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ABSTRACT 

 

In the present study a thorough characterisation of biomass residue obtained from bio diesel 

production is done. The experiments are performed in the State University of Campinas in 

Sao Paulo, Brazil. It also investigates the feasibility to carry out thermo chemical energy 

conversion processes like pyrolysis and gasification on the biomass residues. 

The residue obtained after oil extraction from the seeds of Jatropha curcas and glycerol – a by 

product of bio diesel production process are the samples characterised. The samples are 

subjected to proximate analysis, calorimetry and TGA- thermo gravimetric analysis to 

characterise. Moreover a literature survey of thermo chemical process likes pyrolysis and 

gasification is carried out. 

It was found that in the test sample of Jatropha curcas residue the volatiles are in a range of 

67-70 wt%, fixed carbon content 18-21 wt% and ash 6-13 wt%. The average calorific power 

of the three Jatropha curcas residue samples was 20.5 MJ/Kg, 20.63 MJ/Kg and 21.24 MJ/Kg 

respectively. While in case of glycerol it was 25.60 MJ/m3. The maximum weight loss for 

Jatropha curcas residue occurs in the temperature range of 330-350 0C and for glycerol it is in 

range of 285-3000C. 

It was concluded that it is technically and economically feasible to gasify the residue of 

Jatropha curcas owing to it high calorific power and volatile matter content. Jatropha curcas 

residue also has a high ash content so special design consideration should be made to handle 

ash while designing its gasification system. In case of glycerol, technically, it can be gasified 

to convert it into high value products but further study is necessary in order to determine if it 

is economically feasible. 
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NOMENCLATURE 

Denotation  Description                   Unit 

A           Pre exponential factor                    molecules/site, s 

C                              Heat capacity                                         [kJ/kg K] 

EA                           Activation energy                                    [kJ/kg] 

k                               rate constant                                              [1/s] 

K                              Equilibrium constant                                [%] 

m                              mass                                                          [kg] 

MJ                           Mega Joule                                                [MJ] 

MW                         molecular weight                                    [kg/kmol] 

MWel                      Mega Watts Electrical                               [MJ/s] 

MWth                      Mega Watts Thermal                                [MJ/s] 

Nm3                         Normal cubic meter (1,013 bar, 0°C)        [m3] 

q                              Heat transferred                                           [J/kg] 

R                             Gas constant                                            [kJ/kg K] 

Ru                           Universal Gas Constant, 8.3143             [kJ/kmol K] 

t                              Time                                                               [s] 

T                             Temperature                                                  [°C] 

UV                          Internal energy                                              [J] 

vol%                       volume percent                                              [%] 

w                             work                                                             [J/kg] 

wt%                        Weight percent                                             [%] 

X                             Fraction of conversion                                 [%] 

β                              Heating rate                                             [K/min] 

∆Hcomb                 Heat of combustion                                  [kJ/kmol] 

∆n                           Amount of Substance                                 [mol] 

ηel                          electrical efficiency                                      [%] 
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ABBREVIATIONS 

 

Denotation  Description    

CHP                            Combined heat and power 

cSt                              Centistokes (unit of viscosity) 

GCV                           Gross calorific value 

HHV                           Higher heating value 

LHV                           Lower heating value 

MC                             Moisture content  

NCV                           Net calorific value  

OVEG             VegeTable Oil 

TGA                           Thermo gravimetric analysis 

VM                             Volatile Matter 
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1. Introduction 

1.1 Objective 

The objective of this study is to characterise the waste biomass sample generated as a result 

of bio diesel production in Brazil i.e. residue of Jatropha curca seed and glycerol. Glycerol is 

a by product in the process of bio diesel production. Proximate analysis, Calorimetry and 

thermo gravimetric analysis are to be carried out to determine the composition of the sample 

(moisture content, volatiles, fixed carbon content and ash content), its calorific value and its 

suitability in thermo chemical conversion processes like pyrolysis and gasification. 

 

1.2 Why renewable energy?  

In year 2011 the world population reached 7 billion, it is expected to continue to rise over the 

next four decades to reach 9 billion till 2050. Increase in world population means increasing 

world’s energy meaning additional pressure on already dwindling natural energy reserves. 

Moreover the energy consumption pattern has also strongly changed over last two decades 

mainly due to increased living standard, high industrial output and high mobility of 

population in the developing countries (mainly BRIC – Brazil, Russia, India, China). The 

diminishing natural sources and the climate change they contribute to forces mankind to look 

for alternate more environmentally friendly sources of energy. (Clocks, 2012) (UN, 2005) 

When talking of renewable energy hydropower, wind power and solar first come to mind, 

nevertheless the potential that lies in energy from biomass cannot be underestimated. 

Research shows that biomass originated from crop and agricultural and forest residues can be 

used, mainly in processes of gasification and thermoelectric generation of simple or 

combined cycles with cogeneration or can be used in the production of bio fuels becoming an 

important local energy source. The use of biomass is promising alternative for a climate 

friendly heating, power generation and transportation systems. Close to 80 percent of the 

worlds energy supply could be met by renewable by 2050 if backed by the right public 

policies and creating awareness among people. (Oliveira, n.d.) 

Biomass fuels "recycle "atmospheric carbon, minimizing global warming impacts since zero 

"net" carbon dioxide is emitted during biomass combustion, i.e. the amount of carbon dioxide 

emitted is equal to the amount absorbed from the atmosphere during the biomass growth 

phase . Moreover Biomass fuels produce virtually no sulphur emissions, and help mitigate 
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acid rain. Biomass combustion produces less ash than coal, and reduces ash disposal costs 

and landfill space requirements. The biomass ash is also useful in soil amendment in farm 

land. (ANP, 2011) 

Apart from the above mentioned reasons developing countries look in to this matter in a 

different perspective. Apart from the factors mentioned above their major motivation in 

development of biomass based energy sources are it enhances rural development, creates job 

opportunities and saves considerable foreign exchange. The main area of focus is the 

transport industry where a large percentage of oil consumption is recorded and large about to 

money is spent in the import of crude oil. (Oliveira, n.d.) 

 

2. Background 

2.1 What are bio fuels? 

Bio fuels is by definition a solid, liquid or gaseous fuel derived from recently dead biological 

material, compared and distinguished from fossil fuels, which are derived from ancient dead 

material. (Ralph.P.Overend, 2004) 

Different types of bio fuels are categorized and divided into four different groups: first, 

second, third and fourth generation. First generation of bio fuels is derived from vegetable-

based oil, starch and sugar from edible crops. Second generation is mainly from biomass 

waste, non-edible crops, which makes it more sustainable. Third generation consists of fuel 

from algae, substrate that is extremely environmentally friendly since it can be degraded 

without being hazardous to the surroundings, this method has very little commercialization as 

of today.  Fourth generation is the result of a method where microorganisms generate bio fuel 

simultaneously as carbon dioxide is taken up, a method only in research phase as of now. 

(Bransen, 2011) 

Compared to petroleum diesel, biodiesel also has significant environmental advantages.  

Burning biodiesel can emit on average 48% less carbon monoxide, 47% less particulate 

matter (which enters the lungs), 67% less hydrocarbons  compared to fossil diesel Studies of 

the National Biodiesel Board (an association representing the biodiesel industry in the United 

States) prove this. (ANP, 2011) 
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2.2  Energy scenario in Brazil. 

Brazil has tremendous scope for renewable energy production dude to number of reason 

 1) large size of country and so availability of land.  

2) The adequacy of good weather all round the year.  

3) Good water availability  

4) Large and low cost labour force.  

That is why already Brazil is better placed than compared to rest of the world when it comes 

to utilizing renewable energy. The Figure 1 justifies this fact (Rubens, 2008). 

 

Figure 1  Brazil and world energy Matrix. 

 

As seen from the Figure in Brazil nearly 45% of the energy comes from renewable sources 

(mainly hydropower) and 18% fuel consumed is from renewable sources (ethanol and bio 

diesel). Moreover Brazil is planning to increase this percent further; the potential resources 

are immense in Brazil since large land not required for agriculture is available. So energy 

crops which are useful for bio fuel generation can be planted. (Oliveira, n.d.) 
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2.3  Bio Diesel in Brazil 

The first idea of using bio diesel i.e. oil from vegetables in transport first originated in Brazil 

in the 1920s but did not succeed much. Then in the 1970-80s again the Brazilian government 

launched the OVEG program but again failed. But finally in 2002 due to rising prices of fuel 

in international market and environmental issues the science and technology ministry in 

Brazil launched the ‘PROBIODIESEL’ program to promote research and development in this 

field.  The main objective of this program was to provide technical and institutional support 

and to commercialize the process of biodiesel production. In the year 2004 the Brazilian 

government passed a law (LAW 11.097/2005) which mandated blending 5% of Biodiesel 

with gasoline diesel, which meant that the country would be requiring 740 million litres of 

bio diesel. (Carlos, 2005). 
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3. Biodiesel 

3.1 Process of Bio diesel Production 

Shown below in Figure 2 is simple block diagram of the unit operations involved in Bio 

Diesel production. 

 

 

  

 

 

 

 

 

 

 

 

Figure 2. Schematic of biodiesel production process 

 

Brazil is one of the major bio diesel producers in the world. Table 1 below shows the number 

of bio diesel refineries with their production capacity in Brasil as of 2010 (Service, u.d.). 

