizer industry and food flavouring agent. Ayse E et 

al [32] found out that pyrolysis of olive wastes using N2 as carrier gas under 

different conditions produces products similar to petroleum only if the pyrolysis 

conditions were chosen accurately. Nakorn W et al [33] carried out pyrolysis 

experiment using helium as carrier gas to investigate the behaviour of rice straw, 

rice husk and corncob by TG-MS. They found out that interaction between lignin 

and cellulose formed a cross-linking reaction that form water and ester group 

during the reaction and tar formation was suppressed by this cross-links. Ayse E 

et al and Minkova V et al [34-35] carried out pyrolysis experiment using steam 
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and nitrogen as carrier gas respectively. They found out that bio-oil yield using 

steam was higher than that produced using nitrogen. They concluded that this 

was as a result of increasing steam velocity.  This was consistent with the theory 

that at high flow velocity secondary reactions are prevented. The presence of 

steam increases the yield of liquid product than gaseous and char product and 

also contributed greatly to formation of char with large surface area. The heating 

value of bio-oil is usually measured by high heating value Oasmaa et al [36] 

proposed equation LHV [Kg/kg] = HHV-218.3*H% (wt %) for measuring the LHV 

of bio-oil. 

3.  PYROLYSIS REACTOR DESIGN 

3.1 Review of Pyrolysis Reactor types 

A challenging research work have already started on how to design a reactor 

system that can provide the necessary parameters such as high heating rates, 

moderate temperatures and short vapour residence time for  high liquid yield. The 

technology involves liquid yield optimization and cost reduction strategy. The 

basic concepts usually considered in the first stage of designing a reactor for fast 

pyrolysis are reactor yield, selectivity, safety, environment, product quality and 

quantity, purity, plant economic viability, products and operational conditions. 

Reactor configuration is one of the factors that influence properties and bio-oil 

yield. In designing a reactor for fast pyrolysis, heat transfer requirement must be 

fulfilled. And to achieve this requires high heating rates to provide all the reaction 

heat and sensible radiation for the process to proceed to completion. In fast 

pyrolysis heat is transferred by conduction and convection but usually depends 

on rector design, each mode can be optimized or both contributing 

simultaneously during pyrolysis. For higher liquid yield the total heat requirement 

may involve additional radiation heat. Animesh Dutta [37] described and 

classified reactors for fast pyrolysis based on the way the heat was supplied to 

the biomass. Such reactor classifications are: 

 Firstly Partial feedstock oxidation where the materials burn inside and 

provides all the heat needed for continued devolatilization. 

 Secondly a type where heat is transferred from hot gases produced by 

pyrolysis products or any other product outside the reactor. 
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 Thirdly one with direct heat transfer from inert hot material where hot 

gases or sand is introduced into the reactor.  

 The fourth one is the reactor configuration type where heat is transferred 

indirectly through the reactor wall from external source such as heat from 

combustion of one or more pyrolysis products or any other fuel. 

 Animesh Dutta also classified pyrolysis reactors based on the movement of 

the solids particles through the reactor; 

 Firstly a reactor where there is no solid movement of particles during 

pyrolysis as in batch reactors. 

 Secondly a reactor type where the solid particles moves via a moving 

bed, for example in shaft furnaces. 

 Thirdly reactors such as rotary kiln or rotating screw which cause 

particles movement by mechanical forces.  

 And the fourth type is reactors in which the particles movement is 

caused by fluid flow, for example in the fluidized bed, spouted bed and 

entrained bed. 

 

Samy Sadaka et al [38] discussed and published a review paper on different 

types of reactors for fast pyrolysis. His review were summarized in the following 

sections below 

 

 3.1.1 Bubbling fluidized bed pyrolyzers 

Bubbling fluidized bed reactors are usually referred to as fluidized bed and were 

designed for easy fast pyrolysis operation. They are very simple to construct, 

sometimes sand may be used as solid phase of the bed. Basically, it has good 

gas-to-solids contact, good heat transfer to biomass particles, good temperature 

control and large heat storage capacity, good and consistent performance with 

high liquid yield of around 70-75%wt and easy scaling. It produces high quality 

bio-oil; the char produced are rapidly eluted. The fluidizing gas flow rate regulate 

the residence time of solid and gas  however char has higher residence time The 

char can be used as cracking catalyst to enhance the reaction but requires 

careful char separation using cyclone separator. In designing bubbling fluidized 
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bed reactors attention should be given on sand/biomass/char interaction and 

hydrodynamics for effective operation. This is shown in figure 6 below. 

 

Figure 5: Bubbling fluidized bed reactor. Source: Elsevier Amsterdam, 2003 

 

3.1.2 Fluid Bed reactors 

This has been in commercial operation at DynaMotive with capacity of 400kg/h 

and RTI with 20kg/h. From practical point of view, all the fluidized bed reactors 

have good temperature control and easy to scale. It usually removes entrainment 

and char by ejection. Small particle size is usually needed for optimum operation. 

Although the principle is well understood, it provides high biomass throughputs 

and bio-oil yield, their operation relies mostly on volumetric flow of an inert gas 

such as nitrogen that must be heated and compressed. The heat transfer to the 

bed is yet to be proven good however it is mostly by conduction and the heating 

mechanism is assumed to be heating recycled gas and hot inert gas. This 

enhances high heat transfer and high supply to fluidizing gas or bed directly with 

limited char abrasion. The heat transfer in fluidized bed rector utilizes inherently 

good solid mixing to transfer heat to the biomass by solid-solid heat transfer with 

little contribution from gas-solid heat transfer [8].  Generally, the heat transfer 

rates is high and can be easily scaled up but one of the major disadvantages is 

products dilution requiring separation.                                                              
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 Figure 6a: Fluidized bed heating option- NREL,     Figure 6b circulating fluidized bed- NREL    

 
3.1.3 Circulating Fluidized Beds 

The circulating fluidized bed employed gas-solid convective heat transfer from 

fluidizing gas and solid-solid heat transfer mode from hot fluidizing solid, clear 

and understandable technology.. The residence time for vapour and gas is the 

same as for char. Attrition of char product can occur during mixing of the 

feedstock with solid-bed in both fluid bed and circulating fluid-bed and can cause 

reduction in char particle size by shrinkage. Red Arrow (Ensyn) has installed CFB 

reactor with capacity of 1000kg/h, VTT (Ensyn) has 20kg/h and 350kg/h at 

(Fortum, Finland). CFB reactor have good temperature control and can pyrolyze 

larger particles hence suitable for large throughput however the system employ 

large gas flow. The char product is finer due to attrition at higher velocity since it 

incorporate cyclone for separation. The heating mechanism is in-bed gasification 

of char to heat sand. The heat transfer mode is mainly by conduction 

approximately 80% and about 19% convection. Although the reactor have high 

heating rate, it causes high char abrasion and erosion leading to high char 

content in the product.  The system has a limiting factor of complex 

hydrodynamics. 

