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ABSTRACT 

Biomass – either terrestrial or marine biomasses are essential source of renewable energy in terms 

of syn-gas production or extraction of valuable chemicals. Nowadays, energy crisis is a major 

problem not only in India, but all across the world due to shortage of conventional fuels. 

Researchers, today mostly focus on efficient way of utilization of bioenergy for thermochemical 

conversions such as pyrolysis, gasification, liquefaction, carbonization and combustion. These 

methods are promising technology in the recent times for its low carbon footprint and less carbon 

dioxide emission. While in case of conventional energy source caused several problems due to high 

emission of greenhouse gases. So the current trend is to find out alternate energy source and is 

simultaneously to investigate different pathways for reduction of pollution level in the atmosphere. 

For this to meet the energy consumption, although addressing the importance of energy security and 

environmental impact has grown interest in the alternate fuels instead of fossil fuels. Biomass is one 

of the solutions to meet the above challenges due to its carbon neutral energy sources and huge 

available around the world. So thermochemical conversions can be more fruitful to convert solid 

fuel to convenient gaseous form or liquid form in the downstream process. Direct combustion of 

biomass produces NOx, SOx from fuel-bound nitrogen and sulphur. Gasification provides the 

opportunity to control the level of gaseous and particulate emission, which is leading to lower down 

concentration particulate matters, soot particles, NOx, SOx, and the production of clean energy or 

valuable chemicals (e.g., CO, H2, or CH4). Much of the mass degraded during biomass 

decomposition at lower pyrolysis temperatures. Again, steam-gasification or gasification offers 

thermal treatment at elevated temperature under a reducing atmosphere that leads to fuel-bound 

nitrogen and sulphur formed into N2 or H2S or any other gases can be removed by absorption beds. 

By this way the fuel hydrogen rich syn-gas can be improved significantly in the downstream 

process.  

The whole thesis is comprised of different thermochemical conversion routes such as gasification, 

pyrolysis, different kinetic models, steam gasification as well the physiochemical properties of the 

selected biomass. The selection of biomass is extremely important in this study as edible crops 

cannot be used in the thermochemical routes. For this some wasteland derived biomass, marine 

macroalgae, and some agricultural waste are selected in the present study.  The wasteland derived 

biomasses are Jatropha curcas shells, Cassia auriculata, Cassia tora, Jatropha gossypifolia, 

Dichanthium annulatum, Sphaeranthus indicus, Eclipta alba, Desmostachya bipinnata, Solanum 

xanthocarpum, Butea monosperma, Prosopis juliflora and the marine seaweed species are 

Kappaphycus alvarezii granules, Ulva fasciata, Gracilaria corticata, and Sargassum tenerrimum 
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and some agricultural residues are also characterized as a solid fuel. The present study is comprised 

of the physiochemical characterization of the selected biomass species as it is extremely important 

in thermochemical conversion processes. Some experimental case studies were validated on some 

selected biomass species. The gasification of a wasteland derived biomass and a seaweed species 

named Jatropha carcass shells and Kappaphycus alvarezii granules (KAG), respectively is 

investigated in a typical downdraft gasifier. The pyrolysis study is involving with the Jatropha 

curcas shells along with four seaweed species named Kappaphycus alvarezii granules, Ulva 

fasciata, Gracilaria corticata, and Sargassum tenerrimum. The pyrolysis mechanism was well 

described by the different kinetic models with TGA analysis for each kind of biomass that best 

elaborated by devolatilization process. And finally, steam gasification of Jatropha curcas shells 

char is also investigated as potential source of hydrogen rich clean energy. The outcome of each 

experimental case studies are briefly describing below. Three different distinguished case studies of 

Jatropha curcas shells were investigated in gasification, pyrolysis, and steam gasification. 

(1) The gasification of jatropha shells was demonstrated in a typical downdraft gasifier having feed 

rate 15 kg h
-1

. After the characterization of this feedstock it exhibited excellent calorific value 17.2 

MJ kg
-1

 and the producer gas having calorific value 5.2 MJ Nm
-3

 obtained during gasification, with 

an efficiency of 64.8% over 8 h continuous operation. The temperature profile of the air gasifier 

measured as drying, pyrolysis, oxidation, and reduction are 130, 326, 752, 480°C, respectively. The 

gasifier was connected to a 100% producer gas engine and continuous power generation (ca. 10 

kW) was showed off along with overall efficiency of 24.5%. Thus, captive power could be utilized 

for external sources of power for the operations of deshelling, screw pressing, oil refining, 

transesterification, glycerol purification, and soap making in the intermediate integrated biodiesel 

production process. CSIR-CSMCRI has built-up an integrated bio-diesel demonstration plant. In 

this process, the total electrical energy requirement of 500 kWh, and 50 kg furnace oil to obtain the 

following products starting from 6.06 t/day dry jatropha fruit can be worked out: 1 t jatropha 

biodiesel; 0.08 t neat glycerol; 2.54 t oil cake; 0.056 t soap cake; 0.022 t potassium sulphate; 2 t 

empty shells. The jatropha shells have good calorific value and the power and steam requirement 

can be met from the shells. The requirement of jatropha shells would be around 0.85 – 0.90 t based 

on the findings of the present study. So naturally the rest jatropha shells ca. 1.1 t could be utilized 

for the bio-oil production which can meet the requirement of furnace oil and the requirement of 

energy for the steam gasification. Thus the whole process would be sustainable.                                                                                                                       

(2) Again, jatropha shells were utilized for the bio-oil production in a fixed bed reactor at the 

temperatures of 300, 400, 500, and 600°C in order to obtain the optimum yield. The heating was 
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carried out using heater coil made of canthal-A1 and conduction, convection, and radiation were the 

modes of heat transfer. The heating rate could be controlled by PID controller and was optimized by 

experiments. The kinetic study was carried out by TGA method. For this kinetic study at the heating 

of 5°C min
-1

 was found suitable and the optimum result was obtained at 400°C, with yield of 31.14 

wt.% and holding 4 h. The obtained bio-oil was containing ca. 40% carbonyl derivatives (>C=O) 

converted into corresponding methylene group (-CH2-) derivative by the treatment of hydrazine 

hydrate and sodium hydroxide. The resulted oil was mostly containing with ethylbenzene, had a 

high calorific.  

(3) The produced bio-chars at the temperatures of 300, 400, 500, and 600°C were obtained from the 

slow pyrolysis of jatropha shells in the above same fixed bed reactor and the bio-chars were 

characterized as solid fuel. The steam gasification was carried out at 700 and 800°C temperature 

and the bio-char produced from slow pyrolysis at 500°C has been selected for the steam 

gasification. The parametric studies were also investigated which included the effect of reactor 

temperature, the effect of steam flow rate. The detailed discussion was done how these two 

parameters influenced on hydrogen rich syn-gas yield. 

(4) The macroalgae Kappaphycus alvarezii granules (KAG) were characterized as solid fuel for the 

thermochemical conversion processes, mainly in gasification and pyrolysis process. The granules 

obtained after recovery of sap (a liquid plant stimulant) is a promising biomass feedstock for energy 

application. The different kinetic models assist the devolatilization process through 

thermogravimetric analysis (TGA) in nitrogen atmosphere under different heating rates 5, 10, 15, 

and 20 K min
-1

. Sawdust as lignocellulogic biomass was considered for comparative study. The 

selected kinetic models are (i) multilinear regression technique, (ii) Friedman method, (iii) Flynn-

Wall-Ozawa (FWO) (iv) Kissinger-Akahira-Sunose (KAS) methods are used to evaluate the 

apparent activation energy (Ea), the pre-exponential factor (Aα) and overall reaction order (n). From 

the chemical constituents it was found that the seaweed species contained with around 50 % (wt.) κ-

carrageenan composed of organic sulphur derivatives. So from TG-MS it is indicated that the SOx 

found maximum at 300°C and 950°C temperature which concluded the pyrolysis at 500°C, with a 

packed bed lime scrubber at the outlet during temperature rise is the best suitable thermochemical 

route for energy generation. For the gasification of KAG two case studies were investigated 

separately in the 10 kWe and 5 kWe downdraft gasifier. To avoid the problem existing in the 10 kW 

gasifier, an improved gasifier (5 kg h
-1

) was designed. In this system a screw-driven conveyer with 

programmable timer was attached to remove ash in order to avoid agglomeration/slagging. 
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(5) The slow pyrolysis of three seaweed species named Red seaweed Gracilaria corticata (GC), 

brown seaweed Sargassum tenirimum (ST) and green seaweed Ulva fasciata (UF) were collected 

from Veraval (20.55°N and 70.20°E) west coast of India have been investigated for energy 

application. The sap (a potential liquid plant stimulant) has extracted from the seaweed species 

before pyrolysis which adds value addition. The devolatilization process well described by 

thermogravimetric analysis (TGA) with Arrhenius approach for evaluating the kinetic parameters 

and find out the best suitable pyrolysis temperature. It was found out that the best suitable pyrolysis 

temperature 500°C with the heating rate was 10°C min
-1

. The obtained moisture free bio-oils were 

characterized and the reasonable calorific value in the range of 27 to 34 MJ kg
-1

 was obtained. The 

solid residue that is bio-chars left after the pyrolysis was also characterized. The bio-oils could be a 

suitable solution for the replacement of conventional diesel fuel. LCA (Life Cycle Assessment) has 

been selectively investigated for Ulva fasciata for the potential of industrial application. 
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CHAPTER – 1 

 

General Introduction 

 

1.1 Introduction 
Today, energy crisis and environmental issues are two paramount problems confronting the 

world. Energy and environment are integral part of our daily life. The consequence of 

energy crisis triggers monumental problems in environment related areas especially from 

burning of conventional sources of energy. Nonetheless, the mankind is still substantially 

relying on the conventional sources of energy such as coal, oil and natural gas. The 

formation of conventional sources of energy such as fossil fuels in the earth entails 

thousands of years and their reserves are finite. In spite of these fossil fuel constraints, the 

rate of depletion of these fuels is extremely faster (about 100,000 times faster) than their 

formation [1]. The conventional energies are largely hinged on coal, oil and natural gas. 

The present civilization consumes the conventional energies rapidly and voraciously as 

compared to last few decades. So, naturally it can be predicted that the whole mankind in 

the universe might pass through relentlessly huge energy crisis in the ensuing future. A 

general outlook of energy distribution in India has been classified sector wise e.g., installed 

capacity of conventional fuel and overall installed capacity as shown in Fig. 1.1 (a, b, c) 

[2]. The scenario of energy distribution in India covered by state sector is 34%, central 

sector is 26% and private sector is 40%. As India is a diverse country, the private sector 

predominantly occupies energy sector percentagewise which is followed by state and 

central sector. Fig. 1.1 (b) shows the installed capacity of conventional fuel in India. The 

highest installed capacity is noticed for coal, followed by natural gas and oil. Most of the 
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coal reserves in eastern part of India, especially Jharkhand, Odisha, Chhattisgarh, West 

Bengal, Madhya Pradesh, Andhra Pradesh and Maharashtra account for more than 99% of 

the total coal reserves in the country. But, India lacks the quality of coal and the majority 

of estimated coal is lignite with reserve amounting to around 43.24 billion tons at present 

[3]. India is not energy secure country, so mainly depends on the imports of oil and natural 

gas. Fig. 1.1 (c) shows the overall outlook of energy installed capacity including thermal, 

nuclear, hydro (renewable) and others renewable sources (excluding hydro). Apart from 

thermal energy, renewable energy has immense potential to sustain in near future. Hydro 

energy is generally assumed as renewable energy in India, but it is assumed as primary 

energy source in our country. Renewable energy includes mainly, solar energy, bioenergy, 

and wind energy available in India.  

1.2 Energy Scenario in India 

                                                                                      

 

FIGURE 1.1: Sector wise conventional fuel installed capacity in India (a,b,c). 

 

34% 

26% 

40% 

Sectorwise fuel installed capacity 

in India 

State sector

Central sector

Private sector

a 

87% 

1% 
12% 

Installed capacity of conventional 

fuel in India 

Coal

Oil

Gas

b 

70% 

2% 

15% 

13% 

Overall fuel installed capacity in 

India 
Total thermal

Nuclear

Hydro

(Renewable)

Others renewable

(Excluding Hydro)

c 



 

 

Ph.D Thesis of Prasanta Das Page 3 
 

India is the world‘s second largest populous country after China in the world. The 

estimated reserves of fossil fuel in India are depicted in Table 1.1. India has the world's 4
th

 

largest coal reserves and this prime source of energy contributes hugely to India‘s 

economy i.e. GDP. India is the third top coal producer in 2013 with 7.6% production share 

of coal (including lignite) in the world. The present data describe the estimated reserve of 

coal is 301.05 billion tons, production is 565.77 million tons and the consumption is 

571.89 million tons as illustrated in Tables 1.1, 1.2 and 1.3 [4]. So, now the equation is 

clear if the consumption rate is an indication, then it will last for around 526 years. But, till 

now 30% of rural area in India is not electrified, so in the near future consumption could be 

higher which is not accounted in this study. 

TABLE 1.1: Estimated reserves of fossil fuel in India at present. 

Resources Estimated quantity Units 

Coal 301.05 billion tons 

Oil 762.74 million tons 

Natural gas 1427.15 billion cubic meters 

Renewable sources 147615 MW 

  

TABLE 1.2: Estimated production of fossil fuel in India at present. 

Resources Estimated quantity Units 

Coal 565.77 million tons 

Oil 37.79 million tons 

Natural gas 34.64 billion cubic meters 

Total electricity 

generation 

1,022,614 GWh 

 

One of the major drawbacks of lignite coal is that the low calorific value due to the 

presence of large amount of ash. Generally, lignite coal with high ash content is washed by 

https://en.wikipedia.org/wiki/Coal_by_country
https://en.wikipedia.org/wiki/Coal_mining
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water in order to remove ash content to make it an efficient fuel. There are certain 

alternative options to use this coal in thermal power plants. One such option is the 

gasification of coal or lignite producing syngas or coal gas or coke oven gas which is a 

fusion of hydrogen, carbon monoxide and carbon dioxide gases.  

Coal gas can be converted into synthetic natural gas (SNG) by using Fischer–Tropsch 

process at low pressure and high temperature [5]. In oil sector, India imports nearly 74% of 

its 4.4 million barrels per day crude oil to meet its needs but exports refined petroleum 

products nearly 1.34 million barrels per day which is approximately 29% of its total 

production of refined oil products. India has now established enormous world class 

refining capacity using imported crude oil for exporting refined petroleum products. The 

net imports of crude oil is lesser by one fourth after accounting exports and imports of 

refined petroleum products. So, India lacks both in reserved and production of oil [6]. 

Tables 1.1, 1.2 and 1.3 show reserves, production and consumption of oil. Middle-east 

countries are main suppliers of crude oil to India.  

TABLE 1.3: Estimated energy consumption in India at present. 

Resources Estimated quantity Units 

Coal 571.89 million tons 

Oil 222.5 million metric tons 

Natural gas 33.96 billion cubic meters 

Total electricity 

consumption 

8,82,592 GWh 

 

In case of natural gas, the high production in the estimated reserves over the same period 

was 5.34%. The highest contribution to this enhancement has been from Eastern Offshore 

(12.26%), followed by Western Offshore (3.6%). It was found that CAGR (compound 

annual growth rate) for natural gas and electricity were 1.06% and 3.99% respectively and 

lignite coal showed the highest CAGR i.e. 4.33%. The reserved, production and 

consumption of natural gas are shown in Tables 1.1, 1.2 and 1.3. 

Table 1.1 shows the total potential for renewable power generation in the country at 

present which is estimated as 147615 MW. This includes wind power potential of 102773 

https://en.wikipedia.org/wiki/Gasification
https://en.wikipedia.org/wiki/Syngas
https://en.wikipedia.org/wiki/Coal_gas
https://en.wikipedia.org/wiki/Coke_(fuel)
https://en.wikipedia.org/wiki/Substitute_natural_gas
https://en.wikipedia.org/wiki/Fischer%E2%80%93Tropsch_process
https://en.wikipedia.org/wiki/Fischer%E2%80%93Tropsch_process
https://en.wikipedia.org/wiki/Refined_oil_products
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MW (69.7%), SHP (small-hydro power) potential of 19748 MW (13.37%), biomass power 

potential of 17,537 MW (11.87%) and 5000 MW (3.39%) from bagasse-based 

cogeneration in sugar mills. The total electricity production and consumption are shown in 

Tables1.2 and 1.3.  

1.3 Global Energy Scenario  

The World Energy Council (WEC) has developed two possible scenarios modelled by 

characteristics, which, from their own perspective, may completely envelope the large part 

of the world in 2050 - these are Jazz scenario and Symphony scenario. Although scenarios 

are imagined with music, they are completely different in nature. Jazz has a focus on 

energy equity with priority given to achieving individual access and affordability of energy 

through economic growth and Symphony has a focus on achieving environmental 

sustainability through internationally coordinated policies and practices [7]. The WEC 

primarily estimated the total primary energy supply (equivalent to consumption) which is 

bound to increase globally from 545 EJ in 2010 to 878 EJ in the Jazz scenario and 696 EJ 

in the Symphony scenario in 2050. From 1990 to 2010 - this is approximately half the time 

period covered in this scenario study – total global primary energy consumption rose by 

roughly 45%. Predictably, the global primary energy consumption will continue to 

phenomenally rise, but at much lower rate than in previous decades. Fig. 1.2 shows the 

production and consumption of coal, oil and natural gas from 2007 to 2014. The total 

production of coal has increased from 2007-08 to 2012-13 about 20.75% which happens to 

be quite high than from 2012-13 to 2013-14 (about 0.93%) (Fig. 1.2, a, b). 

Similarly, the consumption of coal has increased from 2007-08 to 2012-13 about 14.49% 

and from 2012-2013 to 2013-14 to about 0.61% [7]. The total estimated production of 

crude oil in the world has increased from ~ 3950 MT in 2007-08 to about 4114.8 MT 

during 2012-13, and further increased to 4132.9 MT during 2013-14 (as shown in Fig. 1.2, 

c, d). During the same period, the production increased by 0.4% from 2012-13 to 2013-14. 

Distribution of total world production as per estimates showed that Saudi Arabia and 

Russian Federation were the first and second highest producers with 13.12% and 12.86% 

respectively. They were followed by USA (10.80%), China (5.04%), Canada (4.67%), Iran 

(4.02%), UAE (4.01), Kuwait (3.66), Mexico (3.43%) and Venezuela (3.27%). India 

accounted to only 1.02% of the world production. The total world production of natural gas 

increased from 2674.2 million tons oil equivalent (Mtoe) in 2007-08 to 3041.6 Mtoe in 

2013-14. The production has increased by 0.8% from 2012-13 to 2013-14 (Fig. 1.2, e, f). 
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Distribution of production of natural gas over major regions showed that Europe & Eurasia 

(30.56%) and North America (26.88%) are the highest and the second highest producers, 

cumulatively accounting for 57.44% of the total world production [3]. 

 

                               

                           

                                                                                                   

    

FIGURE 1.2: The production and consumption of coal, oil and natural gas in the 

world (a,b,c,d,e,f). 
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Apart from conventional sources of energy, biomass is the most bountifully available and 

is an advantageous renewable energy source over others energy sources. It can be used as a 

substitute for fossil fuels. The availability of biomass is that it is abundantly found in 

nature throughout the year anywhere in the world. Biomass consists of mostly organic 

matters with less inorganic matters. It is developed through photosynthesis process as 

indicated in the following reaction: 

2222 )( nOnOCHOnHnCO lchlorophylSunlight
 


 

There are different kinds of biomass available, especially classified from source of origin 

such as, aquatic biomass, marine biomass, agricultural residues, terrestrial biomass, and 

waste-land derived biomass. Some kinds of biomass are cultivated only for consumption 

purpose as animal or human feed. Hence, food vs. energy dilemma should not come into 

the picture and selection of proper biomass for energy application is a vital issue. The 

evaluation of particular type of biomass can be determined by physical and chemical 

properties of large molecules from which it is derived. However, since it takes millions of 

years to convert biomass into fossil fuels, these are not renewable within a time frame. 

Burning fossil fuels termed as ‗‗old‘‘ biomass and converts it into ‗‗new‘‘ CO2 after 

burning of fossil fuel; which helps to produce the ‗‗greenhouse‘‘ effect and depletes a non-

renewable resource.  

 

1.4 Description of Thermochemical Process 

 

Biomass is one of the most renewable sources of energy and it produces fewer amounts of 

greenhouse gases during thermochemical process. Conversion of biomass to energy can be 

considered generally through three pathways - thermochemical and biochemical or 

biological. Again, thermochemical process can be classified into three processes viz. 

combustion, gasification and pyrolysis, as shown in Fig. 1.3. 

 

1.5 Combustion 

Combustion is one of the most common phenomenon in thermochemical processes. 

Burning of biomass in the presence of air produces carbon dioxide, water and heat. The 

reaction is given below: 
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Biomass + O2 = CO2 + H2O + heat 

The heat produced during combustion of solid fuel is utilized for several purposes like 

mechanical power, or electricity, using various items of process equipment boilers, steam 

turbines, furnaces etc. Combustion characteristics are extremely important for the energy 

application and they depend on various other factors. Factors like moisture content, carbon 

content, hydrogen content, heating value, particle size, bulk density, extractive and ash 

fusion temperature are crucial factors for determining the combustion characteristics [8]. 

Generally, combustion of biomass or solid fuel generates hot gases temperatures around 

700 - 1000°C. This temperature is quite enough to burn all kinds of biomass if the moisture 

content of biomass is less than 20% or if it is pre-dried. High moisture content biomass is 

more likely to be fruitful to use in biological conversion. The particle size of biomass 

should be around less than 0.6 cm in combustion.  

 

 

 

 

 

 

 

 

 

   

 

   

 

 

 

FIGURE 1.3: The thermochemical process, intermediate process and final energy 

output products from the conversion of biomass. 
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Ash content in biomass plays a significant role on heating value of biomass. Ash is 

generally contained with soluble and insoluble inorganic compounds. Soluble compounds 

assist to make catalytic effect on pyrolysis and combustion process, whereas insoluble 

compounds generally downgrade combustion efficiency like moisture does the same thing. 

High ash content in plant biomass makes it unfavourable as a solid fuel [9]. Ash content 

varies from biomass to biomass and generally terrestrial biomass contains less mineral 

matters (~ 1.5-20 wt. %) in comparison to marine biomass (~ 30 wt. %). Fuel analysis of 

biomass can be classified into two types, proximate and ultimate analysis. Fixed carbons in 

proximate analysis and carbon content in ultimate analysis are responsible for the heating 

value of biomass. In addition, biomass consists of biopolymers, namely hemicellulose, 

cellulose and lignin. The heating value of a biomass gradually increases with increasing 

lignin content [10]. The system efficiency could be improved by co-firing with coal; 

otherwise conversion of biomass combustion power plants lies between 25 – 45% [11].    

1.6 Gasification  

Gasification is very old technology and its use started in 1800 or more than 180 years. 

Initially, it was developed to produce town gas for cooking and lighting, later due to 

shortage of petroleum it was replaced by natural gas and electricity during World War II. 

During this period, wood gas generator was developed which was generally named as 

gasogene, was used to power motor vehicles in Europe. Trucks, buses and agricultural 

machineries were powered by gasification technology. 

But now gasification technology stands much technologically upgraded and through 

designing and offers better efficiency and better sys-gas production. However, there are 

some technological issues related to maintenance, cleaning and associated heat loss. 

Biomass gasification is defined as partial oxidation at elevated temperature, typically 

around 700 - 900°C in presence of air/steam/CO2 or O2. The process produces syn-gas i.e. 

carbon monoxide, hydrogen and methane – gases which are of low calorific value and used 

in boilers, dual-fuel engine etc. The gas is more versatile in relevance with solid biomass 

because it can be burnt to produce heat and steam or used in gas turbines to produce 

electricity. Due to shortage of fossil fuel across the world, renewable energy technologies 

like gasification technology came into market to meet the global energy demand. Based on 

feeding of biomass, gasifiers can be classified into counter-current (updraft) and co-counter 
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(downdraft) – both are fixed-bed type gasifier. Some other gasifier designs incorporating 

moving bed type such as circulating or bubbling or entrained fluidized bed are also 

available. One of the good techniques obtained is integrated gasification combined cycle 

(IGCC) useful for producing electricity from gas turbine and steam which contributes to 

higher conversion of efficiency.   

The emission profile of syn-gas from biomass produces fewer pollutants and 

comparatively lower than that of emission from petrol or diesel or thermal power plants. 

So, syn-gas is much more environment-friendly than fossil fuel in terms of chemical 

compositions. The composition of syn-gas can be controlled by varying the process 

parameters and gasifying agents such as air-fuel ratio, temperature profile of the gasifier 

etc. as described below: carbon monoxide (15 – 30%), hydrogen (20 – 40%), methane (10 

– 15%), carbon dioxide (15 – 20%), water vapour (7%) and nitrogen (1%) for oxygen 

blown gasifier [12]. But in case of air blown gasifier the composition of syn-gas is carbon 

monoxide (10 – 18%), hydrogen (15 – 25%), methane (4 – 10%), carbon dioxide (10 – 

18%), water vapour (5 – 9%) and nitrogen (45 – 60%). For nitrogen blown gasifier, the 

higher heating value is around ~ 5 MJ/Nm
3
 and for oxygen blown gasifier ~ 15 MJ/Nm

3
.  

1.7 Pyrolysis 

Pyrolysis is a kind of thermochemical conversion process, similar to gasification, the 

difference being that pyrolysis occurs in absence of oxygen at temperatures of around 300 - 

600°C depending on chemical composition of feedstock. The product yield is also different 

from gasification. The major components of gasification process is syn-gas, while in 

pyrolysis process three major products are generated viz. bio-char, bio-oil and syn-gas 

which are quantitatively less compared to the syn-gas produced in gasification. The 

products yield of pyrolysis process is dependent on some factors such as residence time, 

type of reactors used, particle size and process conditions. Accordingly, pyrolysis can be 

classified into slow, medium, fast and flash pyrolysis as shown in Table 1.4 and the 

products yield is also indicated. Depending upon the objective of usage, type of pyrolysis 

can be chosen in terms of getting the final products. Slow pyrolysis provides almost equal 

products of bio-oil, bio-char and gas. The gas is mainly consisting of hydrogen and carbon 

monoxide.  
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The chemistry behind the pyrolysis process is the thermal breakdown of cellulose and 

hemicellulose into smaller molecule like hydrogen, methane, carbon monoxide, etc. Lignin 

is not much degraded like cellulose and hemicellulose and is left over as char.  

Apart from type of pyrolysis process, the physical and chemical properties do have effect 

on products yield. The calorific value of bio-oil lies in between 17 – 30 MJ/kg, while in 

case of bio-char, its value is around 18 – 26 MJ/kg. 

TABLE 1.4: Different technologies in thermochemical process and estimated 

products yield and residence time. 

 

Technology 

Temperature 

(°C) 

Residence 

time 

Char (wt. 

%) 
Liquid (wt. %) 

Gas (wt. 

%) 

Flash 

pyrolysis 

~500 <1 sec 9 80 11 

Fast 

pyrolysis 

~500 ~1 sec 12 75 13 

Medium 

pyrolysis 

~500 ~10-20 sec 20 50 30 

Slow 

pyrolysis 

~500 ~5-30 mints 35 30 35 

Gasification >750 ~10-20 sec 10 5 85 

  

1.8 Steam gasification 

With increasing energy demand across the world, thermochemical conversion process has 

become very promising in terms of either gasification or pyrolysis or steam gasification. 

Thermochemical conversion process improves the energy quality of biomass or solid fuel 

and the versatility of fuel used as an end product.  After pyrolysis of biomass, the left over 

is the char residue that can be used as solid fuel in gasification, combustion, fertilizer or 

activated carbon preparation. From the point of view of fuel quality, steam gasification 

provides better quality of fuel in terms of H2/CO ratio as compared to other processes. The 

produced hydrogen can be used for different purposes. The steam gasification is a two 
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stepped process. The first step produces char, tar and volatile matters and the second step 

involves steam gasification of the char.  

1.9 Conclusion 

After studying the overview of energy scenario both in India and World, it was found that 

the most difficult situation will come in near future as an energy crisis all over the world. 

Renewable energy sources will become an important factor during this crisis time in near 

future. Nonetheless, researchers or scientists are vigorously working on renewable energy 

in order towards sustainability. Solar energy is now widely used renewable energy 

followed by bioenergy and wind energy around the globe. But, still the efficient way of 

utilization of energy from different technologies is an area of concern. In this background, 

thermochemical conversion processes of biomass e.g. gasification, pyrolysis and steam 

gasification plays a vital role regarding harnessing energy from biomass efficiently. 
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CHAPTER – 2 

 

Review of Earlier Research Works in the Relevant 

Field 

 

2.1 Literature review – I; Biomass for thermochemical conversion process 

2.1.1    Introduction 

Lignocellulosic biomasses are organic material and have certain definite calorific value, 

and are considered renewable energy sources. These biomass can be utilised for both heat 

and electricity generation in the future. Apart from organic matter, inorganic matter is also 

found in plants in the form of ions, salts and inorganic species bound to organic species. 

Biomass can be classified as woody type, shrub type, grass type, herb type, and marine 

algae including both microalgae and macroalgae. The most important thing for biomass 

conversion into liquid or gaseous fuel is its bulk and inconvenient in nature. There is a 

significant difference of biomass handling as they cannot be stored or transported like gas 

or liquid fuel. So naturally biomass conversion into gas or liquid fuel is quintessential. The 

energy conversion processes involved in biomass are, (1) biochemical conversion, (2) 

thermochemical conversion. These conversions are further classified and particulars are 

shown in Fig. 2.1.1. Biochemical conversion is probably discovered in ancient times than 

thermochemical processes such as gasification or pyrolysis. Some countries like India and 

China generated methane gas for domestic purposes by anaerobic microbial digestion of 

animal wastes such as cow-dung, etc. 
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FIGURE 2.1.1: Different path ways for conversion of biomass/marine algae into fuel, 

gases or valuable chemicals. 

 

In the recent times, fermentation technology has gained popularity for the production of 

bioethanol to be mostly used in automobile industry. While, for thermochemical 

conversion of biomass, syn-gas is produced this appeared later than earlier. Fig. 2.1.1 

shows different forms of thermochemical routes such as pyrolysis, gasification, 

liquefaction, and combustion. The definition of pyrolysis, gasification, and steam 

gasification is briefly described in general introduction. 

Fig. 2.1.2 shows the typical example of a biochemical process for the production of 

bioethanol from lignocellulosic biomass. The comparison between thermochemical and 

biochemical process shows biochemical process has gained more commercial acceptability 

than the previous one. According to the NREL reports, some analysts and process 

engineers made a huge contribution in 2009 – 2010 to update the 2002 design report of 

Aden et al. [1, 2] that described the biochemical conversion of lignocellulosic biomass 

such as corn stover to bioethanol production. According to J. R. Mielenz‘s reports all 
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automobile manufacturers produce vehicle that can readily consume 10% ethanol or 85% 

ethanol (E85) blends for fuel and ethanol can replace fossil fuel diesel in heavy vehicles as 

well [3]. Similar experiment was carried out by D.C. Rakopoulos and his co-workers at 5% 

and 10% (by vol.) ethanol blended with conventional diesel and its performance 

characteristics were evaluated [4].   

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2.1.2: Typical example of biochemical conversion for the production of 

ethanol from biomass. 
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into crude-like oil which is aptly referred as bio-oil. HTL method is mostly suitable with 

wet biomass such as marine algae as it is cultivated in seawater or other places. Some 

earlier research work about HTL is briefly described here, especially for marine algae. One 

such research work was investigated by F. Safari and his team [5] on the hydrothermal 

gasification of Cladophora glomerata, a macroalgae found in the southern coast of the 

Caspian Sea in a tubular batch reactor system. D. Zhou et al. investigated hydrothermal 
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liquefaction of macroalgae Enteromorpha prolifera to bio-oil at different temperatures in 

the presence of catalyst Na2CO3 [6].           

M. J. Fernandez Llorente and his team [7] studied the concentration of elements in woody 

and herbaceous biomass as an ashing temperature depending function. Again, M. J. 

Fernandez Llorente et al. [8] investigated about the ash behaviour of lignocellulosic 

biomass such as woody type biomass poplar, and a herbaceous biomass, Brassica carinata 

in a bubbling fluidized bed combustion pilot plant (1 MWth) with silica as the bed 

material. M. J. Serapiglia et al. [9] investigated the variability in pyrolysis product yield 

from shrub willow genotypes by fast pyrolysis process and they established that the fast 

and flash pyrolysis is popular for its higher outputs. Fast pyrolysis is today more attractive 

thermochemical conversion route for the production of biofuels, as this biofuel is 

seamlessly compatible with the petroleum products. Some wasteland derived energy crops, 

like perennial grasses and short rotation woody crop, are the best feedstocks in fast 

pyrolysis. It was noticed that the shrub willow recently cultivated for high yield was 

evaluated for higher pyrolysis product yield using py-GC/MS. Jiele Xu et al. [10] did 

extensive research on Bermuda grass for the production of biofuel, especially bioethanol. 

Numerous experiments of chemical, physico-chemical, and biological pretreatment 

methods have been adopted to enhance the digestibility of Bermuda grass along with some 

other feedstocks such as Switchgrass, Corn stover, Wheat straw, Cotton stalk, and Rye 

straw and their compositions were listed in the literature (11 – 16).  

B. Gabrielle et al. [17] pointed out that due to the paucity of conventional fossil fuel, 

renewable energy could meet the future policy targets for bioenergy improvement across 

the world facing major challenges for biomass supply chains in terms of competitiveness, 

reliability and sustainability. Evidently, the obtained bio-oil‘s physical and chemical 

characteristics are co-existing or compatible with the conventional fuels.  The conversion 

of marine algae to biofuels by thermochemical routes pyrolysis, liquefaction, and 

gasification are excellent technology for this purpose [18]. 