Rapeseed, 
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Table 1. Biodiesel Refineries per State and Production Capacity in Brazil, 2009 

State Refineries Production Capacity 

(m3/yr) 

 Para   2 23 400 

 Tocantins  2 139 320 

 Maranhao  1 129 600 

 Ceara 3 217 479 

 Bahia  3 358 815 

 Piaui  1 97 200 

 Goias 4 583 091 

 Mato Grosso  23 1 180 423 

 Mato Grosso do Sul  2 14 760 

 Sao Paulo  7 762 742 

 Minas Gerais 6 147 639 

 Rio de Janeiro  1 21 600 

 Rondonia  2 22 320 

 Parana  3 68 400 

 Rio Grande do Sul 4 863 038 

Source: Brazil Oilseeds Annual Report, 2010 

 

3.1.1   Biodiesel production method. 

In Brazil a simple technique of transesterification of vegetable oil using methanol or ethanol 

along with a suitable catalyst is used for bio diesel production.   

Mainly, biodiesel is a mixture of long-chain acid methyl esters and is typically made from 

biological resources like vegetable oils, animal fats or used cooking oils, through catalytic 

transesterification; the basic reactions taking place are as follows 
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                                                                                                                                        (R 1) 

Glycerine or glycerol is a waste by product resulting due to the biodiesel production process. 

(Endalew AK, 2011) 

 

3.1.2    Biodiesel from Jatropha curca.  

Jatropha curcas is a member of the Euphorbiaceae family and mainly grown in arid and semi 

arid areas. The origin of Jatropha curcas is Mexico and central America however it is now 

cultivated word wide esp. in tropical and subtropical countries. Jatropha curcas plant attains a 

height of 3-4m in 3 years.  It is resistant to drought and pests moreover it is not browsed by 

goats and cattle’s that make its cultivation and growth economical and easy. Jatropha curcas 

seed contains about 30% oil which is not edible that can be used for biodiesel production. 

(Sotolongo, et al., 2007) (Brittaine, 2010) 

However it is not only the oil that is important, development and plantation of the plant has 

other advantages as well especially in the developing countries.  

� Reduction of poverty in the rural areas by stimulating economic activities in rural 

areas like manufacture of soap, medicine and fertilizers. 

� Reduction of soil erosion improving soil fertility. 

� Reduction in expenditure of imported fuel in rural areas. 

� Expanded option is carbon sequestration.  (Pramanik, 2002) 

Figure 3 below shows the uses of Jatropha curcas tree. 
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Figure 3. The uses of Jatropha curcas plant. 
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The fruit of the Jatropha curcas contains about 2-3 seeds. The seed is 70 % weight of the fruit. 

2500 kg seeds can be produced in 1 ha of land. The size of the seed is about 17.5 mm in 

length and 11.5 mm width. The seeds can contain from 27 weight% to 32 weight % oil. That 

means about 3.3 kg of seed are need for 1kg oil or 1.086 litres of oil. This oil by means of 

transesterification is used for biodiesel production. Table 2 gives a brief idea of the physical 

and chemical properties of bio diesel in comparison to fossil diesel and Table 3 gives a 

comparison of energy contents of some fuels.  (Pramanik, 2002) (Brittaine, 2010) 

Table 2.Comparison of physical and chemical properties of fossil diesel and biodiesel 
produced from Jatropha curca. 

Number Parameters Biodiesel Fossil diesel 

1 Specific Gravity 0.875 0.841 

2 Density 0.876 gm/cm3 0.832 gm/cm3 

3 Flash Point 1700 C 700 C 

4 Kinematic 

Viscosity (400C ) 

4.8cSt 3.6cSt 

5 Sulphated Ash 0.06% 0.2% 

6 Carbon residue 0.2% 0.7% 

7 Iodine value 7.64 3.05 

 

Owing to the similarity in their chemical and physical properties the diesel can be used in B2, 

B5, B10, and B20 blends or can be used as pure B100. (Adebayo, 2011) (Rubens, 2008) 

 

Table 3. Comparison of energy content of some fuels   

Fuel Energy content 

Gasoline 43.10 MJ/Kg 

Ethanol 26.90  MJ/Kg 

Diesel 42.80  MJ/Kg 

Bio Diesel 37.50  MJ/Kg 

Pure Vegetable Oil 34.60  MJ/Kg 
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4. Pyrolysis  

Pyrolysis and gasification are methods for thermo chemical conversion of biomass. The 

difference between the two lies in the nature of the prevailing environment used to carry out 

this process i.e. inert or reactive. Pyrolysis is the devolatilization of volatile matter in inert 

medium to produce pyrolytic liquids, solid char and gaseous fuel. The calorific value and bulk 

density of pyrolytic liquid and solid char are very high compared to biomass, thus they have 

high-energy density. An extension of pyrolysis is the gasification – a thermal process, which 

is optimized to give the highest yield of carbon and energy in the gas phase. Gasification 

involves reactive environment that is it involves partial oxidation of biomass giving ash and 

gaseous fuel as the end product. Gasification and pyrolysis are not one step processes Upon 

heating the biomass it is dried up to 120 0C, followed by devolatilization of volatile matter up 

to 350 0C and gasification of the char above 350 0C. Therefore, it is customary to classify the 

entire gasifier process as drying, devolatilization and gasification. (Kirubakarana, et al., 2009) 

(Ralph.P.Overend, 2004) 

The parameters that influence the process of pyrolysis and gasification are size, shape, and 

structure of biomass, flow rate of biomass into gasifier, temperature and heating rate. 

Therefore it is critical to characterise the biomass before it is used in the gasifier. Moreover 

the design and construction of gasifier also depends on type of biomass being gasified 

therefore the purpose of characterising the biomass is indispensible. (Kirubakarana, et al., 

2009) 

 

4.1       Pyrolysis – Introduction Fundamentals and thermal aspects. 

Pyrolysis is a fundamental chemical reaction process and as defined earlier occurs when heat 

is applied to a material in the absence of oxygen. The nature of the change occurring during 

pyrolysis depends on the material being pyrolyzed, rate of heating of the material and the 

final temperature. Pyrolysis will yield mainly char at low temperatures, less than 450 0C, 

when the rate of heating is slow, and mainly gases at high temperatures, greater than 800 0C, 

with rapid heating rates. And at an intermediate temperature at high heating rate it results in 

bio oil. (Ralph.P.Overend, 2004) 

Pyrolysis process is mildly endothermic at the beginning; this is because of the moisture 

content in the biomass. If the moisture content in the biomass is high, the net energy yield of 
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the pyrolysis process will be very low because the energy necessary for the pyrolysis 

processes comes mainly from combustion of one or more of the products of pyrolysis (e.g., 

char, oil/tar, or combustible gases). So it is very important that the moisture content in 

biomass is very low. (Ralph.P.Overend, 2004) 

The cellular structure of biomass and the density are very important to determine the heat 

transfer characteristics of the material. The heat transfer characteristics are defined by its Biot 

number, a dimensionless ratio of surface convective heat transfer to internal heat 

conductivity. When the Biot number is very small in a range of < 10-3   then the material 

conducts heat rapidly to provide a uniform temperature throughout the biomass material, 

However for some biomass samples such as wood the Biot number  has values much greater 

than 0.2, and consequently there are large temperature gradients within the solid wood. 

(Ralph.P.Overend, 2004) 

In an experiment conducted by Dr. Ralph P. Overend at National Renewable Energy 

Laboratory, USA for a 1 cm3 cube of wood, a very slow heating rate of 0.01 K min-1 (Biot 

number ≈ 10-5) would result in an isothermal situation throughout the cube however if the 

heating rates are on the order of 100 K min-1 for the same 1 cm3 cube, the Biot number was 

observed to be 0.3 indicating a large thermal gradient. When the Biot number is around unity 

the heat takes long time to travel from the outside to the centre of the biomass material 

moreover it is opposed by the diffusion of the products of drying and pyrolysis (water vapour 

and organic molecules respectively). (Kirubakarana, et al., 2009) (Ralph.P.Overend, 2004) 

 

4.2        Pyrolysis- Types  

4.2.1    Slow Pyrolysis 

In slow pyrolysis heating rate is relatively low between 0.1 and 1°C/sec and at a pyrolysis 

temperature between 300 – 700°C. The low heating rate and subsequently long residence 

times of 5 – 10 minutes, give rise to more char in relation to liquid and gaseous products.  