3.1.4 Rotating cone Reactor 

This is operational at BTG (Netherlands) with 2000kg/h capacity. This type of 

reactor is configured in such a way that it drives the hot sand and biomass up 

rotating along a heated cone by centrifugal force as shown in below figure. In the 

process the vapour are condensed and the char burned while the hot sand are 

re-circulated. The heating method is by wall and sand heating.  The carrier gas 

required in the reactor is lesser than for fluid bed and transported bed systems. 

The system can be regarded as integrated operation of rotating cone pyrolyzer, 
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riser for sand recycling and bubbling bed char combustor. The liquid yield usually 

obtained ranges from 60-70%wt on dry feed [39] 

 

                 Figure 7a: Rotating cone reactor          Figure 7b: Vacuum reactor-www.ensyn.com 

 

3.1.5 Vacuum Reactor 

Operational at Pyrovac with average capacity of  3500kg/h:This type of reactor 

was first developed at University Laval in Canada but was later scaled up by 

Pyrovac The yield is similar to that obtained from fast pyrolysis however much 

lower temperature requirement, the bio-oil yield is 30-50% with complicated 

stirring mechanism for improving heat transfer. The method of heating employed 

in the configuration is direct contact with the hot surface, no carrier gas 

requirement. Not actually a true fast pyrolysis reactor as residence time for solids 

is very high. The possibilities of less char in the liquid due to lower gas velocities 

and atimes it can pyrolyze larger particles than most fast pyrolysis reactors [39] 

 

3.1.6 Auger reactor  

This was first installed at ROI with capacity of 200kg/h: It was designed for 

pyrolysis of chicken litter and does not require any carrier gas, usually operate at 

lower temperature of 4000C. This design may also be well suited for small, 

portable pyrolysis systems in a highly distributed or decentralized biomass 

processing scheme. The moving parts are in hot zone and it has problem of heat 

transfer at large scale. The heating method is through the reactor wall. It has 

great potential in reducing operating cost. 
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       Figure 8: Auger reactor system and Auger detail - Iowa State University 

 

The principle is continuously pyrolysis of biomass when brought into direct 

contact with a bulk solid heat transfer medium referred to as heat carrier. The 

heat carrier material, such as sand or steel shot, is heated independently before 

going into the reactor.  Two intermeshing co-rotating augers are coupled to 

combine biomass feedstock and heat carrier in a shallow bed for pyrolysis 

reactions to take place. This mechanical mixing process, however not well 

understood, appears to be the aim of this type of reactor design. Volatile vapours 

and aerosols exit at various ports, while char is transported axially through a long 

reactor section and stored in a canister with the heat carrier. After a thorough 

research and design process, a lab scale auger reactor system has been 

developed at Iowa State University.                        

3.1.7 Ablative reactor 

In this design type heat is transferred through the reactor wall to melt down the 

biomass particles. The most important aspect of ablative reactor is that heat is in 

direct contact with the biomass particles and the hot solid abrades the product 

char off the particle thereby exposing fresh biomass feedstock for more reaction 

and overcome some limitation of ablative reactor although at expense of 

producing micro-carbon which is difficult to remove. The suggested mode of heat 

transfer in ablative rectors is conduction by direct contact, heat transfer and 

transport gas is not needed, it can accept large feedstock particle size. The 

process is surface area controlled making scaling more costly. 
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Figure 9: Showing Ablative reactor 
  

This reactor type was developed and has been operational in Enervision, NREL, 

and Colorado School of mines and University of Aston. The surface area 

controlled the phenomena, which was limited by the plate size became a limiting 

factor to scaling up. Aston ablative process re-design was carried out to construct 

a high through and tested system as a pilot or demonstration reactor with a 

potential capacity of between 0.5 and 1 t/h and a scaling up potential between 5 

to 10 t/h. The vapour collection system is conventional with a quench column and 

electrostatic precipitator. Ablative reactors have high relative motion between 

particle and rector. The principle of Pytec ablative was based on mechanical 

pressure of wood rods onto a rotating heated plate in a sealed chamber. Ablative 

reactors have problem of heat supply thereby limiting the reaction rates. The 

process is mechanically driven thereby increasing the reactor complexity [8, 39]. 

3.1.8 Free fall reactor type  

Commercially used for fast pyrolysis and has been performed in bubbling 

fluidized bed and circulating fluid bed reactors. It basically involves heating 

upright pipe through which biomass is fed.  The reactor is externally heated to 

500°C by ceramic radioactive heaters.  Biomass feedstock is fed via screw feeder 

thereby reducing particle size more.  The particles fall 2m through the length of 

the pipe before they are completely pyrolyzed. The char is collected in a 

canister.  The pyrolysis vapours and non-condensable gases pass through a 

heated cyclone before entering a condenser system where the vapours are 

quenched into bio-oil and the non-condensable gases exit to a dry gas meter and 

a micro GC for further analysis.  The gases are then vented.  This process is 

shown in Figure 11 below. 
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       Figure 10: Free fall reactor and process flow diagram 
 

3.1.9 Entrained flow reactor 

This is a reactor type in which air and propane is introduced base on 

stoichiometric ratio and combustion in the bottom section of the reactor. The 

produced hot flue gas flows upwards through the tube while passing the biomass 

fees point. In this way the thermal energy of the combustion gas is used to heat 

the biomass particles and, if necessary, provide the heat of the pyrolysis reaction. 

Typical operation condition are ratio of carrier-gas mass flow over the pyrolysis 

mass flow of about 4, a reactor temperature of 900°C, an atmospheric reactor 

pressure and a reactor throughput of 500 kg/h. The technology is very simple and 

good scaling up. One of the disadvantages of this type of reactor is consumption 

of large amount of carrier gas nitrogen and poor heat transfer. The liquid yield is 

usually low. 