Hernando Guerrero et al. had evinced their interest to produce more green chemicals from 

the renewable sources i.e. biomass rather than fossil sources [19]. Mariefel B. Valenzuela 

et al. had reported for the first time that the production of H2 from actual biomass under 

aqueous-phase reforming by Pt/Al2O3 catalyst. The process was consisting of first acid 
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hydrolysis of biomass to pulverize into the smaller soluble molecules and these species are 

reformed by the above catalyst [20].  

The thermochemical conversion is best explained by the kinetic study through 

thermogravimetric analysis (TGA). Numerous research activities were carried out for 

better justification of the thermochemical conversion process such as pyrolysis as well as 

gasification. One such experiment - pyrolysis of cellulose and global kinetics - was 

investigated at high heating rates (10
4
 K/s) [21]. T. Sonobe et al. had reported the pyrolysis 

behaviour of several agricultural residues by TGA. The evolving rates of gaseous species 

such as CO2, H2, CH4, CO, and H2O were also measured by TG-MS. The most interesting 

aspect of this work is that without any assumption and mathematical fitting, they obtained 

the good kinetic parameters from the distributed activation energy model [22]. Haiping 

Yang et al. had studied in depth about the biomass pyrolysis based on three major 

components, hemicellulose, cellulose, and lignin [23].       

2.2 Literature review – II; Review of earlier research work in gasification 

2.2.1 Introduction 

Gasification is a thermochemical conversion of biomass carried out at high temperature by 

partial oxidation process which produced syn-gas i.e. CO, H2, and CH4. [24].   

In this chapter, review of earlier research work has been restricted to the area of 

gasification, pyrolysis and steam gasification. The following topics have been covered in 

gasification: 

(a) Gasification technology and process 

(b) Different kind of gasifiers 

(c) Chemical reactions 

(d) Gas cleaning and filtration systems 

(e) Effect of mineral matters 

2.2.2 An overview of gasification technology 

Gasification technology is generally considered as ancient one. In 1846, Dr. Abraham 

Gesner, a native of Nova Scotia, Canada, discovered a methodology for extracting lighting 
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oil from solid fuels using pyrolysis technique. He named it as oil kerosene (it is a Greek 

word for wax and oil). In 1849, he developed a methodology for extracting kerosene from 

oil [25]. The last few decades have witnessed the successful emergence in gasification 

technology, especially in the area of conversion efficiency i.e. energy conversion 

efficiency, carbon conversion efficiency, cost effectiveness, high cold gas efficiencies, gas 

cleaning system and low harmful emissions. In a gasification system, the produced syn-gas 

can directly be used in duel-fuel engine for electric generation or for direct heating 

purpose.  

Gasifier is a simple device constituting a set of gas filtration and cooling system attached 

with cylindrical reactor mainly made of either concrete or stainless steel or firebricks or 

any other material having resistance upto or more than 1000°C. The design of a gasifier 

depends on factors such as basic material and its fuel characteristics. Generally low 

calorific value and high ash content biomasses are more potent in fluidized bed or 

circulation bed gasifier than others.  

2.2.3 Fundamentals of gasification technology 

Gasification is primarily thermo-chemical conversion of organic materials at elevated 

temperature with partial oxidation process and is a complicated process due to the several 

reactions occurring concurrently. In a typical downdraft gasifier, the following 

physicochemical processes take place at temperatures indicated below (in Fig. 2.2.1): 
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FIGURE 2.2.1: Different stages of gasification in a downdraft gasifier. 

 

1. Drying (<150°C). 

During initial phase of biomass drying at low temperature less than 150°C, unbound 

moisture and some amount of bound moisture are released. Bound moisture is directly 

attached with molecule which is very difficult to extract as it might form covalent bond 

with it. 

2. Pyrolysis or devolatilization (150-600°C). 

Pyrolysis or devolatilization is a thermochemical conversion of biomass converted into 

liquid, syn-gas and solid residue in absence of air at elevated temperature. Pyrolysis is 

influenced by temperature. The initial phase of exothermic dehydration of temperature is 

around 100 – 250°C which produces water vapour along with low molecular gases like CO 

and CO2. Beyond this temperature around 250 - 550°C, pyrolysis of biomass produces 

vapour like liquid i.e. bio-oil. The breakdown of large molecule is mainly from cellulose 

and hemicellulose which is decomposed into condensable gases, non-condensable gases 

and bio-char. Lignin is not much degraded and sometimes it is the left over residue as bio-

char. After temperature of around 300 - 850°C, the secondary reaction takes place by 

cracking of volatiles or tars into char and non-condensable gases. The chemistry of 

pyrolysis is a complex one as numerous reactions take place simultaneously. Generally, 

kinetics of pyrolysis is well described by overall reaction mechanism instead of first or 

second order reactions. If residence time is further increased, relatively large molecules 

break into char and gases at higher temperature. If condensable gases are removed quickly 

from the reactor, they quench quickly outside in the downstream process in a reactor and 

are converted to bio-oil or tar.  

3. Oxidation (500-1500°C).  

Fig. 2.2.1 describes vividly the gasification process and its different stages of a typical 

downdraft gasifier. In a typical downdraft gasifier air, oxygen or steam passed through the 

middle section of gasifier into the highly exothermic combustion zone in the presence of 

excess air/oxygen. The released energy heats the downward moving gas after passing 

through pyrolysis zone. 

4. Reduction (800-1100°C). 

The hot gas, a mixture of CO2, CO and steam move after passing through pyrolysis zone 

towards reduction zone, where char from the upper bed is gasified. Initially, the 

concentration of carbon dioxide in combustion zone abruptly increase and then the 
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concentration of oxygen decrease letting the carbon dioxide enter the reduction zone where 

gasification reaction takes place with char, resulting as syn-gas. The design of a gasifier is 

highly influenced by the process parameters such as temperature, air-fuel ratio and fuel 

characteristic, etc.  

 

2.2.4 Chemistry of gasification process 

No chemical reaction occurs in the drying zone due to the moisture removed at low 

temperature. However, the higher temperature in the pyrolysis zone causes the biomass to 

degrade. The thermal conversion process for pyrolysis can be delineated as follows.  

 

 Biomass + Heat → Char (C) + Volatiles (CO, CO2, H2, H2O, CH4) + Tar vapour      (2.2.1) 

 

The main reaction to occur in the combustion zone is oxidation of char, in which oxygen 

reacts with char to produce carbon dioxide and water vapour. Other than this, the oxidation 

of volatiles also takes place. These reactions can be represented by,  

  

C + O2 ↔ CO2 − 394 kJ/mol                                                                                         (2.2.2)  

CO + 1/2O2 → CO2 − 284 kJ/mol                                                                                 (2.2.3)      

CH4 + 2O2 ↔ CO2 + 2H2O – 803 kJ/mol                                                                     (2.2.4) 

H2 + 1/2O2 → H2O – 242 kJ/mol                                                                                  (2.2.5) 

      

Besides the main char-carbon dioxide and char-water vapour reactions, hydrogasification 

and water-gas shift reactions also occur in the gasification zone or reduction zone. 

They can be written as follows. 

  

 C + CO2 ↔ 2CO + 172 kJ/mol                 (Bouduoard reaction)                                 (2.2.6) 

 C + H2O ↔ CO + H2 + 131 kJ/mol          (Water-gas reaction)                                   (2.2.7) 

 C +2H2 ↔ CH4 – 74.8 kJ/mol                  (Hydrogasification reaction)                       (2.2.8) 

 CO + H2O ↔ CO2 + H2 − 41.1 kJ/mol    (Water-gas shift reaction)                            (2.2.9) 

 

The typical product gas yield has been mentioned earlier in both air blown and oxygen 

blown gasifier in chapter 1. Investigations have been carried out during the last couple of 
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decades on catalytic gasification of biomass or coal. There are certain advantages of 

catalytic gasification over normal gasification: 

(1) Tar cracking using catalyst is beneficial to improve the quality of gas, especially in 

downstream application. As tar is a sticky in nature, cleaning is a major problem after few 

experiments. 

(2) The development of catalytic gasification is simply acting as a driven force for tar 

reforming by reducing methane content and is simultaneously increasing syn-gas i.e. CO 

and H2. 

The reaction mechanism of catalytic gasification based on heterogeneous reaction can be 

written as: 

 

CnHm + nCO2   2nCO + (m/2)H2                                                    (2.2.10) 

 

CnHm + nH2O   (n + m/2)H2 + nCO                                               (2.2.11) 

 

Catalytic gasification increases the amount of gas by tar reforming as well as increases the 

calorific value of gas. Apart from this, there is an option for tar removal that is thermal 

cracking, but it requires very high temperature more than 1000°C which is not economical. 

Another important thing is that the catalytic gasification is generally carried out for 

removal of methane from product gas by catalytic steam reforming or catalytic carbon 

dioxide reforming. So, in the case of steam reforming, methane reacts with steam at 700°C 

to 1000°C in this temperature range [26]. The reaction can be written as: 

 

CH4 + H2O  CO + 3H2 + 206 kj/mol                                         (2.2.12) 

 

This reaction is most common for the production of carbon monoxide and hydrogen, 

nickel-based catalysts and CaO are most suitable in this case. 

The carbon dioxide reforming of methane is not that much cost effective or economical as 

steam reforming of methane. Despite this problem it has attractive advantageous over 

steam reforming of methane as the two greenhouse gas i.e. CO2 and CH4 mitigate 

environmental related problem and the reaction is highly endothermic as follows: 

 

CH4 + CO2  2CO + 2H2 + 247 kj/mol                                       (2.2.13) 

 

   Catalyst 

   Catalyst 

   Catalyst 

   Catalyst 
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Nickel-based reaction is also effective for above reaction like earlier reaction [27, 28].  

 

2.2.5 Mass and Energy balance 

Mass and energy balance is an important parameter for gasification process as thorough 

knowledge and fundamentals are required to make a scaled up gasifier. Fig. 2.2.2 shows 

typical diagram of material balance of a gasifier. 

 

 

 

 

 

FIGURE 2.2.2: Typical diagram of material balance for gasifier. 

 

As we know, one of the major drawbacks in any gasifier is it does not produce 100% 

conversion of biomass into ash. Some unburnt parts of biomass are still stuck with ash. So, 

it is a mixture of char and ash. Some earlier data from literature was listed in the article 

[29].  

K. Patil et al. carried out mass and energy balance based on the input and output data in 

literature. They found mass balance varying between 82 – 91%, while in case of energy 

balance it varied between 71 – 81%. The most difficult problem is to obtain data of tar 

contents, outgoing moisture content and solid residue by practical ways [30]. 

2.2.6 Conversion efficiency 

In thermochemical conversion process, conversion efficiency is bifurcated as the one 

carbon conversion or carbon conversion efficiency and the other efficiency of gasifier 

which implies the energy content in primary fuel to the energy content in secondary fuel 

that is syn-gas. Carbon conversion and carbon conversion efficiency are defined as 

follows: moles of carbon from parental biomass or bio-char and moles of carbon converted 

into syn-gas. They are calculated as [31]: 

 Carbon conversion (%) =    
    

    
                                                                   (2.2.14)  
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Carbon conversion efficiency (%) =  (∑    )                                             (2.2.15) 

The abbreviation of these equations represent as, moc = mass of carbon and subscripts ‗o‘ 

and ‗i‘ represents decayed molecules and initial molecules, respectively.    is the moles of 

carbon in component ‗i‘ and V is the total volume of the gas. Overall efficiency of the 

gasifier is described as below: 

Efficiency = 
             

            
                                                                                     (2.2.16)  

The typical downdraft gasifier has efficiency around 60 – 70% excluding electrical 

efficiency. The average electrical efficiency via gasification process is around 15 – 30% as 

reported by earlier research work [32, 33]. The heat loss can be minimized by properly 

insulating associated parts of gasifier and cleaning the tar at regular intervals. By this way 

efficiency can also be improved. 

  

2.2.7 Gasification efficiency 

Gasifier efficiency is highly influenced by the quality and quantity of gas produced. 

Generally, conversion into gaseous product from solid fuel through gasification should be 

more efficient in order to get better efficiency. Gasification efficiency is classified into 

cold gas efficiency, hot gas efficiency and net gas efficiency as described below: 

2.2.8 Cold-gas efficiency and hot-gas efficiency 

Cold-gas efficiency defined as the energy input over the energy output. Suppose, Mb is the 

mass of solid fuel or biomass in kg gasified to produce Ms kg of product syngas with a 

LHV of Qs, then efficiency is calculated as:  

      
    

      
                                                                                                             (2.2.17) 

Where,      is the cold-gas efficiency, LHVb is the lower heating value of the solid fuel.  

Hot-gas efficiency is almost similar to cold-gas efficiency in addition considering sensible 

heat. Some special cases like IGCC (integrated gasifier combined cycle), furnace or boiler 

gas is burnt as a continuous process for large scale. So, the hot-gas efficiency is computed 

as: 
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          (      )

      
                                                                                            (2.2.18) 

Where,      is the hot-gas efficiency, Tf and Ti are the temperature of exit point of gasifier 

or burner and entrance temperature of gasifier of feed material, respectively. 

2.2.9 Influence of fuel properties and type of material used on gasification 

A wide range of biomass fuels such as wood, charcoal, wood wastes (branches, twigs, 

roots, bark, wood shavings and saw dust etc.) as well as multitude of agricultural residues 

(maize cobs, coconut shells, cereal straws, rice husks etc.) and peat and marine biomass 

both in macroalgae and microalgae (only selective marine biomass) and municipal solid 

waste (MSW) can also be used as fuel for biomass gasification. Each biomass has unique 

properties based on the source of origin as earlier mentioned and is dependent on 

physiochemical properties of biomass which is extremely important while choosing the 

type of gasifier. For ligno-cellulosic biomass more than 90% constitutes organic material 

that assists extremely well in gasifier for continuous operation and the moisture content of 

this kind of biomass is quite low around 5 – 20% on dry basis which is ideal for 

gasification. Marine biomass contains large fraction of ash or mineral contents difficult to 

operate in gasifier, however some special type of gasifier can help continuous operation. 

Numerous research works investigated incineration of MSW and it is a proven technology. 

Industrialized nations have the basic problem with the waste management by MSW. 

Landfill is an option for waste disposal, but not so much popular over incineration as it 

creates some issues. Again, recycling or reuse of MSW is not much ideal over incineration 

[34]. Unlike fossil-fuel-fired power plant, incineration power plant exhibits extremely low 

energy efficiencies (12 – 25%) due to lower steam temperature. Also fouling or slagging 

problems cause an insulating effect for heat transfer. In addition higher emission of 

greenhouse gases per kWh converted energy is produced [35]. Pyrolysis and gasification 

are indeed promising technologies to tackle the above challenges in better way. These two 

technologies can avoid and reduce corrosion and emission by retaining alkali metals and 

heavy metals, sulphur, chlorine, etc. within the process residue, and other hazardous gases 

such as NOx, metallic oxide vapour, etc. can be prevented [36]. Forest or agricultural 

residues are ligno--cellulosic biomass constituting more than 80% organic matters that are 

cellulose, hemicellulose and lignin and rest is moisture and ash content. Some forest or 

agricultural residues cause clinker or slag inside the reactor due to presence of mineral 
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contents such as K, Na, Si, S, Cl, P, Ca, Mg etc. [37]. So, selection of gasifier is a crucial 

factor depending on types of material being used. The most important factors playing on 

the optimum result encompasses the energy content, moisture content, volatile matter 

content, ash content and ash chemical composition, reactivity, size and size distribution, 

bulk density and charring properties of the starting biomass. Before choosing a gasifier for 

any individual fuel purpose, it is vital to ensure that the fuel meets the requirements of the 

gasifier or it can be treated to meet these requirements. Practical tests are needed if the fuel 

has not previously been successfully gasified.  

In this section, the most important properties of fuel that influence the gasification are 

described elaborately.  

2.2.9.1 Moisture content in biomass 

Moisture content in biomass is an inherent characteristic. During the growth of biomass 

water is absorbed by different parts of plant by capillary mechanism through root. That is 

why the source of origin of each biomass is highly influenced by surrounding environment. 

Generally, moisture content in biomass is in two forms: (1) unbound or free moisture and, 

(2) bound moisture or inherent moisture. Free or unbound moisture resides on outer cell 

walls, whereas bound or inherent moisture is absorbed within the cell walls. 

High moisture content in biomass is influenced on gasification or pyrolysis process 

especially on gasification efficiency. Generally, gasification efficiency is reduced as 

surplus moisture takes energy from the system. For example, Mw kg of wet biomass 

becomes Md kg of dried biomass after drying and it is expressed as: 

  = 
      

  
                                                                                                          (2.2.19) 

Whereas, the moisture content on a wet basis is defined as: 

    
      

  
                                                                                                       (2.2.20) 

2.2.9.2 Energy content in biomass 

The choice of a fuel for gasification will be partly decided by its heating value either lower 

(LHV) or higher heating value (HHV). Fuel with higher energy content is always better for 

gasification. Energy content of fuel is obtained in an adiabatic, constant volume bomb 
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calorimeter. The bomb calorimeter determines higher heating value of the fuel. It includes 

the heat of condensation from water formed in the combustion of fuel.  

The amount of inert material that is ash content and moisture content in biomass is a 

crucial factor in determining the calorific value of fuel. The different test conditions of two 

wood species, known as Red Lauan (RL) and White Lauan (WL) were reported by His et 

al [38]. The most interesting observation was that the higher heating value decreases with 

increasing moisture content. 

HHV defined as the amount of heat released when unit mass or volume (initially 25°C) is 

combusted in oxygen atmosphere and products returned at initial temperature i.e. 25°C. It 

includes the latent heat of vaporization of moisture and it is also called as GCV (gross 

calorific value). LHV is also defined as the amount of heat released by fully combusting a 

specified quantity devoid of the heat of vaporization of moisture in the combustion 

products and it is called as NCV (net calorific value). 

The relationship among the HHV, LHV and moisture is as following: 

           (
  

   
  

 

   
)                                                                                    (2.2.21) 

Where    is the latent heat of steam in kCal/kg, H and M are the hydrogen content and 

moisture content, respectively. 

2.2.9.3 Volatile matter in biomass 

Volatile matter of a fuel has two parts, condensable and non-condensable vapour released 

when the fuel is heated. The amount of these two parts depends on the rate of heating and 

the temperature of heating. Volatile matter has several significant effects on 

physiochemical properties of biomass. If the biomass contains high volatile matter, oil 

yield during pyrolysis, might increase due to high condensable gases condensed as liquid 

oil. The ignition temperature is also lower for high volatile matter content biomass that 

might be helpful during combustion or pyrolysis or gasification. The yield of volatile 

matter is highly influenced by the rate of heating. If the rate of heating is increased, the 

products yield increased proportionately. Some data in this regard find mention in their 

literature [24, 39 – 42].  

 2.2.9.4 Ash content in biomass 
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Ash content in biomass is generally inorganic solid residue left after the biomass or solid 

fuel is burnt out completely. Its primary constituents are silica, sodium, potassium, 

aluminium, iron, calcium, magnesium sulphur and phosphorous oxides etc. In 

thermochemical processes these inorganic matters such as alkali metals (Na, K) or halides 

(Si, Cl, S) or alkaline earth metals (Ca, Mg) can create problems to the reacting vessels. 

These components can cause serious problems leading to form slagging or fouling or 

corrosion and agglomeration [43, 44]. So, naturally high ash content biomass is not the 

right choice for gasifiers. 

 

2.2.9.5 Fixed carbon in biomass 

Fixed carbon is the organic residue left after removal of moisture, volatile matter and ash 

content from biomass or solid residue. It is determined by the following equation as 

follows: 

   (            )                                                                                  (2.2.22) 

The subscripts are FC, M, VM, and ASH stand for fixed-carbon, moisture, volatile matter 

and ash, respectively. In thermochemical conversion, fixed carbon is an important factor. 

2.2.10 Ultimate analysis of biomass 

Ultimate analysis is the individual chemical species present in biomass except for its 

moisture, M, and inorganic constituents. It is expressed as the following, 

C + H + O + N + S + ASH + M = 100%                                                                   (2.2.23) 

In the above expression C stands for carbon, similarly H, hydrogen, O, oxygen, N, 

nitrogen, and S, sulphur in weight percentage in the fuel. It was found that not all the fuels 

contain all of above elements. For example, sulphur is hardly present in the biomass except 

some selected biomass. Again, the moisture content in biomass is expressed individually as 

M. Hence, hydrogen or oxygen in ultimate analysis does not hold any hydrogen and 

oxygen in the moisture, only the hydrogen and oxygen are present in the organic 

components of the biomass or fuel. The significance of atomic ratios of (H/C) and (O/C) 

determined from ultimate analysis help to understand the fuel value of a solid fuel. The van 

Krevelene diagram interprets it more promising way [45]. When the (O/C) ratio increases, 
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it means the effective heating value is reduced and vice-versa. Again, when the hydrogen-

to-carbon ratio increases, the effective heating value of the fuel also decreases.  

2.2.11 Reactivity of biomass or Bio-char 

Reactivity of solid fuel is defined as the value of reaction rate under the following 

conditions, temperature, pressure and gasifying agent. The exact value of reactivity of solid 

fuel or bio-char is valuable to design a gasifier model. Keigo Matsumoto et al. studied 

gasification reaction kinetics on bio-char obtained as a by-product of gasification in an 

entrained-flow gasifier with steam and oxygen at 900 - 1000°C in four different bio-char, 

named Japanese cedar char, Japanese cedar bark char, a mixture of hardwood char, and 

Japanese lawn grass char. Final results showed that the random pore model was best in the 

bio-char gasification reaction due to constant particle size, surface porosity, specific 

surface area profile and gasification rate were obtained from Arrhenius expression. And 

the reaction order was found in the order of - a mixture of hardwood > cedar char > (cadar 

bark char, lawngrass char) [46]. F. Marquez-Montesinos et al. elaborated on CO2 and 

steam gasification of grapefruit skin char and the specific reactivity of char evaluated from 

the weight loss curve by the following equation: 

   
 

 
 
  

  
                                                                                                                     (2.2.24) 

Whereas,    is the specific reactivity (min
-1

),   being remaining sample weight (dry basis) 

at each time obtained from thermogravimetric analysis (TGA). [47]. 

2.2.12 Particle size and size distribution 

In thermochemical process particle size and its distribution is important especially in 

fluidized bed or circulating bed gasifier that influences the pressure drop and power. The 

characteristics of particle size were determined by some physical factors such as volume 

diameter, surface diameter, sieve size, surface-volume diameter, and sphericity. Geldart D. 

had vast experience in the field of fluidization, based on this knowledge solid particles 

were  classified into four groups, A, B, C, D and their distinguished features are listed in 

the article [48, 49]. They described group C particles to be very fine, smaller than 20 µm if 

the bulk density is constant (2500 kg/m
3
). Due to inter-particle forces, the particles are very 

difficult to fluidize. To avoid this problem channelling might be one of the best options or 

otherwise some special techniques are required in order to prevent the problem. Group A 

particle is little coarser than group C and has an excellent property to fluidize freely, but 
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expands a bit after exceeding minimum fluidization velocity. These particles are best 

suitable for circulating fluidized bed gasifier. Group B particles fluidize very well and start 

bubbling after crossing minimum fluidization. These categories can be used in almost 

every fluidized bed or boilers, etc. Finally, group D particles are coarser than other 

classified particle. To fluidize these particles require a much higher velocity is mostly 

suitable in spouted or some bubbling fluidized bed or boilers [49].     

2.2.13 Bulk density of biomass 

Bulk density is one of the important properties of biomass which can influence product 

yield of syn-gas, gasifier efficiency and carbon conversion efficiency. It is defined as the 

overall space occupied by biomass or solid particles and its governing equation as follows: 

    
                                       

                                                 
                                                     (2.2.25) 

2.2.14 Effect of mineral matter 

The mineral matters in different biomass are present in various amounts. Mineral content is 

pre-eminently influenced by source of origin. Generally, terrestrial biomass contains Si, K, 

Na, Ca, Mg, Al, and Fe, with smaller amount Mn, S, P, and Ti. The mineral content in 

marine biomass is quite high including all above elements. These constituents are present 

as silicates, oxides, carbonates, sulphate, chlorides and phosphates. The influence of these 

compositions on ash deformation and fusion temperatures on various biomasses was 

studied extensively. G. Skodras et al. studied how the mineral matters affected lignite 

gasification in presence of H2 and CO2. It was found that the alkali index (AI) influenced 

gasification rate and the inorganic constituents in lignite coal played a controlling role in 

determining gasification reactivity. For both H2 and CO2, gasification rate increased with 

increasing concentration of Ca, but in case of K and Na, they did not have any effect on 

gasification rate due to the lower concentration of these two components. Mg had similar 

effect like Ca, but Fe did not have any effect on gasification rate [50]. The most 

problematic ash forming elements are alkali metals (Na, K), alkaline metal earth metals 

(Ca, Mg) and halides (S, Cl, and Si) [43, 44, 51]. Ash melting behaviour and deposition 

tendencies can be predicted through some empirical indices for biomass type ashes. These 

indices might be helpful at certain point in making large scale reactors or boilers before 

their final design. So, in this circumstance, the measurement of this mineral content needs 

to be highly accurate so that results can be predicted precisely. One such index is alkali 
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index, as a threshold indicator of slagging and fouling. The alkali index abbreviates the 

amount of alkali oxide in fuel per unit fuel energy: 

    
(         ) (     )

  
                                                                                               (2.2.26) 

The limitation value for alkali index in the range of 0.17 – 0.34 kg/GJ indicates that 

slagging or fouling is possible, when this value crosses the limitation i.e. if the value is 

more than 0.34 fouling or slagging readily occurs [44, 51]. 

Another index such as base-to-acid ratio is given below [37, 52]: 

      
(                       ) 

(                 ) 
                                                                       (2.2.27) 

All the oxide of metals is in weight percentage of biomass ash.  

And finally, bed agglomeration index has been developed for moving bed gasifier relating 

to ash agglomeration into the moving bed [53]. 

      
(     ) 

(         ) 
                                                                                                   (2.2.28) 

When this value lowers then 0.15 it is certain to cause bed agglomeration. 

These empirical indices mainly predict the ash deposition and fouling tendencies. But, this 

problem can be overcome by some chemical treatment such as demineralization or 

deashing carried out by diluted hydrochloric acid (10% wt.) or hydrofluoric acid or simply 

distilled water to remove water soluble elements. The limitation comes when acid 

treatment to be carried out at large scale is not practically feasible, but water might be a 

good option. K. Raveendran et al. studied wood and twelve other types of biomass and the 

results showed that after deashing, the volatile yield, initial decomposition temperature and 

pyrolysis rate increased [54]. 

2.2.15 Types of gasifier 

Gasifier designing is highly influenced on the final product yield. Tar generation, product 

gas yield and efficiency might be effected on types of gasifier. A brief description of 

updraft, downdraft, fluidized bed, circulating bed and entrained bed gasifier is elaborated 

below:  
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2.2.16 Updraft gasifier 

The most common schematic diagram of updraft gasifier is shown in Fig. 2.2.3. The solid 

fuel or biomass is fed at the top of the gasifier and air or oxygen or steam is fed from the 

bottom as depicted in below figure. The product gas with tar escapes through the top and 

residue ash comes out at the bottom. The highest temperature is generated proximate to 

combustion zone, where carbon dioxide and heat are produced. After gasification reactions 

the hot gas passes through the pyrolysis zone at relatively lower temperature zone.  

 

 

 

 

 

 

 

 

 

FIGURE 2.2.3: Typical diagram of an updraft gasifier. 

 

During pyrolysis the tar which is produced at this zone is called as primary tar and it 

moves to cooler zone, as a result, there is no scope for conversion of tar into secondary tar 

and gases. Despite the above problem, some positive features of the construction of this 

gasifier are its easiness to make and its high thermal efficiency. 

 

2.2.17 Downdraft gasifier 

Fig. 2.2.1 shows the schematic diagram of a typical downdraft gasifier. The solid fuel or 

biomass is fed at the top of the gasifier similar to updraft gasifier. The highest temperature 

is in the combustion zone. The hot gases and primary tar produced in both the combustion 
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zone and pyrolysis zone passes through gasification zone towards upstream. So, the 

produced tar in pyrolysis moves towards hotter zone i.e. the combustion and gasification 

zone where mostly the primary tar is cracked into gaseous products. Due to this reason, the 

amount of tar produced in downdraft gasifier is less. A small scale application with internal 

combustion engine can be fruitful for the generation of electricity.  

2.2.18 Fluidized bed gasifier 

Fluidized bed gasifiers are a more recent development that offers advantage of excellent 

mixing characteristics and high reaction rates between gas-solid contacting. In early 1921 

Fritz Winkler of Germany, who first invented the fluidized bed gasifier, especially an air-

blown gasifier was used for running a gas engine. Now, fluidized bed is popular for energy 

conversion and is around 20% of gasifier market share in the world [49]. The basic 

phenomenon is the mixing of solid and air in hot bed of granules solid such as sand. Due to 

excellent mixing of gas – solid into all the zones – drying, pyrolysis, combustion and 

reduction, temperature is almost uniform throughout the bed. Fluidized bed reactors are the 

only gasifiers with isothermal bed operation. A typical operating temperature for biomass 

gasification is as low as 800 - 1000°C compared to fixed bed gasifiers. A schematic design 

of the fluidized bed gasifier is illustrated in Fig. 2.2.4. Air is blown through a bed of solid 

particles at a sufficient velocity to keep particles in a state of suspension. Actually, the bed 

is externally heated and the feedstock is introduced as soon as a sufficiently higher 

temperature is reached. 

 

FIGURE 2.2.4: Schematic diagram of a typical fluidized bed gasifier. 
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The fuel particles are injected at the bottom of the reactor through screw feeder which is 

followed by quickly mixing with the bed material which instantaneously heats up to the 

bed temperature. As a result of this treatment the pyrolysis of the fuel is very fast – i.e 

secondary tar is cracked, resulting in a component mix with a relatively large amount of 

gaseous products. Further gasification and tar-conversion reactions occur in the gas phase. 

Most systems are equipped with an internal cyclone in order to minimize char blowout as 

much as possible. Ash particles are also carried through the bottom of the reactor which 

has to be removed from the gas stream if the gas is used in engine applications. There are 

certain advantages: 

1. Higher yield of product gas 

2. Better heat and mass transfer from fuel due to mixing intermolecular particles. 

3. Higher heating value. 

4. Reduced tar and char content. 

5. No ash melt or slagging or fouling. 

And finally, fluidized bed gasifier is developed to avoid the bed agglomeration problem 

that exists in fixed bed gasifier. 

2.2.19 Circulating fluidized bed gasifier 

A circulating fluidized bed gasifier is shown in Fig. 2.2.5. The fluidizing velocity in 

circulating bed gasifier is high enough to entrain large amount of solid product gas.    

 

FIGURE 2.2.5: Schematic diagram of a circulating bed gasifier. 
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So, it exhibits excellent heat and mass transfer, longer residence time and better 

conversion. It is also capable of wider range of particles without the penalty of entrainment 

loss. In every recycle loop the bigger size particles are converted into smaller particles 

until they are converted into gases or entrained loss [55]. 

 

2.2.20 Bubbling fluidized bed gasifier 

Bubbling fluidized bed (BFB) gasifier is another type of fluidized bed gasifier. It has 

several advantages such as the overall simplicity of the bubbling bed design and a number 

of other characteristics which makes its application more suitable for coal gasification than 

spouted or circulating fluidized beds. In biomass industries it finds the use in small to 

medium is less than 25 MW capacities. 

2.2.21 Entrained bed gasifier 

Entrained bed gasifier is one of the most promising technologies in modern 

thermochemical conversion process. Fig. 2.2.6 shows the schematic diagram of entrained 

bed gasifier. It has several advantages over other types of gasifiers. This system enacts to 

gasify pulverized fuel particles suspended in a downstream flow of air or oxygen or steam. 

As entrained bed gasifier operates at higher temperature, slag  is removed from the bottom 

of reactor.   

 

 

FIGURE 2.2.6: Schematic diagram of an entrained bed gasifier. 

 



 

 

Ph.D Thesis of Prasanta Das Page 36 
 

Entrained bed gasifier can be built in larger capacities (more than 100 MW) and it has wide 

versatility in application such as coal, refinery, wastes, etc. Despite this advantages, it has 

certain limitation in particle size distribution is most suitable around 70 – 100 µm. 

2.2.22 Other types of gasifier 

Notwithstanding, there are a wide variety of gasifiers, which do not fit into any of the 

categories described in the previous sections and are classified as other gas producing 

gasifiers. Some units are built to combine the advantages of cross draft with downdraft or 

updraft gas producers. A number of other biomass gasifier systems (double fired, molten 

bath etc.) are currently under development. In some cases these systems incorporate 

unnecessary refinements and complications, while others both the size and sophistication 

of the equipment make near term application in developing countries unlikely. For these 

reasons they are omitted from this account. 

2.2.23 Gas filtration and cooling systems  

Gases formed during gasification of biomass contaminated by tar and particulates. The 

levels of contamination vary depending on the gasification process and the nature of 

feedstock. Gas clean up and conditioning systems, including tar separation and hot gas 

particulate removal must be applied to prevent erosion, corrosion in downstream 

equipment and to minimize environmental hazards. Small carbon containing particles in 

the gas streams are difficult to remove by cyclone separator. Cyclone separator is partly 

helpful to remove hot soot particles and the rest is deposited in next to the filter or 

scrubber. However, they result in reduction in overall efficiency in the production of 

electricity or mechanical power using a gas engine. Furthermore, gas cleaning greatly adds 

to the capital investment of the plant. For this tar cracking with a suitable catalyst or using 

high temperature can be effective for running gas engine. The emission profile of 

electricity-generation from different sources is listed [45, 56]. The particulates are also 

truly responsible for polluting atmosphere irrespective chemical contamination [57]. They 

are basically; 

(1) Particles formed due to incomplete combustion including soot, tar and char. 