Generally the charcoal weight is around 35-40 % by weight and the gases given out are 

mainly methane and carbon dioxide. (Kirubakarana, et al., 2009) 
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4.2.2    Fast Pyrolysis 

Fast pyrolysis is characterized by very small particle size of biomass so that uniform heating 

is possible, higher heating rates of 10 – 200°C/sec and higher pyrolysis temperatures 600 – 

1000°C. The process is more suitable for producing liquid and gaseous derivates from 

biomass. Typical results of fast pyrolysis are 60 – 80wt% liquid bio-oil, 15 – 25wt% char and 

10 – 20wt% non-condensable gases. Furthermore, the residence time around 1 – 10 seconds 

are much lower than that of slow pyrolysis which is necessary in order to keep the 

condensable gases from reacting and forming more char. (Kirubakarana, et al., 2009) 

 

4.2.3    Flash Pyrolysis 

In flash pyrolysis the heating rate is very high  in the range of >1000°C/sec and residence 

times below one second , however in order for flash pyrolysis to be successful the size of 

biomass material should be very small < 0.2 mm. The advantage of flash pyrolysis is that the 

tar/ char formation is very low giving higher yield of liquid and gas. (Bech, et al., 2008) 

 

5. Gasification 

Gasification is a clean energy technology that is flexible and reliable and can turn a variety of 

low-value feedstock into high-value products, and can provide a clean alternative source to 

produce electricity, fertilizers, fuels, and chemicals. Gasification is a thermo chemical process 

of converting biomass materials into gaseous component. By gasification, carbonaceous 

substances like biomass are converted to Syngas also called producer gas. This producer gas 

contains carbon monoxide, hydrogen, methane, lighter hydrocarbons and some other inert 

gases. The thermo chemical conversion is carried out by partial oxidation and at elevated 

temperature using air, oxygen, steam or mixture of these. (Demirbas, 2004) 

 

5.1       Theory of gasification. 

Gasification is an extension of pyrolysis; however, in gasification the thermal process is 

optimized to give the highest yield of carbon and energy in the gaseous phase, rather than 

produce char or a liquid. Gasification involves three separate steps that are drying, pyrolysis 

and then gasification. Gasifier are partial oxidation reactors, in which air or oxygen is 
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introduced to burn part of the input biomass which provides the heat for pyrolysis and 

gasification 

During gasification the reactions occurring can be classified in two categories oxidation 

reaction (exothermic) and reduction reaction (endothermic). 

The mail reaction occurring during the oxidation stage are as follows 

C  + O2 →         CO2          +406 kJ/mol           Oxidation of carbon         [R2] 

H2  + ½ O2  →   H2O           + 242 kJ/mol                  Steam production               [R3] 

C + ½ O2  →   CO             +109 kJ/mol               Partial oxidation               [R4] 

Reaction R2, R3 and R4 are highly exothermic reactions. And take place at a temperature of 

700 – 20000 C.  

In reduction reaction a number of high temperature reaction takes place in the absence of 

oxygen as follows 

C + 2 H2     →  CH4             +71 kJ/mol                Methane production         [R5] 

CO2 + C  → 2CO                   - 172.6 kJ/mol                  Boudouard reaction         [R6]  

C + H2O → CO + H 2                 - 131.4 kJ/mol                 Water-gas reaction          [R7]  

CO2 + H2   →    CO + H 2O      + 41.2 kJ/mol                Water shift reaction         [R8] 

                                                 

Reaction R6, R7 and R8 are endothermic reaction absorbing heat so the temperature 

decreases during these reactions. Reaction R7 represents the water-gas equilibrium reaction, it 

is the ratio between the product of the concentration of carbon monoxide (CO) and water 

vapour (H2O) to the product of the concentration of carbon dioxide (CO2) and hydrogen (H2)  

and is given by the value of the water-gas equilibrium 

constant (Kwe)  

��� =
����	 �����

�����	����
 

 

The equilibrium is determined by the concentration of the species and the temperature. At low 

temperatures, the production of hydrogen is favoured, and at high temperatures the production 

of carbon monoxide is promoted. (Peter Quaak, 2008) (Demirbas, 2004) 



Page | 22  
 

5.2        Types of Gasification systems 

 

The core of the gasification process is the gasifier, which is a pressure vessel where the 

hydrocarbon feed stock is broken down and converted into syngas by partial oxidation 

reactions.  There are several different types of gasifiers classified according to the nature of 

biomass –wet or dry, the use of oxygen or air, or the direction of flow in the gasifier like 

updraft, downdraft, fluidised or circulating gasifiers and now days the plasma gasifiers. 

(Gasification technology council, 2009)  

Fixed bed gasifiers (downdraft, updraft, cross draft) are employed for small-scale producer 

gas systems while fluidized bed gasifier is used with large-scale gasification system. 

 

5.2.1    Fluidised bed gasifier  

In a fluidized bed gasifier, the bed material can be made of sand or char, or a combination. 

The size and density of the fuel determine if the feeding should be above-bed or directly into 

the bed. The fluidizing medium is usually air; however, oxygen and/or steam are also be used. 

Generally the temperature of the bed media is maintained at a temperature between 10000C 

and 18000C. When a fuel particle enters the fluidised bed the drying and pyrolysis reactions 

proceed rapidly, driving off all gaseous portions of the fuel at relatively low temperatures. 

The remaining char is oxidized within the bed to provide the heat source for the drying and 

de-volatilizing reactions to continue. Figure 4 below shows a typical fluidised bed gasifier. 

(Steiner, et al., 2002) 



Page | 23  
 

 

Figure 4.  

Figure 4. Schematic of fluidised bed gasifier. 

 

Due to the intense rate of heat and mass transfer inside the fluidised bed the etching action 

removes surface deposits (ash, char, etc.) from the particle and exposes a clean reaction 

surface to the surrounding gases. As a result, the residence time of a particle in this system is 

very short in the order of only a few minutes, as compared to other types of gasifiers. 

Moreover due large heat capacity of bed material plus the intense mixing associated with the 

fluid bed enable this system to handle a much greater quantity and, normally, a much lower 

quality of fuel. Another advantage of the fluidised bed is that it can operate at high 

temperatures and pressure so the resultant syngas contains little or no methane, thus it’s 

possible to use the syngas directly in synthesis reactors without additional compression 

required. Thus the costly gas compression step is avoided. (Steiner, et al., 2002) 

 

5.2.2    Plasma gasification. 

One of the newer technologies in the field of gasification is the process of plasma 

gasification. It is comparatively new technology so there aren’t many commercialised plants. 
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There are a few plasma gasification plants running in India, China and Japan converting waste 

to energy. Figure 5 shows a schematic of the plasma gasification reactor. (Dovetail Partners 

Inc., 2010)  

 

 

Figure 5 

Figure 5. Schematic of the plasma gasification reactor. 

 

The process of plasma gasification converts the organic waste into a fuel gas that still contains 

all the chemical and heat energy from the waste. Inorganic waste is converted into an inert 

vitrified glass. Plasma which is the fourth state of matter is created in the gasifier by passing 

electricity in a torch that has two electrodes that form an arc at a very high temperature. 

Generally the temperature is between 30000C – 50000C.  Because of this so high temperature 

the waste is completely destroyed and broken down into its basic elemental composition. 

Another advantage of such a high temperature is that the inorganic such as silica, soil, 

concrete, glass, gravel, etc. are vitrified into glass, metals become molten and everything 

flows out from the bottom of the reactor thus no ash remains to go back into the landfill. 

(Dovetail Partners Inc., 2010) 
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In plasma gasification process sorting of waste is not required as it can handle any type of 

waste. It can even handle waste with high amount of moisture content however the moisture 

consumes energy to vaporize and can impact the capacity and economics; however, it will not 

affect the process. The reactor runs at a slightly negative pressure thus the gas formed need to 

be sucked out of the reactor by means of pump. Below is a sketch of a plasma gasifier. 

(Alliance Federated energy, 2010) (Dovetail Partners Inc., 2010) 

The reactor can handle more amounts of feed (20 to 40 tonnes/hr) compared to usual 

gasification systems (3 to 4 tonnes/hr). The plasma gasification system in Pune, India which 

is said to be the largest in the world currently can handle 72 tonnes/hr of feed rate Moreover it 

can also handle feed of size larger than 1 meter thus large drums or lumps of feed can be 

directly be fed to the gasifier. (NRG, 2010) 

 

6. Analyses 

6.1        Calorimetry 

Calorimetry measures the heat released or absorbed in the course of a chemical reaction. 

Calorimeter is the instrument used for measuring this heat. There are two types of 

calorimetry: measurements based on constant pressure which involves pressure volume work 

and measurement based on constant volume with no pressure volume work. 

Usually for reaction involving combustion a bomb calorimeter is used where  all reactants are 

kept  in an explosion-proof steel container, called the bomb whose volume does not change 

during a reaction. The bomb is then submerged in water or other liquid that absorbs the heat 

of reaction. The Figure below shows the bomb calorimeter used in experiment. The Figure 

6(a) shows the cross section of the bomb calorimeter while Figure 6(b) shows the actual 

instrument. 
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Figure 6 

Figure 6 . a) Schematic of Bomb calorimeter b) actual instrument used to perform 
experiment. 

Thermodynamics involved  

The combustion reaction is understood to have the following mechanism.  

CXHYOZ  (s)  + 
��

�

�
� �


 O2  (g)  �  XCO2 (g)  + YH2O (l) 

The combustion reaction is highly exothermic therefore ∆H combustion will be negative. By 

properly insulting the bomb calorimeter the system can be assumed to be adiabatic meaning   

q calorimeter = 0. 