 

 Figure 11: Entrained flow reactor- source Ind. Eng. Chem. Process Development 
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3.1.10 Vortex reactor 

In this type of reactor the biomass particles is entrained in a stream of nitrogen 

flowing at high velocity and enter the reactor tube tangentially. In such condition 

the biomass particles experience high centrifugal forces which induce high 

particle ablation rates on the heated reactor wall of around 625°C. The ablating 

particles leave a liquid film of bio-oil on the wall which evaporates rapidly. If the 

wood particles are not converted completely they may be recycled with a special 

solids recycle loop. The number of cycles required to achieve completely 

conversion of the biomass particles to be about 15, which is considered to be 

quite high. About 80% bio-oil on dry wood basis has been achieved up to now 

[40]. 

 

      Figure 12: Vortex reactor (SERI) 

 

  

3.2   The summary of basic design features of fast pyrolysis reactors 

(Throughput kg/h)   
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Figure 13: Design features of fast pyrolysis reactors- (Dietrich Meier) Inst. of wood chemistry and 

wood technology Hamburg Germany 

3.3    Designing of ablative gravity-assisted reactor for fast pyrolysis 

 A new gravity-assisted ablative reactor for fast pyrolysis technology has been 

proposed for high liquid yield (about 70-80 wt % of biomass supplied to the 

reactor). This proposal was expected to produce high pyrolysis oil yield in 

comparison with other existing technology. The conceptual design of the 

proposed reactor is for continuous fast pyrolysis at 2kg/hr biomass capacity.  

The following conditions were considered during the designing: 

1. Reactor volume capacity 
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2. The heat supplier to reactor  

3. The heat transfer from reactor spinning disk plate to solid particles and heat 

transfer from solid to solid particles. 

4. Achieving higher  heating rate by using samples of smaller particle size 

particle 

5. The pyrolysis reaction temperature 

6. The centrifugal speed of  stainless steel disk plate (rpm) 

7. High input pressure for ablation created by steam flowing at 200 bar and this 

promotes high heat transfer 

8. High input steam velocity 

In order to optimize the process, the following factors were considered - short 

vapour residence time which reduces the occurrence of secondary reaction; 

adequate char/ash separation system by incorporating cyclones; hot vapour 

filtrations which is still under investigation was assumed to removes fine char 

particles that would otherwise initiated secondary cracking of vapour phase and; 

fast cooling system. The process requirement also involves grinding and sieving 

of feedstock particle size to about 125μm and drying up of about 10% moisture 

content of the feedstock since feedstock and reaction water normally ends up in 

bio-oil. 

3.3.1 The basic concept and reactor design features 

1. Pyrolysis reaction occurs at very thin particles layer at constant rate 

2. Reaction is kinetically control but focused mainly on surface-control 

3. That particles decomposition can occur at 4750C irrespective of other 

conditions 

4. Ablation rates increases as relative speed of rotating disk increases to a 

constant value. 

Ablation rate is defined as the rate at which reacting particles interacts with each 

other and unreacted particles. It is directly proportional to pressure at a certain 

disk temperature and disc velocity. Jacques Lede et al [41] in their paper defined 

ablation rate as the rate at which reacting layers moves closer to unreacted wood 

layers. The ablation rate V=µP, where µ =heat transfer coefficient, p = pressure. 

Under high pressure and temperature the ablation rate becomes high. Implying 

that heat transfer is pressure dependent. The higher the pressure the higher the 
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heat transfer rate and the higher ablation of the particles.  Jacques Lede et al 

calculated heat transfer coefficient to be µ=0.017P Wm-2 K-1 

 The reactor capacity with mass flow rate of 2kg/h at high ablation rate were 

design for continuous fast pyrolysis with aim to achieving up to 70-80 wt % of bio-

liquid. The carrier gas steam would be continuously fed into the system at high 

velocity and at pressure of about 200bars from upper section above the biomass 

materials falling under the influence of gravity from screw feeder inside the 

reactor and spreads on surface of the hot rotating stainless steel disk plate 

spinning at a constant and controlled velocity.  The reaction temperature of the 

hot spinning disk plate is to be measured by the attaching a thermocouple under 

the heated disk plate.  A combination of high heating rate (high ablation rate) 

resulting from high pressure steam and high flow rate of steam (short residence 

time) were achieved. The reaction rate can be increased by increasing the gas 

flow velocity, pressure and velocity of the rotating disk.  

The influence of carrier gas flow velocity, centrifugal velocity of the plate and 

particle size creates little friction (short term liquid) which promotes high heat flux 

transfer implying higher heat transfer coefficient [42-43].  The heat flux density 

can be estimated from empirical relation as a function of rotating plate disk, 

temperature, finely sized feedstock particles, centrifugal speed and pressure. The 

centrifugal speed (in rpm) caused by rotating action of motor located centrally 

inside the reactor transmits the particles by spinning action of gas volume. The 

reaction temperature may be temperature of the hot wall or plate which usually 

represents the temperature of biomass in fast pyrolysis condition but temperature 

gradient may exist in the reactor and becomes a problem due to fusion or 

agglomeration of biomass particles in contact with each other. However 

assumption was made to take the measurable temperature of the rotating disk 

plate as the reaction temperature (4750C). This implies that the biomass particles 

must be conductive enough to avoid another gradient near the biomass interface 

otherwise several heat transfer coefficient differences may exist on the surface of 

the plate. The volatiles and char in vapour phase are swept away by steam 

flowing at high velocity into exit pipe to cyclone. The vapour residence time is 

controlled by feed rate and steam flow velocity. The concept is efficient for 

producing high yield of vapour mixed with char that can be separated by cyclone 

at the exit of the reactor.  About 30% wt of char is fine to be removed in cyclone 
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that would have caused cracking were recovered using hot vapour filter. The 

filtered gaseous vapour is then cool in condensing system to bio-liquid while the 

non-condensable gases were recycle back to burner for combustion. The char is 

combusted in the burner via direct flame impingement to provide energy that 

drives the process thereby making the process energy efficient. The excess 

energy may be stored or transferred to another application. Figure 15 shows the 

proposed gravity-assisted ablative rector while figure 16 shows the rotating 

ablative plate-bearing motor. 
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                  Figure 14: Proposed gravity-assisted Ablative reactor 
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Figure 15: Rotating ablative Plate-bearing motor (BFH) 

 

3.3.2 Estimation of Reactor dimensions and reaction Conditions 

The reactor should be designed to minimize biomass particle and char clogging 

that may occur as a result of turbulent current which increases when the flow 

velocity of steam increases. If reactor has an internal diameter D of 0.25m and 

internal height h from heated disc plate of 0.06m, the reactor volume can be 

estimated as V=  L, where L = h and depicted as the operational volume of  

0.0029 m3  and this allow operation at vapour residence time which can be 

estimated as  

 Vapour residence time τ =  

 Assuming the maximum apparent residence time τ to be 2 sec, the steam 

volume flow rate Q can then be estimated as 0.00145m3/hr. 