(2) Particles formed due to presence of inorganic material in fuel-ash.   
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In combustion process of wood pellets, wood logs and wood chips, mass concentration of 

particles in the flue gas have been reported earlier to be in the range of 35 – 1500 mgNm
-3

 

[58]. Particle size has showed a wide range of variation in between 50 to 200 nm. The 

concentration in particle numbers emitted from domestic combustion show large variation 

in the range of 10
7
 – 10

10
 particles per Ncm

3
 [59]. Municipal solid waste management 

system has been studied and several analyses were carried out by several researchers [60, 

61, 62]. Globally, waste management systems are operating successfully in terms of 

thermochemical route or biochemical route. Both routes are efficient for utilization of 

energy. Certain problems existed in all types of gasifiers that constrain both from the 

technical point of view as well as socio-environment aspects. But, the major problem in 

gasifier is difficulty in cleaning up due to formation of tar and slag inside the reactor. Now, 

each gasifier has specific problem as elaborated and the performance of some kind of 

gasifier based on physiochemical characteristics listed in literature [63, 64]. 

 

2.3 Literature review – III; Slow pyrolysis for bio-oil production       

2.3.1 Introduction 

Pyrolysis is an old technology that came into being during ancient Egyptian times and was 

used for making caulking boats and certain embalming agents [65]. Extensive work has 

been done on the pyrolysis of wood or biomass to convert into liquid fuel and valuable 

chemicals since the oil crisis of mid-1970s. Pyrolysis is now so popular across the world 

that it is commercialized at the industry level. 

More than 90% of all transportation energy in United States comes from non-renewable 

petroleum. Energy consumes more than 60% of oil in transportation sector in United 

States. Foreign oil accounts for more than half of all oil being used in United States. As 

United States is heavily reliant on foreign sources for non-renewable energy, there exists 

an excellent opportunity for developing renewable energy sources. The problem is not only 

associated with the United States, but sprawled to huge extent in Asia, especially India and 

China. These two countries lack inherent oil resources to meet all energy demands. So, 

huge opportunity exists for renewable energy sources in these two countries [66]. Another 

disadvantage of burning of non-renewable energy sources is that it produces carbon 

dioxide which pollute environment and increases greenhouse gas. In comparison with 

fossil fuel, the use of biomass for energy provides significant advantages over burning of 
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fossil fuel. Plant growth required to generate biomass feedstocks absorbs atmospheric 

carbon dioxide, which compensates the increase in atmospheric carbon dioxide that results 

from fuel combustion. There is currently no commercially accepted panacea to eliminate 

the carbon dioxide added to the atmosphere, as well as the resultant greenhouse gases from 

the combustion of fossil fuel. Climate change today is facing serious problems caused due 

to formation of carbon dioxide from fossil fuel combustion. Kyoto protocol established in 

1992 and signed in 1997 by UNFCCC (United Nations Framework Convention on Climate 

Change) is the main tool focussed on greenhouse gas mitigation involving many countries. 

These countries have committed to reduce their emission level during this period by 18% 

compared to base year i.e. 1990 [67]. Carbon dioxide is mainly responsible for increasing 

the concentration of GHG. GHGs are generated due to the combustion of fossil fuel caused 

by anthropogenic CO2 emissions. The global share of emission existed more or less in 

almost all the countries. Numerous papers are published on the thermochemical conversion 

of pyrolysis process. Most processes convert biomass into liquid fuel by slow, fast or flash 

pyrolysis process, and followed by catalytic upgrading of the resulting bio-oil obtained. 

Kinetics and thermal degradation mechanism for pyrolysis in case of biomass plant 

material and its chemical constituents were extensively studied [68 - 78]. Apart from this 

some studies focussed on the use of catalysts for biomass cracking (in situ upgrading) to 

improve either calorific value or produce valuable chemicals. 

2.3.2 Pyrolysis process 

Before one goes into elaborate details of pyrolysis process, it is important to understand the 

different thermochemical routes as shown in line diagram in Fig. 2.3.1. The conversion of 

biomass/marine algae into fuel, gases or valuable chemicals can be done by two major 

paths, one is biochemical path and other is thermochemical path, and it is further classified 

in details as shown in Fig. 2.1.1.  

Pyrolysis is a thermochemical process unlike combustion which takes place in absence of 

oxygen, except in some cases where partial combustion is allowed in order to provide 

some external source of thermal energy as needed for the process. Fundamentally, slow 

pyrolysis is a thermal degradation of biomass in absence of oxygen and generates gas, 

liquid and solid products. In chapter 1 (general introduction) and table 1.4, which divide 

different technologies of pyrolysis with different time, names them accordingly such as 

torrefaction or mild pyrolysis, slow pyrolysis, fast pyrolysis and flash pyrolysis. In 
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pyrolysis the large molecules of biomass‘s chemical composition tend to degrade into 

smaller molecule mainly gases which are either condensable organic fragments or 

noncondensable gases. The distinguishing feature between slow pyrolysis and fast 

pyrolysis is the difference in yield of liquid or bio-oil and the yield of solid bio-char. The 

yield of products depends on process conditions such as residence time, quenching time, 

etc. It also greatly reduces its weight, thus enhancing the commercial value for 

transportation liquid fuel.       

Fig. 2.3.1 depicts the products from pyrolysis process and their uses for different purposes. 

Today, pyrolysis has gained overwhelming popularity just because of versatility of the 

products. The physical changes that occur during pyrolysis are described below [79]: 

(1) Heat transfer to material/fuel from heat source simply increases the temperature of the 

material/fuel. 
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FIGURE 2.3.1: Schematic diagram of outlet products from pyrolysis process. 

 

(2) The start-up of primary pyrolysis occurs when proposed temperature is reached to 

produce volatiles and char. The start-up pyrolysis temperature of every material is different 

due to variation of composition inside the material and the heat transfer limitation. 

(3) The hot volatile gases flow towards cooler zone of solids resulting in heat transfer 

between hot volatiles gases and cooler side of the material/fuel. 

(4) Some parts of volatile matter condense in the cooler parts of the material/fuel, followed 

by secondary reactions, to produce tar. 

(5) Primary pyrolysis reactions proceed while secondary reactions occur simultaneously 

and continuously. 

(6) Finally, thermal decomposition, water gas shift reactions, reforming, and dehydrations, 

etc. can also occur partially. But, whole process is largely affected by the process condition 

such as residence time/temperature/pressure profile. 

Fast or flash pyrolysis is more beneficial in terms of oil yield from mild or slow pyrolysis. 

Over the last two decades, fast or flash pyrolysis has become the rib bone in research as it 

produces high yield of liquid or oil from which valuable chemicals, chemical 

intermediates, petrochemicals, and fuels can be obtained. 

2.3.3 Physical and chemical properties of biomass 

The physical properties of biomass was described well in the literature review of 

gasification technology which includes moisture content, energy content, volatile matter, 

ash content, fixed carbon, reactivity, particle size, bulk density, mineral matters in biomass. 

Apart from the physical properties, temperature plays a crucial role in both pyrolysis and 

gasification. In gasification the requirement of temperature is comparatively higher than 

pyrolysis. So, at higher temperature, the problems that crop up in gasification may not 

occur in pyrolysis. Mostly, mineral matters in gasification at higher temperature cause 

slagging or fouling on reactors. 

Moisture content in biomass effect on the quality of bio-oil in terms of calorific value and 

some others properties such as carbon, hydrogen content etc. are also degrades the oil 
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quality. Proximate and ultimate analysis of biomass plays a significant role in pyrolysis or 

gasification process described in the literature review of gasification.  

Thermodynamic properties of biomass influence on both gasification and pyrolysis. 

Biomass particles are subjected to heat conduction along and across the fibre, which in turn 

affects both pyrolysis and gasification. So, the thermal conductivity of biomass is an 

important subject in this context. The thermal conductivity can be calculated based on 

large samples developed by Maclean (1941) from the following correlations (from Kitani 

and Hall, 1989) [80].  

    (
 

   
)       (           )                for                                  (2.3.1)  

                          (            )             for                                  (2.3.2) 

Where,      is the thermal conductivity of the biomass,      is the specific gravity of the 

fuel and    is the moisture content in biomass in percentage on dry basis.  

 

FIGURE 2.3.2: Typical components in biomass. 

 

Unlike metal or any solid, biomass is highly anisotropic due to that reason its thermal 

conductivity is different across its fibre. Some factors such as moisture content, porosity, 

and temperature also affects the thermal conductivity and detailed study is not included 

here. Biomass generally consists of organic and inorganic material. Fig. 2.3.2 depicts 

typical components in biomass. The physical and chemical properties of biomass are 
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mainly dependent on the chemical constituents of biomass. Lignocellulosic biomass is a 

composite material in which its chemical constituents consisting of cellulose (40 – 50%, 

d.b.), hemicellulose (20 – 30%, d.b.), and lignin (15 – 25%, d.b.) are linked together in 

order to obtain structural strength in combination with flexibility. In addition, biomass also 

contains moisture and extractives and inorganic compound i.e. ash. The chemical 

constituents for marine algae are completely different from terrestrial biomass i.e. 

lignocellulosic biomass. In early research work, it was reported that the chemical 

composition of seaweeds is very versatile, depending on some external factors, such as 

harvesting season. In general, on dried weight basis, they contain proteins (5 to 30% wt.), 

carbohydrates (5 to 60% wt.), lipids (5 to 15% wt.), fibres (2-5% wt.) and ashes (10 to 50% 

wt.) [81, 82].  

2.3.4 Physio-chemical properties of bio-oil 

Pyrolysis is a thermochemical process that produces solid, gas and liquid or oil in absence 

of air/oxygen at a specified rate to a maximum temperature. Pyrolysis products depend on 

a specified rate of heating and temperature. The fundamental reaction mechanism of 

pyrolysis is as follows. 

  

 

FIGURE 2.3.3: Pyrolysis reaction mechanisms including primary and secondary 

reaction. 
 

The first stage of pyrolysis process produces solid and condensable gases. Condensable 

species are further broken down into noncondensable gases (CO, CO2, CH4, and H2), liquid 

and char as shown in Fig. 2.3.3. The physical phenomenon of thermal decomposition is 

dependent on two different phases; one is partly involved with gas-phase homogeneous 

reactions and another is partly gas-solid-phase heterogeneous reactions. In gas-phase 

reactions, the condensable gases are further broken down into smaller molecules of 

noncondensable gases. The condensable gases condenses as bio-oil or pyrolytic oil and the 
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noncondensable gases leaves the reactor as product gas or syn-gas which is useful in a 

burner or boiler to provided heat or any supplementary application can be made. Solids left 

in the reactor are generally used as a commercial fuel or any other purposes. 

Bio-oil is produced rapidly due to thermal split up of large molecules, simultaneously 

depolymerizing and fragmenting of hemicellulose, cellulose and lignin. During pyrolysis 

biomass undergoes a rapid increase in temperature followed by a quick quenching to freeze 

the intermediate products. The most important thing is that rapid quenching is necessary as 

it simply prevents further degradation of the intermediate products. The physical properties 

of bio-oils were well elaborated in earlier research work [83, 84]. The liquid looks like 

black-brown tarry fluid containing with 15 – 30% (wt.) moisture and having calorific value 

of around 15 – 32 MJ/kg [85]. It exhibits lower calorific value than hydrocarbon fuels as 

contains highly oxygenated compounds [86]. Bio-oil shows solubility in methanol and 

ethanol but is immiscible in hydrocarbon fuels. But, moisture free bio-oils have certain 

extent of miscibility in toluene, hexane, etc. Bio-oil can be easily stored, transported from 

one place to another in a similar fashion like petroleum-based products. Typical properties 

of bio-oil, light oil and heavy fuel oil are compared in the literature [87]. Some authors 

mooted NOx emission can be reduced from bio-oil by the proper adjustment of injection 

timing and introducing exhaust gas recirculation (EGR) technique [88, 89, 90]. 

Table 2.3.1 shows probable composition of bio-oil and it was reported that more than 

hundreds of compounds are present, even though it depends on the chemical compositions 

of biomass. For detailed characterization of this oil mixture GC-MS, FT-IR and NMR 

spectra are helpful for identification of discrete compounds. Mainly, large and major peaks 

are isolated by GC-MS technique which primarily consists of fatty acids, alkanes, alkenes, 

amides, aldehydes, pyrrolizidines, terpenes, phytol and phenol its derivatives [91]. N2 

found in bio-oil was probably due to the presence of protein content and chlorophylls in 

algae or biomass or agricultural residues having high above two contents. Apart from this 

higher molecule or aromatic compounds such as benzene or toluene were also detected by 

GC-MS. Significant number of compounds booked in the C16 – C20 bracket were also 

detected. [92].  

TABLE 2.3.1: Thermal breakdown of the major constituents of biomass through 

thermochemical conversions and the respective probable components in bio-oil. 

Components Through Probable major components 
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thermochemical 

conversions 

Hemicellulose thermal 

breakdown  

acetic acid, furfural, furan, furanone, methanol, 

formaldehyde, hydroxyacetaldehyde, acetone, acetol, 

lactones 

Cellulose levoglucosan, hydroxyacetaldehyde, 1,6 anhydro-β-D 

glucofuranose, furfural, hydroxymethylfurfural, furan 

Lignin 2-methoxyphenol, catechol, phenol, methanol, furfural, 

formaldehyde, formic acid, acetone, acetol, alkyl-

phenol, lactones 

 

 

FIGURE 2.3.4: Different steps of thermal degradation along with foremost valuable 

products of biomass during pyrolysis process. 

 

Paul de Wild described in details about the valuable chemicals and others products that 

were produced from pyrolysis process in his Ph.D thesis [93]. Fig. 2.3.4 shows thermal 

degradation temperature zone of three components, named hemicellulose, cellulose and 

lignin and their main products in all temperatures as shown in the above table 2.3.1. 

Hemicellulose breaks down in the temperature range of 200 – 300°C and the probable 

main products are acetic acids, furfural, furan, and some oxygenated compounds C1 – C4 
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such as formaldehyde, etc. Cellulose degrades in between 250 – 400°C temperature and the 

main products are levoglucosan, hydroxyacetaldehyde and some other products 1, 6 

anhydro-β-D-glucofuranose, furfural, etc. used as glucose, polymers, and binders, etc. 

Lignin starts to degrade from 150 – 600°C and its degradation rate is comparatively slower 

than other two components due to giant and strong molecule. The phenolic compounds are 

present as monomeric units and oligomers are derived from the coniferyl and syringyl 

building blocks of lignin. Lignin consists of a large number of phenolic compounds which 

break down into smaller molecules such as 2-methoxyphenols or 2, 6-dimethoxyphenols, 

catecols etc. as listed in table 2.3.1. From earlier literature survey highest concentration of 

any single compound (except water) is hydroxyacetaldehyde (upto 10% wt.), followed by 

acetic acid and formic acid (at 5% wt., and 3% wt, respectively) [94, 95, 96]. This is why 

bio-oil exhibits acidic pH around 2 – 5.  

2.3.5 Physical and chemical characterization methods of bio-oil 

The physical properties of bio-oils are well established in literature [97 – 100]. Pyrolysis 

liquids contain many organic compounds which need to be characterized in detail. 

Oasmaaa and Peacocke worked on different bio-oils and discussed various physical and 

chemical properties along with their methods of estimation [101, 102, 103]. They studied 

in detail about the different types of pyrolysis liquid provided by different producers. The 

round-robin tests are recommended as following: 

(1) The homogeneity of bio-oil should be verified by water distribution or microscopic 

determination. 

(2) Karl – Fischer titration is recommended for analysing water content in bio-oil.  

(3) pH determination is also recommended and the value should be reported in decimal 

place.  

(4) The kinematic viscosity at 40°C is accurate in case of pyrolysis liquids. The Newtonian 

behaviour utilizing a closed-cup rota-viscometer should be checked for this liquid. 

(5) The stability test of bio-oil should be performed in each pyrolysis liquid from different 

producers, in exactly the same way. The best comparisons among the pyrolysis liquid can 

be obtained when the differences in the water contents of the sample are least. The 

viscosity of pyrolysis liquid is measured at 40°C; at this temperature measuring error is 

smaller. 
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(6) Ethanol or methanol can be used for the solid content determination, but it is mostly 

depending on the types of feedstock being used, so the solubility of the liquid should be 

checked using solvents of different polarity. 

(7) The sample size for elemental analysis should be as large as possible, and should be 

carried out at least thrice. 

(8) It is necessary to calibrate gas and liquid chromatographic systems; using known 

amount of compounds with standard solution is being used during chemical 

characterization. 

Some analytical methods such as GC are useful to measure the composition of bio-oil at 

certain level, but despite that it requires robust gas columns and the high temperature 

programs. Gas chromatography-mass spectroscopy (GC-MS) is most commonly used for 

characterization of bio-oil. In addition, bio-oil contains polar groups, non-volatile matters, 

and can be measured HPLC or GPC analysis. Overall the pyrolysis liquid can be measured 

by Nuclear magnetic resonance (NMR) (types of carbons, hydrogen in structural groups, 

bonds, etc.), GC-MS (condensed volatiles compounds), HPLC or HPLC/electrospray MS 

(non-volatile compounds), Fourier transform infrared (FT-IR) spectroscopy (functional 

groups), gel permeation spectroscopy (GPC) (molecular weight distributions). 

2.3.6 Bio-oil production from various feedstocks 

Due to wide variation of chemical composition in different feedstocks produced different 

bio-oil, sometimes it is very difficult to categorize as it is depending on species, age, 

portion of the plant selected, and many other parameters. Numerous research papers are 

published on pyrolysis and investigated based on different feedstocks available in nature. 

Here, some of them are listed so that reader may be able compare the difference in bio-oil 

properties obtained from different feedstocks. The most common feedstocks relevant to the 

present work are presented here as follows: wood, bark, agricultural wastes/residue, seeds, 

nuts, algae, aquatic biomass, grasses, forestry residue, cellulose, and lignin and others.  

2.3.6.1 Bio-oil from Wood type biomass 

Carmen Branca et al. [104] elaborated the conventional pyrolysis of beech wood carried 

out in the countercurrent fixed-bed gasification at the heating temperature in the range 

327°C – 627°C. Again, the same author, Carmen Branca et al. [105] investigated the 
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combustion behaviour of bio-oils extracted from wood by means of fast pyrolysis 

techniques (i.e. BTG, Dynamotive, Ensyn, Pyrovac) which was studied by measuring 

weight loss curves in air under controlled thermal atmosphere. The physical and elemental 

analyses of bio-oil derived from different fast pyrolysis technologies were characterized.  

Zhongyang Luo et al. [106] had devised a fluidized bed reactor with 3 kg h
-1

 throughput at 

atmospheric pressure and with varied temperature of 450 – 700°C. Nitrogen flow was 

introduced for fluidizing sand in the range of 3 – 6 Nm
3
h

-1 
and four biomass were taken out 

of which three were wood type biomass, named, Pterocarpus indicus, Cunninghamia 

lanceolata and Fraxinus mandshurica, and the last one was rice straw. The most typical 

schematic diagram of pyrolytic oil set-up is shown in Fig. 2.3.6.  

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2.3.6: Typical schematic diagram of a pyrolytic oil set-up. 

 

Oskar Paris et al. [107] investigated the pyrolysis of softwood (spruce and pine) in the 

temperature range of 25°C and 1400°C within the narrow intervals and the decomposition 

and carbonisation of this softwood was characterized by microstructural analysis by means 

of wide-angle X-ray scattering, small-angle X-ray scattering, and Raman spectroscopy. 

Bio-oil derived from slow pyrolysis of two Australian species, named red gum (Eucalyptus 

R
eacto

r ch
am

b
er 

 

F
eed

er 

C
o
n
d
en

ser 1
 

C
o
n
d
en

ser 2
 

Air 

compressor 

Pre-heater 

N
2  g

as 

cy
lin

d
er 

Char 

container 

Bio-oil 

Bio-oil 

Gas 

outlet 



 

 

Ph.D Thesis of Prasanta Das Page 48 
 

camaldulensis) and blue gum (Eucalyptus globulus) was blended with ethanol and burnt in 

a circular jet spray at atmospheric pressure [108]. Again, pyrolysis behaviour of biomass 

could be modelled with different kinetic mechanism by thermogravimetric analysis as 

studied by Joaquin Reina et al. [109]. The experimental result showed a good agreement 

was established between the kinetic parameters obtained from either dynamic or isothermal 

techniques in three different waste woods, named forest wood, old furniture wood and used 

pellets. Maritha Nilsson et al. investigated small samples (wt. around 15 – 150 mg) from 8 

different species of birch (Betula) which were pyrolyzed at 550°C [110]. The compounds 

produced from pyrolysis were analysed by GC methods: direct injection with 

GC/FTIR/FID and pre-connection with GC-MS. Maria Olsson et al. [111] studied the 

characterizations of smoke components produced from oxidative pyrolysis of softwood 

pellets carried out from compressed sawdust and wood shaving.  

2.3.6.2 Bio-oil from algae  

Marine algae either microalgae or macroalgae has potential to generate biofuels called 

third generation biofuel. Algae have several benefits over terrestrial biomass in terms of 

rapid growth rate, abundant availability in ocean or sea, no cultivation cost, no conflict 

over cultivation area, absorption of CO2 via photosynthesis process, valuable minerals and 

chemicals could be extracted from different methods. The seaweeds are multicellar green, 

red, and brown algae which closely resemble with terrestrial biomass. T. Minowa and his 

co-workers performed experiment for producing bio-oil from algal cells of microalga, 

named Dunaliella tertiolecta having moisture content 78.4 wt. % by direct thermochemical 

liquefaction at around 300°C and 10 MPa [112]. The physicochemical properties of this 

microalga are important prior to liquefaction as listed in the article. The flowchart of 

liquefaction is shown in Fig. 2.3.7. The oil yield and its properties were found to be 

excellent; especially calorific value achieved 37.8 MJ kg
-1

. Thomas A. Milne et al. 

investigated the catalytic conversion of microalgae and vegetable oils to premium gasoline 

by the shape-selective zeolite HZSM-5, a medium pore, shape selective, acid catalyst [113]. 

A. Bruhn and his co-workers studied the bioenergy potential of Ulva lactuca, which 

included yield, methane yield, and combustion characteristics prior to thermochemical 

process [114]. As it is well known that the mineral contents in marine algae are quite high 

as compared to terrestrial biomass. Some data accumulated by A. K. Siddhanta and his 

team who studied Indian seaweed species selectively listed in table 2.3.2 [115, 116]. The 
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sample preparation and chemical methods was tedious that involved cleaning of seaweed 

in sweet water to remove impurities, powdering in a rotating ball mill and storing in a 

plastic container. 

 

 

 

 

 

 

 

 

 

 

FIGURE 2.3.7: Procedure for separation of products yield. 

 

TABLE 2.3.2: Yield of celluloses content in Indian seaweed species. 

Seaweed (latitude and longitude) yield (%, ±SD) 

 crude 

cellulose 

α-

cellulose 

β-

cellulose 

ratio 

(α/β) 

Ulva lactuca (09.28°N, 79.20° E) 5.6±0.4 1.12±0.2 2.86±0.1 0.39 

Sargassum tenerrimum(20.54° N, 

70.20°E) 

10±0.5 8.5±0.3 1.03±0.2 8.25 

Gracilaria edulis (09.9°N, 78.43°E) 5.3±0.2 3.38±0.08 0.70±0.04 4.83 

Kappaphycus alvarezii (09.9°N, 

78.43°E) 

2.0±0.1 1.4±0.05 0.4±0.02 3.5 
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Shuang Wang et al. [117] analysed the composition of bio-oil derived from pyrolysis of 

seaweed, named Enteromorpha clathrata (EC) and Sargassum natans (SN) under three 

designated temperatures 400, 500 and 600°C along with nitrogen flow rate 150 L h
-1

. 

Xiaoling Miao et al. and his co-workers [118] investigated the bio-oil production from fast 

pyrolysis by metabolic controlling of Chlorella protothecoides. Algae have huge potential 

to produce biofuels from either fermentation process or pyrolysis process that can replace 

fossil fuel in near future. Yasmin Khambhaty and his co-workers produced bioethanol 

from Kappaphycus alvarezii at laboratory and bench scales with 250 g and 16 kg, 

respectively [119]. Similar research was carried out by Seung-Soo Kim and his co-workers 

on pyrolysis characteristics and kinetics of alga Saccharina japonica [120]. The 

characteristics of S. japonica were investigated using a thermogravimetric analyser.  

2.4    Literature review – IV; Kinetic study of thermochemical process 

2.4.1 Introduction 

Biomass from any source could produce renewable energy through thermochemical route 

by breaking its chemical structure consisting of some carbon-containing hydrocarbons. 

Biomass can be classified based on different sources as waste agricultural residue, wood 

softwood or hardwood, forestry residue, aquatic biomass, marine algae, etc. Pyrolysis 

converts biomass into high energy content biofuels required for the adequate temperature 

and heating rate to get proposed results and this may be used in internal combustion 

engines and gas turbines after an intermediate process that converts into liquid/gaseous 

fuels [121, 122]. Pyrolysis is the first step in all thermochemical conversion process after 

drying of feedstocks in inert atmosphere. Some of the factors such as heating rate, 

temperature, pressure, residence time, composition of biomass material, size of particles 

and moisture content are determinants of the thermal decomposition of biomass and it is a 

complicated series of chemical reactions. These chemical reactions are also highly 

influenced by the trace mineral matters present in biomass. So, interaction between 

constituents and the trace mineral matters in all the biomass that assists to catalyse 

numerous chemical reactions during pyrolysis caused the severity of reactions, making it 

more difficult to get an outlook of the lignocellulosic biomass [123, 124].  

Numerous researchers intensively investigated the kinetic of biomass pyrolysis in detail 

[125 - 136]. Thermogravimetric analysis (TGA) is most general method used for kinetic 

analysis of devolatization. In literature many research works have been done on different 
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materials that described the pyrolysis behaviour by TGA methods. Such work was carried 

out by rubber-derivative [137], plastic [138], natural fibres [139], others types of biomass 

[140, 141] during thermal degradation. Usually, in case of lignocellulosic biomass with 

hemicellulose, cellulose and lignin, the pyrolysis behaviour was characterized by TGA 

method under nitrogen atmosphere and investigated by many researchers across the world. 

The pyrolysis behaviour of each material is unique and mainly dependent on its chemical 

compositions in the feedstocks. Gasparovic et al. [142] had studied the pyrolysis of wood 

and main wood compounds by thermogravimetry under nitrogen atmosphere and the 

results showed that the decomposition of wood occurred in three stages: water evaporation, 

active and passive pyrolysis zone. The decomposition of hemicellulose and cellulose 

occurred in active pyrolysis zone in the temperature range of 200°C to 380°C and 260°C to 

380°C, respectively. Lignin decomposed in both active and passive pyrolysis zone in the 

temperature range of 180°C to 900°C. The thermal decomposition of corn stovers was 

carried out in both nitrogen and air atmospheres and it was observed that there were three 

distinct stages of weight loss in both the condition and kinetic parameters were also similar 

at lower rate of heating. With increasing heating rate, the second stage decomposition 

occurred rapidly and activation energy was higher than activation energy in nitrogen 

atmosphere. The activation energy during the main decomposition stage was in the range 

of 190 – 217 kJ/mol which was influenced by the conversion. But, at higher conversion, 

the activation energy started slowing down [143]. Similar effect was also noticed by 

S.Maiti et al. [144]. At lower rate of heating the curves are comparatively flatter than at 

higher heating rates. As it is well known that lower rate of heating meant more residence 

time. At lower rate of heating, the temperature profile along the cross-section of material 

can be assumed linear as both the outer surface and the inner core of biomass material 

achieved the same temperature at a particular time. For higher rate of heating, a major 

difference in temperature profile existed along the cross-section of biomass. The difference 

in the total degradation at a higher heating rate to the lower heating rate may also arise due 

to the kinetics of degradation that does not allow the completion of reaction at higher 

heating rate. Again, at lower rate of heating sufficient time is not provided to evolve the 

volatile matter. So, as a result with increasing temperature the degradation and rate of 

reaction had gone up. Song Hu et al. had studied the slow pyrolysis of six Chinese biomass 

by thermogravimetric experiment [145]. The selected biomass studied in this experiment 

were rice straw, camphor branch, rice husk, cherry bay branch, cotton straw, and maize 

straw. The result showed that the one-step model was not enough to elaborate the pyrolysis 
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of biomass. Thus, they examined on three-pseudocomponent models which were fruitful in 

simulating the biomass pyrolysis. It was found that the three-pseudocomponent model with 

n-order kinetics (model-II) was more prominent than that of first order kinetic (model-II). 

Activation energies were also higher in the case of model-II than model-I. V. Strezov et al. 

developed a suitable technique, named CATA (computer aided thermal analysis) which 

could measure the specific heat and heat of reactions during decomposition of biomass 

which were investigated to determine the heat requirement for maintaining the thermal 

conversion process of biomass to charcoal [146]. The experiments were carried out in four 

different species, named as sugar pine (Pinus lambertiana), radiate pine (Pinus radiate), 

meranti (Shorea spp.), tasmanian oak (Eucalyptus obliqua).  

Chemical kinetic in thermochemical conversion is extremely helpful for predicting thermal 

and pyrolysis behaviour of a material. One such biomass sawdust along with 

hemicellulose, cellulose and lignin were investigated in detail about the thermochemical 

behaviour of pyrolysis in nitrogen atmosphere at the heating rate of 5, 10, 15 and 20°C 

min
-1

. In this work, four synthesized samples were used for pyrolysis experiments.  

 

 

                   

 

 

 

FIGURE 2.4.1: Different steps of pyrolysis of sucrose biomass. 
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They were CL (the weight ratio of cellulose to lignin = 1:1), CH (cellulose to 

hemicellulose = 1:1), LH (lignin to hemicellulose = 1:1) and CLH (cellulose : lignin : 

hemicellulose = 1:1:1). For kinetic study, the distributed activation energy model (DAEM) 

was used in this study as described in the literature [147, 148]. M. G. Gronli et al. [149] 

investigated the thermogravimetric analysis and devolatilization kinetics of different wood 

including softwood and hardwood Douglas fir, two pine species, redwood, spruce and 

beech, alder, birch, and oak, respectively at a heating rate of 5 K min
-1

. The 

devolatalization mechanism was considered here as consisting of three parallel reactions 

and the same set of activation energies for hemicellulose, cellulose and lignin (100, 236 

and 46 kJ/mol), that could describe the high temperature degradation behaviour of all of 

the woods with a perfect accuracy. M. Corbetta et al. examined the different pyrolysis 

models based on chemical reactions and transport of heat and species, implemented 

independently in two different software environments, namely (1) a particle-scale model 

implemented in the COMSOL environment and combining the pyrolysis kinetics with 

transport model, (2) the GASDS code, a multiphase and multiscale comprehensive 

mathematical model, coupling transport phenomena and kinetics schemes both at the 

particle and reactor scale [150].  Again, one such material sucrose biomass was 

investigated with a thermogravimetric analysis with gas chromatography (TGA-GC) 

system at different temperatures and various heating rates [151]. Fig. 2.4.1 shows the 

probable different steps of pyrolysis of sucrose biomass and the gaseous products consisted 

of a major amount of CO, CO2, H2 and CH4.  

2.4.2 Description of different kinetic models 

There is several kinetics methods for analysing non-isothermal solid state kinetic data from 

thermogravimetric analyses and many literature were published based on this model. These 

methods were classified into two types: model-fitting and model-free (isoconversional) 

methods were presented in table 2.4.1 [152, 153]. 

Model-fitting methods are best described by the different fitting models to the data that 

assists the best statistical fit as the model from which the kinetic parameters are calculated. 

The isoconversional methods need numerous kinetics curves to elaborate the analysis. 

From this method the activation energy is calculated for a given value of conversion at 

different heating rates. 

TABLE 2.4.1: Different methods for analysing solid-state kinetics. 
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Model-fitting Model free 

Isothermal Non-isothermal Isothermal  Non-isothermal 

conventional Differential Standard Kissinger 

 Freeman-

Carroll 

Friedman Flynn-Wall and Ozawa 

 Coats-Redfern AIC Vyazovkin and AIC 

   Kissinger–Akahira–Sonuse 

 

If we look back to the ancient times, model-fitting methods were most common which 

were used for solid state reaction because by a single TGA experiment evaluation of 

kinetic parameters was possible. There are certain problems regarding the inability to 

measure the kinetics model uniquely, especially for non-isothermal data [154]. Generally, 

model-fitting methods for non-isothermal data provided higher values for evaluating the 

kinetic parameters. So, these methods readily became defunct in favour of isoconversional 

methods. In order to avoid the problems in model-fitting methods, it was found 

advantageous to use model-free methods because of simplicity or ease of operation. These 

methods assist to determine estimated activation energy (Ea), for given value of conversion 

(α), for an independent model. It was possible to determine the estimated activation energy 

at each conversion [155]. Numerous literatures were published based on the thermal 

degradation of biomass at different heating rates. Their kinetic parameters were evaluated 

through TGA data and the degradation of biomass consisting of hemicellulose, cellulose 

and lignin were investigated by TGA data. Some of the numerical models were Arrhenius 

approach through multi-linear regression technique [143, 152, 156], model-free Friedman 

method isothermal [157], Model-free Flynn-Wall and Ozawa method (non-isothermal) 

[158, 159], and Model-free Kissinger–Akahira–Sonuse (non-isothermal) [160, 161].   

2.5 Literature review – V; Steam gasification of bio-char/biomass 

2.5.1 Introduction 
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Biomass gasification was very popular since ancient times for its power generation; 

gaseous product, and liquid fuel production, sometimes even valuable chemicals could also 

be recovered [162]. The most important thing is that the heterogeneous gasification 

reactions occurred during gasification process that includes solid carbon is: (1) the 

boudouard reaction, (2) water-gas reaction and (3) the heterogeneous methanation. 