As the volume does not change in the calorimeter , no volume change work is performed by 

the system, thus 

w calorimeter = -P*dV= 0 

Therefore the change in the internal energy will be zero as seen from equation below 

dU calorimeter  =  q calorimeter  + w calorimeter = 0 

This makes it possible to assume the system as isolated. With the sample and oxygen as the 

system and the bomb and water as the surrounding and the change in the internal energy in 

the reactant can be calculated. 

dU total = dU system + dU surrounding = 0 



 

 dU system = - dU surrounding

and as stated earlier the reaction takes place at constant volume dV= 0 thus we know

dU system = -Cv dT 

Now the heat capacity is assumed to be independent of temperature within a small range , 

integrating  we have the final equatio

∆U  = -Cv ∆T 

Another parameter to take into consideration is the change in enthalpy which by definition is 

∆H = ∆U +∆PV 

But in this case there is very little work that is 

ideal gas the expression can be written as 

∆H = ∆U + RT∆n gas 

Show in Figure 7 is a typical graph from

the calorimeter vs time  

Figure 7. Graph of temperature rise in the calorimeter vs time (the data is from burning 
sample of Jatropha curcas residue )

 

6.2       Proximate and ultimate analysis

In proximate analysis the moisture 

during pyrolysis when heated to 950 

residue remaining after combustion in the sample

(HHV) based on the complete combustion of the sample to carbon dioxide and liquid water

dU surrounding 

and as stated earlier the reaction takes place at constant volume dV= 0 thus we know

Now the heat capacity is assumed to be independent of temperature within a small range , 

integrating  we have the final equation for calculation 

Another parameter to take into consideration is the change in enthalpy which by definition is 

But in this case there is very little work that is ∆PV =0 moreover when assuming the gas as 

ideal gas the expression can be written as  

l graph from calorimetric results. A graph of temperature

Graph of temperature rise in the calorimeter vs time (the data is from burning 
residue ) 

Proximate and ultimate analysis  

the moisture content, volatile content (gases and vapours

when heated to 950 0C), the fixed carbon and the ash content 

residue remaining after combustion in the sample) are determined.  The high heating value 

e complete combustion of the sample to carbon dioxide and liquid water

Page | 27  

and as stated earlier the reaction takes place at constant volume dV= 0 thus we know 

Now the heat capacity is assumed to be independent of temperature within a small range , 

Another parameter to take into consideration is the change in enthalpy which by definition is  

PV =0 moreover when assuming the gas as 

calorimetric results. A graph of temperature rise in 

 

Graph of temperature rise in the calorimeter vs time (the data is from burning 

vapours driven off 

content (the inorganic 

he high heating value 

e complete combustion of the sample to carbon dioxide and liquid water is 
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also determined.  

The ultimate analysis gives the composition in wt% of C, H, O, N, and S in the given organic 

compound. (Shaha, 2008) 

6.2.1    Properties of fuels 

6.2.1.1 Calorific value  

The calorific value gives the amount of heat or energy produced when a specific amount of 

fuel is completely combusted in a standardised environment.  Usually the unit used is J/Kg or 

if it’s a liquid fuel the J/lit. There are two types of calorific values gross calorific value also 

called higher heating value (HHV) and the net calorific value also called lower heating value 

(LHV).  The difference between the two is the latent heat of condensation of the water vapour 

produced during the combustion process. HHV assumes that all the water vapour is fully 

condensed while LHV assumes that the water vapour leaves without being condensed. 

(Shaha, 2008) 

The calorific value largely depends on the moisture content in the biomass and decreases 

linearly with increasing moisture content. (Peter Quaak, 2008) 

 

6.2.1.2  Ash content  

The ash content corresponds to the inorganic content in the sample. The minerals present in 

biomass residual fuels are generally Si, Ca, K, Na and Mg and to a lesser extent S, P, Fe, Mn 

and Al.  Generally the ash content in the biomass is around 1-5 wt%.  

Excessive ash in the fuel can cause serious damage to the process equipments like fouling 

deposits. Ash has erosive effect on the burner tips, causes damage to the refractory’s at high 

temperatures including agglomeration i.e. sticking of molten ash to bed particles and 

furthermore, molten ash sticking to heat transfer surfaces i.e. fouling, affecting the total 

efficiency of heat transfer and combustion. (Shaha, 2008) 

 

6.2.1.3  Moisture content (MC) 

The moisture content in the biomass relates to the amount of water content in the biomass 

expressed as a percentage of the materials weight. The moisture content has a deep negative 
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effect on the biomass when heating value of biomass is concerned. The heating value of the 

fuel goes down as the moisture content in biomass increases.  

The MC in the biomass will vary from anything between 5 wt% to 70 wt% depending on the 

source of biomass. For example it is less that 10 wt% in cereals and about 70 wt% in forest 

residue. High MC in biomass gives lesser combustion temperature moreover high moisture 

content will also delay the volatilisation and in turn affect the size of the combustion chamber 

or gasifier.  (Peter Quaak, 2008) 

 

6.2.1.4  Volatile Matter (VM) 

VM refers to the part of the biomass that is released when the biomass is heated up to 400- 

500 0C. Actually this process can be divided in steps. When the biomass is heated it gradually 

loses its moisture content and the biomass is dried. Upon continued heating the larger 

hydrocarbons are broken down into smaller once and then later gases are formed mainly CO, 

CO2, H2, N2, CH2 etc.  (Peter Quaak, 2008) 

 

6.2.1.5  Fixed carbon content 

The fixed carbon content contributed to the formation of char during pyrolysis or gasification. 

The amount of fixed carbon content is given by 

Fixed carbon content wt% = 100% - Ash wt % - MC wt % - VM wt%                         (1) 

During the process of pyrolysis carbon content in biomass is reduced to char, thus high level 

of fixed carbon content yield high level of char in pyrolysis process. (Peter Quaak, 2008) 

 

6.2.1.6  Bulk Density 

Bulk density refers to the weight of the material to its unit volume. Similar to the moisture 

content the bulk density too shows high variation. The bulk density of some grass cereals is 

in range of 150– 200 kg/m3 while that in some wood is 800-900 kg/m3. 

Heating value and the bulk density together determine the energy density of the biomass fuel 

that is the potential energy that is available per unit volume of the biomass. The bulk density 

of biomass is very low compared to fossil fuel sources. Thus transportation of biomass fuel is 
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costly, to avoid this generally pelletilization or other process to improve bulk density are 

often carried out on biomass. (Peter Quaak, 2008) (Shaha, 2008). 

 

6.2.1.7  Flash Point  

Flash point refers to the lowest temperature at which the fuel can vaporise to give an 

igniTable mixture in air. (Peter Quaak, 2008) 

 

6.2.2    Biomass characteristics that can be hazardous to the environment. 

Normally biomass contains very small quantities of materials that can be dangerous for the 

environment. Biomass contains small quantities of sulphur and chlorine that when combusted 

can cause acid rains due to formation of SOx and HCL. Combustion of biomass also gives 

rise to NOx formation. NOx is formed in two ways, thermal NOx is formed at temperature 

above 9500 C due to the nitrogen present in the air and fuel NOx takes place due to the 

nitrogen present in the fuel at low temperature. While combustion or gasification of biomass 

if the equipment used for the purpose is not properly designed then hydro carbon formation 

takes place (CxHy) and it can be very hazardous for the environment. Table 4 gives a idea of 

the sulphur and chlorine content in some biomass materials (Shaha, 2008) (Peter Quaak, 

2008). 

Table 4. Sulphur and chlorine content in some biomass materials  

Biomass Material Sulphur Chlorine 

Maize 0.05 1.48 

Wood 0.01 0.01 

Straw 0.07 0.49 

Grass 0.18 0.88 

Bark 0.05 0.02 

 

7. TGA- Thermo Gravimetric Analysis 

7.1        What is TGA? 

TGA- Thermo Gravimetric Analysis gives information as to how a material would behave 

when subjected to heat in a controlled environment. TGA measures the amount and the rate 
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of weight loss of the material as a function of temperature or time. TGA is used mainly to 

determine the composition of the material and predict their thermal stability. This technique 

can characterize material that exhibit weight loss or gain due to oxidation, decomposition or 

dehydration. (PerkinElmer, 2010) 

 

7.2       Construction 

         

(a)                                                                       (b) 

Figure 8. TGA  instrumentation 

As shown in Figure 8, TGA consists of a crucible and electric furnace that can be raised or 

lowered in order to insert or remove the crucible. The Figure 8 (a) shows the furnace in 

lowered position for loading/unloading the sample while the Figure 8 (b) shows the furnace 

in the raised position when it is heating the sample. The small pipe is used for injecting inert 

or reactive gases depending on the analysis being carried out. It can be seen in Figure 8 (b). 

The ceramic pedestal is connected to weighing scale which is continuously measuring the 

weight of the sample. TGA gives exact moisture, volatiles, fixed carbon and ask content in 

the sample. Generally the temperature range of TGA is between 500C – 10000C. 

(PerkinElmer, 2010) 
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A typical graph of TGA is shown in Figure 9 below. The blue line indicates the loss in mass 

plotted against temperature the red line gives the rate of weight loss and at what point the 

maximum weight loss occurs. 

 

Figure 9. Result of thermo gravimetric analysis. 