And knowing volume flow rate Q and reactor area A, the flow Velocity V of the 

steam going into the reactor can be estimated to be 0.03 m/hr 

3.3.3 The Mass and Energy balance 

Energy and mass balance is one of the design criteria in order to estimate the 

output for a continuous mode process using high steam flow. The feedstock 

considered is fines biomass materials characterized of high volatile content, high 

intermediate liquid product depending on the type of biomass, it could have high 

amount of ash content. The parameters and variables, which affect pyrolysis 

operation are known to be diverse and complex which turns the modelling of the 

whole reactor system almost impractical, especially when considering all 

parameters, variables and interactions involved in it; not only because of a 

significant number of factors in the process which are not yet known, but also 
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because of the number and type of generated equations which are practically 

unsolvable. Therefore, within the range of limitations, few assumptions are 

required to be made to extract as many predictions and design data as possible. 

Additional assumptions taken into account were as follows: 

1. The feedstock is on dry basis implying no moisture content, no nitrogen 

atoms (N) and other elements atoms except carbon (C), hydrogen (H), and 

oxygen (O) in the feedstock.  

2. Fuel gas consists of steam only. There are no other elements atoms 

except carbon (C), hydrogen (H) and oxygen (O) in the ash. 

Other Applications 

Biomass

2kg/hr

Steam @ 

Pressure 200 bar

Continous rotating disk 

Ablative reactor

Char removal

cyclone

 Hot vapour filter

Bio-oil

Gases

Propane

Burner
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Char
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3kw

3kw from rotor

8kw heating

Flue gas for steam  Preheating 

 
Figure 16: The process flow plan including mass and energy balance of  
Ablative gravity-assisted reactor for Continuous fast pyrolysis 
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The Mass balance of the reactor can be expressed as 

∑M input=∑M output 

∑M input = MFS + M STEAM 

∑M output = MFG + MCHAR + MLIQ 

Where: 

M = mass 

MFS =Mass flow rate of biomass feed stock 

 M STEAM = Mass of steam as carrier gas  

MCHAR = Mass of char after pyrolysis reaction 

MLIQ = Mass of condensed vapour (liquid) 

 MFG = Mass of flue gas 

Similarly, the corresponding energy balance can be expressed as 

∑E input = ∑ E output  

∑E input = E input Steam + E biomass + E reactor  

 ∑ E output = ∆H total FG +E loss + E bio-liquid + E char 

Where: 

E input Steam = ∆H0 f steam +  [k J/kg] 

∆H0 f steam= 2727kJ/kg 

To= 298K 

T= 748K 

E input Steam =3631.5kJ/kg 

Assumed Cp steam = 2.010 kJ/kgoC at 25oC  
 
E biomass [MJ/kg] = ∆H0 f biomass 

∆H0 f biomass = LHVbiomass + ∑Vj∆H0 f product 

E reactor = electrical energy from the heating element of the reactor 

∆H total FG = [∆H0 f FGi + ] 

∆H total FG = total enthalpy of flue gas 

Cp = specific heat capacities of composition of flue gas 

i =flue gas species 

dT = change in temperature 
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 E char = enthalpy of char 

E bio-liquid = energy content of the bio-oil. The heating value of bio-oil from BTO 

ablative pyrolyzer is about 17MJ/kg [44]  

 E loss =energy loss to surrounding 

If we assumed 3% energy loss to the surrounding, then 

∑E loss= 3% * E surrounding 

3.3.4 Thermal efficiency of the reactor system 

The thermal efficiency of the system can be defined as percentage ratio of useful 

energy obtained from the pyrolysis reactor to energy supplied to it during 

pyrolysis operation. The calorific value of the reaction product represented by 

initial heating values of biomass materials are char (wt %), liquid (wt %) and gas 

(wt %). With this information the thermal efficiency can be determined in wt%. 

The calculation of electrical energy requirement was not considered  

The efficiency of reactor is defined below as: 

 

   Assuming the calorific value of bio-oil is 17MJ/kg [44] and average calorific 

value of  biomass is 19.29MJ/kg [48], then the efficiency of the reactor can be 

estimated to be 88% 

 

4: MATERIALS AND METHODS   

4.1 Agricultural straw 

The straw samples used are from Poland. The agricultural straw materials was 

ground and sieved to obtain average particle size distribution of 124.47μm as 

shown in size distribution frequency below. 
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                           Figure 17: Particle Size Distribution-Frequency basis 
 

 

 

 

 

Table 1 below shows the particle-size distribution. 
                                                    Table 1 Particle Size Distribution 

Class dpi Mass xi xi/dpi 

1<dp<50μm 25.5 0.01 0.00037 

1.45E-

05 

50<dp<100μm 75 8.07 0.29746 0.0040 

100<dp<125μm 112.5 5.94 0.21895 0.0019 

125<dp<300μm 212.5 11.2 0.41283 0.0019 

300<dp<500μm 400 1.91 0.07040 0.0002 

 

Average particle diameter is estimated using the weight fractions of different 

particle sizes according to the equation below: 

       [45] 

Thus dp=124.47μm. 
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4.2 Components of the straw 

The biochemical composition of the straw biomass is given in the table below: 

Table 2: Biochemical composition of the straw 

 

Type CL HCL LIG Extra. AIL 

Straw 36.1 24.5 13.5 14.5 16 

Where: CL= cellulose, HCL= hemicelluloses, LIG=Lignin, Lignin acid insoluble. 

Source: www.ecn.nl/phyllis 

 

Figure 18: Sample of average size of 124.47μm 

4.3 Ultimate Analysis 

The ultimate analysis described and classifies the elemental carbon(C), hydrogen 

(H), nitrogen (N), sulphur (S) and oxygen (O) in addition to chlorine (Cl-) 

composition in the materials sample on dry ash free basis and moisture is shown 

as additional hydrogen and oxygen. The daf= C+ H +O +N +S + Cl = 100 

 Determination of chlorine is important, especially in wheat straw biomass 

because it is a possible pollutant and corrosive agent in pyrolysis system.  

4.4 Proximate Analysis 

The proximate analysis described and classifies the biomass straw materials in 

terms of its volatile matter (VM), fixed carbon (FC) and ash. This is summarized 

in Table 3 below. 