C + CO2 ↔ 2CO                                                                                                            (2.5.1) 

C + H2O ↔ CO + H2                                                                                                     (2.5.2) 

C + 2H2 ↔ CH4                                                                                                             (2.5.3) 

Bio-char steam gasification too was an interesting research topic, especially in the coal 

gasification research in 1980s. A lot of work has been done since on steam gasification of 

coal or bio-char with various mixed or impregnated alkali metals such as: K2CO3, KOH, 

KCl, KHCO3, KNO3, K3PO4, Na2O3, NaOH, NaCl [163 - 174]. Apart from this, calcium 

has also been investigated on char steam gasification as it is cheap substitute to alkali 

metals: CaO [165, 173] or iron in the form of Fe2O3 [166]. Some methods were adopted to 

deal with the steam gasification of demineralised coal char [175]. Hauserman [176, 177] 

showed that on mixing wood with wood ash (10 wt. %), the gasification rate (starting from 

wood) increased by a factor of 32 at 700°C. F. Yan and his co-workers [178] investigated 

the steam gasification of bio-char produced from the fast pyrolysis of liquefaction of pine 

sawdust in a fixed-bed, at final temperature of 500°C; particle size below 0.25 mm, with 

heating rate of 30°C/min. The main focus was to determine the effect of steam temperature 

and flow rate on syn-gas yield and its composition. After carrying out numerous 

experiments on varying temperature and steam flow rate, results showed that both high 

temperature and precise injection of steam lead to higher yield of dry gas and higher 

carbon conversion efficiency. The best result of dry gas yield was obtained at 850°C 

temperature and the steam flow rate of 0.165 g/min/g bio-char. M. Asadullah et al. [179] 

investigated the effect of bio-char structure on its gasification reactivity. To carry out this 

experiment, the bio-char was prepared from the fast pyrolysis of mallee wood in order to 

investigate the structural features and combustion reactivity by using Raman spectroscopy. 

The total Raman peak areas were obtained between 800 and 1800 cm
-1

 along with the 

combustion reactivity of chars and it evidently showed decrease with increasing the 

pyrolysis temperature due to the increasing aromatization of chars and loss of oxygen 

containing groups. H. Haykiri-Acma et al. [180] analyzed some agricultural residue and 
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waste biomass samples such as sunflower shell, pinecone, rapeseed, cotton refuse, and 

olive refuse were initially pyrolyzed in nitrogen atmosphere (40 cm
3
 min

-1
) at 20 K min

-1
 

rate of heating from ambient to 1000°C. The obtained char was gasified in a mixture of 

steam and nitrogen exactly in the same condition as in thermogravimetric analyses. The 

final conclusion was made in which the gasification characteristics of bio-char were 

somehow found to be dependent on the biomass properties such as ash and fixed carbon 

and the constituents present in the ash. While, for the chars obtained from rapeseed and 

olive refuse were not satisfactorily gasified. F. Marquez-Montesinos et al. and his team 

[181] investigated the CO2 and steam gasification of a grapefruit skin char along with a 

kinetic study. The chars obtained from this agricultural waste showed good reactivity due 

to the catalytic effect of inorganic matter. It was found that the ash content in the 

carbonised substrate had come down to 15% (dry basis) potassium being main alkali 

constituent. The result showed that for both CO2 and steam gasification, the reactivity 

increased with increasing conversion along with increased reactivity per unit surface area 

due to catalytic effect as mentioned earlier. The increased reactivity was proven by after 

acid washing helped to reduce the reactivity, thus confirming the catalytic effect of 

inorganic matters present in ash. The apparent activation energy lied in the range 200 – 250 

kJ mol
-1

 was obtained for CO2 gasification, while for the steam gasification values had 

fallen down to between 130 and 170 kJ mol
-1

. C. Franco et al. [182] investigated on the 

reactions influencing the biomass steam gasification process in an atmospheric fluidized 

bed. The variable parameters including temperature and steam to biomass ratio varied at 

700 – 900°C and from 0.4 – 0.85 (w/w), respectively. So, to carry out this experiment, 

three types of forestry biomass were studied, namely Pinus pinaster (softwood), 

Eucaluptus globulus and holm oak (hardwood). The energy consumption, gas composition, 

higher heating value, and gas yields were also evaluated and correlated with temperature, 

steam/biomass ratio, and species of biomass used. After carrying out several experiments, 

the final results were optimised at 830°C temperature and a steam to biomass ratio 0.6 – 

0.7 (w/w) found poorer in hydrocarbons and tars were produced with greater energy and 

carbon conversions were also found. The different class of biomass has versatility in the 

energy application as it offered numerous advantages in terms of transportation of fuel, 

conversion into different form of fuels such as liquid or gas, and the pollutants are much 

less compared to fossil fuel and it has wide applicability for small to medium scale at the 

industrial level. W. Close et al. [183] had studied the intrinsic reaction rate of biomass char 

gasification of beech wood char and oil palm shell char with carbon dioxide and steam. In 
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this experiment, special attention was paid in order to avoid heat and mass transport 

limitations during gasification, the particle size, amount of char, and flow rate were also 

varied in isothermal conditions. So, a rate expression Langmuir – Hinshelwood was also 

employed to match the experimental data at different partial pressures and reaction 

temperatures in the intrinsic regime. For evaluation of the experimental data, the reactive 

surface area of bio-chars was determined as a function of the degree of conversion by the 

temperature-programmed desorption technique. From this analysis it was concluded that 

the reaction rate was mostly influenced and dependent with the reactive surface area. As it 

was well known, the characteristics of biomass varied from place to place owing to the 

physical properties of soil across the world. K. Matsumoto et al. [184] investigated the 

gasification reaction kinetics on biomass char obtained as a by-product of gasification in an 

entrained-flow gasifier with steam and oxygen at 900 - 1000°C. The bio-chars were 

obtained from the wood portion of Japanese cedar char (JC), Japanese cedar bark char 

(JB), and a mixture of hardwood char (MH) and Japanese lawngrass char (JL). These chars 

were gasified in a drop tube furnace, where the parametric studies were also carried out as 

temperature (Tg), gasifying agent (CO2 or H2O) along with its partial pressure were varied 

in order to measure the gasification properties such as gasification reaction ratio, 

gasification reaction rate, change of particle size and change of surface area. The surface 

characteristics were analyzed by a scanning electric microscope (SEM). The final result 

showed that the random pore model was most convenient for the char gasification reaction 

due to the surface porosity, constant particle size, and specific surface area and gasification 

rate as experimentally obtained from Arrhenius equation along with the value was 

calculated by using random model. The reactivity order was found as MH > JC > (JB, JL) 

and was mostly influenced by the presence of the concentration of alkali metals in the 

feedstocks along with O/C ratio in biomass. C. Guizani and his co-workers [185] 

investigated the gasification reactivity of high-heating-rate chars in single and mixed 

atmospheres of H2O and CO2 in a new macro-TG experimental device. The most important 

thing in this study was to compare between the higher reactivity of the high-heating-rate 

chars vs.at a low heating rate chars. The reactivity of chars in a mixed atmosphere of steam 

and carbon dioxide was derived as the sum of the individual reactivity‘s achieved in single 

atmosphere gasification experiments. The final result showed the heating rate greatly 

affected the char reactivity to H2O along with CO2. It was found that high-heating-rate 

reactivity was 3.5 times higher in H2O gasification and was found to be four times higher 

in CO2 gasification in comparison with LHR-chars. S. Turn et al. [186] investigated on an 
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experimental basis hydrogen production from biomass performed in a fluidized bed 

gasifier. The parametric study was extremely important for the process optimization which 

included the effect of reactor temperature, equivalence ratio, and steam to biomass ratio as 

listed in the article. S. T. Chaudhari and his co-workers [187] carried out steam gasification 

of two biomass-derived chars obtained from (1) bagasse char-from Natural Resources 

Canada, and (2) commercial char-obtained from ENSYN Technologies Inc. were 

investigated at 700, 750 and 800°C in a fixed bed microreactor at different steam flow rates 

in the range of 1.25 to 10 g/h/g of char. It was found that the both chars were highly 

reactive at 800°C with steam flow rate of 5 and 10 g/h/g of char. The experimental result 

showed for baggase char was maximum conversion of 81% achieved at 800°C with a 

steam flow rate of 10 g/h/g of char, while for commercial baggase maximum conversion of 

69% was achieved at 800°C with steam flow rates of 5 and 10 g/h/g of char. Y. Li and his 

team [188] demonstrated the hydrogen production from coal gasification in supercritical 

water with a continuous flowing system by which it can convert coal to hydrogen rich 

gaseous products efficiently. For this the experimental device was developed to sustain the 

temperature upto 800°C and the pressure upto 30 MPa. The gasification characteristics of 

coal were determined by a set of parameters such as temperatures range of 650 – 800°C, 

pressure of 23 – 27 Mpa, flow rate from 3 kg h
-1

 to 7 kg h
-1

. Some other parameters such as 

Raney-Ni, K2CO3 were used as a catalyst along with H2O2 as an oxidant. The effects of 

these parameters were evaluated in order to optimize the process. The highest hydrogen 

yield was achieved (72.85%) in this experiment. A. Sattar et al. and his co-workers [189] 

investigated the steam gasification of rapeseed, wood, sewage sludge, and miscanthus bio-

chars for the production of hydrogen-rich syngas. The parametric study included the effect 

of temperature, steam flow rate and particle size was evaluated for process optimization. 

The final result showed that the dry gas yield increased with increasing temperature and 

steam flow rate, but hydrogen fraction decreased with increasing temperatures, while 

particle size had little impact on gaseous composition. The highest hydrogen yield of 58.7 

vol % at 750°C was obtained for rapeseed bio-char.  

2.5.2 An overview of steam gasification process of bio-char  

Bio-char is generally obtained from the slow pyrolysis of biomass at elevated temperature 

in nitrogen atmosphere or in vacuum condition in order to avoid ash formation. The 

characteristic of this bio-char is further improved in terms of as a fuel value against the raw 
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biomass. Owing to removal of oxygen content during pyrolysis of biomass, the carbon 

content is improved to a large extent which amends the calorific value of bio-char along 

with carbon content. The reactivity of bio-char is extremely good over biomass could be 

easily gasified with gasifying agents steam, CO2, oxygen, and hydrogen to gaseous fuel. 

Apart from this, it can be used as a soil nutrient for enrichment of good fertility [190]. So, 

now-a-days steam gasification of bio-char is becoming vastly popular to convert solid fuel 

to gaseous fuel. Other option is that the syngas can also be converted into liquid fuels using 

Fischer – Tropsch technology. And also, the product gas could be directly used in the 

production of electrical power in fuel cells or combusted in gas turbines. 

2.5.3 Reaction mechanism 

In general, steam gasification reactions are complicated as main constituents are CO2, CO, 

H2, and CH4. The steam gasification is a heterogeneous reaction mechanism as the steam 

reacts with the surface area of carbon. It was well known that the steam gasification 

reactions are some exothermic or endothermic as listed following [178, 191]: 

 

CpHqOr → aCO2 + bH2O + cCH4 + dCO + eH2 + fC2 (pyrolysis reaction)                  (2.5.4) 

CO2 + C ↔ 2CO                 (+172 kJ/mol)                                                 (2.5.5) 

C + H2O ↔ CO + H2          (+131 kJ/mol)                    (2.5.6) 

C + 1/2O2 → CO                 (−111 kJ/mol)                               (2.5.7) 

CH4 + H2O ↔ CO + 3H2   (+206 kJ/mol)                    (2.5.8) 

CO + H2O ↔ CO2 + H2     (−41.2 kJ/mol)                    (2.5.9) 

C + 2H2 ↔ CH4          (−74.8 kJ/mol)                  (2.5.10) 

So, naturally the reaction mechanism in the steam – carbon reaction, the chemisorption 

stage includes dissociation of water at the carbon surface into a hydroxyl radical and 

hydrogen atom, which adsorbs on next to carbon sites [178]. At high temperature it is 

supposed to assert the dissociation of water molecule forms hydroxyl groups which are 

highly oxidizing agents. This phenomenon exists in a similar fashion of water gas shift 

reaction. Carbon-oxide intermediate plays a crucial role in the reaction and hydrogen 

atoms freely diffuse across carbon at most likely higher temperature (> 600°C). The most 
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important thing is that the relative rates of these reactions are highly influenced by the 

reaction conditions. The product syn-gas in gasification reactions is interdependence of 

molecules, mostly varying with reactor design and operating conditions.      

2.6 Research gap identification 

The most challenging part of research gap identification is to bring out novelty or 

innovative feature that might be different from the conventional approach. Our research 

asserts that the thermochemical conversion of solid biomass to syn-gas or bio-oil or bio-

char is important in the current literature. So, proper characterization of biomass is 

extremely important prior to choosing any thermochemical conversion process. Another 

objective of this study is the selection of biomass from waste-land derived sources that is 

from barren land, not from fertile land.  

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2.6.1: Schematic diagram of the experimental works carried out in the 

present study. 
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The speciality of this biomass is that it cannot be used as an animal fodder. Hence this 

biomass is suitable in thermochemical conversion process in order to produce clean 

energy. The present study mainly focuses on fifthteen different biomass from different 

category such as grass type biomass, herb type biomass, shrub type biomass, woody type 

biomass, and finally macroalgae. Previous literature is not available on these selected 

biomass and their thermochemical pathways. So, this problem is targeted in the present 

study. The thermochemical conversion processes are briefly outlined in Fig. 2.6.1 for some 

selected biomass. The kinetic study is a part of thermochemical process that‘s why it is 

included here and it is best described by the TGA (thermogravimetric analysis). Due to the 

limited scope of the research work time, it was yeoman task to carry out experiment for 

each biomass to get the valuable information. So, the full characterization of each biomass 

was investigated in details and conclusions were derived from the results obtained.     
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CHAPTER – 3 

 

Aim and Scope of the Work 

 

3.1 Introduction 

3.1.1 An overview of renewable technologies 

It is well established that the renewable energy is one of the cleanest energy sources among 

all available energy sources in the nature. The impact of this energy source has explicitly 

or implicitly influenced humanity and society. Since the industrial revolution, energy has 

been an intrinsic force for developing civilization in the universe. Due to phenomenal 

increase in the demand for energy consumption, the conventional energy sources are now 

on the periphery of difficult situation and tend to exhaust in the near future. So, renewable 

energy sources provide promising feedstocks for converting into clean energy. Biomass is 

one of the renewable energy sources and it is the oldest source of renewable energy known 

to humans, since ancient times. The formation of this biomass is the presence of sun via 

photosynthesis process with chlorophyll converting carbon dioxide from the air and water 

from the ground into carbohydrates, complex compounds composed of carbon, hydrogen, 

and oxygen. When these carbohydrates are burnt, it produces carbon dioxide and water and 

release the energy as comes from the sun. So naturally, it can be said that biomass is just 

like a natural battery for storing solar energy. As long as biomass is produced sustainably, 

the natural battery will last indefinitely.     

3.2 Objectives of the present work 
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India is basically an agriculture-driven country and biomass could be utilized as an energy 

carrier for different purposes and it has very good potential in India. It was found that more 

than 320 million tons of agricultural residues are produced every year of which a major 

chunk of this residue is burnt in an open atmosphere in situ farming land [1]. Now, with 

the present crisis of conventional energy sources shortage, the rural civilization is 

depending more and more to the burning of these agricultural residues for domestic 

cooking and other purposes [2]. In practice, it is highly inefficient and polluting the 

atmosphere causing health hazards. So naturally to avoid these adverse effects, these crop 

residues should be upgraded into convenient and less polluting forms. There are several 

established methods, one such method is the utilization and conversion of locally available 

residue by controlled burning or pyrolysis or carbonization. The resultant product solid 

fuel or bio-char has a higher heating value than original biomass, low ash content, and 

produces no smoke during burning. Again, high efficient small scale burner stove could be 

used for this purpose instead of the open challahs which produce more smoke and is also 

low energy efficiency. Also slow pyrolysis is one of options to produce syn-gas or bio-oil. 

This process is widely applicable for the production of useful energy or valuable 

chemicals.  

Kinetic study of biomass is really helpful to describe the thermal degradation of any 

biomass. So there are several kinetic models that are used to ascertain process parameters 

of pyrolysis pathway. 

Another thermochemical process i.e. the gasification technology generally produces syn-

gas used for different purposes such as for running gas turbines, electricity generation, 

burning for domestic uses, etc. and this process is much more convenient and efficient than 

direct burning of biomass. Steam gasification is also another option for producing 

hydrogen rich syn-gas with the higher heating and less polluting combustible gases. Solid 

fuel to hydrogen rich syn-gas has several advantages. Hydrogen is a clean source of 

energy. But storage of this gas is really serious problem for commercial application. 

Magdalena Momirlan et al. [3] investigated on physical properties of hydrogen as a fuel 

substitute for future. One of the challenges faced is hydrogen storage.  

The present research work comprises of thermochemical conversion of different kinds of 

biomass as basic feedstocks like wasteland derived biomass and marine macroalgae. So, 

the characterization of these biomasses as a potential for solid fuel is important prior to the 

selection of any thermochemical processes. Because each biomass is unique in terms of 
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chemical constituents, so naturally process parameters needs to be developed based on 

physical and chemical properties of biomass. In case of macroalgae, the chemical 

constitution is completely different from terrestrial biomass. For this suitable 

thermochemical conversions should be chosen for macroalgae. Generally, hydrothermal 

liquefaction, pyrolysis, and gasification are most common techniques adopted. The present 

work focuses on the pyrolysis and gasification of selected seaweed species. 

The main objective of this work is the characterization of the selected biomass which 

includes some common wasteland derived biomass and marine macroalgae. Based on 

the characterization, some case studies are selected for harnessing energy from them 

via gasification, pyrolysis, or steam gasification. 

To be more specific, the important objectives of this work are: 

(1) Characterization of selected biomass species as solid fuel for thermochemical 

processes. 

(2) Syn-gas production through downdraft gasifier for selected feedstocks for running an 

engine to produce electricity. 

(3) Production of bio-oil via slow pyrolysis process of selected biomass and upgradation of 

this oil. 

(4) Production of hydrogen rich syn-gas via steam gasification from obtained bio-char 

through slow pyrolysis. 

The success of the present work will contribute to achieve the following objectives: 

(a) The availability of data for the selected feedstocks as solid fuel would be more open for 

the researchers. 

(b) Increase the competiveness of oil and gas industry in the world market with renewable 

energy sources, not only for developed nations, but also for developing countries like India 

having huge potential market. 

(c) Development of indigenous sources and improve gross domestic product (GDP) for 

better economy. 
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(d) Accelerate the employment rate by creating new activities based on small, medium, 

even higher scale gasification units, especially for syn-gas production for domestic purpose 

or generating electricity for households. 

(e) Biomass is a renewable energy source which could contribute to decrease in the 

greenhouse gas in place of fossil fuel with a sustainable way. 

(f) Improve fuel security throughout the year. 

(g) Valuable chemicals from renewable sources (i.e. value added products). 

The contents of this thesis are disseminated and discussed in six chapters. All the chapters 

are correlated with each other in order to develop connectivity and sequence. The overall 

thesis contains general introduction, literature review, and aim and scope of the work and 

the experimental work is presented in chapter 4, chapter 5. The last chapter, chapter 6 

includes the conclusion and future remarks. Chapter 4 contains characterization of selected 

wasteland biomass species and possible route to harness energy from each kind of biomass. 

The chapter 4 includes introduction, different instrument used for fuel characterization of 

the wasteland derived biomass and results Chapter 5 consists of all the case studies 

including utilization of jatropha curcas shells for energy application, thermochemical 

conversion of macroalgal biomass, Kappaphycus alvarezii granules seaweed for energy 

application, and lastly, harnessing energy from three selected seaweed species, named Ulva 

fasciata, Gracilaria corticata, and Sargassum tenerrimum. The case studies are briefly 

described in this chapter, and the chapter also includes detailed characterisation of 

macroalgal biomass used for the study. And finally LCA (Life Cycle Assessment) of three 

macroalgae have been investigated for the potential of industrial application. 

The final conclusions obtained will help in charting out the future course of the work.   
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CHAPTER – 4 

 

Wasteland Biomass as Feedstock for 

Thermochemical Conversion Processes 

 
4.1 Introduction 

The main objective of this chapter is to characterize the fuel properties of selected biomass 

in the present study. For this selection, the first priority is that food crops should not come 

in the energy application. Hence the biomass chosen from wasteland derived or 

agricultural wastes or macroalgae are all non-fodder and non-edible [1]. In India, there are 

some areas which are barren in nature and can be fully leveraged for the production of 

energy crop. More specifically, barren land can be aptly described as wastelands which are 

degraded lands and they have various inherent or imposed lacunae and hence there are 

restrictions with respect to growing of arable crops.  

 

 

FIGURE 4.1: Production of different species of wasteland derived biomass per 

hectare. 
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However, there are many plant species including weeds which can grow luxuriantly on 

such types of land by virtue of their tolerance to extreme physico-chemical and 

environmental conditions. Such non-food crops offer profound scope to harness biomass 

and energy while reclaiming these degraded lands by proper agronomic management. 

According to NRSA, 2003 data based on satellite imagery, western state of Gujarat has ca. 

2 million hectares of land under different categories of wasteland, majority of which fall 

under the category of land with shrub vegetation where plant species like Prosopis 

juliflora, Cassia auriculata, Butea monosperma, Jatropha gossypifolia, Acacia nilotica, 

Acacia leucophloea are abundantly found [2].  Many grasses and tussocks such as 

Desmostachya bipinnata and Dicanthium annulatum can thrive on waterlogged soils. In 

one such study carried out at Gujarat, abundant quantities of biomass were recorded from 

these types of wastelands (Figure 4.1). The biomass abundantly found in such types of 

wastelands may be gainfully used to derive energy through thermo-chemical conversion 

processes such as biomass gasification or pyrolysis process. Utilizing of such biomass 

from wastelands would also avert the food-vs-fuel dilemma as no arable crop production is 

anyway possible in these tracks. With a view to address the above problem, the present 

work was carried out to characterize biomass obtained from different plant species growing 

on wastelands. Ten plant species including trees, shrubs, herbs and grasses were collected 

from wasteland located in Panchmahal district of Gujarat, India (Altitude- 296 ft N 22° 41‘ 

376‘‘ E  073° 29‘ 649‘‘). If we look at the India map, the wastelands are distributed 

accordingly state-wise and categorised based on the types barren lands projected by 

NRSA, 2003. They projected that such lands are estimated to be around 552692.26 square 

km in both cases excluding Jammu & Kashmir [2].  

4.2 Fuel characterization of solid wasteland derived biomass 

The basic and fundamental of biomass characterization  consisting several analyses are 

listed here, as hot oven for drying biomass, mixer for crushing the biomass into powder 

form at different particle size depending on the requirement, the proximate analysis, 

ultimate analysis, calorific value, ash fusion test, fibre analyzer, TG analysis for kinetic 

study etc.  

4.2.1    Proximate analysis 
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Figure 4.2 (a) shows the hot oven for drying the biomass as per the experimental 

requirement. The hot air oven has a measurement of temperature range of room 

temperature to 250°C, having precision of ± 2°C. The standard method according to 

ASTM method for determining the moisture content is 110°C temperature and 1 h. 

Similarly, for figure 4.2 (b), the automatic proximate analyzer (model no. APA-2, 

Advanced Research Instruments Company, New Delhi) were used for measuring the 

moisture content, volatile matter, fixed carbon and ash content. The method was adopted 

according to ASTM method as moisture: ASTM D3173; ash: ASTM D3174; volatile 

matter: ASTM D3175; and fixed carbon: by difference ASTM E1131-08. The operating 

principle of this instrument is here briefly elaborated.  

 

                    

FIGURE 4.2: (a, b) Depict of the hot air oven and the proximate analyzer. 

 

The automatic Proximate Analyzer is programmed to perform complete and automatic 

analysis of Air Dry Basis Moisture, Ash & Volatile Constituent in the biomass samples. 

Each measurement allows up to 19 samples in every batch. In the analyser, both oxidizing 

and inert atmospheres can be maintained as per ASTM guidelines. Provision is made to 

introduce a sweep gas or a reactant gas, and to remove product of drying, de-volatilization 

or combustion. The sample balance pedestal, crucible and the crucible covers are made of 

ceramic material as per ASTM guidelines. The crucible and the turn table are capable of 

withstanding high-temperatures and different furnace atmospheres and are not susceptible 

to wrapping at high temperature. The furnace is programmed to have maximum 

temperature control up to 1000°C and the furnace cover of the analyser is supported by two 

shafts for better stability and support. The instrument has two thermocouples which 

a b 
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include one thermocouple for over-temperature protection for safety and the other one to 

measure and record temperature near the test crucible. The instrument is configured with a 

built-in high precision electronic scale to ensure precise and accurate weighing of the 

samples. The electronic balance in this instrument has a measurement range of 110 g with 

an accuracy of 0.1 mg. The controlling precision of the instrument is ± 5°C. The total 

analysis time required 240 min along with analysis range 0.2 – 100%.  

4.2.2 Ultimate analysis 

Ultimate analysis is also another important fuel characteristic which determines the C, H, 

N, S of a solid fuel and O is determined by difference. It was found that mainly, carbon, 

hydrogen, nitrogen, sulphur and oxygen are the major constituents in biomass. In order to 

measure these constituents in biomass, the sample preparation is required. The sample 

should be in powder form and evenly distributed. So the ultimate analysis was performed 

in a CHNS analyzer (vario MICRO cube) where the combustion and reduction columns 

have the temperatures of 1150°C and 850°C, respectively. For this analysis, the standard 

was sulphanilamide and the sample requirement was 1 to 10 mg. The oxidizing agent was 

O2 and the carrier gas was He. 

4.2.3 Calorific value analysis 

Calorific value is generally determines how much energy is stored in the biomass. This 

characterisation is extremely important prior to thermochemical process, especially in 

gasification and pyrolysis.  

 

                                       

FIGURE 4.3: The picture of the automatic bomb calorimeter. 

 

Bomb 

Calorimeter 
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Figure 4.3 shows the picture of a typical automatic bomb calorimeter, supplied by Parr 

Instrument Company. 6200 is a microprocessor controlled isoperibol oxygen bomb 

calorimeter which is widely used for both routine and occasional calorific tests. It uses the 

time-tested Parr 1108 style oxygen bomb and oval bucket in a compact calorimeter, 

producing reliable results with good repeatability. All sensors, controls and jacketing in the 

6200 Calorimeter are built into a single, compact cabinet to provide a self-contained 

operating unit consisting of a temperature-controlled water jacket with a built-in 

circulating system and an electric heater, an 1108P oxygen bomb with an oval bucket 

which fits into the insulating water jacket, a built-in automatic system for charging the 

bomb with oxygen, a high precision electronic thermometer. The  

operating principle of this instrument is very simple as it takes only 10 to 15 min per 

sample. The requirement of sample is around 0.1 to 1 g, depending the state of sample. 

Only oxygen filling system is automatic and the rest bucket fill and bomb wash operations 

are manually carried out. The temperature precision is extremely good at 0.0001°C and the 

instrument precision is 0.05 to 0.1%.   

4.2.4 Ash fusion test analysis 

This instrument is used for measuring the ash fusion temperature of ash produced from 

biomass or any organic matter. The ash fusion temperature has immense importance in 

thermochemical conversion process, especially in gasification process as it is essential to 

know the decomposition temperature of each biomass as gasifiers usually operates at high 

temperature of more than 700°C. Ash melting causes fouling or slagging inside the reactor 

which prevents the downstream process and it is not fruitful in a continuous process. The 

design of most gasifiers takes in to account the characteristics of the ash generated and 

whether it will remain in solid form or be fluid to some degree. The ash fusion analysis 

was performed in an ash fusion analyzer AFT of Advance Research Instrument company, 

New Delhi, India. This test performs the actual melting / fusion of the ash cone under 

controlled conditions and checks the corresponding deformation temperature of the sample 

biomass ash. The instrument complies with the ASTM standard to check the temperatures 

of four separate transitional states of the ash cone between dry and fluid conditions that 

will occur because of the heating. The auto image recognition feature in the higher 

versions enables auto detection of the various deformation temperatures. The instrument 

features an automatic temperature recording along with images of the ash cone using a 

high resolution CCD camera. The camera collects and records the images of the ash cone 



 

 

Ph.D Thesis of Prasanta Das Page 88 
 

as it deforms with increase in furnace temperature. A rugged high temperature heater used 

with high grade thermal insulating blocks ensure a long life of the heater element even 

after continuous and repeated use at temperatures up-to 1520/1620 °C. 

 

 

FIGURE 4.4: The picture of the ash fusion tester. 

The operating principle of this ash fusion tester is briefly described and is shown in figure 

4.4. The furnace temperature range was 0-1520
o
C with temperature accuracy of < 5

o
C and 

resolution of 1
o
C. The ash fusion testing was carried out in weak reduction atmosphere by 

means of graphite. The temperature ramp was set as 20
o
C min

-1
 from 30

o
C to 900

o
C; 4

o
C 

min
-1

 for 900-1300
o
C; 1

o
C min

-1
 for 1300-1520

o
C. The ash cone was prepared by a matrix 

provided by the same company. 

4.2.5 Fibre analysis 

Hemicellulose, cellulose and lignin are the major three constituents in biomass. Ligno-

cellulosic biomass is a woody type plant material. This woody type plants include trees, 

shrubs, cactus, and perennial vines. Thus, the above biomass can be categorized as: (1) 

herbaceous and (2) non-herbaceous.  
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the chamber 
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lid for minimizing the heat 

loss as infra-red heating 

incorporated here. 
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FIGURE 4.5: The schematic picture of the fibre analyzer. 

 

An herbaceous biomass is a plant with leaves and stems that die annually at the end of the 

growing season such as wheat and rice, etc. Whereas, non-herbaceous plants are not 

seasonal, generally large trees fall in this category. The operating principle of fibre 

analyzer (FibroTRON, model no. FRB-8, supplied by Tulin equipments, India as shown in 

figure 4.5) is simple as the prepared solutions (NDF, ADF, etc.) are poured from the top 

where eight conical flasks are placed which are directly connected to the sintered glass (G-

2), along with an infra-red heating system and refluxing system. The estimation of 

hemicellulose, cellulose and lignin is briefly described here.  

4.2.5.1 Determination of hemicellulose  

For the determination of hemicellulose, the neutral detergent solution (NDF) has to be 

prepared with the following quantity. Firstly, di-sodium ethylene-di-amine-tetra-acetate 

and sodium borate decahydrate is dissolved in about water by slow heating. Then, solution 

containing sodium lauryl sulphate in 2-ethoxy ethanol is added. Along with it is added a 

solution of di-sodium hydrogen phosphate. Finally pH is adjusted at 7 and the solution is 

made up to 1 litre NDS (neutral detergent solution). The biomass sample is refluxed with 

NDS and water soluble and materials other than the fibrous component are removed. The 

solid material is weighed after filtration and expressed as neutral detergent fibre (NDF). 

The hemicellulose content can be calculated as follows: 

Hemicellulose = Neutral detergent fibre (NDF) – Acid detergent fibre (ADF) 

4.2.5.2 Determination cellulose and lignin 

Now, for the determination of acid detergent fibre, the acid detergent solution (ADS) has to 

be prepared. Firstly, cetyl trimethyl ammonium bromide dissolved in 1 (N) sulphuric acid. 

The sample along with ADS was boiled for 30 min at 250°C with the refluxing system. 

Then, washed, dried weights are taken and, ADF content is calculated as (W/S); where ‗W‘ 

is the weight of the fibre and ‗S‘ is the weight of the sample. 

For determination of acid detergent lignin, the acid detergent fibre was transferred to G-2 

crucible with 72 %w/w sulphuric acid and kept for 3 to 4 h. The residue was washed, dried 

and weighed. The residue was then ashed at 550°C for 4 h. 

Cellulose = ADF – Residue after extraction with 72% H2SO4  



 

 

Ph.D Thesis of Prasanta Das Page 90 
 

Lignin = Residue after extraction with 72% H2SO4 – ash.  

4.2.6 Complete ash analysis 

 Figure 4.6 shows the picture of the muffle furnace used in this study. The maximum 

heating capacity of the furnace was 1150°C, rate of heating 15°C min
-1

. 

 

FIGURE 4.6: The picture of the muffle furnace. 

 

The temperature controlling system was guided by the PID controller and the precision of 

the temperature is ±1°C. The complete ash component analysis was done in ICP Perkin 

Elmer Optical Emission Spectrometer (Model No. Optima 2000 DV). The ash was 

prepared at 550°C for 4 hr in muffle furnace and 1 g ash was digested in 10 to 15 ml aqua 

regia solution (HNO3 + HCl: 1:3). The solution was evaporated slowly in order to obtain 

ash paste. This same procedure was repeated 3 to 4 times. This paste was mixed with 1(N) 

HCl in order to make homogeneous solution using magnetic stirrer and filtered. The 

residue was placed in muffle furnace at 900°C for 2 hrs in order to obtain SiO2 (probable). 

The filtrate that contained compounds (mainly oxides) of Al, Fe, Ca, Mg, Na and K were 

made up to 500 ml with distilled water. 5 ml of 100 ml of this solution was mixed with 2% 

(wt. %) conc. HNO3, made up to 500 ml using distilled water and filtered. The solution 

was now finally prepared for ICP. The other part, i.e. 400 ml solution was mixed with 

NH4Cl in order to obtain the neutral pH and kept in heating for 15 to 20 min. This solution 

was filtered and the residue consisted of oxides of Al & Fe.  The filtrate contained Ca, Mg, 

Na, K, SO4--.  The collected residue was dissolved in 2 (N) NaOH in which alumina was 

completely dissolved to form aluminium hydroxide. The solid residue, was probably 

Fe(OH)3 . It was washed till neutral. This was kept in oven for 110°C for 1 hr and was then 

transferred to a muffle furnace, kept for 900°C for 2 hrs in order to obtain Fe2O3. The other 

part i.e. liquor containing Al(OH)3 was mixed with HCl ( 1:1) and heated for 15 to 20 min. 