 

8. Methodology  

8.1       Calorimetry 

 A constant volume calorimeter was used for the experiment. The pressure inside the bomb 

calorimeter is 30 bars and oxygen is used to pressurise the system. The material was 

pelletized, with a mass of approximately 1,5g and placed inside the pressure vessel. In order 

to initiate the combustion, a 12cm long thread of cotton is packed inside the specimen, which 

is connected with a thread of steel. For the forthcoming calculations the effective mass of the 

pellet is used, where the mass of the cotton thread is subtracted from the total pellet mass. In 

order to acquire the HHV of the specimen, 1ml of de-ionized water is added in the pressure 

vessel. This gives a saturated state inside the bomb. The 15cm long steel thread connects the 

electrical leads, since electricity is igniting the specimen. (Fay, 1996) 

The bomb calorimeter is placed inside a containment isolated with water, called the “shirt”,   

to make the operation adiabatic. The system is adiabatic, since it is assumed that no heat is 

transferred from the water container to the containment. The pressure vessel is positioned 

inside a water container of 2700ml of tap water, resulting in an assumed insulated system. An 
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atmosphere of air is surrounding the water container inside the containment. During the 

process an electric motorized stirrer is positioned in the water container to have a uniform 

temperature in the surrounding. (Fay, 1996) 

Before the test is started the respective temperatures of the ambient, the shirt and the water 

surrounding the pressure vessel are measured. During the initial five minutes of the test, only 

the stirrer is in operation. Every 60 second the temperature is measured to get an average 

temperature of the first five minutes. This average is considered as the start temperature of 

test. After the initial five minutes the specimen ignites and the combustion starts. With an 

interval of 30 seconds the temperature increase is measured in the water container. This 

increase in temperature is corresponding to the total temperature increase in the system, 

resulting that an average CP is used in the calculations for the whole system (including the 

pressure vessel and water container). Further the temperature is plotted against time and 

further calculations are carried out as seen in the appendix B. (Fay, 1996) 

 

8.1.1    Calculations 

8.1.1.1 Corrected temperature rise. 

The corrected temperature rise is calculated with the help of the following equation. 

t = tc- ta- r1 (b-a) - r2(c-b)                                                                   (2) 

Where 

t - Corrected temperature rise. [ 0C] 

a - time of ignition [min]  

b - Time when the temperature rise reaches 60% of total rise. [min] 

c – Time when the temperature starts to stabilize. [min] 

ta - temperature at the time of ignition. [ 0C] 

tc - temperature at the time c. [ 0C] 

r1 -  ratio between temperature and time during the first 5 minutes before ignition. [ 0C/min] 

r2 - ratio between temperature and time, during the 5 minutes after the time c   [ 0C/min] 
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8.1.1.2   Calorific value 

For determining the precise calorific value, some more parameters need to be taken into 

consideration. This is due to the fact that heat produced in the calorimeter is not only due to 

burning biomass, heat is produced due to the impurities present in the biomass thus some 

variables are needed to be introduced to the calculations. 

 For each test, the following variables need to be determined:  

e1 is the correction parameter for the heat formed from the nitric acid in calories = millilitres 

of standard solution of alkali used in titration of the acid.  

e2 is the correction parameter for the heat formed from the sulphuric acid in calories = 14 

times the percentage sulphur in the sample times the weight of the sample in grams.  

e3 is the correction parameter for the calorific value of the ignition wire in calories = 2.7 

times the length of the iron wire consumed in cm.  

Thus after evaluating these parameters the following equation gives the calorific power of 

biomass sample.  

Hs =   (tA- e1 - e2 - e3 )/ p                                                                       (3) 

Where  

Hs -     higher calorific value. [Cal/gm] 

 t -       corrected temperature rise. [0C] 

A -       water equivalent in the calorimeter [cal/0C] 

P -      mass of the sample [gm] 

 

8.2        Proximate analysis. 

All the procedure for Proximate analysis where done according to the instructions and 

standards of ASTM as shown in Table 5 
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Table 5. Standard test methods for proximate analysis. 

Proximate analysis   

Moisture ASTM E871 

Volatile matter ASTM  E872-82 

Ash ASTM E 1755-01 

Fixed carbon  By difference 

Heating value ASTM D 2015, E 711 

 

8.2.1    Moisture content  

Moisture is ubiquitous and variable sample of biomass material and is not considered a 

structural component of biomass. 

� Uniquely marked Ceramic crucibles were kept in a drying oven at 1050C for 1 hour 

duration. 

� Then each crucible was weight on an analytical balance to nearest 0.1mg and the mass 

was recorded at tare mass mt. 

� Nominal 0.5 g of sample was taken in the crucible and the mass of crucible and 

biomass was carefully recorded to nearest 0.1mg. This was the initial mass mi. 

� The crucibles were placed in a drying oven for 3 hrs, afterwards were removed and 

allowed to cool to room temperature in desiccators. 

� Each sample was weigh again to nearest 0.1 mg , after weighing the samples were 

again kept for drying for 1 hrs cooled again and weight were noted. 

� The procedure was repeated till almost constant mass of biomass (not varying by 

more than 0.3 mg) was recorded. (ASTM, 2012) 

Then the mass % of the total solids obtained was calculated. 

       % T105 = (mf1-mt)/(mi1-mt) * 100 %                                                                           (4) 

Where: 

       % T105 - mass % of total solids based on 1050C dry mass, 

            mt   - tare mass of dried container, 

            mi1 -initial mass of container and biomass, and 

            mf1- final mass of container and biomass after drying at 1050C. 
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8.2.2    Volatile matter  

This test method determines the percentage of gaseous products, exclusive of moisture 

vapour, in the analysis of sample biomass.  

� The electric oven was heated to 9500 C with a tolerance of +/- 200C. 

� The crucible and cover were weight to the nearest 0.1mg and the weight was recorded 

as wc.  Sample of weight approximately 1 g was taken and then the exact weight of 

crucible, cover and sample was recorded to the nearest 0.1 mg. This weight is wi. 

� The crucible with sample plus cover was inserted directly into the hot oven with the 

help of platinum wires. The sample was kept in the oven for about 6-7 min till all the 

volatile matter was lost and fixed carbon and ash remained in biomass. Then removed 

and allowed to cool in desiccators.   

� Finally the weight of the sample was recorded as wf.  

Weight loss % were calculated as follows 

Weight loss % = (wi- wf) / (wi-wc) * 100 = A                                                            (5) 

Where:  wc - weight of crucible and cover , g 

              wi - initial weight , g  and  

             wf -  final weight , g 

  

8.2.3    Ash content  

The ash content in the biomass is the approximate measure of the mineral content in the 

biomass. 

� The crucibles were placed in an oven and then temperature of the oven was increased 

to 7500C   and then maintained there for 4 hrs. 

� Then after the crucibles were placed in desiccators and allowed to cool for 1 hr and 

then weight was noted. 

8.2.4   Fixed carbon content 

The fixed carbon content can be determined by when all other weight are subtracted as seen 

by the formula below. 

 

Fixed carbon content wt% = 100% - Ash wt % - MC wt % - VM wt%                        (6) 
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 8.3      TGA 

The following procedure was carried out for the thermo gravimetric analysis of samples 

• The compound to be investigated was taken into a clean ceramic crucible. The 

machine used had a weight limit of 10 grams so the samples taken weight between 5-

10 grams. The shape of the sample is irrelevant for the test however the results may 

deviate for sample of the same compound and different shape this is due to heat 

gradients within the sample and an uneven composition of the produced gases. 

• The crucible with sample is placed on a pedestal, which is resting on a scale. The 

scale is to be adjusted to zero at the start of the experiment. Then the cylinder is 

lowered covering the entire crucible but not touching it physically. This cylinder 

operates as an oven, uniformly heating the sample. Moreover it is equipped with a 

thermocouple for measuring the temperature. 

• The desired rate of heating and the maximum temperature to which sample should be 

heated is set in the computer. The volume flow [ml/min] of the inert gas N2 is set and 

the analysis is initiated. The linear temperature increase is given as a function of time, 

t [min], TMAX = T0 + β·t and thusly, the time consumed by the analysis is given by 

(TMAX – T0)/β in minutes. (Joseph F. Greenbeck, 2006) 

The equipment used for the TGA-tests was RB-3000-20 developed by PB engineering. The 

computer software and all the instrumentation was also developed by PB engineering. The 

software gives a graph illustrating the loss in mass, dm [%] as a function of temperature. The 

graphs are recorded in the software Origin 6.1.  

The analysis strongly depends on the rate of heating and the compound being analysed. For 

the calculations for determining the kinetic data from the TGA results only first order model 

is used and thusly only the primary volatilization is considered. The calculation was carried 

out according to the guidelines given in the manual provided by the manufactures of the TGA 

machine.  

�� (�)/ ��   = � (�� − � (�) )                            (7) 

�� =�0−�∞/�0                   (8)   

(�) = �0−� (�)/ �0                                         (9) 

 



Page | 38  
 

Equation (7) and equation (8) are the governing principle equations of the model. 

 m0-  the mass of the sample at the moment before volatilization.  

m(t) - the relation between mass and time and the derivate of conversion fraction with regard 

to time. 

 dX(t)/dt is ascertained from the thermo gravimetric experiments. The expression (7) could be 

rearranged to a temperature dependant function (10), by simply utilizing the chain-rule. Thus 

dT/dt equals the heating rate, β. 

(�� (�)/ ��)*(��/��)= � (�� − � (�) ) ↔�� (�)/�� =[� (�� − � (�) )]/ β         (10) 

 

Thus now  equations (7) to (10) give the rate constant k for the temperature range being 

examined , the activation energy EA as well as the pre-exponential factor A. Knowing these 

parameters is crucial in designing any kind of combustion chamber or gasifier. (Joseph F. 