Table 3: Analysis of agricultural-straw materials based on dry ash free –daf 
  

C wt% 49.7 

H wt% 6.2 
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O wt% 42.8 

N wt% 0.73 

S wt% 0.16 

Cl
-
 wt%

 
 0.419 

VM wt% 81.7 

FC % 18.3 

H/C(moisture &ash free) 0.125 

DENSITY(g/cm
3
) 0.1 

 

The fix carbon FC= 100-VM (daf %) while the biomass empirical formula is 

CH1.278N0.016O0.536   [46-47] 

4.5 The high heating value HHV and low heating value LHV of straw 

biomass 

The high heating value HHV (gross heating value) of the biomass represents the 

heat of combustion relative to liquid water as the end product. It is calculated 

from ultimate and proximate analysis assuming the fuel HHV is a linear function 

of its volatiles and inorganic constituent. In order words the heating value of the 

biomass is proportional to carbon and hydrogen content present in the material. 

The high heating value is expressed and calculated as [48]. 

HHV biomass = 339C+1214(H-O/8) +226H+105S 

 HHV biomass (MJ/kg) = 19.29MJ/kg (daf)    

The low heating value LHV (net heating value) of biomass refers to heat released 

when hydrogen is burned to gaseous water and is estimated from HHV biomass and 

H fraction and expressed as: 

LHVdaf (MJ/kg) = HHV biomass - 2.442(8.936 ) 

LHVdaf   (MJ/kg) = 339[C] +1214[H-O/8] +226[H] +105S - 2.442[8.936 ] 

Where: H= wt% hydrogen and LHVdaf =18.18 MJ/kg                                                                                                                                                                                   
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5: METHODS 

5.1   Fast pyrolysis of agricultural straw 

 5.1.1. Experimental facility Description 

The pyrolysis experiments were performed with HTAG test facility reactor 

connected to data acquisition system in Energy and furnace Division laboratory at 

Department of Materials Science and Engineering KTH, Stockholm. The reactor 

used is 1meter long fixed-batch cylindrical tube of internal diameter 0.1meter. 

The internal reactor wall is lined with refractory ceramic materials. Wire guz, 

aluminun foil paper and wool are rapped around the reactor tube to avoid heat 

loss or to compensate for thermal expansion or contraction condition. The 

ceramic honeycomb is heated up during heating up stage before a thin wire mesh 

basket with sample is place inside. The preheating air generator attached to the 

reactor preheats the air or steam to about 1200oC and is measured by the 

attached thermocouple. The thermocouple of the reactor system to measures the 

pyrolysis temperature and outlet temperature. The ceramic honeycomb serves as 

a heat carrier. Set of flow meters and pressure regulators measures and controls 

the flow rate of air and steam. The thermo-gravimetric electronic scale measures 

the mass loss of the sample under the pyrolysis temperature and is attach to the 

basket containing the sample by a thin wire passing through the lid. The GC 

provides information on composition and qualitative data of constituents of 

gaseous products and was configured with four independently controlled modules 

to measure the fuel gas compositions. The volatilized vapour outlet was 

connected to condensing system through a tube. Figure 20 shows the schematic 

view of the test facility. 
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Figure 19: Schematic view of test facility at KTH Lab 

 
5.1.2 Pyrolysis liquid recovery system 

The condensable gaseous product  of pyrolysis is  cooled and recovered  as bio-

liquid. The cooling involves condensation  and coalescence of aerosols at 

temperature of about -210C. Figure 21 shows the cooling zone.                                                                     

  

 

Figure 20: The cooling system 

The cooling zone and bio-oil collection point is made up of 6 gas washing bottles 

filled with 20 ml of iso-propanol solvent and glass bearing balls in to capture the 

condensed gas which is the boil-oil. The 1st and 2nd bottles were kept at 



44 
 

temperature of about -15 to -200C while the 3rd, 4th and 5th were kept at 00C 

with ice bath and the last one was at room temperature. At end of each 

experiment the bottles were removed and stirred well for condensed bio-oil 

deposited on glass bearings to mix with the dissolving solvent. This is 

summarized in figures 22 (a) and (b). 

FAST PYROLYSIS 

TEMPERATURE

( 471
0
-750

0
C), absence 

of oxygen

HOT VAPOUR

COOLING AND 

CONDENSATION
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CONDENSABLE GASES 

LIQUID

(Bio-oil)

BIOMASS N2/H20

 

Figure 21a: View of experimental facility           Figure 21b: Process flow sheet of straw pyrolysis 

 for straw pyrolysis 

 

5.1.3. Experimental Procedure 

The experiments performed in the reactor were carried out to determine the effect 

of pyrolysis temperature and reaction time on mass loss, vapour residence  time 

and sample average size distribution of 124.7μm and <0.1μm on the pyrolysis 

yields. The mass samples for the first set of experiments ranges from 7-9.5 g and 

second set ranges from 7-15.5 g. The major operating conditions monitored 

during the experiments were (1) temperature of operation; (2) flow rate of N2 gas 

or steam; (3) particle residence time (which is derived from reactor tube length 

and the flow rate of sweeping gas); (4) the heating rate (which was achieved by 

selecting temperature between 4710C-9010C and fines particle size). The 

products were recorded and collected during the pyrolysis experiment  
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In the beginning of the experiment the honeycomb was heated up using methane 

and air but stopped after a while. Steam or Nitrogen was then introduced into the 

reactor. During the experiment the nitrogen or steam get heated up by hot honey 

comb to reaction temperature in order to produce the heat needed for each 

reaction. When the reactor chamber is heated above the desired pyrolysis 

temperature 9000C as in the first run experiment, the nitrogen is open to flow 

through the reactor for cooling and this decreases the reactor temperature to 

about 1000C and when the pyrolysis temperature is reach, the flow of N2 is switch 

off because the gas released is saturated enough with positive pressure that can 

prevent oxygen from entering the reactor. And inside the reactor, the nitrogen gas 

gets heated up by hot honey comb, maintaining a constant reactor temperature 

thereby keeping the heating rate constant. The temperature variation was 

monitored by the attached thermocouples and no significant temperature 

variations greater than ±500C were seen. 