2 to 3 g ammonium chloride was added and after drying at 110°C for 1 hr, the residue was 

Temperature 

controlling 

system having 

PID controller 
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placed in a muffle furnace at 900°C, for 2 h to obtain Al2O3. The other part of 400 ml 

solution was further treated by and Ca and Mg were determined by volumetric method. 

The nebulizer flow rate in the ICP was 0.80 lpm and the standard sample concentration 

limit was 10 ppm for ICP analysis. The element in the ash was selected based on those are 

important in thermochemical process. 

4.2.7 Thermo-gravimetric analysis 

The thermogravimetric (TG) analysis was carried out for determining the kinetic values 

obtained from different kinetic models and at different heating rates. The instrument used 

was Netzsch, TG209 F1, Libra and the studies were carried out in nitrogen atmosphere 

with N2 flow rate of 50 ml min
-1 

.The heating rates chosen were 5 K/min, 20 K/min and 50 

K/min for kinetic analyses. 

4.3 The biomass selected in this study  
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FIGURE 4.7: All the selected biomass classified as shrub, grass, herb, woody type 

wasteland biomass. 

 

The wasteland derived feedstocks were characterized. The selected biomasses are 

abbreviated for shrub type as Jatropha curcas shells (JC), Cassia auriculata Linn (CA), 

Cassia tora (L.) Roxb. (CT), Jatropha gossypifolia (JG); for grass type biomass as 

Dichanthium annulatum (Forssk.) (DA), Sphaeranthus indicus Linn (SI), Desmostachya 

bipinnata (L) (DB); for herb type biomass as Eclipta alba (L.) Hassk. (EA), Solanum 

xanthocarpum (SX); for woody type biomass Butea monosperma (Lamk.) (BM), Prosopis 

juliflora (Swartz) DC (PJ). 

4.3.1 Moisture analysis of selected biomass 

The most important parameter for characterization of biomass is the moisture content. The 

fundamental of a plant is to absorb moisture from the ground and the potential difference 

of the moisture pressure pushes upwards. Then, moisture passes to leaves through the 

capillary passages. The moisture assists in photosynthesis process and the rest is 

evaporated through leaves. 
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FIGURE 4.8: The moisture content in the selected biomass in this study (wt. %). 

 

A fully grown biomass contains the moisture in two forms, (1) free or external, and (2) 

inherent or equilibrium. Free moisture called as unbound moisture generally remains on 

the outer surface of biomass. The inherent or equilibrium moisture is called bound 

moisture and is present in the plants internal structure. It is very intricate to remove bound 

moisture. As shown in figure 4.8, the shrub type biomass Jatropha gossypifolia (stem), 

Cassia tora (L.) Roxb, Cassia auriculata Linn, and Jatropha curcas shells show reasonable 

moisture content except Jatropha curcas shells which exhibits quite high moisture content 

among the biomass and the values are 9.37, 8.94, 9.82 and 15.08%, respectively. The 

moisture content of each biomass is presented as, ―as received basis‖ of biomass. The grass 

type biomass Desmostachya bipinnata, Sphaeranthus indicus and Dichanthium annulatum 

have moisture contents as 8.33, 11.06 and 7.5% respectively. The variation of moisture 

content among the herb, and woody biomass are found to be less as shown in figure 4.8 

(c,d).  

4.3.2 Fixed carbon and Volatile matter 

Fixed carbon is the residual mass obtained after determining moisture content (M), volatile 

matter (VM), and ash content (A) as depicted in the following way, eqn. (4.1). 

FC = 100 – M – VM – A                                                                                                    (4.1) 

      

 

This fixed carbon (FC) is the solid residue left in the biomass mostly as bio-char in the 

pyrolysis process after devolatalization, i.e. after the volatile matter (VM) is liberated off.  
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The source of carbon in biomass comes from the photosynthesis fixation of CO2 and thus it 

is organic matter. 

 

       

FIGURE 4.9: The fixed carbon and volatile matter in the selected biomass (wt. %). 

 

Since FC depends on the amount of VM, it cannot be evaluated directly. VM in biomass 

varies with the rate of heating, and also the fixed carbon is not a fixed quantity but its 

value, under standard condition, provides a valuable fuel parameter. Figure 4.9 (a,b,c,d) 

shows the fixed carbon and volatile matter of the selected biomass. Apparently, all the 

biomass has good fixed carbon and volatile matter and these parameters have positive 

impact on thermochemical conversion.  

4.3.3 Ash content  

The ash content is the inorganic solid residue left after the fuel is completely burnt under 

the standard condition. The major constituents in ash are oxides of silicon, aluminium, 

iron, calcium, sodium, and potassium; some small amount of magnesium, titanium may 

also be present. Figure 4.10 shows the ash content of selected biomass in this study. Figure 

4.10 (a) shows the ash content of shrub type biomass and that Jatropha curcas shells had 

the highest ash content. Many researchers have reported that Jatropha curcas shells are 

difficult to run in gasifier due to high ash content. In the grass type biomass, the reasonable 

ash contents (within 10 %) were found except Dichanthium annulatum which has 25.84% 

ash. This biomass might be difficult to apply in thermochemical process. The herb type 

biomass had within 15% ash content. 
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FIGURE 4.10: The ash content of the selected biomass (wt. %). 

 

The woody biomass has very less ash content and may be the best feedstock in the 

thermochemical conversions. The ash content plays a significant role in biomass utilization 

especially if it contains alkali metals such as potassium or halides such as chlorine. Mostly, 

straw and grasses are particularly susceptible to this problem. These components in ash can 

lead to serious agglomeration, fouling and corrosion problem in gasifiers or reactors.     

4.3.4 Calorific value analysis  

Figure 4.11 (a,b,c,d) shows the calorific value (CV) of the selected biomass. The CV of the 

shrub type biomass figure 4.11 (a) is not much divergent within its group except CT as it 

has high ash content, low carbon content and high oxygen content. But in case of grass 

type biomass only Dichanthium annulatum exhibits somewhat low CV than others due to 

the presence of the high ash. Generally, high ash in fuel reduces the calorific value. The 

same reason could be applied for the herb type biomass as Eclipta alba has the low CV.  
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FIGURE 4.11: The calorific value of the selected biomass. 

 

The CV does not depend only on ash content, but it also depends on carbon content, 

hydrogen content, moisture content, and oxygen content. The high moisture, oxygen and 

ash content are primarily responsible for reducing the calorific value of the fuel. The 

woody type biomass has excellent CV than other type of biomass.  

4.3.5 CHNS analysis 

Figure 4.12 (a,b,c,d) shows the ultimate analysis of the selected biomass was investigated 

in the present study. The composition of the fuel is expressed in terms of its fundamental 

elements which exclude moisture M, and ash content. The biomass common ultimate 

analysis can be expressed as 

C + H + O + N + S + ASH + M = 100                                                                               (4.2) 

where, C stands for carbon, similarly H for hydrogen, N for nitrogen, and S for sulphur. 

The main objective of ultimate analysis is to find out the atomic ratios of (H/C) and (O/C) 
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which determines the fuel characteristics. Also the air-fuel ratio in gasifier is obtained from 

the ultimate analysis. Figure 4.12 (a) shows the shrub type biomass have almost nil sulphur 

content. The sulphur when combusted produces sulphur oxides which are hazardous to the 

environment. 

     

     

FIGURE 4.12: The CHNS of the selected biomass (in wt. %). 

 

All biomass including shrub, grass, herb, woody have reasonable carbon, hydrogen and 

oxygen contents. To analyse in detail, the atomic ratios of (O/C) and (H/C) of the selected 

biomass were evaluated for each biomass, first for herb type biomass the values are (1.50, 

1.54), (2.11, 1.61), (1.58, 1.56), (1.79, 1.44) for respective biomass in figure 4.12 (a). 

Similarly, for grass type biomass its values are (1.63, 1.32), (1.40, 1.65), (2.60, 1.29), for 
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herb type (2.14, 1.71), (2.14, 1.73), for wood type (1.36, 1.57), (1.65, 1.67), (1.60, 1.76 

respectively.  

4.3.6 Ash fusion test 

The ash fusion tests were performed in the ash fusion tester as described earlier. Figure 

4.13 (a,b,c,d) shows the ash fusion temperatures of the respective biomass.  
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FIGURE 4.13: The ash fusion temperatures of the selected biomass. 

 

In ash fusion test, the most important parameter is the fluidization temperature among as 

this represents the temperature at which the ash totally melts down. These ash fusion 

temperatures are extremely important prior to the design of any reactor in thermochemical 

conversion process. Another important parameter that must be taken into consideration is 

the material of construction, in order to resist high temperatures. It is well established that 

the thermochemical conversions such as gasification, pyrolysis are mainly operated at high 

temperature and this may lead to form fouling or slagging inside the reactor. The, shrub 

type biomass exhibited good initialization, deformation, softening, hemisphere and 

fluidization temperature characteristics. These biomasses can be used in gasifier without 

any trouble. For the grass type biomass and herb type, special attention is required in 

palletisation for improving the energy density of the biomass. All pictures of ash cones are 

provided in appendix – I.  

 

4.3.7 Fibre analysis of all selected biomass 

Selected biomasses were considered for fibre analysis - Jatropha gossypifolia (stem), 

Cassia tora (L.) Roxb., Cassia auriculata Linn, Jatropha curcas (shells), Desmostachya 

bipinnata, Sphaeranthus indicus Linn, Dichanthium annulatum (Forssk.), Solanum 

xanthocarpum, Eclipta alba, Sawdust, Prosopis juliflora, Butea monosperm, in this study.  
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Figure 4.14 shows the typical values of the cellulose, hemicellulose and lignin content of 

the selected biomass. 

     

FIGURE 4.14: Fibre analysis of the selected biomass in the present study (dry wt. %). 

 

Firstly,  the shrub type biomass exhibited reasonable fibre content, while the grass type 

biomass has less lignin content compared to others as it contained high ash content as 

shown in figure 4.14 (a, b). The shrub type and wood type biomass contain a good amount 

of fibre content due to the low ash content as shown in figure 4.14 (c, d).  
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any surfaces can be predicted or interpreted through some empirical indices. First, alkali 

index interprets the amount of alkali oxide present in the fuel per unit of fuel energy (kg 

alkali Oxide GJ
-1

). 
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    (        )
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                                                                                                           (4.3) 

Where, Q is the heating value of fuel in GJ kg
-1
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range of 0.17 to 0.34 kg/GJ, then slagging or fouling might have occurred and above this 

value the slagging or fouling will be occur [3–5]. 

Secondly, base-to-acid ratio is given below. 

Pb/c =
 (                        ) 

 (                )
                                                                                  (4.4) 

The compounds are present in ash on dry and in weight percentage basis. The base-to-acid 

ratio has primarily measured the tendency of fouling in fuel ash. When Pb/c ratio increases, 

then fouling tendency of fuel increases [5, 6]. 

And finally, bed agglomeration has been brought out in order to interpret fouling tendency 

in fluidized bed reactors. 

BAI = 
 (     )

 (         )
                                                                                                           (4.5) 

The compounds are in weight percentage and the bed agglomeration occurs when the 

values become lower than 0.15 [5, 7]. Figure 4.15 shows the acid (a, c, e, g) and basic (b, 

d, f, h) mineral content of the selected biomass. It is necessary to categorise the mineral 

compounds as an acidic components, Al2O3, P2O5, TiO2, SiO2 and basic mineral content, 

NaO2, K2O, MgO, CaO, Fe2O3.  
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Now, for shrub type biomass such as Jatropha gossypifolia (JG), Cassia tora (CT), Cassia 

auriculata (CA), and Jatropha curcas (JC) shells are shown in figure 4.15 (a). JG (stem) 

has maximum SiO2 and K2O contents. The alkali index (AI), base-to-acid ratio (Pb/a), and 

bed agglomeration index (BAI) were found out as 0.031, 1.41 and 0.05, respectively. So it 

can suppose that there is minimum chance to form clinkers inside the reactors or gasifiers. 

Only BAI was found lower than standard value. But this would not create any major 

problem in case of a continuous process.  
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can be concluded that the grass type biomasses are hardly suitable in thermochemical 

conversion processes. 

For the herb type biomass, the acid and basic mineral contents are shown in figures 4.15 

(e) and 4.15 (f). Solanum xanthocarpum (SX) and Eclipta alba (EA) are in the category of 

herb type biomass. In acid mineral contents, silica content is found maximum for EA 

followed by SX and the values are 20.58% and 9.36%, respectively.  

 

   

   

FIGURE 4.15: The acid (a, c, e, g, i) and basic (b, d, f, h, j) mineral contents in the 

selected biomass ash. 
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these biomass might find difficulty in utilization in the gasifier .The woody type biomass - 

Prosopis juliflora, Betea monosperma, and sawdust are shown in figures 4.15 (g) for acid 

and 4.15 (h) for basic mineral contents. The sawdust is considered as standard biomass for 

comparing these two biomasses. In acid content, the high silica was found for all woody 

type biomass, however, for basic contents it was found that the calcium, potassium, and 

sodium contents were high followed by iron and magnesium. The alkali index found was 

excellent for all woody type biomass, and the base-to-acid ratios were on the higher side 

due to the existence of more alkali metals which increased basicity. BAIs were also good, 

i.e just beyond the range of the standard value as shown in table 4.1. So it can be 

concluded that all woody type biomass have almost same characteristics. The presence of 

phosphorus and calcium in woody biomass ash improved the degradation temperature [8]. 

So biomass having less ash content, high calorific value, high volatile matter, and low 

moisture content are best suited in the thermochemical conversion process. Based on 

detailed fuel characterization of biomass, the reactor size and type are determined. 

TABLE 4.1: Determination of alkali index (AI), base-to-acid ratio (Pb/a), bed 

agglomeration index (BAI) for the selected samples. 

 

Family Samples AI Pb/a 

(base-

to-

acid 

ratio) 

BAI Suitability in 

thermochemical conversions 

based on three indices 

Gasification Pyrolysis 

Grass Dichanthium 

annulatum (Forssk.) 

Stapf. 

0.45 1.80 0.012 Not suitable Not 

suitable 

Sphaeranthus indicus 

Linn 

0.062 1.38 0.014 Not suitable Not 

suitable 

Desmostachya 

bipinnata(L) stapf  (g) 

0.13 1.38 0.13 Not suitable Not 

suitable 

Wood Butea 

monosperma (Lamk.) 

Taub. 

0.04 2.89 0.18 Suitable Suitable 

Prosopis juliflora 

(Swartz) DC 

0.05 1.99 0.17 Suitable Suitable 
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Sawdust 0.04 2.63 0.16 Suitable Suitable 

Shrub Cassia auriculata Linn 0.05 2.08 0.63 Suitable Suitable 

Cassia tora (L.) Roxb. 0.08 2.45 1.85 Suitable Suitable 

Jatropha gossypifolia 0.031 1.41 0.05 Suitable Suitable 

Jatropha curcas shells 0.035 1.73 0.029 Suitable Suitable 

Herb Eclipta alba (L.) 

Hassk. 

0.21 1.89 0.12 Not suitable Suitable 

Solanum 

xanthocarpum Schrad. 

&Wendl 

0.25 7.83 0.024 Not suitable Suitable 
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CHAPTER – 5 

 

Utilization of Wasteland Biomass & Marine 

Macroalgae for Energy:  Case Studies 

 
5.1 Wasteland biomass Jatropha curcas shells for energy 

 

5.1.1 A study of Jatropha curcas shells gasification for captive power generation 

  

5.1.1.1 Introduction 

Jatropha curcas (abbreviated as jatropha) is a hardy plant material easy to cultivate on 

barren land and is a wasteland derived biomass. The plant has earned acclaim in terms of 

high quality of bio-diesel obtained from its seeds. The mass of the whole fruit comprises of 

60 – 65% of seed weight, remaining 40 – 35% comprising the weight of the empty shell. 

Most of the attention is paid to the seed as it contains an outer coating husk and a kernel 

within which the oil exists [1]. It was found that the weight ratio of husk to kernel is 

approximately 1:2. There have been several research work reported on different aspects of 

biodiesel production from jatropha oil, either alone or combination of other nonedible oils 

[2 – 16]. The integrated process developed at the Institute consists of the following steps: 

removing of raw oil from the whole seed, with oil cake as by product; removal of free fatty 

acid (FFA) and other impurities from the raw oil in addition to the calculated amount of 

caustic soda solution in order to avoid the saponification; single step KOH-catalyzed 

trasesterification with methanol; refinement of methyl ester through non-aqueous washing 
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followed by water wash; and use of dry hot air to remove the moisture from fuel. Potash 

fertilizer and pure glycerol are recovered from the glycerol layer while other residues are 

utilized in soap preparation [2]. The crude glycerol can be used as a substitute source for 

microbial synthesis of PHA (polyhydroxyalkanoate) [3]. The jatropha shell is also a 

potential source of energy for generating renewable energy to run any process. It has been 

evaluated by Waver et al. for its constituents [17]. The lignin content was reported to be 

47.6%, the remaining comprising of mainly α-cellulose (22.29%) and hemicellulose 

(23.84%). It was earlier reported that the presence of high amount of ash content of the 

shell, and the presence of high amount of alkali metal contents were found to be very 

problematic in gasification process [17, 18]. Nonetheless, a large amount of shell generated 

during processing of oil production can be used in conducting trials on jatropha shells 

gasification. The main objective of this work is to develop a sustainable process to meet 

the energy consumption for any process. For this purpose, a calculation was done for a 

biodiesel production unit, in order to obtain the following products starting from 6.06 t/day 

dry jatropha fruit: 1 t jatropha biodiesel; 0.08 t neat glycerol; 2.54 t oil cake; 0.056 t soap 

cake; 0.022 t potassium sulphate; 2 t empty shells. If the power and steam consumptions 

are met from jatropha shells, its requirement would be between 0.85 – 0.90 t based on the 

findings of the present study. So, this would imply a surplus of ca. 1.1 t of shells, which 

can be used as a second fuel. Again, for the pyrolysis oil set-up, the requirement of energy 

is presently supplied from fossil fuel which could be replaced by the energy generation 

from a 10 kW gasifier in the present study. Thus the process will be sustainable. 

 

5.1.1.2 Material and methods 

The full characterization of jatropha shells was done and presented in chapter 4 which 

includes proximate, ultimate analysis, CV, ash fusion test, and the ash compositions. The 

most important parameters of jatropha shells were the calorific value and it was found to 

be 17.22 MJ kg
-1

 and detailed fuel characterization of this feedstock is described in chapter 

4. So, naturally, it is an ideal solid fuel for gasification. The ultimate analysis showed a 

good understanding of the constituents (carbon, hydrogen, nitrogen, and oxygen) which are 

required for computation of the amount of air for efficient gasification, and the estimation 

of the volume and composition of the combustion gases. Proximate analysis of a fuel 

provides information about the moisture content, volatile matter, fixed carbon, and ash. It 
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was well established that the fuel moisture content has adverse effect on energy efficiency 

and the recommended moisture level is less than 20% for downdraft gasification. 

The moisture content of jatropha shells estimated in this study was around 15.08% under 

this limit. The high volatile matter (66.31%) was also considered advantageous, as higher 

values assisted good ignition and result in an enhancement of flame length during burning 

of gas [19]. The fixed carbon was estimated to be 21.88% in present study.  Ash, non-

combustible component of the shells, was found to be 11.81% against the reported value of 

14.88% [1]. The compositions of alkali and alkaline earth metals ions in the ash were also 

determined.  

The most noticeable constituent K content (16.79%) was comparatively lower than the 

literature value (24.04%) [1]. Generally, high ash content has adverse effects on the heat 

transfer at the surface of a solid fuel as well as the diffusion of oxygen during char 

combustion [20]. Formation of clinkers, which prevent air distribution and also entraps the 

combustible matter across the reactor zone, depends on the temperature of operation and 

melting characteristics of ash. Thus ash melting behaviour is an important characteristic in 

thermochemical process. If the melting temperature is low i.e. less than 800°C, formation 

of clinkers inside, the reactor can be prevented through special design approach. For this 

the ash fusion characteristics of the jatropha shells ash was determined and it was found to 

be good. 

It was found that the deformation temperature was 1185°C and the shells were therefore 

suitable for downdraft gasifier or any thermochemical process. 

5.1.1.3 Description and operation of the 10 kW downdraft gasifier  

Fig. 5.1.1.1 (a,b) shows typical diagram of the downdraft gasifier used in this study along 

with the downstream system and the picture of the installed unit. For removal of ash, 

perforations were made on the base plate in the reduction zone to improve the passage of 

ash particles. Before start-up, charcoal was charged below the hearth zone and the jatropha 

shells were manually loaded from the feed hopper having a capacity of 100 kg. Initial 

ignition was carried out through the firing ports at the air inlets, and a sustained flame was 

noticed within 5 minutes inside the reactor. The flame could be viewed through a glass 

mirror positioned at the air inlets. An air suction device was established by circulation of 

water through a venture scrubber connected to the gas outlet. The air velocity was 
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determined using a thermo anemometer (CET-6T8B) at the air inlets. About 30 minutes 

was required to attain the full gas production capacity. Pressure drops were measured 

across each part by U-tube manometer. Water was used as the manometric fluid. K-type 

thermocouples were used to measure temperature at different positions of the reactor. After 

drying and pyrolysis at the upper part of the reactor, the shells went in the combustion zone 

where air was sucked in. The gaseous combustion products reached the reduction zone 

having charcoal bed and the gases underwent further reaction to produce combustible 

producer gas mixture. The produced hot gas coming out at the reactor bottom passed 

through the scrubber through which water was circulated at room temperature. The cool 

gas – water mixture was then allowed into cyclone separator to remove the char and tar 

particulates along with water. The gas was further cleaned by a series of filters consisting 

of sawdust and two cotton bag filters. At the outlet the gas could be either let into the 

engine or to a burner.  

 

 

a 

b 
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FIGURE 5.1.1.1: First, drawings of the downdraft gasifier (in cm) (a), second, gasifier 

in downstream system (b), and the picture of the installed unit gas cooling and 

cleaning systems (c). 

       

Next step was the determination of gas composition by online producer gas analyzer 

(ESTECH) for volumetric proportions of CH4, CO and H2 prior to engine entry. Analytical 

data assisted to decide the timing of fresh charge of solid fuel. The gasifier has a rotating (2 

rpm) grate, which simply allowed mechanical discharge from the base of the reactor. A 

vibrator assisted the process of ash removal and finally the ash was collected with the help 

of shovel through a gas-tight service opening after allowing the system cool as shown in 

Fig. 5.1.1.1 (c). 

5.1.1.4 Description of the 100% producer gas engine 

The specification of the 100% gas engine i.e. generator was important for optimum 

utilization of the producer gas for power generation. For this the model was chosen 

Prakash PNG – 15 BM with rated power of 12 kW. It has a water cooled, 4-stroke, spark 

ignition type, rpm-1500, continuous rating engine. The engine has a specially designed 

automatic air and fuel controller and mixing device for smooth and efficient working from 

nil to full load. It has a one/three-phase (230/414 V; 50 Hz) class F insulation alternator, 

conforming to IS: 4722/IS: 13364/BS: 5000 standard. The engine exhaust heat was used to 

dry the feed biomass in a tray type drier. Initially, the shells were placed in drier prior to 

c 
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charging the gasifier. Start-up of the engine was carried out with battery (12 V, 100 Ah). 

Once the air – fuel was reached, the engine operation was self-sustained. 

5.1.1.5 Operating of the gasifier 

The gasifier was initially designed for wood species having moisture (10 – 15% moisture 

content) at full load (9 – 10 kWe) for period of 5 h on a continuous basis. For the 

experimental run, jatropha shells and the wood species were charged to the downdraft 

gasifier in the weight ratio of 1:2. In the present study, suitable modifications were made to 

improve the passage of ash particles. Electricity was generated on a continuous basis for a 

period of 6 h. Finally, at the end of experiment, it was observed that other than formation 

of small amounts of clinkers, no adverse effect was observed. The gasifier was adequately 

run entirely with jatropha shells and the performance evaluated under load-free conditions. 

Important parameters for gasification such as equivalence ratio, heating value of the 

producer gas and gasification efficiency were estimated based on the experimental results 

from the below equations (5.1) – (5.16) [21].    

5.1.1.6 Operating parameters for downdraft gasification 

5.1.1.6.1 Specific gas production – producer gas to biomass ratio 

The best way to find out producer gas to fuel ratio is by carbon balancing of fuel as 

follows. 

Cbiomass = Cgas + Cchar-ash + Ctar                                                                                        (5.1) 

Cbiomass = Rate of carbon input in the gasifier with biomass. 

Cgas = Rate of carbon leaving the gasifier with producer gas. 

Cchar-ash = Rate of carbon leaving the gasifier with char-ash.        

Ctar = Rate of carbon leaving the gasifier with tar.  

Assuming carbon in char-ash and tar is negligible compared to the carbon in the producer 

gas; 

Cbiomass = Cgas                                                                                                                    (5.2) 

From the proximate analysis the mass percentage of jatropha shell is taken as 42.45%. 
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Cbiomass = 0.4245 × B                                                                                                        (5.3) 

B = Fuel consumption rate (kg/h). 

Cgas is substituted with Cbiomass. 

Cgas = 0.4245 × B                                                                                                              (5.4) 

Volumetric fraction of carbon in the producer gas is computed as follows: 

Cvfg=∑
                                                                   

                            
                          (5.5) 

Cgas = Cvfg × D                                                                                                                 (5.6) 

Where D is the flow rate of the producer gas (m
3
/h). 

Now, Cgas is substituted in equation (5.6). 

0.4245 × B = Cvfg × D  

 

 
 = 

      

    
                                                                                                                           (5.7) 

5.1.1.6.2 Specific air consumption (or air to producer gas ratio) 

Nitrogen balance is required in order to find out air to producer gas ratio. 

Now, using the nitrogen balance: 

Nbiomass + Nair = Ngas                                                                                                         (5.8) 

Nbiomass = Rate nitrogen input to the gasifier with fuel. 

Nair = Rate nitrogen input to the gasifier with air. 

Ngas = Rate of nitrogen leaving the gasifier with gas. 

Assuming nitrogen in the fuel is very small compared to the nitrogen in the air. 

Nair = Ngas                                                                                                                         (5.9) 

The volumetric fraction of nitrogen in air is 0.79. 

Nair = 0.79 × E                                                                                                                 (5.10) 
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Where E is the air flow rate (m
3
/h). 

Now, Nair is substituted in equation (5.9) 

Ngas = 0.79 × E                                                                                                                (5.11) 

Ngas = Nvfg × D                                                                                                                (5.12) 

Where, Nvfg volumetric fraction of nitrogen. 

The value of Ngas is substituted in equation (5.12); 

0.79 × E = Nvfg × D 

 

 
 = 

   

    
                                                                                                                             (5.13) 

5.1.1.6.3 Operating air – fuel ratio and equivalence ratio 

The air flow rate and the fuel flow rate largely depend on equivalence ratio. The ratio is 

defined as the ratio of actual or operating air –fuel ratio to stoicheometric air-fuel ratio. 

ER = 
                    (

 

 
) 

              ( 
 

 
) 

                                                                             (5.14) 

(
 

 
)  = 

                     

                                     
 = (

 

 
) (

 

 
) × Density of air                            (5.15) 

Stoicheometric air-fuel ratio i.e. ( 
 

 
)   is considered as 5.4 kg of air per kg of jatropha 

shells. 

5.1.1.6.4 Heating value of the producer gas 

The lower heating value of the producer gas reckoned from the chemical composition of 

the different gases. 

(LHV)g = ∑           ( )                                           . 

5.1.1.6.5 Gasification efficiency  

ηg =
                         (  )                 ( )

                                          (  )                         ( )
              (5.16) 
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In this study, the downdraft gasifier was first operated without load for 8 h at a one hour 

interval and the producer gas burnt with a yellowish-blue flame as shown in Fig. 5.1.1.2. 

 

FIGURE 5.1.1.2: Burning flame of producer gas in gasifier. 

TABLE 5.1.1.1: The variation of gasifier performance factors during 8 h continuous 

operation of the gasifier without load. 

 

Time D/B E/D (A/F)0 ER (HV)g (kJ m
-

3
) 

ɳg 

12:00 2.39 0.67 2.01 0.37 3985.74 55.16 

13:00 2.22 0.59 1.65 0.30 5140.64 66.18 

14:00 2.04 0.54 1.37 0.25 5639.04 66.81 

15:00 2.04 0.50 1.29 0.24 5840.76 69.25 

16:00 2.18 0.58 1.60 0.29 5048.19 63.94 

17:00 2.18 0.62 1.70 0.31 4576.70 57.94 

18:00 2.04 0.54 1.38 0.25 5472.13 64.85 

19:00 2.11 0.53 1.40 0.26 5725.65 70.13 

 

Table 5.1.1.1 shows the values of D/B, E/D, (A/F)0, ER, (HV)g and ɳg for each hour starting 

from 12:00 to 19:00. It was found that the fresh charge of jatropha shells was required 

when the combustible gas composition showed declining proportions. All average data 

were tabulated in this study and found that the average gasification efficiency was 64.81% 

in 8 h operation and the average calorific value of the producer gas 5.2 MJ m
-3

. The 

average fuel feed rate at no load condition was 13 kg h
-1

 and producer gas yield was 27.65 
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m
3
 h at room temperature. The space velocity [22] was calculated using the following 

equation (5.17), 

                
                                        

                                                                              (5.17) 

The space velocity was calculated and found to be 0.88 m s
-1

. The value of gasification 

efficiency and the calorific value of the producer gas are comparable to results from other 

combustible biomass [23]. Fig. 5.1.1.3 shows combustible gas composition over the entire 

period. For experiment, a charge of 80 kg was provided at the beginning.  

 

FIGURE 5.1.1.3: The variation of gas composition with time. 

 

The curve shows that, as the biomass was consumed, combustible components in the 

producer gas increased and the efficiency of gasification also increased as shown in table 

5.1.1.1. From 15:00 h, there was a sharp drop in combustible components which was more 

pronounced for H2, and at around, 16:30 h, a fresh charge of the jatropha shells were 

required. Then again, it was found that the combustible gas composition rose and lasted till 

20:00 h. After about 2 h of the start of experiment run, the temperatures were measured as 

130°C, 326°C, 752°C, and 480°C at four different zones, drying, pyrolysis, combustion, 

and reduction zones, respectively. Control of the ER value was crucial during gasification 

since high ER decreases the heating value by lowering the concentration of combustible 

components such as CO, and H2 and simultaneously, enhanced the CO2 content in the 

product gas [23]. ER was varied in this experiment from 0.25 to 0.37 which has 

considerable range for gasification of biomass [24]. The regression was also performed to 
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correlate the (A/F)0 combustible gases, equation (5.18) was derived from the experimental 

data having R
2
 value 0.9976. The above equation interpreted that the higher air-fuel ratio 

leads to lower combustible components in the producer gas. 

(   )                                                                                      (5.18) 

 

FIGURE 5.1.1.4: Gasifier being operated with 10 kWe lighting load. 

 

TABLE 5.1.1.2: Performance of the 100% producer gas engine. 

Time  Voltage (v) Current 

(A) 

Power 

factor 

Frequencey Power (kW) 

12:00 R 232 13.5 1 47.1 3.2 

 Y 231.1 13.6 1 47 3.27 

 B 234.8 13.7 1 47.6 3.21 

       

13:00 R 239 11.7 1 49 2.78 

 Y 241 11.8 1 49 2.81 

 B 240 11 1 48 2.72 

       

14:00 R 222 13.3 1 45 3.07 

 Y 229 13.4 1 46 3 

 B 229 13.1 1 47 2.9 

       

15:00 R 229 13 1 46 3.1 
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 Y 233.3 13.5 1 47.7 3.09 

 B 220 12.6 1 35 2.9 

       

16:00 R 237.6 13.5 1 48.9 3.2 

 Y 238.6 13.5 1 48 3.3 

 B 243 13.7 1 48.8 3.28 

       

17:00 R 243.2 13.2 1 48.7 3.35 

 Y 244.7 13.1 1 49.9 3.3 

 B 247.4 13.8 1 50 3.44 

       

18:00 R 232.5 13.5 1 48.5 2.88 

 Y 228.8 13.2 1 47.2 2.95 

 B 229.3 13.4 1 46.6 3.17 

       

19:00 R 220.6 13.1 1 46.5 2.88 

 Y 222.7 13.2 1 46.3 2.95 

 B 233.7 13.3 1 46.9 3.17 

       

20:00 R 195 12.4 1 42 2.35 

 Y 208.6 12.7 1 43.7 2.63 

 B 193.9 12.1 1 43 2.26 

 

The downdraft gasifier was connected to the 100% producer gas engine directly in this 

study along with alternator in the following run. Three phase power was generated when 

nine 1 kW flood lights and three 0.5 kW flood lights (Fig. 5.1.1.4) were connected as load. 

The load was gradually increased at the start and the generator was then made to run at full 

load from 12:00 h to 20:00 h continuously in order to maintain load adding with biomass 

time to time. It measured the negative pressure in line was 470 mm of water column. The 

gas temperature of outlet was at room temperature. Table 5.1.1.2 shows the power 

generation data for 8 h continuous operation. R, Y, and B indicate the three phase system. 

The engine exhaust temperature was found to be 250 – 300°C, which assisted in drying the 

feedstock biomass. The arrangement for such system was a wire rack (0.4m × 0.4m × 
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0.24m; standard mesh 4) containing the shells was placed over engine exhaust pipe and 

pre-dried in batch mode prior to charging in the gasifier. To carry out the experiment, 15 

kg of the biomass was introduced at hourly basis. The overall efficiency of the gasifier 

including electrical energy was 24.46%. After cooling down the gasifier, the next day ash 

was collected and it was found that the some clinkers were formed having dimension 2.5 – 

3.0 cm diameter in the gasifier grate. The reason may be due to the long residence time of 

20 – 25 min of the ash on the grate and drop in temperature in the combustion zone. 