Greenbeck, 2006) 

 

9. Results and Discussion 

9.1       Proximate analysis 

The results of the proximate analysis are shown in Table 6 

Table 6. Results of Proximate analysis  

 Fixed carbon (% db) Volatiles (%db) Ash  (% db) 

Jatropha curcas residue 1 18.94 67.47 13.40 

Jatropha curcas residue  2 21.76 70.48 7.741 

Jatropha curcas residues 3 21.93 71.95 6.10 

 

Jatropha curcas residue has a high amount of volatiles about 65-75% , high amount of volatile 

matter suggest that the biomass is easy to ignite moreover the fixed carbon content is low 15-

25%  thus the char formation will be low, making Jatropha curcas residue very good for 

gasification process. Jatropha curcas residue contains high amount of ash about 8-10 % thus 
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giving rise to problem of slagging and agglomeration in the gasification system. So this 

problem should be addressed while designing the system. 

9.2       Calorimetry  

The Table below shows the average calorific power of Jatropha curcas residue and glycerol 

samples. In order to nullify the errors and to get value as close to reality as possible the 

sample was tested several times and then average value was determined. Table 7 gives the 

results of the experiment. The detailed calculation can be seen in Appendix B 

Table 7. Average calorific power of biomass samples. 

Sample Average calorific power MJ/Kg 

Jatropha curcas residue 1 20.5 

Jatropha curcas residue 2 20.63 

Jatropha curcas residue 3 21.24 

Glycerol 23.48 

 

The calorific power of the three samples of Jatropha curcas residue was found to be 20.05 

MJ/Kg , 20.63 MJ/Kg , 21.24 MJ/Kg respectively while that of glycerol was 5618.875 

kcal/kg or 23.48 MJ/Kg. Literature survey suggests that when compared to other biomass 

samples the calorific power of Jatropha curcas is higher than coconut fibre, groundnut 

husk.(15.33 and 16.46 respectively). It is more or less equal with sugarcane bagasse, rice 

husk(18.34 and 19.28 MJ/Kg respectively) which are biomass also used in gasification 

processes. Thus there should not be any hindrance to gasify Jatropha curcas residue. 

In case of glycerol the calorific power is 23.48 MJ/Kg which is low compared to 

conventional gasoline or crude oil (usually 40-45 MJ/Kg) but it is higher than methanol 

(20.09MJ/Kg) and lower than ethanol (26.95 MJ/Kg). Glycerol can be gasified but further 

studies needed to be carried out to determine how economical the process would be.   

9.3       TGA 

Presented below are results of thermo gravimetric analysis. TGA was carried out on Jatropha 

curcas residue and also glycerol. The results are quite different for both, one being woody 

biomass and other being liquid hydrocarbon. 
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The detailed graph of the weight loss against temperature and the maximum amount of 

weight loss can be seen in Figure 10 and Figure 11 below. 

 

Figure 10  TGA graph for Jatropha curca residue. 

 

 

 

 

 

Figure 11.TGA graph for glycerol 
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 In case of Jatropha curcas residue, up to a temperature of 2200C there is not much weight 

loss as pyrolysis reaction has not yet started. The maximum amount of weight loss occurs 

within the temperature range of 3300C -3500C and after 4500C there is not much weight loss 

again as everything is carbonised. While in case of glycerol the maximum weight loss is 

observed within a temperature interval of 2850C -3000C.  

The kinetic parameters for the two also show quite different results the activation energy of 

Jatropha curcas is quite high compared to glycerol. The kinetic parameters are presented 

below in the Table 8 and the detailed calculation is included in appendix D. 

Table 8. Kinetic parameters of Jatropha curcas residue and glycerol. 

 EA (KJ/mol) A (1/s) 

Jatropha curcas residue 53.2 1625.66 

Glycerol 6.89 0.0010 
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10. Conclusion 

 

The study gives some insight on the composition, calorific value and kinetic properties of the 

biomass investigated. It was found that in the test sample of Jatropha curcas residue the 

volatiles are in a range of 67-70 wt%, fixed carbon content 18-21 wt% and ash 6-13 wt%. 

The average calorific power of the three Jatropha curcas residue samples was 20.5 MJ/Kg, 

20.63 MJ/Kg and 21.24 MJ/Kg respectively. While in case of glycerol it was 25.60 MJ/m3. 

The maximum weight loss for Jatropha curcas occurs in the temperature range of 330-350 0C 

and for glycerol it is in range of 285-3000C. The activation energy for Jatropha curcas is 53.2 

KJ/mol while that of glycerol it is 6.89 KJ/mol. 

The study also sheds some light on the types of thermo chemical process like pyrolysis and 

gasification for converting biomass to energy or high value products. It was concluded that it 

is technically and economically feasible to gasify the residue of Jatropha curcas owing to it 

high calorific power and volatile matter content. Jatropha curcas also has a high ash content 

so special design consideration should be made to handle ash while designing its gasification 

system. In case of glycerol, technically, it can be gasified to convert it into high value 

products but it is necessary further study in order to determine if it is economically feasible. 
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Appendix A: Proximate Analysis 

Spread sheet to calculate the MC, FC, ash and volatiles 

Proximate analysis of sample 1         Date   30th  April 2012 

 

 

Sample 
Number 

Weight  
of 
crucible 
(gm)  
  (1) 

Wt of 
crucible 
+ wet 
sample 
(gm)  
(2) 

Wt of 
crucible 
+sample  
dry(gm) 
(3) 

Wt of 
crucible + 
carbon(gm) 
(4) 

Wt of 
crucible 
+ ash 
(gm)  
(5) 

Wt of 
wet 
sample  
(6) 
 
 
(2-1) 

Wt of 
dry 
sample 
(7) 
(gm) 
 
(3-1) 

Wt of 
carbon 
and 
ash 
(8) 
(gm) 
 
(4-1) 

Wt of 
ash 
(9) 
 
 
 
(5-1) 

Moisture 
(%)  
(10) 
 
 
 
(6-7)/7 

Fixed 
carbon 
(% db) 
(11) 
 
 
(8-9)/7 

Volatiles 
(% db)  
(12) 
 
 
 
 
(7-8)/7 

Ash (% 
db) (13) 
 
 
 
(9/7) 

1 35.4316 45.1948 44.3616 38.4800 36.9224 9.7632 8.93 3.0484 1.4908 9.3303 17.4423 65.8633 16.6942 

2 43.2062 51.2267 50.4997 45.5183 43.9338 8.0205 7.2935 2.3121 0.7276 9.9677 21.7248 68.2991 9.9760 

3 40.0617 49.4075 48.5478 42.7070 41.1034 9.3458 8.4861 2.6453 1.0417 10.1306 18.8967 68.8278 12.2753 

4 45.2831 52.7600 52.0753 47.4081 46.0172 7.4769 6.7922 2.125 0.7341 10.0806 20.4779 68.7141 10.8079 

5 39.5382 47.9060 47.1862 42.1056 40.6650 8.3678 7.648 2.5674 1.1268 9.4116 18.8362 66.4304 14.7332 

6 31.4678 40.8949 40.0200 34.2493 32.8304 9.4271 8.5522 2.7815 1.3626 10.2301 16.5910 67.4762 15.9327 
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Spread sheet to calculate the MC, FC, ash and volatiles 

Proximate analysis of sample 2                                                   Date   15th  April 2012 

 

 

SAMPLE 
Number 

Weight  
of 
crucible 
(gm)  
  (1) 

Wt of 
crucible 
+ wet 
sample 
(gm)  
(2) 

Wt of 
crucible 
+ 
sample  
dry 
(gm) 
(3) 

Wt of 
crucible + 
carbon(gm) 
(4) 

Wt of 
crucible 
+ ash 
(gm)  
(5) 

Wt of 
wet 
sample  
(6) 
 
 
 
(2-1) 

Wt of 
dry 
sample 
(7) 
(gm) 
 
 
(3-1) 

Wt of 
carbon 
and 
ash 
(8) 
(gm) 
 
(4-1) 

Wt of 
ash 
(9) 
 
 
 
(5-1) 

Moisture 
(%)  (10) 
 
 
 
 
(6-7)/7 

Fixed 
carbon 
(%) 
(11) 
 
 
 
(8-9)/7 

Volatiles 
(%)  (12) 
 
 
 
 
 
(7-8)/7 

Ash 
(%)  
(13) 
 
 
 
 
(9/7) 

1 37.6067 45.3536 44.7339 39.7037 38.0942 7.7469 7.1272 2.097 0.4875 7.99932 22.582 70.570 6.830 
2 39.7376 47.3615 46.7438 41.771 40.16 7.6239 7.0062 2.0334 0.4224 8.10215 22.990 70.970 6.020 
3 40.6812 48.4756 47.8396 42.8086 41.2547 7.7944 7.1584 2.1274 0.5735 8.15970 21.707 70.281 8.011 
4 34.8359 43.6316 42.9234 37.254 35.5754 8.7957 8.0875 2.4181 0.7395 8.05166 20.786 70.100 9.143 
5 33.384 41.3486 40.7087 35.5059 33.8325 7.9646 7.3247 2.1219 0.4485 8.03430 22.847 71.030 6.123 

6 41.4068 49.9742 49.29 43.7744 42.219 8.5674 7.8832 2.3676 0.8122 7.98608 19.730 69.966 10.302 
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Spread sheet to calculate the MC, FC, ash and volatiles 

Proximate analysis of sample 3         Date   25th April 2012 

 

SAMPLE 
Number 

Weight  
of 
crucible 
(gm)  
  (1) 

Wt of 
crucible 
+ wet 
sample 
(gm)  
(2) 

Wt of 
crucible 
+ 
sample  
dry (gm) 
(3) 

Wt of 
crucible + 
carbon(gm) 
(4) 

Wt of 
crucible 
+ ash 
(gm)  
(5) 