When the pyrolysis temperature becomes stable, the sample materials in the 

basket were introduced into the reactor by a supporting shaft through a feeder 

hole by suspending the feed materials above the reactor heater embedded in 

refractory walls of the reactor chamber. The hole was air tight by the supporting 

shaft plate during the reaction to avoid infiltration of oxygen, heat loss or leakage 

of volatiles. The heat provided in the heating up phase is consumed in driving the 

reaction. During the reaction the chimney was closed to avoid pressure drop 

inside the reactor 

The mass loss of the sample under the pyrolysis temperature was measured and 

recorded during the experiment. Before each experiment run, samples were 

weighed to accuracy of 0.01g. The reaction goes to completion when mass loss 

becomes constant. The measured mass loss as a function of temperature and 

time was recorded in a computed connected.. The volatilized vapour driven by 

carrier gas passes through a line to a cooling system where it was condensed by 

a coolant comprising a mixture of  iso-propanol, water and sodium hydroxide at 

temperature of -200C  while the non condensable gas yield were pass into online 

gas chromatograph for gas analysis. At the end of each run of experiment, the 

basket containing charred particles were removed from the reactor and cooled by 

nitrogen. The volume of gas produced from pyrolysis was calculated by 

subtracting the amount of N2 or steam supplied to the reactor during the reaction 
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from volume of volatiles produced. The gases were analyzed by gas 

chromatography and all the significant gaseous product of straw pyrolysis was 

identified. The GC model used was Varian micro-GC CP4900 and the carrier gas 

was argon. The sampling and analysis were taken every 90-100 seconds. 

5.1.4. Data collection 

5.1.4.1   Reaction Temperature  

From literatures the maximum liquid yields of fast pyrolysis is obtained with 

reaction temperatures around 5500C. However this investigation were performed 

at various pyrolysis temperatures between 9020C and 4710C as shown in the 

table 3 below describing the experimental conditions 

5.1.4.2 Flow rate of N2  

The first carrier gas used was nitrogen and second was steam. In the first, N2 

was heated from ambient/room temperature 250C to setting temperature of 

902, 805, 754, 733, and 520 0C. According to ideal gas law the flow rate of 

nitrogen at average temperature of 8050C was obtained with normal flow rate 

being 1.1Nm3/hr. 

PV= nRT 

P1V1= n1RT1 

 P2V2=n2RT2  

Where: 

P1=P2 Pressure at standard conditions (1atm) 

T1 = Temperature at standard conditions (250C) 

V1 = volume at normal conditions 1.1 Nm3/hr 

T2 = Temperature inside the reactor 

V2 = volumetric flow m3/hr 

R=gas constant 8.314J/K.mol-1 

n= moles;  

n1= n2 

T1= 298K 
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T2= 1175K 

The volumetric flow rate at reactor temperature can be calculated as: 

V2 = V2 * T2/ T1 [m
3]    volume flow of nitrogen in the reactor 

The volumetric flow rate Q [m3/hr]   of N2 gas, Q (m3/hr) =Gas velocity V*Area 

(m2) 

Gas velocity was estimated to be: 

Velocity V = ,  

The reactor area = , D diameter = 0.1m 

 Area = 0.007855m2 

The reactor volume = area* L (m) 

                                 = 0.0039275 m3 

5.1.4.3 Residence time  

The biomass particles were assumed to be moving at the same speed as N2 gas 

flow with mean velocity V (m/s) at centre of the reactor tube length L and 

diameter D and residence time t (s) with different operation temperatures.  

Thus; vapour residence time is:  
 

 RT =  

 

   RT                

The vapour residence time for the first run of the experiment 

using N2 gas as carrier agent can be calculated as; 

                                  

        RT =  =3.3sec 

 
Other reaction conditions were determined and shown in the Table 4 below. 

5.1.4.4 Flow rate of steam 

The flow rate of steam can be calculated from; 

PV=nRT 

Where P = pressure (1atm) 

              = 100000Pa 
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           n=  

         R = gas constant, 8.314J/K.mol-1 

        T = reactor Temperature (K) 

 

 Calculating the steam flow in the Run 6; 

V=n*R*T/P= (0, 00871/0.0018)* 8.314*744/100000 

V= 0.003m3/min 

 

The flow rates of steam at different reactor temperature were determined and 

shown in Table 5. 

 
 
 
 

Table: 4: Straw Pyrolysis conditions 1 

 
 
 

 
Carrier gas                                            
 
Temperature (0C)                                       
 
Carrier gas flow rate: 
N2 (N m3/hr)                                                   
 
Volume flow rate  Q 
(m3/hr) 
 
Gas velocity (m/s) 
 
 
Reactor tube length L 
(m) 
 
Residence time RT (s ) 
 
 
Mass sample per run 
(g) 
 
Straw particle size 
(μm) 

 
          N2              N2               N2             N2              N2         
 
          902            805         754           733               520                    
 
         1.1             1.1             1.1           1.1              1.1               
 
            
         4.3           4.0             3.9            3.7              2.9         
 
 
         0.152        0.141        0.138        0.131         0.103 
 
 
         0.5             0.5           0.5              0.5             0.5           
 
 
        3.3            3.5            3.6             3.8                4.9            
 
 
       8.2             8.7           7.4             9.4                 8.1           
  
 
     124.47       124.47       124.47      124.47        124.47               

Case number            Run1       Run 2        Run 3       Run 4        Run 5      
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Table 5: Straw Pyrolysis conditions 2 

 
 

 

 

 

5.2 Mass and Energy balance 

∑Mass input =∑Mass output 

∑Mass input= Mass dry feedstock + Mass carrier gas 

∑Mass output= Mass char + Mass volatile gas 

Mass volatile gas = Mass (condensable + non-condensable) gas + Mass carrier gas 

Mass (condensable + non-condensable) gas = Mass volatile gas – Mass carrier gas  

Mass non-condensable gas + Mass condensable gas = Mass volatile gas 

Mass non-condensable gas = Mass volatile gas – Mass condensable gas (Bio-oil) 

Where  

 Case number                   Run 6            Run 7           Run 8           Run 9 
 
Carrier gas                                            
 
 
Temperature(0C)                                       
 
 
Carrier gas flow rate:H2O 
(g/min)                                                   
 
Steam flow rate (m3/min) 
 
 
Volume flow rate   Q 
(m3/s) 
 
Gas velocity (m/s) 
 
 
Residence time RT (s ) 
 
 
Mass sample per run (g) 
 
 
Straw particle size (μm) 