Meanwhile, the clinkers did not create any problem to flow the producer gas and power 

production during operation, some modification might be needed to reduce the formation 

of clinkers. 

5.1.2 A study on pyrolysis of Jatropha curcas shells  

 

5.1.2.1 Description of the pyrolytic oil set-up 

This pyrolysis experiment was carried out in a fixed bed horizontal reactor made of 316 

grade stainless steel having dimension of 105 cm length and 5 cm diameter with one end 

was fully shielded to prevent entry of air/oxygen and other end was adjoined with silicon 

tube which was connected to the condenser. The heating system is consisted of a heating 

element wire wound up directly round the outer surface of the reactor. The heater coil was 

insulated from the outside in order to minimize the heat loss. A K-type thermocouple was 

used to measure the temperature of the bulk sample bed and was placed in the middle of 

the reactor. To control the temperature of the bed, a PID controller was used to control the 

final temperature and heating rate along the axis of the reactor. The temperature 

distribution, especially in a tubular reactor was in the axial direction of the reactor, and it 

was found that the extreme ends displayed about 5% less temperature than the middle. 
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FIGURE 5.1.2.1: Schematic diagram of experimental set-up for the fixed-bed reactor. 

 

The shells were fully packed in the reactor as shown in Fig. 5.1.2.1. The condenser was 

designed in this experiment in such way that maximum oil yield could be obtained for each 

experiment, and there were no carry-over of oil with the gas. The condenser was placed in 

an ice bath for efficient condensation. The non-condensable gas from the condenser was 

allowed to pass through two beds of activated carbon with a vacuum pump in between, and 

through a dilute solution sodium hydroxide to free it completely from the non-condensed 

tarry matter. The non-condessable gas was quantified through an ESTECH producer gas 

analyzer, and the following gases were quantified as CO, H2 and CH4. For experimental 

study, 100 g of jatropha shells was uniformly placed inside the reactor, and the 

experiments were carried out at the heating rate of 5°C min
-1

 upto final temperatures of 

300, 400, 500 and 600°C with a holding time of 4 h until the oil yield became maximum 

and the non-condensable gas yield became close to zero. The yields were tabulated as the 

average of at least three with an experimental measurement error < ±1%. 

5.1.2.2 Effects of kinetics parameters on pyrolysis 

The rate of decomposition of a solid-state substance is a function of temperature, and the 

conversion is best described by the following equation [5.19 – 5.28] [25 – 31]: 

  

  
= k ( ) ( )                                                                                                                (5.19) 

Conversion, α, is defined by the weight loss from a decomposed sample with increasing 

temperature. 

α = 
       

       
                                                                                                                  (5.20) 

mpm is the initial mass, mam is the mass at time t and mfm is the final mass of the sample. 

The temperature-dependent function or rate constant, i.e. k (T), is best described by the 

Arrhenius equation as follows: 

k (T) = A.  
   
                                                                                                                  (5.21) 
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where Ea is the apparent activation energy (kJ mol
-1

), T is the absolute temperature (K), R 

is the gas constant (8.314 J  mol
-1

 K
-1

) and A is the pre-exponential factor (min
-1

). Inserting 

eqs. (5.20) and (5.21) into (5.19) gives the eq. (5.22), which represents the equation for 

calculating the reaction kinetic parameters from the TGA results. 

  

  
 = A. f (α).  

   
                                                                                                              (5.22) 

The function f (α) can be expressed as, 

f (α) = (1 –α)
n
                                                                                                                  (5.23) 

Here, n is the reaction order, and substituting the value of f (α) in eq. (5.22) gives the 

expression of the reaction rate as follows: 

  

  
 = A. (1 –α)

 n
.f.  

   
                                                                                                       (5.24) 

For a non-isothermal case, the linear heating rate is β = 
  

  
 and the following equation can 

be applied: 

  

  
 = 

 

 
. (1 –α)

 n
. f.  

   
                                                                                                      (5.25) 

ln(
  

  
) = ln(

 

 
) − 

 

  
 + n.ln(1−α)                                                                                      (5.26) 

The above equation can be written in the following simplified form; 

y = P + Q.x + R.z                                                                                                            (5.27) 

where y = ln(
  

  
), P = ln(

 

 
), x = 

 

  
 , z = ln(1−α), Q = −E  and R = n 

  

  
 = −

 

       
 
  

  
 = - 

 

  (       ) 
 
  

  
                                                                         (5.28) 

P, Q and R can now be calculated from multilinear regression from the data obtained from 

the TGA and DTG curves. The derivative mass loss (DTG) and TGA of thermal 

decomposition of shells pyrolysis is shown in Fig. 5.1.2.2.  

It is well known that the jatropha shell is lignocellulogic biomass and, like any other 

biomass, were presumed to devolatilize through the degradation of three major 

constituents: hemicellulose, cellulose and lignin. From TGA and DTG curves it was 
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revealed that both heating rates, the first peak from 45 to 150
°
C showed the removal of 

moisture from the biomass. 

 

FIGURE 5.1.2.2: Weight loss and rate of weight loss with temperature from TGA. 

 

The drying temperature zone sharpened or increased with an increasing heating rate due to 

reduction in the residence time in any given temperature range. The actual pyrolysis started 

at 200
°
C and continued to 600

°
C. It was observed that during entire pyrolysis process, 

weight loss occurred continuously until the weight became close to constant. Owing to the 

rate of heating it was increased from 5 K min
-1

 to 10 K min
-1

 the reaction time decreased 

and the curves for 10 K min
-1

 became sharper and shifted toward higher temperatures. 

Haiping Yang et al. [32] elaborated in detail about the thermal degradation of pure 

cellulose, hemicellulose and lignin at 10
°
C min

-1
. They reported that the pyrolysis of 

hemicellulose started at 220
°
C and mass-loss increased with increasing temperature and the 

maximum mass-loss obtained at 260
°
C. Similarly, the pyrolysis of cellulose occurred in the 

range of temperature of 315
°
C to 390

°
C, maximum mass-loss obtained at 355

°
C and after 

that mass-loss reduced largely. In case of lignin from room temperature to 900
°
C, the DTG 

curve was almost flat and the solid residue left from the lignin devolatilization was about 

45% of the original weight. It could be assumed that the slow carbonization of lignin 

occurred in wide range of temperature zone. In this present study jatropha shells promoted 

for thermal degradation, a 53.56% and 51.83% weight loss occurred at 5 and 10 K min
-1

, 

respectively, from the active pyrolysis zone of 200−500 °C. Table 5.1.2.1 shows the 

thermal degradation of the biomass at the two heating rates is selectively chosen to 

correlate with the pyrolysis temperature. The active pyrolysis zone of 200−500°C was 

further divided into three specific zones: 200−260, 260−300, and 300−450°C based on the 
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degradation hemicellulose, cellulose and lignin. The thermal degradation for each zone is 

shown in table 5.1.2.1. The weight loss pattern for 450−750°C is also shown in table 

5.1.2.1. Initially, the thermal degradation rates were slow. The thermal degradation of 

hemicellulose started at about 200°C and continued to about 260 °C, the degradation being 

11.78% and 9.95% at 5 and 10 K min
-
1, respectively. However, at temperatures above 

260°C, a rapid degradation was observed: 19.46% and 18.78% mass loss occurred within 

the temperature range of 260−300°C, marking the degradation of a large amount of 

cellulose in the biomass. The decomposition of the jatropha shells was found to be at a 

maximum in the third zone; 26.66% and 30.40% mass loss occurred within the zone of 

300−450°C, which might have been presumably due to both cellulose and lignin. However, 

the rate of degradation was slow. At temperatures above 450°C, an insignificant rate of the 

degradation of the shells was observed. Lignin decomposed throughout a wide range of 

temperature, the start being even lower than that of cellulose and the end being about 

750°C. The DTG curve was found to be relatively flatter at 5 K min
-1

. This might have 

been due to the existence of a temperature gradient throughout the cross-section of the 

shells during its thermal degradation [33]. At a lower heating rate, sufficient time was 

provided for heating, and the temperature pattern along the cross-section could be 

presumed to be linear, and as a result the outer surface and the inner core of a single 

biomass particle attained an equivalent temperature at a particular time. On the other hand, 

a sufficient residence time was not provided for the required evolving of the volatile matter 

for a higher heating rate, and therefore, pyrolysis with optimum gas, oil, and char residues 

was achievable at a lower heating rate. The thermal decomposition of cellulose, 

hemicellulose, and lignin could be correlated with their chemical nature of the structure. 

Hemicellulose is easily pyrolyzed because of its amorphous characteristic and the 

randomly distributed molecular chain length. Cellulose is a long polymer of glucose units 

without any branches. It is crystalline in nature and it resists degradation. 

  

TABLE 5.1.2.1: Thermal degradation and the rate of degradation of jatropha shells 

at 5 K min
-1

 and 10 K min
-1

. 

 

 Temperature zone ( °C) 

 200-260  260-300 300-450 450-750 

 Heating at 5 K min
-
1 

Total weight loss (%) 11.78 19.46 26.66 10.02 

average degradation rate (% min
-1

) 0.98 2.43 0.88 0.16 
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 Heating at 10 K min
-
1 

Total weight loss (%) 9.95 18.78 30.40 11.02 

average degradation rate (% min
-1

) 1.65 4.69 1.57 0.36 

 

TABLE 5.1.2.2: Kinetics parameters for jatropha shells. 

 

Kinetics 

parameters 

Temperature Zone (
°
C) 

200-260 260-300 300-450 

Heating at 5 K min
-
1 

R
2
 0.99 0.83 0.99 

A (min
-1

) 7.57×10
5
 1.15×10

2
 1.74 

E (kJ/mol) 67.26 30.65 13.21 

n 0.0665 0.171 2.20 

Heating at 10 K min
-
1 

R
2
 0.99 0.89 0.94 

A (min
-1

) 2.67×10
6
 4.09×10

2
 6.03×10

3
 

E (kJ/mol) 69.67 33.68 49.06 

n 0.0672 0.0836 2.32 

 

Lignin is composed of polysaccharides and is a cross-linked polymer consisting of three 

kinds of benzene−propane. The thermal stability of lignin is extremely good, and it is 

extremely hard to decompose [32]. 

The kinetic parameters for the shells were calculated using eqs (5.26) and (5.28) using a 

multilinear regression technique and the values are summarized in table 5.1.2.2. For all the 

temperature zones and at both heating rates, the reaction order was fractional, indicating 

chain reactions or complex reaction mechanisms as pyrolysis is a complex reaction 

mechanism. The results from the activation energy at the two heating rates revealed that 

the values at all the selected temperature zones were less at a heating rate of 5 K min
-1

. So, 

naturally, increasing the heating rate did not increase the activation energy, and therefore, 

the heating rate of 5 K min
-1

 was chosen as the experimental heating rate for the pyrolysis 

intended for the production of bio-oil. A fall in activation energy was noted as the 

pyrolysis proceeded at 5 K min
-1

. This might have been due to the genesis of lower 

molecular at higher temperatures due to slow heating. Notwithstanding, the activation 

energy increased for the third temperature zone at 10 K min
-1

, which might have been 

because of the incompletion of the cellulose and lignin decomposition at the higher heating 

rate. The value of A increased with an increasing heating rate, as earlier found by Bilbao et 

al. [34]. The investigation of DSC of jatropha shells was carried out at 5 and 10 K min
-1
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from ambient temperature to 600°C. The purge gas flow rate was 50 mL/min or 70 

mL/min in the protective mode. The plot is shown in Fig. 5.1.2.3(a). The sharp 

endothermic peak at about 85 °C was owing to the removal of moisture from the biomass 

on heating. The curves have an exothermal pattern from 200 to 260 °C, which could be 

attributed to the pyrolysis of the hemicellulose. The prominent exothermic peak at about 

285 °C was probably due to the degradation of the lignin in the biomass. The endothermic 

peak at about 300, 400, and 500°C was on account of the pyrolysis of the cellulose. The 

DSC curves were well explained by Ball et al. [35]. The researchers reported that the 

formation of solid char from a biomass during pyrolysis was highly exothermic in nature, 

whereas the evolution of the volatiles was endothermic. The rate of heating also affects the 

reaction pathway, and therefore the final products. The kinetic study and TGA plot in Fig. 

5.1.2.2 show that the weight loss from ambient to 300, 400, 500, and 600°C at a heating 

rate of 5 K min
-1

 was 34.44, 48.11, 57.18, and 66.8%, respectively. During pyrolysis, the 

biomass was continuously heated to 1000°C, and presumably the weight loss was pre-

eminently due to the loss of condensable and non-condensable matter, and that the residue 

was bio-char.   

 

  

FIGURE 5.1.2.3: DSC curves (a) and effect of temperature on products (b) yield for 

jatropha shells. 

 

Prior to start of the experimental pyrolysis in the fixed-bed horizontal reactor, a preset 

holding time of 4 h was considered to be enough for the complete removal of the gas and 

pyrolytic bio-oil. Moreover, bio-char was a valuable product for this study. Looking at the 

weight loss pattern from the kinetic study, temperatures of 400 and 500°C were found to 
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be most suitable as both produced 40−50% bio-char. Since, for the sake of optimization, 

pyrolysis was investigated at the four temperatures of 300, 400, 500, and 600°C at a 

heating rate of 5°C min
-1

. 

5.1.2.3 Effect of reactor temperature on product yield during pyrolysis 

The percent product yields of oil, gases, and solid chars at varied temperatures are shown 

in Fig. 5.1.2.3(b). The maximum char yield of 53.71% was obtained at 300°C, after which 

it gradually decreased, the lowest being 36.74% at 600°C. On increasing the temperature, 

the reactions involving devolatilazation were successful, and as a result the gas production 

increased. The gas production increased from 20.36 to 37.30% when the pyrolysis 

temperature was raised from 300 to 600°C. Hence, the gas yield increased with 

temperature, but the solid char yield decreased. The liquid oil yield increased with 

temperature and was at a maximum at 400°C, its value being 31.14%; it then decreased at 

higher temperatures of 500 and 600°C. A similar trend has been observed by earlier 

reported work on other kind of biomass [36 – 38]. At 300°C, the oil yield was at a 

minimum due to lack of temperature for the thermal degradation of the solid biomass.  At 

600°C, the oil yield again reduced; the possible reason could be the evaporation of oil 

fragments, especially lower molecule, at higher temperatures. Nonetheless, in addition to 

the characteristic of the biomass, the type of pyrolytic reactor and the heating rate pre-

eminently affect the product yield distribution. Pyrolysis at 400°C resulted in a combined 

oil and gas yield of 55.6%. The discrepancy of 7.5% was evaluated from the kinetic study 

and assumed that because of the holding time of 4 h at that temperature, it ensured the 

complete removal of the volatiles and condensates from the biomass structure. 

5.1.2.4 Bio-oil characterization 

The bio-oils obtained from jatropha shells were characterized by physical and chemical 

properties such as density, viscosity, and pH which were determined according to ASTM 

methods. The moisture content was determined by Karl-Fisher titration. The CHNS, GCV 

(gross calorific value), TGA were earlier described. The refractive index of the bio-oils 

was measured with refractometer model no. RE40D, Metler Toledo. The moisture free bio-

oil was characterized by Shimadzu GC-MS-QP2010 gas chromatograph/mass 

spectrometer. The column over temperature was 400°C, and injection temperature was 

250°C, the heating rate being 15°C min
-1

. The holding times were 3 min and 10 min at 
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40°C and 240°C. The total pressure, total flow, column flow, linear velocity, purge flow, 

and split ratio were kept at 49.7 kPa, 34.1 mL min
-1

, 1.0 mL min
-1

, 36.1 cm s
-1

, 3.0 ml min
-

1
 and 30.0 respectively. Helium was used as a carrier gas, and the MS was operated in scan 

mode with a scan time of 0.5 s. The scan speed was 1250 scan s
-1

, and the mass range was 

30 – 600 m/z. The NMR spectrum analysis was carried out by Fourier transform (FT) 

nuclear magnetic resonance (NMR) spectroscopy at 500 MHz using Bruker Advance II 

500 instrument, and CDCl3 was used a solvent. The FT-IR analysis was carried out in a 

Perkin Elmer Spectrum GX FT-IR analyzer. 

Bio-oil from jatropha shells has been characterized as a fuel and reported previously by 

several authors [33, 39, 40]. The cellulose, hemicellulose, and lignin components of the 

shells were experimentally [41 – 43] found to be 24.66, 21.45, and 39.01%, respectively. 

The bio-oil obtained by the pyrolysis of the shells at varied temperatures of 300, 400, 500, 

and 600°C were affirmed for physical properties such as viscosity, density, refractive 

index, and pH. The GCV of the extracted pyrolytic bio-oil was found to be almost identical 

at all the working temperatures. An elemental analysis was determined. Table 5.1.2.3 

tabulated the physical properties of the crude bio-oil at varied carbonization temperatures. 

The bio-oils obtained at varied temperatures were characterized by GC-MS, FT-IR, and 

NMR spectra (
1
H and 

13
C) to recognize the different organic fractions present. Bio-oil is 

basically a mixture of different organic fragments which generally accrue from the thermal 

decomposition of cellulose, hemicellulose, and lignin within the temperature range. It is 

well known that acids, aldehydes, alcohols, and ketones are the key products of cellulose 

and hemicelluloses pyrolysis, and that phenolics and cyclic oxygenates are the key 

products of lignin [44]. Table 5.1.2.4 explains the matter comprehensively derived from 

the GC-MS data, and it shows the different type of fragments present in the oils and the % 

area occupied by each. It can be seen from table 5.1.2.4 that ketone and its derivatives are 

at a high at around 37.69−42.49%. Other functional groups such as phenols, carboxylic 

acid, and alcohols were also high (9.34−14.32%, 4.55−23.61%, and 20.45−29.23%, 

respectively). The oxygenated compounds containing the functional group O−H, C=O, 

C−O, and aromatic compounds made the bio-oil slightly acidic and reduced its calorific 

value [45]. A 
1
H NMR analysis was investigated, and the results are shown in table 5.1.2.5. 

The types of hydrogen in 
1
H NMR are classified into four groups as aromatic and olefinic, 

ether and ester, aliphatic hydrogen adjacent to aromatic/olefin/ketone, and other aliphatic 

groups. The aromatic and olefinic group was found to be the lowest at 600°C. 
13

C DEPT-
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135 NMR was also carried out to identify the position of the odd numbers of hydrogen 

containing carbon (−CH, −CH3) and the even numbers of hydrogen containing carbon 

(−CH2). The δ value of the odd number of hydrogenic carbon which comes on the positive 

signal whereas, the even number of hydrogenic carbon comes on the negative signal. The 

results are displayed in table 5.1.2.6. FT-IR was used to identify the chemical bonds and 

functional groups present in a bio-oil sample through an infrared absorption spectrum, 

which gave an assessment of the chemical properties of the bio-oil. The functional groups 

of the bio-oils were identified through the FT-IR analysis as shown in table 5.1.2.7. A 

simple organic reduction reaction was carried out with the oil obtained at a 400°C pyrolytic 

temperature. The oil yield was around 60% after the reduction. The calorific value of the 

upgraded bio-oil was enormously higher at 50 MJ kg
-1

. GC-MS and FT-IR were performed 

for the upgraded bio-oil, and the results were compared with the compositional analysis of 

the crude. Fig. 5.1.2.4 and tables 5.1.2.8 and 5.1.2.9 clearly show the difference in the 

composition of the two oils. The aldehyde and ketones in the crude bio-oil were converted 

to alkanes, as can be seen from the absence of the 1714 cm
-1

 C=O stretching vibrations in 

the upgraded oil (Fig. 5.1.2.4). Table 5.1.2.8 shows the compositional analysis of the bio-

oil obtained at a pyrolytic temperature of 400°C before the reduction, and table 5.1.2.9 

shows the compositional analysis after the reduction. Table 5.1.9 shows the conversion of 

the aldehyde/ keto compounds in the unprocessed bio-oil to ethylbenzene (48.55%) and 

other benzene derivatives, thus making the calorific value of the upgraded oil 66% more 

than the unprocessed bio-oil from J. curcas shells. The density of the upgraded oil was 

measured to be 978.65 kg m−3. A GC-MS chromatogram of the crude bio-oil obtained at 

400 °C and that of the upgraded bio-oil which are shown in Fig. 5.1.2.5 (Top). 

 

TABLE 5.1.2.3: Physical properties of the Jatropha shells bio-oil at different pyrolytic 

temperatures. 

 

Properties Temperatures (°C) 

     300      400      500        600 

GCV (MJ/kg)       29.9                     29.13      31.0                               29.94 

viscosity (cP)
a
       0.96      1.11         1.15          1.77 

density (Kg m
-3

)
b
       1026.3      1021.0        1010.0         1023.7 

pH                                                       6.5       6.5       6.5                             6.5 

refractive index       1.464      1.488       1.493          1.469 

     

elemental analysis (wt. %)     
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C      54.21      57.20      58.55         53.82 

H      6.957      7.038      7.423         7.308 

C/H      7.792      8.127      7.887         7.364 

N      1.81      2.55        3.38         1.82 

O      37.02      33.21      30.64         37.05 

H/C molar ratio      1.54      1.47      1.52         1.62 

O/C molar ratio      0.512     0.435      0.389         0.516 

a @ 50
0
C b @ 30

0
C 

 

    

 

TABLE 5.1.2.4: Distribution of organic compounds (% area) at different 

temperatures by GC-MS. 

 

Type of organic compounds Temperatures (
°
C) 

300 400 500 600 

aromatic hydrocarbons 1.95 2.8 1.51 0.31 

hydrocarbons 0.52 - 2.40 0.27 

Total 2.47 2.80 3.91 0.58 

nitrogen-containing organic 

compounds - 
0.17 1.23 5.4 

total - 0.17 1.23 5.4 

other organic compounds      

alcohols 27.75 28.85 29.23 20.45 

phenols 14.32 17.54 15.0 9.34 

ethers - - 0.97 0.8 

aldehydes 0.28 0.50 1.26 0.93 

ketones 41.79 37.69 42.49 38.91 

carboxylic acids and derivatives, 

etc. 

13.39 12.43 4.55 23.61 

 

TABLE 5.1.2.5: 
1
H NMR results for the obtained bio-oil. 

 

Type of hydrogen Temperature (°C) 

Chemical 

shift (ppm) 

300 400 500 600 

Aromatic and olefinic 

group 

8.5 – 6.5 4.10 

(20.79)
a
 

3.00 

(21.05) 

4.00 

(26.52) 

1.5 ( 

17.64) 

Ether, ester related 

group 

5 - 3 3.00 

(15.21) 

2.10 

(14.73) 

2.19 

(14.52) 

1.3 

(15.29) 

Aliphatic hydrogen 

adjacent to 

aromatic/olefin/ketone 

3 - 2 9.24 

(46.85) 

6.57 

(46.10) 

6.09 

(40.38) 

4.0 

(47.05) 

Other aliphatic 2 - 1 3.38 

(17.13) 

2.58 

(18.10) 

2.80 

(18.56) 

1.7 (20.0) 

a
values are presented as the mol% and, in parenthesis, the % of total hydrogen at each 
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temperature. 

 

TABLE 5.1.2.6: 
13

C NMR result for the obtained bio-oil. 

 

Type of carbon Chemical shift (ppm) 

Ketones, aldehydes 220 - 200 

Esters, carboxylic 200 - 180 

Amides, esters, carboxylic acid and aromatics 180 - 160 

Aromatics, alkenes and heteroaromatics 160 - 140 

Aromatics, heteroaromatics and alkenes 140 - 120 

Nitriles, alkenes 120 - 100 

Alkyne, phenols, and alcohols 100 - 80 

Phenols, alcohols and nitro 80 - 60 

Phenols, alcohols 60 - 40 

Alkanes 40 - 20 

Alkanes 20 - 10 

Alkanes 10 -0 

 

TABLE 5.1.2.7: FT-IR analysis of obtained bio-oil. 

 

Frequency range (cm
-1

) Groups Class of compounds 

900-690  O-H (bending) Aromatic compounds 

1300-1000  C-O (stretching) Alcohols, ethers, esters, 

carboxylic acids, phenol. 

1450-1375 C-H (bending) Alkanes 

1550-1350 -NO2 (Stretching) Nitrogenous compounds 

1680-1600 C = C (Stretching) Alkenes 

1740-1700 C = O (Stretching) Ketones, aldehyde, carboxylic 

acid 

3000-2850 C-H (Stretching) Alkanes 

3150-3050 C-H (Stretching) Aromatic ring 

3650-3200 O-H (Stretching) H-bonded, water impurities 
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FIGURE 5.1.2.4: FT-IR analysis of obtained bio-oils before and after reduction. 

 

                              TABLE 5.1.2.8: GC-MS data of the bio-oil obtained at 400°C. 

 

Retention 

   Time 

Compound Name Area (%) 

3.186 2-butanone, 3-hydroxy- (CAS); Acetoin 0.89 

4.243 1-hydroxy-2-butanone 3.17 

4.500 cyclopentanone 0.44 

4.760 3-hydroxy-2-pentanone 0.71 

4.912 2-hydroxy-propionic acid isobutyl ester 0.76 

5.341 2-cyclopenten-1-one (CAS); cyclopentenone 2.95 

5.735 methyl butyric acid 0.51 

5.950 2-furanmethanol (CAS); furfuryl alcohol 16.35 

6.326 4-hydroxy-3-hexanone 0.96 

6.478 2-cyclopenten-1-one, 2-methyl- 1.72 

6.571 ethanone, 1-(2-furanyl)- (CAS); 2-acetylfuran 1.26 

6.855 butyrolactone 5.15 

7.293 2(3H)-furanone, dihydro-5-methyl- 0.43 

7.405 2-cyclopenten-1-one, 3-methyl- (CAS); 3-methyl-2-

cyclopentenone 

2.37 

7.661 2 methyl-2-Pentenal 0.41 

7.735 3,4-dimethyl-cyclopent-2-enone 1.21 

7.864 furan carbon saeure chlorid, tetrahydro- 7.02 

8.152 4-cyclopentene-1,3-dione, 4-propyl- 0.76 

8.318 2-cyclopenten-1-one, 2,3-dimethyl- 3.35 

8.463 2-cyclopenten-1-one, 2-hydroxy-3-methyl- 6.79 

8.567 2-cyclopenten-1-one, 2,3,4-trimethyl- (CAS); 2,3,4-

trimethylcyclopent-2-ene-1-one 

0.32 

8.703 3,5-dimethyl cyclopentenolone 4.36 

8.898 3,4-dimethyl cyclopentenolone 0.43 

8.963 phenol, 2-methoxy- 5.40 

9.176 2-amino-5,6-dihydro-4,4,6-trimethyl-4h-1,3-oxazine 0.35 

9.416 3-ethyl-2-hydroxy-2-cyclopenten-1-one 4.95 

9.601 4-isopropylcyclohexanone 1.12 

9.663 2-hydroxy-3-propyl-2-cyclopenten-1-one 1.65 

10.093 2-methoxy-4-methylpheno 0.51 

10.297 2-hydroxy-3-propyl-2-cyclopenten-1-one 0.88 

10.507 cyclohexanecarboxaldehyde, 3,3-dimethyl-5-oxo- 0.95 

10.630 bicyclo[2.2.1]heptane-1,2-dicarboxylic acid 0.69 

10.942 phenol, 4-ethyl-2-methoxy- 0.48 

11.057 tricyclo[5.2.1.0(2,6)]deca-4,8-dien-3,10-dione 0.41 

11.169 pentanoic acid, 4-methyl-, 1-buten-1-yl ester 0.39 

11.535 tricyclo[5.2.1.0(2,6)]decan, 4-methyl- 0.63 

11.714 phenol, 2,6-dimethoxy- (CAS); 2,6-dimethoxyphenol 9.60 

12.038 2-buten-1-ol, propanoate (CAS); 2-Buten-1-ol, propionate 0.42 
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(CAS); 1-propionyloxy-2-butene 

12.532 4-methoxy-3-(methoxymethyl)phenol 1.15 

13.194 benzene, 1,2,3-trimethoxy-5-methyl- 0.92 

13.337 2-propanone, 1-(4-hydroxy-3-methoxyphenyl)- 1.51 

14.399 benzeneacetic acid, 4-hydroxy-3-methoxy- (CAS); 

homovanillic acid 

0.71 

15.213 3,5-dimethoxy-4-hydroxyphenylacetic acid 0.98 

 

TABLE 5.1.2.9: GC-MS data of the reduced bio-oil from table 5.1.2.8. 

 

Retention 

   Time 

Compound Name Area (%) 

5.672 ethylbenzene 36.79 

5.965 ethylbenzene 11.76 

6.277 benzene, 1,3-dimethyl- 25.70 

6.698 benzene, ( 1-methylethyl)- 12.44 

7.088 benzene, propyl- 6.20 

7.192 benzene, 1-ethyl-3-methyl- 2.77 

7.978 benzene, 1-methyl-2-(1-methylethhyl)- 1.76 

8.638 benzenemethanol, .alpha. –methyl- 0.98 

8.971 benzene, 1-ethyl-4-(1-methylethyl)- 0.49 

11.316 benzene, cyclohexyl- 0.22 

11.486 benzene, (2,4-dimethylcyclopentyl 0.31 

11.816 benzene, (2,4-dimethylcyclopentyl)- 0.59 
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FIGURE 5.1.2.5: (Top) GC-MS chromatogram of the crude bio-oil obtained at 400°C. 

(Bottom) GC-MS chromatogram of the upgraded bio-oil. 

 

5.1.3 A study of steam gasification of Jatropha curcas shells for hydrogen rich syn-gas 

 

5.1.3.1 Description of the steam gasification set-up 

The same above fixed bed reactor was utilized for the steam gasification of bio-char 

obtained from the slow pyrolysis of Jatropha curcas shells at temperatures of 300, 400, 

500, and 600°C as shown in Fig. 5.1.3.1. The obtained bio-char at 500°C temperature 

proved to be the best in terms of balanced volatile matter and fixed carbon among the 

others was chosen for the steam gasification. At one end, a peristalitic pump (Maker: Cole 

Parmer, Masterflex L/S, and model no. 77800 – 60) was connected to the fixed-bed 

horizontal reactor for providing water at constant flow rate which can vary from wide 

range of flow rates including fraction also. The other end of the reactor affixed to a 

condenser (i.e. ice bath) was assisting to cool the hot gases that were coming out from the 

reactor. Two silica gel columns, one cloth filter, one activated carbon column and one 

calcium chloride column assisted to make the gases completely clean in order to avoid the 

damage of sensor in the online producer gas analyser. A one stage vacuum pump was 

attached in order to purge out the air constantly to keep the reactor in air-free condition, so 

that no oxidation occurred. The online producer gas analyser showed the compositions of 

the gas in terms of (v %) and is capable to measure the following compositions such as 

carbon monoxide, carbon dioxide, methane, hydrogen and acetylene and CV (MJ/m
3
).   

 

FIGURE 5.1.3.1: Schematic diagram of the steam gasification of Jatropha curcas 

shells bio-char. 
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In this study, 10.0 g of bio-char was placed in a trough made of stainless steel. As 

mentioned the two-stage vacuum pump was adjoined after the activated carbon column for 

keeping constant vacuum into the reactor during the experiment. Once the proposed 

temperature was reached then immediately removed the two-stage pump and is then 

connected to the online producer gas analyser for recording the data and the cold (room 

temperature) water was fed into the reactor by peristalitic pump. Three sets of experiments 

were carried out for optimization of the results at 700°C and 800°C for 1 ml/min. It was 

found that promising result was obtained at 700°C temperature and for optimization of 

flowrates, the experiments were carried out from 1, 2, 3, 4, and 5 ml/min. The optimum 

result was found at 700°C with 1 ml/min. The products consisting of little tar, different 

gases and steam were passed through a series of filtration system. This clean gas is fed into 

the producer gas analyser to detect the compositions of the gas. The pressure of the gas 

was measured by U-tube manometer and the pressure was found positive and it was 784 

Pa. Each experiment was carried out for 30 min or more until it became almost zero and 

after that the SS trough was taken out to get the residue and weighed to measure the 

unconverted char. 

5.1.3.2 Steam gasification mechanism of bio-char  

The steam to biomass ratio was stoichiometrically calculated to be 0.98 and the 

stoichiometric yield of H2 from bio-char was 239.60 mol H2/kg bio-char. Y in Eq. (5.29) is 

the dry gas yield in Nm
3
kg

-1
. 

ηc = 
(             )     

       
                                            (5.29)       

CH0.577O0.695 + 0.305H2O → 0.59 H2 + CO                             (5.30) 

C+H2O → CO+H2 (Water gas reaction)                                           (5.31) 

C+2H2O ↔ CO2+2H2 (Water gas reaction)                          (5.32) 

CO+H2O ↔ CO2+H2 (Shift reaction)                                                      (5.33) 

C + CO2 → 2CO   (Boudouard reaction)                              (5.34)    

C + 2H2 → CH4    (Methanation)                                                                              (5.35) 
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CH4+H2O ↔ CO+ 3H2 (Steam methane-reforming reaction)        (5.36) 

CH4+2H2O ↔ CO2+4H2 (Steam methane reforming reaction)           (5.37) 

CnHm + nH2O → nCO+ (n + 0.5m) H2 >0 (Tar cracking reaction)                  (5.38) 

All the probable reactions occurring are listed from eqs. (5.29) to (5.38). The 

thermochemical conversion of steam gasification involved two steps. First step i.e., 

primary pyrolysis which involves the generation of char, tar, and volatiles, followed by tar 

cracking and reforming of the volatiles. The second step involved reactions of CO, H2, 

CH4, CO2, hydrocarbon gases and carbon in the biomass char with steam producing 

gaseous products. Pyrolysis or gasification or steam gasification process is indeed 

complicated as it involves a lot of complex reactions. 