Wt of 
wet 
sample  
(6) 
 
(2-1) 

Wt of 
dry 
sample 
(7) (gm) 
 
(3-1) 

Wt of 
carbon 
and 
ash 
(8) 
(gm) 
(4-1) 

Wt of 
ash 
(9) 
 
(5-1) 

Moisture 
(%)  (10) 
 
(6-7)/7 

Fixed 
carbon 
(%) (11) 
 
(8-9)/7 

Volatiles 
(%)  (12) 
 
(7-8)/7 

Ash 
(%) 
(13) 
 
(9/7) 

1 13.8321 18.939 18.5591 15.1393 14.1133 5.1069 4.727 1.3072 0.2812 7.43 21.70 72.34 5.94 

2 30.3533 35.3233 34.9393 31.6462 30.6620 4.9697 4.5860 1.2929 0.3087 8.36 21.46 71.80 6.73 

3 16.269 22.1154 21.6342 17.7838 16.5759 5.8464 5.3652 1.5148 0.3069 8.23 22.51 71.76 5.72 

4 22.2629 28.5582 28.0348 23.9073 22.6113 6.2953 5.7719 1.6444 0.3484 8.31 22.45 71.51 6.03 

5 16.3465 20.2189 19.8966 17.3298 16.5587 3.8724 3.5501 0.9833 0.2122 8.32 21.72 72.30 5.97 

6 13.7019 18.5592 18.1584 14.9414 13.9723 4.8573 4.4565 1.2395 0.2704 8.25 21.74 72.18 6.06 
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Appendix B. Calorimetry 

EXPERIMENTAL DATA – CALORIMETRY              for  Glycerol 

 Test 1 Test 2 Test 3 Test 4 

Sample mass (g) 0.9954 0.9267 0.888 1.0006 
Pellet mass (g) 1.0010 0.9321 0.8938 1.0057 
Mass of cotton thread (g) 0.0056 0.0054 0.0058 0.0051 
Ambient Temperature (C) 21.30 19.80 18.80 19.50 
Temperature of "Shirt" © 20.80 19.60 18.90 19.60 
Temperature of Calorimeter (C) 21.82 20.68 24.91 20.03 
e1 = Volume of Álcali(ml) 6.90 3.00 6.20 6.30 
H =Calorific power of benzoic acid (cal/g)  6,318   6,318   6,318   6,318  
e3  = Correction for the ignition wire 0 0 0 0 
a =Ignition Time (min.) 5 5 5 5 
A = Water equivalent of calorimeter cal/°C  3600.33 3600.33 3600.33 3600.33 

 
 
 Test 1 Test 2 Test 3 Test 4 
t = Rise of corrected temperature  1.7293 1.0483 0.846368421 1.7003 
b = Time of temperature rise = 60% of the maximum 
temperatura +/- 0,1 min.    

10.17 12.12 8.25 11.91 

c = Time for temperature stabilization (min.)   20.5 21 23 23 
ta =Temperature at the time of ignition  21.8 20.75 24.82 20.07 
r1 = Variation of temperature in the first 5 minutes divided 
per time(oC/min.)   

-0.00400 0.01400 -0.01800 0.008 

r2 =Variation of temperature in the last 5 minutes divided 
per time(°C/min)   

0.004 0.034 0.032 0.004 

tc = temperature at time c(°C)    23.55 22.2 26.08 21.87 
Time to reach 60% of the maximum temperature (min.) 10.17 12.12 8.25 11.91 
Hs – Calorific power kcal/kg 6248 4070 3425 6112 
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Test 2    

Test 3                     

500 1000 1500 2000

Time (s)

1000 2000

Time (s)
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 Test 5 Test 6 Test 7 Test 8 
Sample mass (g) 1.1861 1.002 1.021 1.2565 
Pellet mass (g) 1.1915 1.0278 1.0265 1.2565 
Mass of cotton thread (g) 0.0054 0.0058 0.0055 0.0057 
Ambient Temperature (C) 24.80 24.70 25.60 25.30 
Temperature of "Shirt" © 25.00 23.90 27.90 27.90 
Temperature of Calorimeter (C) 24.51 23.64 26.96 26.44 
e1 = Volume of Álcali(ml) 7.70 7.90 6.80 7.70 
H =Calorific power of benzoic acid (cal/g)  6,318   6,318   6,318   6,318  
e3  = Correction for the ignition wire 0 0 0 9 
a =Ignition Time (min.) 5 5 5 5 
A = Water equivalent of calorimeter cal/°C 3600.33 3600.33 3600.33 3600.33 
 
 
 Test 5 Test 6 Test 7 Test 8 
t = Rise of corrected temperature 2.10352 1.699882353 1.788452174 2.2541 
b = Time of temperature rise = 60% of the maximum 
temperatura +/- 0,1 min. 

9.31 8.59 10.61 8.95 

c = Time for temperature stabilization (min.)  23 23 23 23 
ta =Temperature at the time of ignition 24.57 23.65 26.98 26.48 
r1 = Variation of temperature in the first 5 minutes divided 
per time(oC/min.) 

0.01200 0.00200 0.00400 0.00800 

r2 =Variation of temperature in the last 5 minutes divided 
per time(°C/min) 

0.004 0.012 0.008 0.006 

tc = temperature at time c(°C) 26.78 25.53 28.89 28.85 
Time to reach 60% of the maximum temperature (min.) 9.31 8.59 10.61 8.95 
Hs – Calorific power (kcal/kg) 6379 5981 6300 6436 
 

 

                                                                                                                   



 

                                  Test 5 

 

 

 Test 8                                                                                                                       

 

                                   

Test 6         

                                          

Test 8                                                                                                                               Test 7 

23,50

24,00

24,50

25,00

25,50

26,00

0 500

T
e

m
p

e
ra

tu
re

 (
°C

)

Time (s)

Page | 53  

 

Test 6          
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Average calorific power of glycerol sample  

 

 Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8 

Calorific Power (Kcal/kg) 6248 4070 3425 6112 6379 5981 6300 6436 

    

 Average calorific power         5618.875  kcal/kg 

Density of glycerol –  1.26  kg/m3 

Energy Density for glycerol – 7079.75 Kcal/ m3 or 25.6 MJ/ m3 
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EXPERIMENTAL DATA – CALORIMETRY   FOR   JATROPHA CURCAS - SAMPLE 1  

 Test 1 Test 2 Test 3 
Sample mass (g) 1.2667 1.2147 1.2183 
Pellet mass (g) 1.2724 1.2200 1.2236 
Mass of cotton thread (g) 0.0057 0.0053 0.0053 
Ambient Temperature (C) 26.60 20.30 22.80 
Temperature of "Shirt" © 27.20 20.50 22.90 
Temperature of Calorimeter (C) 27.78 21.8 22.45 
e1 = Volume of Álcali(ml) 10.00 11.20 10.00 
H =Calorific power of benzoic acid (cal/g)  6,318   6,318   6,318  
e3  = Correction for the ignition wire 0 0 0 
a =Ignition Time (min.) 5 5 5 
A = Water equivalent of calorimeter cal/°C 3600.33 3600.33 3600.33 
 
 
 Test 1 Test 2 Test 3 
t = Rise of corrected temperature 1.6993 1.5625 1.44132 
b = Time of temperature rise = 60% of the maximum temperatura +/- 
0,1 min. 

8.73 10.55 12.94 

c = Time for temperature stabilization (min.)  20.5 20.5 20.5 
ta =Temperature at the time of ignition 27.78 21.78 22.6 
r1 = Variation of temperature in the first 5 minutes divided per 
time(oC/min.) 

0.00000 -0.004 0.03000 

r2 =Variation of temperature in the last 5 minutes divided per 
time(°C/min) 

0.006 0.006 0.008 

tc = temperature at time c(°C) 29.55 23.38 24.34 
Time to reach 60% of the maximum temperature (min.) 8.73 10.55 12.94 
Hs – Calorific power (kcal/kg) 4822 4622 4251 
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       Test 2 

1000 2000
Time (s)



 

 

  

 Test 4
Sample mass (g) 1.3418
Pellet mass (g) 1.3472
Mass of cotton thread (g) 0.0054
Ambient Temperature (C) 24.90
Temperature of "Shirt" © 25.80
Temperature of Calorimeter (C) 26.71
e1 = Volume of Álcali(ml) 6.90
H =Calorific power of benzoic acid (cal/g)  6,318 
e3  = Correction for the ignition wire 0 
a =Ignition Time (min.) 5 
A = Water equivalent of calorimeter 
cal/°C 

3600.33

 Test 4
t = Rise of corrected temperature 1.7702
b = Time of temperature rise = 60% of the 
maximum temperature +/- 0,1 min. 

7.55

c = Time for temperature stabilization 
(min.)  

20.5

ta =Temperature at the time of ignition 26.82
r1 = Variation of temperature in the first 5 
minutes divided per time(oC/min.) 

0.022

r2 =Variation of temperature in the last 5 
minutes divided per time(°C/min) 

0.008

tc = temperature at time c(°C) 28.75
Time to reach 60% of the maximum 
temperature (min.) 