 
            H2O                  H2O             H2O                      H2O 
 
 
           471                 528               659                     544 
 
 
          8.71                 6.6                9.22                    9.22   
 
            
         0.03                 0.02               0.04                  0.03 
   
 
        0.0005           0.0003         0.0007            0.0005 
 
 
        0.06                  0.04              0.09                      0.06 
 
 
         8                      13                   6                           8 
  
          
       6.6                    9.7                15.3                     9.13 
 
        
      1 24.47             124.47            124.47                <0.1            
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Mass = Mass flow rates (m3/hr) 

Mass non-condensable gas =Mass of pyrolytic gas produced (m3/hr) 

Mass condensable gas =Mass of Bio-oil produced (m3/hr) 

Mass carrier gas = Mass flow rate of Steam or Nitrogen used as carrier agent (m3/hr) 

Mass char = Mass of char (residue) after pyrolysis (g) 

Mass dry feedstock = Mass of biomass feed materials (g) 

And the corresponding energy balance of the system can be written as: 

∑E input =∑E output + losses (1-3%LHV) 

∑E input = E carrier gas + E biomass  

∑E output = E volatile + E char 

E carrier gas = ∆H0 f gas +  

E biomass = ∆H0 f biomass  

∆H0 f biomass = LHVbiomass+  ∑Vj∆H0 f product 

LHV daf biomass = 339[C] +1214[H-O/8] +226[H] +105S - 2.442[8.936 ] (MJ/kg) 

[48] 

And calculating ∑Vj∆H0 f product using this equation  

CH1.3O0.5 + aO2+bN2                             cCO2 + dH2O + eN2                                                                   

∑Vj∆H0 f product = c.∆H0 f CO2 + d.∆H0 f H20 + e.∆H0 f N2 

e.∆H0 f N2 = 0 

Where  

  E input = input energy from biomass and steam as carrier gas 

∆H0f= standard heat of formation (enthalpy)    

∑Vj∆H0 f product =  energy content of  pyrolysis product species 

E carrier gas = Calorific energy value of the carrier gas 

Cp= specific heat capacity of carrier gas  

T0=298 K ambient inlet temperature of the carrier gas 

T = Reactor temperature 1175K 

Assumed Cp nitrogen gas = 1.2 kJ/kg 

H0 f H20 = -241.83kJ/mol 

H0 f CO2 = -393.51kJ/mol 

∑Vj∆H0 f product= -393.51kJ/mol -241.83kJ/mol 

LHVbiomass = 18.18MJ/kg 
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M.wt biomass = 22.6kg/mol 

∆H0 f biomass =18.18-0.02811MJ/kg 

E biomass =18.152MJ/kg 

E carrier gas Nitrogen =1.0524MJ/kg 

E output =18.65-19MJ/kg 

Losses (1-3%LHV) = 1-3% *18.18 MJ/kg 

Losses (1-3%LHV) = 0.182- 0.55MJ/kg 

 

 

6: RESULTS AND DISCUSSION 

6.1 Product yields 

The pyrolysis of straw experiment were carried out in 8 different runs to 

investigate the effect of pyrolysis  temperature, particle size, carrier flow rate and 

residence time  on the product yields, The liquid product compositions were not 

analyzed, however  the pyrolytic gas were analyzed . The pyrolysis conditions 

that give the maximum products yield were discussed. High heating rate was 

achieved by pyrolyzing smaller particles size at higher temperature 

 

 6.1.1. Effect of pyrolysis temperature on mass loss, reaction time and 

volatile yield 

The pyrolysis temperature has a great influence on product distribution. Figure 22 

and figure 23 show the positive effect of temperature and reaction time on 

sample mass conversion using nitrogen gas and steam as carrier gas 

respectively. The maximum conversion was achieved at 754 and 544oC for 

nitrogen gas and steam as carrier gas respectively 
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Figure 22: Mass loss at different temperatures using nitrogen as carrier gas 

         

Figure 23: Mass loss at different temperatures using steam as carrier gas 

Figures 24-25 below depict fractional mass conversion  as function of time for 

nitrogen and steam as carrier gas respectively; where M =mass after a time, Mo = 

original mass 
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Figure 24: Mass conversion    during straw pyrolysis using N2 as carrier gas 
 

 

 

Figure 25: Mass conversion   during straw pyrolysis using steam as carrier gas 

 

In the figures 26-27 below, the mass loss rates of straw pyrolysis are shown. The 

figures show that the higher degradation rates are occurring during the first few 

seconds for both nitrogen and steam as carrier gas respectively 

 

Figure 26: Mass loss rate during the pyrolysis using N2 as carrier gas 
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Figure 27: Mass loss rate during the pyrolysis using steam as carrier gas 

 

Figures 28 and 29 show the results obtained relating to the product yields of 

straw at different temperatures and with different gaseous carriers 

 

 

Figure 28: Product yields of straw at different temperature for N2 carrier gas 
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Figure 29: Product yields of straw at different temperature for steam carrier gas 
For the two set of experiments as depicted in the figures 28 and 29, the volatile 

yield increases as the temperature increases due to char decomposition at high 

temperature with highest volatile yield at 733oC and 659oC for first and second 

set of experiment respectively. The corresponding char yield decreases as the 

temperature increases. 

6.1.2. Effect of particle size distribution on the product yield 

The effect of particle size was verifying using steam as carrier gas. Theoretically, 

decrease in particle size promotes higher liquid yields. In this experimental study 

the product yields of pyrolysis of straw of particle size <0.1μm at 544oC and that 

of particle size 125μm at 659oC were compared at pyrolysis reaction time 400s It 

was observed that pyrolyzing  particle size 125μm produces more volatile while  

particle size < 0.1μm produces higher char content. From the result the particle 

125μm promotes high volatile yield. This is shown in figure 30 below. This was 

due to high heating rate achieved when pyrolyzing the material of particle 125 μm 

under steam flowing at high temperature. The higher the heat transferred the 

higher the volatile yield. 
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Figure 30: Product yields of straw at particle size 125 and <0.1μm 

6.1.3 Effect of Sweeping gas flow rate on yield 

    The volumetric flow rates of N2 gas flowing at 4.3, 4, 3.9, 3.7, 2.9 m3/hr were 

tested on straw samples with particle size of 125μm based on experimental Run1 

to Run5. The nitrogen flow affects the residence time of the volatile gases 

produced   as a result of pyrolysis reactions thereby minimizing secondary 

reaction such as re-condensation, re-polymerization and char formation. The 

highest volatile yield achieved was 67% under nitrogen flow of 3.7m3/hr as in the 

figure 30 below. 