Since temperature was a vital factor in the steam gasification process, total gas production, 

gas composition and heating value were checked at temperatures of 700 and 800
o
C and the 

water flow rate through the pump was set at 1 ml min 
-1

. Overall, the hydrogen yield 

improved significantly at 700
o
C, and dropped off at 800

o
C. The maximum hydrogen yield 

(63.66 %) and CV (22.41 MJm
-3

) was recorded at 700
o
C. Higher H2 might have been due 

to tar cracking and endothermic reforming reactions at 700
o
C. Boudouard reaction and 

carbon gasification reaction at that temperature might have also been responsible. At 

800
o
C, reactions eqs. (5.33) and (5.34) were dominating as most of the reduction reactions 

occurred at this higher temperature resulting in higher CO2 as compared to 700°C and the 

ratio of CO/CO2 is determined as 0.39 and 0.11 at 700 and 800°C, respectively. From Fig. 

5.1.3.2, it is clear that hydrogen yield lasted for only few minutes at 800°C.  
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FIGURE 5.1.3.2: Hydrogen yield at 700°C and 800
o
C and water flow rate of 1ml min

-

1
. 

The effect of water flow rates had significant changes on bio-char conversion, total amount 

of gas produced and its composition at different flow rates of 1, 2, 3, 4  and 5 ml min 
-1

 and  

temperature of 700°C as in Fig. 5.1.3.3.  

As observed from Fig. 5.1.3.3, H2 yield decreased with increasing water flow rates. It is 

possible that at high flow rate, the temperature inside the reactor dropped, and also the high 

rate might have caused improper reaction with the char and residence time might be 

playing a crucial factor.  

 

FIGURE 5.1.3.3: Hydrogen yield at 700°C and water flow rates of 1, 2, 3, 4 and 5 ml 

min
-1

. 

 

5.1.4 Jatropha curcas shells bio-char 

 

The residue left as a bio-char after the pyrolysis in the reactor is a potential solid fuel and 

can be gasified to obtain producer gas for either thermal or electrical applications or 

preparation of activated carbon. The complete fuel characterization was done on the chars 

obtained at 300, 400, 500, and 600°C pyrolysis temperatures. Fig. 5.1.4.1 and table 5.1.4.1 

show the proximate analysis (air-dried basis) and ultimate analysis (as received basis) 

results, respectively. From Fig. 5.1.4.1, it can be seen that there was a phenomenal 

reduction of volatile matter with an increase in the pyrolysis temperature. The reason could 

-10

0

10

20

30

40

50

60

70

0 10 20 30 40 50 60

H
2
(%

V
) 

Time (min) 

1 ml/min 2 ml/min 3 ml/min 4 ml/min 5 ml/min



 

 

Ph.D Thesis of Prasanta Das Page 136 
 

be gasification reactions occurring at higher temperatures. So, at higher temperature the 

gas generation became more by reducing the mass of the remaining char and also reduced 

the volatile matter of the biomass. The fixed carbon is the combustible matter in the 

biomass that rests after the volatile matter has been driven off. It simply surges with 

increasing carbonization temperature. The higher ash content was obtained because of the 

lessening in the contents of the other elements like nitrogen, carbon, and hydrogen. Hence, 

with an increase in pyrolysis temperature, the ash content increased. A higher heating 

value points out the bio-char‘s potential to be used as a solid fuel. The optimum 

temperature for carbonization to obtain a char with a moderately high heating value was 

400°C. However, the calorific values of the bio-char are reasonably good at all 

temperatures, and hence these also have the potential to serve as a solid fuel in the gasifier. 

The decomposition behaviour of the char produced at the different carbonization 

temperatures are shown in Fig. 5.1.4.2. In the ash fusion tester, the dark semicircle is the 

thermal image of the tube in which the char cone (triangular object made from chars) was 

placed on a board-shaped platform, and the white circle is the image of the thermocouple 

tip inside the tube. The ash forming steps could be divided into five different stages of 

physical changes; namely, initiation, deformation, softening, hemisphere formation, and 

total ash formation. The decomposition started at 571−584°C, and the char deformed 

within the range of 634− 708°C. Softening occurred within a temperature range of 

756−749°C; for hemisphere formation, the temperature range was 772−844°C. The total 

ashing occurred between temperatures of 787−862°C. The determination of other physical 

properties of the chars such as bulk density, thermal conductivity, and specific heat 

capacity was also considered in this study. The bulk density value of the chars prepared at 

300, 400, 500, and 600°C, determined according to ASTM E-873-06, were 409.92, 395.64, 

470.83, and 476.59 kg m
-3

, respectively. As shown, the general trend was a decrease in 

bulk density with an increase in temperature within a temperature range of 300−400°C, 

after which the bulk density improved because of the formation of high ash. The density of 

the carbonized products is hinged on the density of the original biomass. The bulk density 

and the heating value of the char influenced the size of the reactor if it is to be used as a 

solid fuel. The calculated thermal conductivities [45] were found to be 0.103, 0.105, 0.118, 

and 0.119 W m
-1

 K
-1

, respectively. The thermal conductivity of char is a key parameter as 

the biomass is allowed to heat conduction along and across its structure during its 

application as solid fuel in any thermochemical process.  
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FIGURE 5.1.4.1: Proximate analysis of the bio-chars at respective pyrolytic 

temperatures. 

 

TABLE 5.1.4.1: Ultimate analysis of bio-chars at respective pyrolytic temperatures. 

 

 Temperatures (°C) 

 300 400 500 600 

C 54.70 51.71 50.31 50.30 

H 4.62 2.83 2.42 2.04 

N 1.11 0.90 0.61 0.34 

S 0.0 0.0 0.0 0.0 

O 42.57 44.56 46.66 47.32 

HHV (MJ kg
-1

) 18.84 20.79 20.62 18.59 
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FIGURE 5.1.4.2: Deformation of bio-chars produced at different pyrolysis 

temperature until complete ashing. 

 

The specific heat [45] is also another important thermodynamic property which deals with 

the heat capacity of the bio-chars formed at the different pyrolysis temperatures. They were 

calculated to be 0.836, 0.845, 0.862, and 0.976 kJ kg
-
1 K

-1
, respectively for the chars 

formed at 300, 400, 500, and 600°C carbonization temperatures. So, it can be predicted 

that the specific heat of each temperature is more or less same. 

 

5.1.5 Conclusion    

Jatropha shells can be a potential source of thermal and electrical energy generation 

through gasification in a downdraft gasifier which is elaborated in the present study 

belying the views expressed in the literature that such gasification may be difficult. The 

thermal and electrical efficiencies were calculated to be 64.8% and 24.5%, respectively, 

with respect to the calorific value of the shells. It was found that the continuous 8 h of 

operation could be sustained with intermittent charging of biomass. However, clinker 

formation was observed after the experiment, and it is expected that suitable modification 

in the design and programming of the residence time might help to reduce the clinker 

formation.  

For the production of bio-oil , a fixed-bed pyrolytic reactor and allowed to be slow 

pyrolysed up to temperatures of 300, 400, 500, and 600°C, with the aim of producing bio-

oil and solid fuel. Kinetics studied through TGA and DTG analyses showed the favourable 

heating rate to be 5°C min
-1

. The most favourable temperature for the highest bio-oil yield 

(31.14%) was found to be 400°C. The crude bio-oil, having 23.5−24% moisture, was 

extracted with ethyl acetate and characterized in turn by GC-MS, FT-IR, and NMR 

spectral analyses. Along with the other oxygenated compounds, the bio-oil was found to 

contain about 40% carbonyl (>C=O) derivatives and has an energy density of 30.67 MJ L
-

1
. The obtained oil was then subjected to reduction by hydrazine hydrate/sodium hydroxide 

along with 130°C temperature and 7 h, which converted the carbonyl groups to 

corresponding methylene (−CH2−) derivatives to produce high energy density oil (48.92 

MJ L
-1

) with a yield of 60%. The bio-chars obtained during each experiment were 

characterized for their fuel properties. The results show that the bio-char obtained at 400 
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and 500°C has calorific values of 20.76 and 20.62 MJ kg−1, respectively, which asserted 

their potential as a solid fuel in thermochemical processes. 

Considering the integrated biodiesel process, it was found that more than 45% of the shell 

amount would require meeting the captive energy requirement to obtain oil cake, soap 

cake, refined glycerol, and potash fertilizer along with jatropha biodiesel conforming to the 

international specifications and residual briquetted shells as a secondary fuel.  

5.2 Kappaphycus alvarezii seaweed granules (KAG) for energy 

 

5.2.1 Thermochemical conversion of Kappaphycus alvarezii seaweed granules (KAG)  

 

5.2.1.1 Introduction 

Augmenting the use of bio-energy requires a robust emphasis on marine biomass. There 

has been enough awareness about producing biofuel from algae, a supposed third-

generation biofuel, in recent times. Seaweeds or macroalgae have huge potential to be used 

as biofuels for their rapid growth rate, high photosynthetic efficiency; no requirement of a 

cultivable land area and no competition with food crops [46]. Also, terrestrial biomass 

resources are tricky to use with varied applications because of their scattered nature, their 

availability being influenced by the seasons and the ‗food-fuel‘ conflict. This is not the 

case with seaweed. Marine macroalgae grow mostly in intertidal coastal waters; they can 

capture a large amount of CO2 and nutrients from the seawater and convert them into 

biomass through photosynthesis process. They can be converted into suitable biofuels 

through biological and thermochemical routes [47, 48]. Thermochemical conversion may 

be an option considered as a good method to overcome the existing problems associated 

with biochemical conversion due to long reaction time, meagre conversion efficiency by 

microbes and enzymes, and large production costs [49, 50]. Among the thermochemical 

conversion processes, hydrothermal liquefaction (HTL) is a very promising 

thermochemical technology to use the whole algae. HTL is most suitable for conversion of 

fresh water containing algae, since the feed to the conversion unit is water based slurry. 

Therefore no energy is required for evaporative algae drying. There are a number of HTL 
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experimental studies in the previous literature [51 - 63]. Numerous researchers have 

investigated the kinetic behaviour of a terrestrial biomass consisting  mainly cellulose, 

hemicellulose and lignin [64 - 66] and have noticed that for the lignocellulosic biomass, 

the calculated activation energy of cellulose is ~ 238 kJ mol 
-1

, hemicellulose is 103.7-

110.3 kJ mol 
-1 

and lignin is ~53 kJ mol 
-1

. Some other algal species like Sagarssum sp., 

Saccharina japonica, were also studied for the pyrolysis mechanism at different heating 

rates in order to calculate the apparent activation energy. The product yield of bio-oil, 

evolving gas and bio-char were also measured at different temperatures for these species 

[67, 68].                 

There are, in common, multitudes of methods for determining the kinetic model of any 

biomass from TGA data. In the case of model-fitting method, models are fit to the 

experimental data and the one providing the best fit is selected and apparent activation 

energy calculated. However, best selection of the suitable reaction model is one of the 

major snags of this method. Isoconversional (model-free) methods can predict the apparent 

activation energy without considering the reaction model and have the benefit of simplicity 

and ignorance of errors connected to choosing particular reaction models. Activation 

energy can be calculated on the same value of conversion at different heating rates. The 

drawbacks are related to reproducibility of same samples mass and the same volume flow 

rate of inert gas. Their fluctuation can cause errors when investigating a series of 

experimental runs for isoconversional (model-free) methods at different heating rates. 

Therefore, in order to get perfect results with high resolution curves, low ranges of heating 

rates should be accounted for experiments to accept the model-free methods [69]. The 

present study envisages model-free methods such as Friedman, Flynn-Wall-Ozawa (FWO) 

and Kissinger-Akahira-Sunose (KAS). The kinetic mechanism of marine macroalga – 

Kappaphycus alvarezii granules (KAG) – has been compared to terrestrial lignocellulosic 

biomass sawdust here. Kappaphycus alvarezii is typically a red alga, which is 

commercially produced for the linear sulfated polysaccharide, κ-carrageenan. A process 

was developed by the Institute (CSIR-CSMCRI) to get two products in an integrated form 

from seaweed [70, 71]. The fresh algae are harvested and first crushed and squeeze to 

expel sap. The whole mass of seaweed lump is thereafter centrifuged to split up ―sap‖ and 

solid mass call seaweed granule. The complete constituents of the fresh seaweed sap and 

granules were already reported earlier [70]. Field trial of ―sap‖ as a foliar spray in a variety 

of crops has shown significant growth and enhanced yields in diverse geographical 

locations across India. Taking into account, advantage of the India‘s coastline, large 
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magnitudes of this seaweed species is thus needed to be generated through farming in the 

sea to fulfil the ―sap‖ production requirement. To make the sap production process 

standalone and energy efficient, a suitable thermochemical conversion ought to be acquired 

by converting the large volume residual granules to gaseous/liquid form of energy. With 

this current objective, the present kinetic study was initiated. Some selected models were 

chosen to analyse the solid-state kinetic data obtained from TGA, and the findings from the 

kinetics of the thermal decomposition further assisted to describe the devolatization 

process.  

 

5.2.1.2 Materials 

The marine macroalga – Kappaphycus alvarezii – was collected from CSIR-CSMCRI field 

station located on the coast at Mandapam in Tamilnadu in southern India. After the ‗sap‘ 

was extracted, the granules were washed to remove the surface salts and then kept open in 

direct sunlight for two days. Granules as received from the field station contained moisture 

~15 % , soluble salt ~ 22% , fibre ~ 13 % , organic sulfate ~ 12 %, κ-carrageenan  ~50 %,   

acid insolubles and other impurities ~ 12 %  by weight % ( checked in triplet over two 

batches). Raft cultivation of this alga in the sea is the usual practice. Over 6 harvesting 

cycles per annum on 3 m × 3 m raft, the fresh alga yield was ~ 1550 kg [72]. The biomass 

chosen for comparison was sawdust, collected from the Institute‘s carpentry department. 

This standard terrestrial biomass mainly comprises cellulose (40-55 %), hemicellulose (24-

40 %) and lignin (18-25 %) [73]. All characterization including physical and chemical 

properties is listed below section.   

 

5.2.1.3 Kinetic analysis  

5.2.1.3.1 The Arrhenius approach and solving through multilinear regression 

 In section 5.1.2.2 the Arrhenius approach was considered for kinetic study analysis and 

was solved through multilinear regression technique. 

5.2.1.3.2 The model-free isothermal Friedman method 

This method [74], as in eq. (5.2), allows the apparent activation energy (Ea) to be obtained 

from the slope of the plot of ln (βdα/dT) against 1/T at different heating rates for a given 

value of conversion (α).  
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ln(
   

  
)= ln[Aα.f(α)] − 

  

  
                                             (5.2) 

5.2.1.3.3 The model-free non-isothermal Flynn-Wall-Ozawa method 

The FWO method, [75, 76], as in eq. (5.3), allows the calculation of apparent activation 

energy (Eaα) from a plot of the natural logarithm of the heating rates, ln (βj), against 

1000/Tαj for a given value of conversion at different heating rates.  

ln (βj) = ln(
     

  ( )
) – 5.331 – 1.052

  

    
                   (5.3) 

where f(α) is the value of conversion, and subscripts j and α indicate the values of the 

heating rate and conversion, respectively.  

5.2.1.3.4 The Kissinger-Akahira-Sunose method 

The KAS method [77, 78] gives the following expression (5.4): 

ln (
  

   
 )= ln(

   

   ( )
)  − 

  

    
                                  (5.4) 

From the above explanation the apparent activation energy can be calculated from a plot of 

ln (βj / Tαj
2
) against 1000 / Tαj for a given value of conversion, α, and the activation energy 

can be obtained from the slope −Eα / R. 

By using model-free methods (isothermal and non-isothermal) and a multilinear regression 

technique were studied for the kinetics parameters from TGA analysis. The main 

objectives of choosing these four different methods were to elaborate the kinetics at 

different heating rates and to compare models each other. The apparent activation energy 

(Eα) and pre-exponential factor (Aα) were calculated using the FWO, KAS (non-

isothermal) and Friedman methods (isothermal). Except from these methods, the activation 

energy (Eα), pre-exponential factor (Aα) and overall reaction order (n) were also obtained 

using a multilinear regression technique. In the first two methods the kinetics parameters 

were calculated by eqs (5.3) and (5.4), respectively, for a given value of conversion. For 

the KAG, the plots of ln (β) against 1000/T K
-1

 ln (β/T
2
) against 1000/T K

-1
, and ln (β 

dα/dT) against 1000/T K
-1

 for a given value of conversion are shown in Fig. 5.2.1.1(top). 

Similarly, for the sawdust the results are shown in Fig. 5.2.1.1 (bottom). 
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FIGURE 5.2.1.1: Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-Sunose (KAS) and 

Friedman plots of KAG (top) and sawdust (bottom) at different values of conversion. 

 

The apparent activation energies and the pre-exponential factors were obtained from the 

curves, and the corresponding values are provided in table 5.2.1.1 for the two biomass 

samples. The obtained regression coefficient (table 5.2.1.1) showed harmony with the 

models used. From Fig. 5.2.1.1 and 5.2.1.2 and table 5.2.1.1, it was noticed that for KAG, 

during stage-I of degradation, at α = 0.3 and 0.4, average values of Ea were 103.91, 91.13, 

87.29 kJ mol
-1

 for Friedman, FWO, and KAS models respectively, while for sawdust , 

during same stage, the values were 179.21, 179.41, 179.19 kJ mol
-1

 respectively. Sawdust 

shown almost similar average Ea values in the second degradation zone as well. However 

for KAG, during stage-II the values of average Ea were decreased for the three kinetic 

models chosen. During stage-III, the average values of Ea were found to be on the much 

higher side at 172.27, 156.29, 151.53 kJ mol
-1

 respectively. Finally, at α =0.9, Ea values 

were 312.09, 267.67, 264.83 kJ mol 
-1

 for corresponding methods. 

The reason for this variation can be perceived to the variation in composition of KAG and 

breakdown of the intricate structures at each stage. Therefore, lower apparent energy was 

needed in the stages-I & II with more degradation as compared to the other two remaining 

zones. The high Ea values in the latter stages might be due to the volatilization of proteins 
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and complex carbohydrates and thermal breakdown of intricate inorganic salt present in the 

KAG structure at temperatures > 700
o
C. Since sawdust is lignocellulosic in nature, stage-I 

indicated degradation of hemicellulose and cellulose and lignin mostly degraded in stage-

II.    For both the cases, the reaction mechanism was not uniform in every step of pyrolysis, 

and the activation energy was obviously dependent on the conversion. In the Friedman 

method, the apparent activation energy of the sawdust varied from 165.07 to 205.58 kJ mol 

-1
, and for KAG it varied from 60.68 to 312.09 kJ mol

-1
. For the FWO and KAS methods, 

the variation in the apparent energy for the terrestrial lignocellulosic biomass sawdust was 

much less conspicuous than that of the KAG. 

TABLE 5.2.1.1: Kinetic data of KAG and sawdust at different values of conversion. 

 

Friedman Method 

 KAG Sawdust 

α Ea [kJ/mol] Aα [min
-1

] R
2 

 
Ea [kJ/mol] Aα [min

-1
] R

2 

 

0.1 60.68 2.86×10
6
 0.93 205.58 2.56×10

20
 0.95 

0.2 95.04 6.79×10
9
 0.97 170.99 4.52×10

15
 0.99 

0.3 84.25 7.32×10
7
 0.98 177.37 4.65×10

15
 0.98 

0.4 123.57 1.01×10
11

 0.97 193.23 3.72×10
16

 0.97 

0.5 84.11 3.40×10
6
 0.87 171.37 1.66×10

14
 0.98 

0.6 89.36 1.36×10
6
 0.95 170.48 6.66×10

13
 0.99 

0.7 126.69 7.37×10
7
 0.94 165.47 1.15×10

13
 0.99 

0.8 217.86 4.30×10
10

 0.93 165.07 4.13×10
12

 0.95 

0.9 312.09 2.19×10
14

 0.86 174.02 5.54×10
11

 0.82 

Avg. 132.62 2.43×10
13

  

 

177.06 2.84×10
19

  

FWO Method 

α KAG                  Sawdust 

 Ea [kJ/mol] Aα [min
-1

] R
2 

 
Ea [kJ/mol] Aα [min

-1
] R

2 

 

0.1 27.28 2.41×10
2
 0.96 198.05 4.12×10

19
 0.99 

0.2 56.94 3.06×10
5
 0.94 164.31 6.79×10

14
 0.98 

0.3 75.79 1.78×10
7
 0.95 169.82 9.30×10

14
 0.99 

0.4 106.48 6.19×10
9
 0.96 192.24 5.20×10

16
 0.98 

0.5 100.85 5.80×10
8
 0.92 188.28 1.04×10

16
 0.99 

0.6 94.81 3.71×10
7
 0.98 177.89 7.11×10

14
 0.98 

0.7 118.12 3.53×10
8
 0.98 165.34 3.59×10

13
 0.97 

0.8 194.47 1.23×10
11

 0.91 155.15 2.92×10
12

 0.97 

0.9 267.67 1.98×10
13

 0.89 212.57 2.15×10
16

 0.90 

Avg. 115.82 2.21×10
12

  180.47 4.58×10
18

  

 

KAS Method 

 KAG               Sawdust 
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α Ea [kJ/mol] Aα [min
-1

] R
2 

 
Ea [kJ/mol] Aα [min

-1
] R

2 

 

0.1 21.66 7.52 0.93 200 6.14×10
19

 0.99 

0.2 52.09 3.90×10
4
 0.92 163.76 5.80×10

14
 0.98 

0.3 71.47 3.70×10
6
 0.94 169.23 7.9×10

14
 0.98 

0.4 103.12 2.25×10
9
 0.96 192.57 5.39×10

16
 0.98 

0.5 96.66 1.66×10
8
 0.90 188.15 9.83×10

15
 0.98 

0.6 89.90 8.60×10
6
 0.97 177.03 5.73×10

14
 0.98 

0.7 112.93 9.61×10
7
 0.97 163.64 2.39×10

13
 0.96 

0.8 190.14 5.71×10
10

 0.90 152.71 1.64×10
12

 0.94 

0.9 264.83 1.31×10
13

 0.88 212.47 2.04×10
16

 0.89 

Avg. 111.42 1.46×10
12

  179.95 6.83×10
18

  

 

 

FIGURE 5.2.1.2: TGA (Thermogravimetric analysis) and DTG (Differential 

thermogravimetry) curves of sawdust and KAG at 20 K min
-1

 showing different 

stages of degradation corresponding to the temperature ranges selected. 

 

Also, at the lower conversions levels (< 0.8) much less apparent activation energy was 

needed for the pyrolysis in the case of KAG than sawdust. However, at higher conversion 

levels a similar activation energy trend was noticed. A similar pattern was observed for the 

woody biomass, oak [79].   

Fuel properties affect the thermogravimetric analysis of a biomass. Table 5.2.1.2 indicates 

the proximate and ultimate analysis of both the biomass samples. The ramification of the 

VM and FC content is that they give an extent of ease with which the biomass can be 

caused to catch fire and eventually used as an energy source. The lignocellulosic biomass, 

sawdust, has approximately 33% more VM and FC than KAG, therefore making it a better 

fuel. It can be seen in table 5.2.1.2 that KAG has a HHV of 9.19 MJ kg 
-1 

compared to 

sawdust at 17.76 MJ kg 
-1

. The low value may be ascribed to less C and H content than the 
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lignocellulosic biomass. The high S and O content is the result of sulphated compounds 

found in its structure. This is interesting because the seaweed is commercially cultivated 

for linear sulfated polysaccharide, κ-carrageenan.  Depending on the quantity of ash 

content, the net energy of the solid fuel reduces proportionately. Proximate analysis of two 

batches of granules with 9 times sampling was investigated to make sure of the 

dependency of moisture, ash and VM on the HHV. It was calculated that HHV=3.65-0.08 

moisture-0.12ash+0.17VM, indicating that the moisture and ash contents influence the 

energy content of the biomass inversely, in case of the opposite is for the case with VM.  

 

TABLE 5.2.1.2: Fuel characterization of Sawdust and KAG. 

 

Proximate 

analysis 

Moisture 

(air dried, 

ad), % 

Ash (ad), % Fixed 

carbon (ad), 

% 

Volatile 

matter (ad), 

% 

HHV 

(MJ/kg) 

Sawdust 7.67 2.40 15.23 74.7 17.76 

KAG 14.98 17.46 14.97 52.59 9.19 

Ultimate 

analysis (% 

by wt) 

C H N S O 

Sawdust 48.69 6.39 0.0 0.66 44.26 

KAG 31.36 5.66 0.6 4.41 57.97 

 

In thermo-chemical conversion mechanism, the chemical composition of the ash is vital 

and the constituents can cause noteworthy operational obstacles. The ash can react to form 

‗slag‘ during the energy conversion, a liquid phase formed at elevated temperatures which 

can hinder the production throughput and result in increased operating costs. Table 5.2.1.3 

gives data on the ash composition of the sawdust and KAG.  It gives data on the average 

ash composition of the granules and statistical data for five sets of data points.  Acidic 

content such as Si, Al and Ti are generally accepted to produce high melting ash, whereas 

basic contents such as Na, K, Ca, Mg and Fe have the converse effect. The basic 

constituents were substantially higher in the KAG ash. The presence of large amounts of 

K
+
 is the reason why ash fusion temperature of KAG is somehow less than others (see 

Appendix-I). As would be obvious from the structure of κ-carrageenan, the seaweed builds 

up potassium selectively from seawater, and a fraction of this potassium is present as 

counter-ions in the sulfated polysaccharide. Since different methods were employed to 

determine the elemental composition in the ash, the sum total is not 100. 
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TABLE 5.2.1.3: Ash composition (wt. %). 

 

Samples Si Al Ca K Mg Na Fe Ti S 
Sawdust 10.52 0.33 2.49  9.71 0.70   1.98   0.12    0.17   1.38  

KAG 9.94 1.56  2.29  24.16 1.57  6.09  1.49  0.05  11.87  

 

5.2.1.4 Thermogravimetric (TGA) analysis  

In the present study, the thermal decomposition of sawdust and KAG were analysed at 

different heating rates i.e. 5, 10, 15 and 20 K min
-1

 in a nitrogen atmosphere. The 

derivative mass loss (DTG) and TGA are shown in Fig. 5.2.1.3. From the DTG curves, for 

sawdust, it can be observed that there are three peaks corresponding to moisture 

evaporation, active pyrolysis and passive pyrolysis in similar with the earlier reported work 

[80].  

 

FIGURE 5.2.1.3: TGA (Thermogravimetric analysis) and DTG (Diffential 

thermogravimetry) plots of sawdust, and KAG at 5, 10, 15, and 20 K min
-1

 heating 

rates in N2 atmosphere. 
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The effect of the heating rate impacts on the TGA curve, maximum temperature, maximum 

decomposition rate and maximum decomposition, as indicated in Fig. 5.2.1.3. As the 

heating rates increased in the present cases, the initial and final temperatures of the active 

pyrolysis and passive devolatilization zones shifted towards higher temperatures. At lower 

heating rates, in unit time, less thermal energy was provided to the system, so more time 

was needed for purging the gas to allow equilibrium with the temperature of the furnace. 

The converse effect occurred for higher heating rates, as reported by earlier researchers 

[27, 33]. Table 5.2.1.4 shows the rate of degradation, ROD (% min 
-1

) and weight loss (%). 

From this table, it can be noticed that the rate of degradation increased with increasing 

heating rate in both the samples. To investigate the TGA and DTG plots for kinetic 

analysis, varied temperature zones were chosen. Fig. 5.2.1.2 shows the different stages of 

decomposition for both biomasses. Only 20 K min 
-1

 was considered as representative 

figure for both cases. For the sawdust, the first peak from 45°C to 150°C revealed gradual 

moisture removal and the peaks became sharper on increasing the heating rate due to 

decreasing the residence time. The pyrolysis in case of sawdust started at 200°C and was 

completed under 400°C. This zone can be provided to as an active pyrolysis zone due to 

the thermal degradation of hemicellulose and cellulose content.  

The lignin content in the biomass degraded throughout the entire temperature zone.  In 

contrast, the pyrolysis of the KAG started at ~ 150
° 
C and was finished at about 800

°
C. The 

second peak in the temperature zone of around 170-320°C for KAG could be attributed to 

the degradation of the 4-sulphate-β-D-galactose or the carbohydrate and protein. 

TABLE 5.2.1.4: Weight loss (%) at different temperature zones of Kappaphycus 

alvarezii granules and sawdust. 

 

Samples Heating 

rate (°K 

min
-1

) 

Weight loss (%) in different 

temperature zones 

  Stage-I 

(150-225
°
C) 

Stage-II 

(225-325
°
C) 

Stage-III 

(325-650
°
C) 

Stage-IV 

(650-800
°
C) 

  Wt. 

loss 

(%) 

ROD 

(%/min) 

Wt. 

loss 

(%) 

ROD 

(%/ 

min) 

Wt. 

loss 

(%) 

ROD 

(%/ 

min) 

Wt. 

loss 

(%) 

ROD 

(%/ 

min) 

KAG 5 12.87 0.80 19.24 0.96 15.57 0.24 9.11 0.28 

10 11.61 1.45 17.22 1.72 15.02 0.46 9.33 0.58 
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15 18.0 2.62 14.6 2.84 18.55 0.81 9.84 0.95 

20 17.65 3.51 13.92 3.72 18.75 1.04 9.18 1.42 

 

Sawdust 

5 6.83 0.54 15.48 1.87 35.93 1.43 Negligible 

10 5.04 0.81 13.56 3.29 40.5 2.78  

15 4.1 1.0 12.67 4.65 42.66 4.40  

20 3.59 1.18 11.57 5.75 43.88 6.10  

 

The third peak noticed for KAG was because of the degradation of the insoluble 

polysaccharide and cellulose. The last peak was due to the thermal degradation of the 

Aphthitalite [K3Na(SO4)2], as its melting point is around 750°C to 850°C. The weight loss 

behaviour and pattern of each biomass categorised in different temperature zones are 

shown in table 5.2.1.4. To perceive the kinetics of the thermal breakdown of KAG, 150-

225
°
C, 225-325

°
C, 325-650

°
C and 650-800

°
C temperature zones were chosen. The weight 

loss and rate of decomposition were investigated for sawdust within the above ranges for 

comparison.      

5.2.1.5 TG-MS analysis 

 In case of sawdust, at temperatures below 500ºC or 650ºC the thermal degradation of the 

non-aromatic compounds and the breakdown of the aliphatic side groups and functional 

groups occurred, and the maximum release of the non-condensable gases took place, as 

evident from the release peaks shown in Fig. 5.2.1.4 (b). At higher temperatures, the 

aromatic compounds present in the biomass, and also formed during pyrolysis, combine 

into bigger units, releasing their oxygen heteroatoms in the form of H2O, CO and CO2, 

while a decrease in the noticeable of the peaks can be observed. Methane also formed in 

both territory, but its potency decreased with temperature. Conflicting with sawdust, for 

KAG, along with other gases, SO2 and H2S were released throughout the thermal 

degradation process (Fig. 5.2.1.4 (a)). This was mostly because of the sulphated 

polysaccharide moiety in the KAG structure, whose decomposition began from 125°C and 

persisted throughout the entire degradation zone. The maximum SO2 peak was achieved at 

~ 300
o
C and 950

o 
C. 
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FIGURE 5.2.1.4: The TG-MS (Thermogravimetric-mass spectrometry) curve of (a) 

KAG (b) Sawdust, showing probable gaseous compounds liberated during pyrolysis 

from temperature. 

 

5.2.1.6 Possible routes of utilisation of KAG for energy application through thermo-

chemical means – experimental investigations 

From the TG-MS studies, it could be proposed that the most suitable operating temperature 

for thermochemical conversion of KAG lies in the range of 450- 620
o
C, whereby sulphur 

compound emission in lowest. Nonetheless, to make sure of experimental suitability of the 

TG-MS results, both downdraft gasification and slow pyrolysis studies were investigated. 

5.2.1.7 Case study of downdraft gasification of KAG 

b 

a 
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For experimental trial, water washed and sun-dried KAG was fed into a traditional 15 kg h
-

1
 downdraft gasifier which was previously utilized for the gasification of jatropha shells 

[81]. The gasifier and 10 kWe engine were operated for 2 h for continuing at full load. 

Despite, throughout the entire operation, sufficient SOx emissions were noticed. 

Gasification for energy needs high temperatures ~ 700 - 900
o
C, which is suitable to yield 

large quantity of sulphur oxide emissions according to TG-MS data, and if the syn-gas is 

the main aim for power production directly, it is recommended to deter the gasification of 

KAG, because of the corrosive nature of the SOx mixed with syn-gas. The SOx in the syn-

gas has the negative tendency to cause engine damage. After 2 h of run, the gasifier 

performance degraded gradually and enough power could not be produced even when fresh 

charge of seaweed was supplied. Scrutiny of the gasifier unit the following day exhibited 

the formation of soft solid lumps which most probably had restricted further downward 

flow of KAG. The high ash content of the KAG along with their woolly nature was 

undoubtedly the contributing factors behind its inappropriate fuel response. The substantial 

base-to-acid ratio in the ash might also be accountable. As mentioned early, κ-carrageenan 

is a sulfated polysaccharide, whereas a fraction of the sulfate moiety finishes in the ash, 

and a fraction is lost as gaseous emissions. To fight with the SOx formation, when the 

granules were assorted with hydrated lime at a ratio of 3.33:1 and charged in the gasifier, 

the product gas produced SOx emissions were reduced to minimum, however, assorting 

with lime generated more ash and more solid handling was required. The problem of 

inappropriate heat transfer throughout the granules prevented the use of KAG in gasifier in 

improper form. 