7.55

Hs – Calorific power (kcal/kg) 4745

Test 4 

 Test 5

Test 4 Test 5 
1.3418 1.2958 
1.3472 1.3008 
0.0054 0.005 
24.90 27.50 
25.80 27.60 
26.71 22.73 
6.90 9.70 
6,318   6,318  

0 
5 

3600.33 3600.33 

Test 4 Test 5 
1.7702 1.9983 
7.55 9.16 

20.5 35 

26.82 22.89 
0.022 0.032 

0.008 0.01 

28.75 25.28 
7.55 9.16 

4745 5545 
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EXPERIMENTAL DATA – CALORIMETRY   FOR   JATROPHA CURCAS - SAMPLE 2    

 Test 1 Test 2 Test 3 
Sample mass (g) 1.2416 1.2584 1.2667 
Pellet mass (g) 1.2472 1.2636 1.2720 
Mass of cotton thread (g) 0.0056 0.0052 0.0053 
Ambient Temperature (C) 22.10 22.00 22.40 
Temperature of "Shirt" © 25.30 21.10 21.20 
Temperature of Calorimeter (C) 24.83 22.73 22.3 
e1 = Volume of Álcali(ml) 10.90 7.00 12.00 
H =Calorific power of benzoic acid (cal/g)  6,318   6,318   6,318  
e3  = Correction for the ignition wire 0 0 0 
a =Ignition Time (min.) 5 5 5 
A = Water equivalent of calorimeter cal/°C 3600.33 3600.33 3600.33 
    
 Test 1 Test 2 Test 3 
t = Rise of corrected temperature 1.6623 1.7252 1.7114 
b = Time of temperature rise = 60% of the maximum temperatura +/- 0,1 
min. 

11.81 9.30 9.48 

c = Time for temperature stabilization (min.)  21 20.5 20.5 
ta =Temperature at the time of ignition 24.86 22.73 22.43 
r1 = Variation of temperature in the first 5 minutes divided per 
time(oC/min.) 

0.006 0.00 0.02600 

r2 =Variation of temperature in the last 5 minutes divided per time(°C/min) 0.004 0.004 0.002 
tc = temperature at time c(°C) 26.6 24.5 24.28 
Time to reach 60% of the maximum temperature (min.) 11.81 9.30 9.48 
Hs – Calorific power (kcal/kg) 4812 4930 4855 
 

 



 

 Test 1 

 

 

 

                           

  

Test 3 
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Test 2 



 

 

 

 
Sample mass (g) 
Pellet mass (g) 
Mass of cotton thread (g) 
Ambient Temperature (C) 
Temperature of "Shirt" © 
Temperature of Calorimeter (C) 
e1 = Volume of Álcali(ml) 
H =Calorific power of benzoic acid (cal/g) 
e3  = Correction for the ignition wire 
a =Ignition Time (min.) 
A = Water equivalent of calorimeter cal/°C 

 
t = Rise of corrected temperature 
b = Time of temperature rise = 60% of the 
maximum temperature +/- 0,1 min. 
c = Time for temperature stabilization (min.)  
ta =Temperature at the time of ignition 
r1 = Variation of temperature in the first 5 
minutes divided per time(oC/min.) 
r2 =Variation of temperature in the last 5 
minutes divided per time(°C/min) 
tc = temperature at time c(°C) 
Time to reach 60% of the maximum 
temperature (min.) 
Hs – Calorific power (kcal/kg) 

                                       
                     

 Test 5 

Test 4 Test 5 
1.1291 1.246 
1.1345 1.2513 
0.0054 0.0053 
25.00 27.00 
23.70 27.00 
24.73 25.3 
4.00 10.00 
 6,318   6,318  
0 0 
5 5 
3600.33 3600.33 

Test 4 Test 5 
1.5399 1.797 
9.22 8.64 

20.5 20.5 
24.81 25.33 
0.016 0.006 

0.002 0.006 

26.44 27.22 
9.22 8.64 

4907 5184 
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EXPERIMENTAL DATA – CALORIMETRY   FOR   JATROPHA CURCAS - SAMPLE 3  

 

 Test 1 Test 2 Test 3 
Sample mass (g) 1.2712 1.2741 1.2197 
Pellet mass (g) 1.2764 1.2796 1.2254 
Mass of cotton thread (g) 0.0052 0.0055 0.0057 
Ambient Temperature (C) 21.60 24.50 27.50 
Temperature of "Shirt" © 21.00 25.90 27.80 
Temperature of Calorimeter (C) 22.5 25.52 26.15 
e1 = Volume of Álcali(ml) 12.30 7.50 11.80 
H =Calorific power of benzoic acid (cal/g)  6,318   6,318   6,318  
e3  = Correction for the ignition wire 0 0 0 
a =Ignition Time (min.) 5 5 5 
A = Water equivalent of calorimeter cal/°C 3600.33 3600.33 3600.33 
 

 Test 1 Test 2 Test 3 
t = Rise of corrected temperature 1.796 1.7741 1.8256 
b = Time of temperature rise = 60% of the maximum temperatura +/- 0,1 min. 8.97 9.94 8.98 
c = Time for temperature stabilization (min.)  20.5 21.5 23.5 
ta =Temperature at the time of ignition 22.48 25.55 26.32 
r1 = Variation of temperature in the first 5 minutes divided per time(oC/min.) 22.48 0.006 0.034 
r2 =Variation of temperature in the last 5 minutes divided per time(°C/min) 0.006 0.004 0.002 
tc = temperature at time c(°C) 24.33 27.4 28.31 
Time to reach 60% of the maximum temperature (min.) 8.97 9.94 8.98 
Hs – Calorific power (kcal/kg) 5079 5007 5379 
 

       



 

                                         Test 1                                                                                                  

 

 

                                          

     

Test 1                                                                                                                                       

 

    Test 3 
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                     Test 2 



 

 

 

 

 Test 4
Sample mass (g) 1.1552
Pellet mass (g) 1.1602
Mass of cotton thread (g) 0.005
  Ambient Temperature (C) 27.10
Temperature of "Shirt" © 26.10
Temperature of Calorimeter (C) 25.93
e1 = Volume of Álcali(ml) 9.00 

H =Calorific power of benzoic acid (cal/g)  6,318 
e3  = Correction for the ignition wire 0 
a =Ignition Time (min.) 5 
A = Water equivalent of calorimeter cal/°C 3600.33

 Test 4
t = Rise of corrected temperature 1.5187
b = Time of temperature rise = 60% of the 
maximum temperatura +/- 0,1 min. 

8.24 

c = Time for temperature stabilization (min.)  20.5 
ta =Temperature at the time of ignition 26.21
r1 = Variation of temperature in the first 5 
minutes divided per time(oC/min.) 

0.056

r2 =Variation of temperature in the last 5 
minutes divided per time(°C/min) 

0 

tc = temperature at time c(°C) 27.91
Time to reach 60% of the maximum 
temperature (min.) 

8.24 

Hs – Calorific power (kcal/kg) 4726

           

Test 4 

                        Test 5 

Test 4 Test 5 
1.1552 1.4405 
1.1602 1.4455 
0.005 0.005 
27.10 21.20 
26.10 23.70 
25.93 23.43 

 1.50 

6,318   6,318  
0 
5 

3600.33 3600.33 

Test 4 Test 5 
1.5187 2.092 

 10.81 

 19.5 
26.21 23.45 
0.056 0.004 

0.004 

27.91 25.6 
 10.81 

4726 5228 
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Average calorific power for Jatropha curcas residue sample 

 Sample 1 Sample 2 Sample 3 
Test 1 4822 4812 5079 

Test 2 4622 4930 5007 

Test 3 4251 4855 5379 

Test 4 4745 4907 4726 

Test 5 5545 5184 5228 

Average (Kcal/kg) 4797 4937.6 5083.8 
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Appendix  C:  Energy density 

 

 

Sample Average 
calorific 
Power 
(Kcal/kg) 

Average 
calorific 
power 
(MJ/gm) 

Calorimery 
test 1 
Sample mass 
(gm) 

Calorimery 
test 2 
Sample mass 
(gm) 

Calorimery 
test 3 
Sample mass 
(gm) 

Calorimery 
test 4 
Sample mass 
(gm) 

Calorimery 
test 5 
Sample mass 
(gm) 

Average 
sample 
mass (gm) 

Energy 
density 
(MJ/cm3) 

Jatropha 
curcas 
sample 1 

4797 0.02005 1.5486 1.5886 1.4988 1.5250 1.5025 1.5322 0.009784 

Jatropha 
curcas 
sample 2 

4937.6 0.02063 1.4954 1.5456 1.5586 1.5365 1.5358 1.5332 0.01007 

Jatropha 
curcas 
sample 3 

5083.8 0.02124 1.5003 1.5665 1.5668 1.5220 1.5325 1.5378 0.01040 

 

*Sample volume  3.14 cm3 
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Appendix D : Calculation of kinetic parameters 

 

Temp WEIGHT 1/T y T^2 1-y -ln(1-y) (-ln(1-y9/T^2 Ln (term1) 

261 4.4678 1.872659176 0.363479648 285156 0.636520352 0.451738887 1.58418E-06 -13.35544263 

276 4.3146 1.821493625 0.385305808 301401 0.614694192 0.486630384 1.61456E-06 -13.33644729 

291 4.098 1.773049645 0.416164466 318096 0.583835534 0.538135955 1.69174E-06 -13.28975255 

310 3.8 1.715265866 0.458620051 339889 0.541379949 0.613633938 1.8054E-06 -13.22473109 

 

                                                   A -   0.0010 s-1 

 Activation energy -    6.89 KJ/mol 
 

 