                     

                              Figure 31: N2 gas flow rates during Straw pyrolysis 

    On the other hand the effects of sweeping steam flow were investigated in 

experimental Run6 to Run9. Previous experimental studies on steam pyrolysis 

have shown that presence of steam as fluidizing medium for pyrolysis reaction 

influences the distribution of products and favours the formation of liquid yield. 

The steam reacts with the volatilized products and enhances the evaporation 



57 
 

of oils from the biomass and this reduces the formation of char [35, 49-50]. 

The product yields obtained in the presence of steam flowing at four different 

rates; 0.03, 0.02, 0.03, and 0.04m3/min are given in fig. below. The result show 

that the volatile yield is higher at high flow rates with 67.9% volatile yield at 

0.04m3/min. This is because steam promotes liquid yield and also enhances 

char formation 

 

 

              Figure 32: Steam flow rates during Straw pyrolysis 

6.1.4 Effect of gaseous phase residence time on yield 

Gas residence time is a function of volumetric flow rate of gas. The higher the 

flow rates, the shorter the gas residence time. Short residence time favours the 

formation of liquid yield as char cracking and gas formation is prevented by fast 

flowing gas. From the figures 33-34 below, the highest volatile yield was 67% 

obtained at 3.8sec for nitrogen gas while for steam the highest volatile yield was 

67.9% obtained at residence time of 3.3 and 13sec. 
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                             Figure 33: Yields against nitrogen gas residence time 
                   

                                               

 

                             Figure 34: Yields against steam residence time 

6.2 Analysis of pyrolytic gas composition 

6.2.1 Effect of temperature and reaction time on pyrolytic gas composition 

when N2 is used as a carrier gas 

The gas composition produced during the straw pyrolysis reaction time at various 

temperatures is shown in figures 35-40. The gas formation occurred rapidly at 

short reaction time. The concentrations of gases presented here are normalized 

without nitrogen used as carrier gas. Assumption made was no nitrogen gas 

production due to low nitrogen content in the raw material during thermal 

decomposition. The composition of gas produced was monitored as a function of 

reaction time. At higher temperatures and longer residence time, the composition 

of gas produced consist mainly of high content of CO2, CO and lower 

hydrocarbon content which decreases with reaction time. The H2 content in the 
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gas produced is directly proportional to temperature and reaction time while the 

methane content increases as the temperature increases. The result obtained 

from analysis of composition of pyrolysis gas was in line with the result of 

experiment carried out by Lee et al [51] to predict the gaseous product from 

pyrolysis; their prediction  show that hydrogen concentration increases with 

temperature; according to HSC result that at temperature 560oC. The mechanism 

of gas formation arises from breaking down of polymer molecules to light 

hydrocarbon molecules at initial degradation stage, upon further degradation 

these simple chain molecules are cracked to simple molecules. 

 

CH1.69O 0.54                     0.70C + 0.32H2O + 0.18CH4 + 0.16H2 + 0.11CO2 

At temperature above 560oC 

CH1.69O 0.54                     0.56C + 0.08H2O + 0.35CO + 0.03CH4 + 0.69H2 + 

0.05CO2 

At temperature above 900oC  

CH1.69O 0.54                     0.46C + 0.54CO + 0.84H2 + 0.05CO2 

 

Figure 35: Hydrogen composition during pyrolysis reaction time at various temperatures 
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Figure 36: CO composition during pyrolysis reaction time at various temperatures 

 

 

Figure 37: Methane composition during pyrolysis reaction time at various temperatures 

 

Figure 38: CO2 composition during pyrolysis reaction time at various temperatures 
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Figure 39: C2H6 composition during pyrolysis reaction time at various temperatures 

 

Figure 40: C2H4 composition during pyrolysis reaction time at various temperatures 

The energy content of the produced gas can be estimated by evaluating the 

lower and higher heating value. The LHV was calculated using correlation from 

LV.P.M et al [52] and Yang H et al [53]. 

 

LHV =    [ ] 

 

While HHV was calculated using the expression from Li et al [54]. 

 

HHV =    [ ] 
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Where H2, CO, CH4, CmHn (m=1, 2 and n= 2, 4, 6) are molar concentrations of 

produced gases. 

7: CONCLUSIONS 

 This study clarifies the major factors that enhance high bio-oil yield during fast 

pyrolysis of biomass and how a change in one parameter affect product yield. 

The system has been studied for varying nitrogen and steam flow at different 

temperature. The experimental results show that mass decreases as reaction 

temperature increases and steam as a carrier gas has stronger influence on 

product quantity and the quality when compared to N2. When the steam was 

used as pyrolysis medium keeping the reaction optimal conditions the volatile 

produced increases to a maximum value of about 68%. This indicated that steam 

maximizes volatile yield. When the N2 atmosphere was employed the volatile 

yield was 67%.  The volumetric flow rate of 3,7m3/hr produced the highest volatile 

yield when N2 was employed as carrier gas while the volume flow rate of  steam 

flowing at 0.04m3/min  produced the highest volatile yield. The result from 

pyrolytic gas analysis when N2 was employed as carrier gas indicated the 

presence of H2, CO, CH4, CmHn. And from the  gas analysis, the hydrogen ratio in 

the gaseous product increases with pyrolysis temperature and reaction time, the 

highest concentration of pyrolytic gas composition were achieved within the first 

200sec (short reaction time) except C2H6 which has highest concentration at 

400sec at pyrolysis temperature of 902oC.   

8: FURTHER WORK 

The future work in this current study will includes the numerical modeling of fast 

pyrolysis of biomass using the proposed gravity-assisted ablative reactor, 

construction and installation of laboratory test type for continuous fast pyrolysis of 

biomass, experimental investigation and the scaling up of the proposed reactor 

type, investigation of the effect of pressure and catalyst on products of biomass 

pyrolysis using high temperature steam test facility. 
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       APPENDIX: 

Bio-oil produced when N2 was used as carrier gas: 

 
  Case 1: Pyrolysis Temperature 9020C 

         
 
 
Case 2: Pyrolysis Temperature 8050C 

       
 
 
  Case 3: Pyrolysis Temperature 7540C 
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  Case 4: Pyrolysis Temperature 7330C 

      
 
 
  Case 5: Pyrolysis Temperature 5200C 

     
 
            

Bio-oil produced when Steam was used as carrier gas 

 
 
Case 1: Pyrolysis Temperature 4710C 

    
 
 
 Case 2: Pyrolysis Temperature 5280C 
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        Case 3: Pyrolysis Temperature 5440C 

         
 
 
       Case 4: Pyrolysis Temperature 6590C 

       
  

 

 