5.2.1.8 Case study of slow pyrolysis of KAG 

The experimental set up for the pyrolysis experiment was performed in a stainless steel 

fixed bed horizontal reactor whose one end was adjoined to nitrogen flow system and other 

end attached to silicon tube connected to a condenser. Nitrogen flow rate was kept 200 cm
3
 

min 
-1

 and maintained throughout the experimental condition. The reactor has a heating 

coil surrounded on its outer surface and inserted in a thermally insulating structure. A K-

type thermocouple was placed in the middle of the reactor to measure the temperature of 

the bulk sample bed. Profile of temperature was in the axial direction of the reactor and the 

extreme ends revealed about 5 % lesser temperature than the middle. The heating rate of 

the reactor was set to 20
 
K min

-1
 (similar to TG-MS studies). For the experiments, 500 g of 
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washed KAG, well dried in oven at 110
o
C for 1 h was inserted into the reactor. A packed 

bed lime scrubber at the outlet was placed during temperature rise upto 500
o
C in order to 

minimize the gaseous sulphur compounds release during experiment. Bio-oil yield was 

optimum at 500°C, after carrying out experiments at temperatures 300ºC, 400ºC, 500ºC, 

and 600ºC. The design of the condenser was made in such way that maximum oil yield 

could be achieved for each experiment and no carry-over of oil with the gas was possible. 

The condenser unit was placed in ice bath for proper condensation. The gas from the 

condenser was subjected to pass through activated carbon bed and dilute sodium hydroxide 

solution to remove it completely from the non-condensed tarry matter present in the gas. 

Pyrolysis was investigated till about 4 hr until oil yield and yield of non-condensable gases 

became almost zero. The product yields were expressed as the average of at least three 

with experimental measurement error < ± 1%. Powder XRD was studied on the bio-

char/ash mixture. Fig. 5.2.1.6 (a) provides proof of the aphthitalite phase [K3Na(SO4)2] in 

the bio-char/ash mixture. 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 5.2.1.5: The overall mass and energy balance of KAG slow pyrolysis and 

depiction of end products range 100 – 1000 °C at 20 K min
-1

. 
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FIGURE 5.2.1.6: Powder XRD (a) studies obtained from the gasifier and burning 

flame of moisture free crude oil (b). 

 

This was used as K-S fertilizer.  The average product yield of bio-oil, bio-char/ash and 

syn-gas obtained during pyrolysis were 28.6, 47.28 and 24.12 wt.% respectively. The 

moisture free bio-oil had gross calorific value 18.23 MJ kg
-1

 measured by the bomb 

calorimeter, which burnt with a flame as shown in Fig. 5.2.1.6 (b). The calorific value of 

the moisture free bio-oil was upgraded to 41.10 MJ kg
-1

 by a simple organic reduction. It is 

a cheap and sustainable alternative for furnace oil utilized in boilers. The energy balance 

on the slow pyrolysis process was calculated as 21.8 % efficiency (Fig. 5.2.1.5). In this 

process diagram, the actual mass of the components and their energy content values in MJ 

have been accounted. The efficiency of the process can be enhanced by improving the syn-

gas for heating purpose during the thermochemical conversion process. 

5.2.2 Case study of gasification of KAG in 5 kW downdraft gasifier 

Initially, the water washed and sun-dried seaweed was fed into a conventional 15 kg h
-1

 

downdraft gasifier which was used previously for gasification of Jatropha shells as 

mentioned previous section. So, to avoid this problem, an improved another gasifier (5 kg 

h
-1

) was thus designed to combat these problems and Fig. 5.2.1.7 shows the schematic 

diagram of the unit.  The gasifier has two hollow metallic cylinders with annular space 

within. The top part of the two cylinders was sealed and the base of the cylinders was 

supported on a metallic rectangular box comprising a screw-driven conveyer which 

assisted to remove ash. The conveyer was controlled by a programmable timer (800XC – 

22.5 Din Rail Analog Timer) to ensure that the residence time was controlled in a way that 

lumps or clinkers did not form. The ash was deposited at the bottom of this rectangular 

box. Biomass was fed in the smaller cylinder fitted with an air-tight lid.  There were six 

a b 
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holes (each 1cm dia.) about 10 cm from the top of the gasifier. These holes were connected 

by stainless steel tubes to the ignition point. All these tubes passed through the annular 

space between the cylinders. These tubes assisted in providing air supply for partial 

oxidation.  The air was pre-heated by the syngas, improving the overall energy efficiency 

of the unit.  Charcoal required in the reduction zone was placed at the bottom of the small 

cylinder just below the ignition point and the top of the charcoal bed was filled with 

biomass. Generally 2 to 3 kg charcoal was used and 10 to 15 kg biomass could be fed at a 

time into the gasifier. 

 

Figure 5.2.1.7: Schematic diagram of the downdraft gasifier used for gasification of 

the seaweeds granules. 

 

Carbon dioxide formed in the combustion zone passed through the charcoal bed that is 

reduction zone to form the syn-gas. The syn-gas was sucked out through the annular space 

as a blower has connected to the system. In our previous study with Jatropha shells, the 

syn-gas was subjected to wet scrubbing which, though efficient, was tedious and messy.  In 

the present unit, dry scrubbing of the hot gas was introduced.  A cyclone separator was 

positioned next to the top of the gasifier to separate tar and particulate matter from the syn-

gas.  The cleaned gas from the cyclone was thereafter cooled to near ambient temperature 

in a gas cooling system consisting of a small blower (55 W; 1400 rpm). As a special 

precaution, the cooled gas was passed through a double filter system consisting of two 

chambers containing sawdust and cotton filter. The gas was sucked out by a 2844 rpm air 

blower, the outlet of which was adjoined to a dual fuel engine of 5 kW rating. The engine 

was operated initially with diesel and as the gas generation built up the diesel consumption 
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was reduced to idling level. On an average the engine could run on 15-20% diesel and rest 

on syn-gas. Schematic diagram of the overall unit is shown in Fig. 5.2.1.8.  

  

Figure 5.2.1.8: Outline of the 3 kWe gasifier with gas cleaning, cooling systems and 

coupled to a dual fuel engine. 

 

Photograph of the gasifier along with lighting load in running condition is shown in Fig. 

5.2.1.9.  

 

 

Figure 5.2.1.9: Generation of 3 kWe power (lighting load) by the engine-gasifier 

running on the pelletized granules. 
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In a typical operation, the granular mass was pelletized in a pelletizer (rated capacity 0.5 

HP) with 0.5 % oil cake as binder to circumvent the problem of direct use of the fluffy and 

low bulk density granules.  The gasifier was run initially for 2 h without any load and 

thereafter for 4 h with 3 kWe lighting load as shown in table 5.2.1.5.   

 

Table 5.2.1.5: The output power and the variation of combustible gas composition on 

lighting load basis. 

 

Time (h) Current 

(A) 

Voltage 

(V) 

PF Power 

(kW) 

      CO 

     (%) 

      CH4          

      (%) 

      H2 

       (%) 

3rd 11.3 222.7 1 2.51 10.19 1.02 6.2 

4th 11.2 221.3 1 2.49 10.21 1.4 6.25 

5th 11.2 219.2 1 2.46 10.22 1.68 6.27 

6th 11.1 217.9 1 2.44 10.23 1.71 6.29 

 

 

5.3 Harnessing energy from selected seaweeds: Ulva fasciata, Gracilaria 

corticata, and Sargassum tenerrimum via slow pyrolysis 

 

5.3.1 Introduction 

If we look at the availability of seaweed species in India, more than 800 seaweed species 

of 29 orders belonging to the different classes have already been reported [82].  The global 

production of seaweed was found to be around 7.5 to 8 million tons of wet seaweeds  being 

produced along the coastal region of worldwide in every year [83]. There are huge 

variation of production of seaweed in India which is due to the climate suitability on the 

seaweed species. It was reported by earlier that the estimated productivity of seaweed is 

more than 100000 ton wet weight consisting of 6000 ton agar yielding seaweeds, 16000 

ton of algin yielding seaweed, 8000 ton of carrageenan yielding seaweeds and the 

remaining 70000 ton of edible and green seaweed [84, 85].   
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The main objective of this section is to describe briefly about the characterization of some 

marine biomass and to investigate the energy derivation of selective seaweeds like Ulva 

fasciata, Gracilaria corticata, and Sargassum tenerrimum. But it is essential to grasp the 

source, cultivation location, and the potential source of different feed-stocks. 

The green seawseed species Ulva which proliferates rapidly; the availability of this species 

is very high as it is found all over the world. Some species Ulva fasciata, Ulva lactuca, 

Ulva rigida, belongs to the class of chlorophyta which are most commonly available in 

India. Under the aegis of global energy crisis marine macroalgae species have achieved 

considerable global attention as a source of third generation biofuels [86 - 89]. N. Trivedi 

et al. [90] investigated about the enzymatic hydrolysis and the production bioethanol from 

green alga Ulva fasciata. Typical composition of Ulva fasciata is given below: 

carbohydrate: 43 ± 4.5; protein: 14.4 ± 2.2; Lipid: 1.83 + 0.0 and cellulose: 15 ± 2.3 on 

relative % dry weight basis and the proximate analysis was provided later this section.  

Gracilaria corticata has chemical composition as follows: carbohydrate: 46.79 ± 1.5; 

protein: 15.0 ± 1.4; lipid: 1.53 ± 0.7 on relative dry weight basis.  M. Kumar at el. 

investigated about the Sargassum tenerrimum seaweeds species and its chemical 

composition was found out as follows: carbohydrate: 30.30 ± 1.55; protein: 10.75 ± 0.75; 

lipid: 2.03 ± 0.35 and the rest is determined by proximate analysis as described later [91]. 

A.K. Siddhanta et al. studied the profiling of cellulose content in Indian seaweed species. 

The cellulose contents were estimated as 12 seaweed species belonging to different 

families e.g. red, green, and brown in Indian seawaters [92].    

The present study is mainly focussed about the characterization of the selected marine 

algae, pyrolysis mechanism with kinetic study and the characterization of the bio-oil 

derived from slow pyrolysis process and the characterization of the obtained bio-char as a 

solid fuel or potential source as a soil nutrient. 

5.3.2 Material and method  

The green seaweed Ulva fasciata (UF) Delile and Gracilaria corticata (GC) 

(Chlorophyceae) was collected from Veraval (N 20°54.870, E 70°20.830) coast of Gujarat, 

Sargassum tenerrimum (ST) J. Agardh (20.54°N and 70.20°E) belong to Phaeophyceae, 

India. The Seaweed samples were washed thoroughly with tap water to remove salts, 

epiphytes and debris and dried to a constant weight at temperature of 30°C. After drying, 
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the seaweed samples were powdered using grinder for chemical composition analysis and 

further analysis.  

 

5.3.3 The effect of physical properties on pyrolysis and kinetic study 

The inherent property of any biomass cannot be changed in order to get the better results, 

but the pre-treatment might have been a good option to change some of the properties, 

especially for marine macroalgae. Since the algae contains impurities such as different 

salts, epiphytes, debris, etc. they can be removed by cleansing with water effectively. Fig. 

5.3.1.1(a, b, c) shows the proximate, ultimate and CV analysis of the biomass.   

  

   

 

FIGURE 5.3.1.1: Proximate (a), ultimate (b) and calorific value (c) analysis for the 

three seaweed species. 

 

The result shows the marine macroalgae contains quite high moisture content, oxygen 

content is found high in ultimate analysis for all species which was found to be highest for 

ST, followed by GC and UF. The volatile matter is found to be reasonable for all marine 

algae but this value was comparatively lower than terrestrial or agricultural biomass due to 
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high ash content in marine algae. Fixed carbon is found high in ST, followed by GC and 

UF. The CV of marine algae is very low due to the presence of high inert ash in the 

biomass. The ultimate analysis also shows the carbon content of each alga is reasonable, 

and sulphur content is found to be highest in UF. The high sulphur content is generally 

responsible for reducing the CV of the algae as the result shows in Fig. 5.3.1.1 (c).    

5.3.4 Thermal decomposition of three seaweed species 

 

 

 

FIGURE 5.3.1.2: TGA and DTG plots of Ulva fasciata (a), Gracilaria corticata (b), 

Sargassum tenerrimum (c), are marine macroalgae. 

 

It is already discussed how the proximate, ultimate and fuel value of the seaweeds affect 

pyrolysis, and gasification. Fig. 5.3.1.2 (a, b, c) shows the TGA and DTG curves for 5, 10 
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and 15 K min
-1

 of respective seaweeds. First for UF, the TGA curves at all the heating 

rates there is a loss of moisture. The moisture removal starts from around 50 – 60°C which 

continues upto 130°C. The moisture removable zone increases with increasing heating rate 

due to decrease in the residence time in any given temperature range.  

The weight loss because of evolution of the volatiles from the seaweed species was 

investigated considering three selective temperature zones (a) 150 – 260°C, 530 – 800°C 

and 800 – 900°C for UF, (b) 125 – 270°C, 270 – 350°C and 580 - 760°C for GC, (c) 180 – 

330°C, 580 – 730°C and 750 – 950°C for ST. The total degradation zones of seaweeds and 

the average rate of degradation (ROD) are presented in tables 5.3.1.1, 5.3.1.2 and 5.3.1.3 

for respective seaweeds. The common feature among the seaweeds was that the 

degradation started at temperatures of 200°C and continued upto 400 – 500°C and then 

decreased. For UF, the degradation increased again from 600°C to 800°C and it slightly 

increased again from 800°C to 950°C. Whereas for GC and ST the degradation zone was 

almost same as UF with small variation of peaks due to the lack of uniformity of its 

chemical composition within its structure. 

 

TABLE 5.3.1.1: Weight loss pattern and rate of degradation (ROD) of UF. 

 

Samples Rate of 

heating 

(K/min) 

Weight loss (%) at different temperature zones 

 

 

 

Ulva 

fasciata 

 150 – 260°C 

 

530 – 800°C 

 

800 – 900°C 

 

 Wt. loss 

(%) 

ROD 

(%/min) 

Wt. loss 

(%) 

ROD 

(%/min) 

Wt. loss 

(%) 

ROD 

(%/min) 

5 22.52 1.01 39.28 0.65 20.58 1.02 

10 22.25 2.02 33.33 1.22 21.31 2.11 

15 20.05 2.70 27.06 1.49 4.63 1.36 

    

Table 5.3.1.1 shows the weight loss pattern in samples of 5, 10, 15 K min
-1

 at selected 

major degradation temperature zones. The weight loss was found maximum at 530 – 

800°C which decreased with increasing the rate of heating as indicated for all temperature 

ranges, except for 10 K min
-1

 at 800 – 900°C. 
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Similarly, for GC the selected degradation temperature zones were a bit lower than UL as 

shown in table 5.3.1.2. The reason could be the presence of high ash content and the low 

carbohydrate content. High ash content in any biomass reduces the melting temperature 

and acts as a catalyst, but only selective mineral contents such as K, Na or alkaline earth 

metals are responsible. The weight loss found highest at 270 – 350°C was followed by 580 

– 760°C and 125 – 270°C. With increasing the rate of heating, the weight loss in samples 

decreased at 125 – 270°C, while for 270 – 350°C and 580 – 760°C the weight loss 

increased with increasing the rate of heating.  

TABLE 5.3.1.2: Weight loss pattern and rate of degradation (ROD) of GC. 

 

Samples Rate of 

heating 

(K/min) 

Weight loss (%) at different 

temperature zones 

 

 

 

Gracilaria 

corticata 

 125 – 270°C 

 

270 – 350°C 

 

580 – 760°C 

 

 Wt. loss 

(%) 

ROD 

(%/min) 

Wt. loss 

(%) 

ROD 

(%/min) 

Wt. loss 

(%) 

ROD 

(%/min) 

5 16.21 0.55 20.08 1.24 18.40 0.51 

10 13.18 0.86 21.03 2.44 18.85 1.04 

15 3.81 0.53 28.65 2.84 21.10 1.31 

 

Finally, table 5.3.1.3 shows the weight loss pattern and rate of degradation of ST.  

TABLE 5.3.1.3: Weight loss pattern and rate of degradation (ROD) of ST. 

 

Samples Rate of 

heating 

(K/min) 

Weight loss (%) at different 

temperature zones  

 

 

 

Sargassum 

tenerrimum 

 180 – 330°C 

 

580 – 730°C 

 

700 – 950°C 

 

 Wt. loss 

(%) 

ROD 

(%/min) 

Wt. loss 

(%) 

ROD 

(%/min) 

Wt. loss 

(%) 

ROD 

(%/min) 

5 27.68 0.91 15.12 0.50 50.0 0.99 

10 26.31 1.74 7.96 0.52 39.02 1.94 

15 25.52 2.53 9.87 0.98 42.46 3.16 
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The rate of degradation is best described by the heat transfer limitation. At lower heating 

rates the curves are quite flat than at higher rates. As it is now well established that the 

marine biomass is a poor conductor of heat, so there exists a temperature gradient 

throughout the cross-section of the biomass. Hence at lower heating rates, the temperature 

profile along the cross-section can be predicted linear as both the outer surface and the 

inner core of the biomass gets same temperature at a particular time as sufficient time is 

given for heating. On the other hand, at higher rate of heating, a substantial difference in 

temperature profile exists along the cross-section of the marine biomass. The difference in 

total degradation at a higher heating rate to that of a lower heating rate may also point to 

the fact that completion of reaction at the higher rate of heating is not achieved. The less 

residence time implies incomplete evolution of the volatile matters at lower temperature 

ranges. Hence, at the higher heating rate a higher percentage of weight loss should be 

observed, but in case the seaweeds species the weight loss is very versatile, and dis-

uniformity is observed. 

5.3.5 Kinetics parameters of three seaweed species 

Many researchers have been worked on the kinetic of pyrolysis on different substrates. Due 

to the compositional complexity of different organic wastes, it is impossible to accept the 

same model of degradation. Therefore, the rate of decomposition is calculated by the 

Arrhenius rate equation as described in earlier section 5.1.2.2. The kinetics of the pyrolysis 

for the three seaweeds species at different heating rates is given in table 5.3.1.4. It shows 

the heating rates affect the reaction kinetics. The order of reaction is higher at a slower rate 

of heating, but in some cases, the order increases at higher rate of heating, which may be 

due to more degradation. The activation energy for each marine alga varies due to the 

variation of decomposition temperature for different composition. For UF, the overall 

activation energy decreases with increasing rate of heating, as at lower heating rate the 

residence time is more and more prominent weight loss pattern is observed. Unlike UF, the 

GC exhibits lowest activation energy at 10 K min
-1

 and similar pattern is noticed for ST. 

Fig. 5.3.1.3 shows the product yield distribution of three seaweed species.  

TABLE 5.3.1.4: Kinetics parameters of three seaweed species. 

 

Rate of Temperature Zone 
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heating  Kinetics 

parameters 

Ulva fasciata Gracilaria corticata Sargassum tenerrimum 

150-

260
°
C 

530-

800
°
C 

800-

900
°
C 

125-

270
°
C 

270-

350
°
C 

580-

760
°
C 

180-

330
°
C 

580-

730
°
C 

750-

950
°
C 

50C 

min-1 

R2 0.69 0.77 0.77 0.59 0.71 0.93 0.93 0.95 0.97 

A (min-1) 6.69×103 2.57×102 0.11 1.37×104 0.75 4.20×103 1.98×107 4.64×105 2.35×105 

E (kJ/mol) 45.46 71.75 6.78 48.18 11.62 91.04 84.80 123.05 141.59 

n 0.53 0.45 0.12 0.70 0.097 0.38 1.97 0.99 0.87 

100C 

min-1 

 150-

260
°
C 

530-

800
°
C 

800-

900
°
C 

115-

265
°
C 

265-

350
°
C 

570-

815
°
C 

 180 - 

330
°
C 

580-

730
°
C 

750-

950
°
C 

R2 0.88 0.95 0.96 0.57 0.83 0.89 0.92 0.93 0.94 

A (min-1) 3.53×102 1.52×102 2.67×102 1.59×103 0.55 7.13×103 5.05×103 9.91×101 1.18×105 

E (kJ/mol) 31.79 63.76 73.32 36.88 7.27 92.41 48.32 56.69 114.49 

n 0.32 0.27 0.063 0.59 0.037 0.58 0.42 0.013 0.23 

150C 

min-1 

 

 150-

260
°
C 

530-

800
°
C 

850-

900
°
C 

115-

220
°
C 

220-

370
°
C 

580-

820
°
C 

180-

330
°
C 

600-

750
°
C 

750-

950
°
C 

R2 0.85 0.93 0.89 0.55 0.52 0.84 0.89 0.95 0.96 

A (min-1) 1.17×101 1.07×102 7.23 2.70×106 0.15 8.68×103 3.23×104 1.81×102 1.37×104 

E (kJ/mol) 17.35 58.05 30.38 60.0 3.68 97.61 55.43 58.66 114.45 

n 0.11 0.23 0.0203 0.81 0.057 0.40 0.39 0.109 0.038 

 

5.3.6 The Bio-oils characterization 

The physio-chemical properties of bio-oils are listed in table 5.3.1.5. The fundamental 

properties of each crude bio-oil that is without treatment are taken as viscosity, density, pH 

and moisture content. The viscosity of each bio-oil is almost same range; no difference is 

there, similarly for density. But pH of each bio-oil shows a contrasting result as for UF it is 

highly acidic, for GC it is moderately acidic and for ST it is almost neutral. The presence 

of aldehydes and sulphonated groups makes the bio-oil acidic for UF. The moisture free 

bio-oils were also characterized by its CV, density, viscosity, and elemental analysis. The 

highest CV is found for ST followed by GC and UF and its values are listed in table 

5.3.1.5. The density for each bio-oil was found to be indeed high after moisture elimination 

and simultaneously, the viscosity of bio-oils increased due to the removal of moisture. 

Macroalgae yields less bio-oil due to high amount of ash in it, lack of cellulose, 

hemicellulose, and lignin contents and high oxygen content (Figure 5.3.1.3). 
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FIGURE 5.3.1.3: Products yield of UF, GC and ST. 

TABLE 5.3.1.5: Physio-chemical Properties of Bio-oil obtained from slow pyrolysis 

from UF, GC and ST. 

 

 

Physio-chemical Properties of Bio-oil obtained at 500°C 

 Ulva fasciata Gracilaria corticata Sargassum 

tenerrimum 

Viscosity (cP) @ 30°C 1.21 1.32 1.25 

Density (gm/ml) @ 

30°C 

0.92 0.87 0.89 

pH 2.15 4.66 6.5 

Moisture content (%) 45.12 42.32 46.32 

   

Ultimate analysis 

(moisture free) 

   

GCV (MJ/kg) 27.86 29.42 33.35 

Density (gm/ml) @ 

30°C 

1.127 1.08 1.03 

Viscosity (cP) @ 30°C 217.13 211.6 202.3 

Elemental (wt. %)    

C 53.66 63.53 69.15 

H 5.66 7.12 8.39 

S  0.43 0.92 0.35 

N 4.42 9.46 4.03 

O 25.83 18.97 18.08 

H/C molar ratio 1.06 1.34 1.45 

O/C molar ratio 0.30 0.22 0.19 

 

The elemental analysis exhibited high content of carbon in ST followed by GC and UF. 

The bio-oils are further characterized by GC-MS (Fig. 5.3.1.5, 5.3.1.6, and 5.3.1.7) and 

52.08 

59.59 

50.31 

23 

18 

20 

19.3 

13.98 

23.89 

5.62 

8.42 

5.8 

0 10 20 30 40 50 60 70

Ulva fasciata

Gracilaria corticata

Sarassum tenerrimum

(Wt. %) 

Tar Gas Liquid (Bio-oil) Solid (bio-char)
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FT-IR (Fig. 5.3.1.4) from which the product yield distribution is evaluated as shown in 

table 5.3.1.6. The result shows contrasting functional groups among the seaweed species.  

Firstly, for UF, compositions are hydrocarbons including alkane and alkene (4.72%), 

nitrogen containing compounds (8.52%), alcohol (10.04%), phenol (6.89%) and aldehyde 

(58.75%). 

 

FIGURE 5.3.1.4: FT-IR analysis of obtained bio-oil from UL, GC and ST. 

 

The oxygenated compounds containing the functional group C = O, O – H, C – O, and 

aromatic compounds reduces the calorific value. Whereas, for GC and ST, the oxygenated 

compounds containing groups are less compared to UF. The most visible thing in ST is the 

improved quality as shown in table 5.3.6 and its value is 33.35 MJ/kg. FT-IR was also used 

to identify the chemical bonds and functional groups present in the bio-oil samples. The 

functional group identified through the FT-IR analysis for the bio-oils is shown in table 

5.3.1.7. 

TABLE 5.3.1.6: Distribution and yield (area %) of bio-oil composition obtained from 

three seaweed species at 500°C. 

 

Temperatures Area (%) Area (%) Area (%) 

 Ulva fasciata Gracilaria 

corticata 

Sargassum 

tenerrimum 
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Aromatic hydrocarbons 1.2 4.21 1.48 

Hydrocarbons (alkane + alkene) 4.72 14.3 11.19 

Heterocyclic compounds - - - 

Total    

Nitrogen-containing organic compounds  

8.52 26.99 17.88 

Total    

other organic compounds    

Alcohols 10.04 17.0 17.25 

Phenols 6.89 5.62 14.72 

Ester 0.69 2.31 2.18 

Ethers 0.17 - 1.04 

Aldehydes 58.75 1.86 - 

Ketones 3.9 9.61 15.34 

Sulphonate groups 0.32 5.34 - 

Carboxylic acids and derivatives, etc. 3.77 11.76 17.86 

Total 98.97 99.0 98.94 

 

TABLE 5.3.1.7: Functional groups identification of the bio-oil for Ulva fasciata, 

Gracilaria corticata and Sargassum tenerrimum. 

 

Frequency range (cm
-1

)      Groups    Class of compounds 

3650-3200 O-H (Stretching) H-bonded, water impurities 

3100-3000 C-H (Stretching) Aromatic groups 

3000-2800 C-H (Stretching) Alkanes 

1775-1650 C = O (Stretching) Ketones, aldehyde, carboxylic 

acid and its derivatives. 

1680-1575 C = C (Stretching) Alkenes 

1550-1475 -NO2 (Stretching) Nitrogenous compounds 

1490-1325 C-H (bending) Alkanes 

1350-1140 S = O Sulphur‘s related compounds 

1300-1000  C-O (stretching) Alcohols, ethers, esters, 

carboxylic acids, phenol. 

900-690  O-H (bending) Aromatic compounds, alkenes. 
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FIGURE 5.3.1.5: Chromatogram diagram of extracted bio-oil from Ulva fasciata. 

 

 

FIGURE 5.3.1.6: Chromatogram diagram of extracted bio-oil from Gracilaria 

corticata. 

 

FIGURE 5.3.1.7: Chromatogram diagram of extracted bio-oil from Sargassum 

tenerrimum. 

 

5.3.7 The Bio-chars from macro-algal pyrolysis 

The bio-char obtained after the slow pyrolysis in the reactor is a potential solid fuel in 

thermochemical conversions for producing syn-gas either thermal or electrical applications 

and can be used as a solid soil nutrient for enrichment. The complete fuel characterization 

of three seaweed species bio-chars obtained at 500°C pyrolysis temperature are shown in 

Fig. 5.3.1.8 (a, b, c).  

The result confirms that there is a drastic change in proximate analysis in all four 

parameters. First, the moisture content was reduced to a large extent from its raw biomass. 

But there is a contrasting result in volatile matter. For ST the volatile matter reduces to 

24.06 % from 58.10%.  
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FIGURE 5.3.1.8: Proximate (a), ultimate (b) and CV (c) analysis of Bio-chars 

obtained from slow pyrolysis. 

 

The condensable phase condenses as bio-oil and the noncondensable phase evolves as syn-

gas during pyrolysis. While for GC the volatile matter reduces to 31.52% from 58.92% and 

similarly for UF devolatized matter is 31.41% on dry weight basis. The fixed carbon and 

other parameters are a relative parameter in proximate analysis and its higher value just 

improved the fuel quality. The main problem is that the seaweed species contains high ash 

which creates hindrance in thermochemical conversions. It was found the highest ash is in 

ST followed by GC and UF. The ultimate analysis exhibits the elemental analysis of the 

obtained bio-chars. The elements such as carbon and hydrogen are responsible for 

improving the fuel quality while other elements such as oxygen, sulphur and high ash 

content are trustworthy for bringing down the calorific value of the bio-chars as shown in 

Fig. 5.3.1.8 (c). Table 5.3.1.8 shows the result of ash composition for each seaweed 

species. 

 

TABLE 5.3.1.8: The ash composition of three seaweeds species selectively measured. 

47.7 

52.77 

60.14 

5.54 

13.34 

12.1 

43.33 

31.52 

24.06 

3.42 

2.36 

3.69 

0 20 40 60 80

Ulva fasciata

Gracilaria corticata

Sargassum tenerrimum

(Wt.%) 
Moisture Volatile matter Fixed carbon Ash

a 

54.49 

49.74 

65.99 

9.65 

4.84 

3.64 

3 

4.7 

1.78 

1.64 

2.64 

1.19 

31.22 

38.08 

27.4 

0 20 40 60 80

Ulva fasciata

Gracilaria corticata

Sargassum

tenerrimum

(Wt.%) 
C H N S O

b 
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Gracilaria corticata

Sargassum tenerrimum

Calorific value (MJ/kg)
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Elements Ulva fasciata (%wt.) Gracilaria Corticata 

(%wt.) 

Sargassum 

tenerrimum 

Si 0.97 0.97 0.96 

Al 0.37 2.41 0.25 

Ca 17.50 8.10 19.60 

K 4.28 21.14 26.12 

Mg 12.22 0.009 3.91 

Na 5.33 5.48 17.32 

Fe 0.21 0.81 0.25 

P 3.23 0.68 0.89 

Ti 0.005 0.01 0.005 

 

 

FIGURE 5.3.1.9: The ash fusion test of the three seaweeds species, (a) Ulva fasciata, 

(b) Gracilaria corticata, (c) Sargassum tenerrimum. 

 

The Fig. 5.3.1.9 shows the ash fusion temperatures of each seaweed species. The 

deformation temperature for each seaweed ash is from around 1000°C. The softening 

temperatures are 1252, 1215, 1157°C, hemisphere temperature 1458, 1225, 1318 and 

fluidization temperature 1478, 1238, 1395°C for UF, GC and ST. So the obtained bio-chars 

can be used in thermochemical conversions such as gasifier, but the only constraint is the 

operating temperature should be less than 1000°C temperature.   

5.3.8 LCA analysis 
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In the present LCA study, we used GaBi software (thinkstep) with (ECOINVENT 3.0) 

database for analysing the current process with the aim of energy consumption and 

environment evaluation. Life cycle impact assessment (LCIA) has selectively been done 

for the process of pyrolysis of Ulva fasciata seaweed biomass (0.5 kg) to yield three 

products, viz., syn-gas (0.289 MJ), moisture free bio-oil (1.76 MJ) and bio-char (2.89 MJ 

equivalent to 0.2604 kg) and 0.0281 kg tar. Unallocated impacts for the overall algal 

pyrolytic process revealed that the electricity accounted for almost 98.41% of the ReCiPe 

1.08 Midpoint (H) climate change impact (excluding or including biogenic carbon di-

oxide). The impacts for climate change has next highest (1.54%) due to ethyl acetate used 

during separation of water from bio-oil, while climate change impacts due to other 

processes (material of machinery used, were almost negligible). The total climate change 

impact was 2.05 kg CO2-equivalent for the unallocated process (Fig. 5.3.1.10). Hence, it is 

prudent to make efforts towards reducing the requirement of electricity and solvent for 

further decreasing the climate change impacts.  

 

 

Figure 5.3.1.10: Impacts (unallocated) across various environmental impact 

categories for 0.5 kg Ulva fasciata seaweed pyrolysis due to the constituent production 

processes.     
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Similarly, impacts across various other environmental categories has been also assessed, 

viz., - Agricultural land occupation [m
2
a], Fossil depletion [kg oil eq],  Freshwater 

ecotoxicity [kg 1,4-DB eq] ,  Freshwater eutrophication [kg P eq] ,  Human toxicity [kg 

1,4-DB eq] ,  Ionising radiation [kg U235 eq] ,  Marine ecotoxicity [kg 1,4-DB eq] 

,  Marine eutrophication [kg N-Equiv.] , Metal depletion [kg Fe eq] , Natural land 

transformation [m2],  Ozone depletion [kg CFC-11 eq], Particulate matter formation [kg 

PM10 eq], Photochemical oxidant formation [kg NMVOC], Terrestrial acidification [kg 

SO2 eq],   Urban land occupation [m
2
a],  Water depletion [m

3
] (Fig. 5.3.1.10). It was found 

that contribution to these impacts has also attributed mostly due to electricity, which 

ranged from almost 71% in case of Ozone depletion to 98.4% in case of fresh water 

eutrophication. Similar to that of climate change impact, the use of ethyl acetate 

contributed higher to the other impact categories as well. The Life cycle assessment 

method has been further used to determine the allocated impacts of each of the products 

based on the price. The electricity consumption can be reduced by utilizing renewable 

energy such as solar electricity to make the process sustainable. 
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CHAPTER – 6 

 

Concluding Remarks and Future Studies 

 
6.1 Introduction 

The sequences of this PhD thesis are presented to give an insight of the energy scenario 

both in the world and India. Current trend is mainly focussed on the renewable energy 

sectors such as solar energy, bio-energy, wind energy, etc. Energy is a daily need in every 

household. The over reliance on conventional energy sources for our daily requirements is 

indeed huge. Also burning these energy sources causes several problems associated with 

health, environment, and soil. The underpinning of this PhD thesis is to explore different 

renewable bio-energy sources. The selection of wasteland derived biomass and marine 

macroalgae as solid fuel is the main theme of the thesis. The entire PhD work is analysed 

and this can be categorized in six salient features. 

(1) The selection of problem which exists 

(2) Suitable justification for a proper solution 

(3) Find the originality and novelty of the solution 

(4) Suitable methodology adoption for solving the problems and  

(5) The ultimate outcome of the research work 

The PhD thesis based on the above parameters have been discussed and presented. 

6.2 Summary and discussion 
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 The objective for selecting these biomasses is to avoid controversy over the food vs. 

energy. These crops have very good potential to compete with the conventional energy 

sources and may be substituted for energy application in near future. For this, each biomass 

from different category has been investigated for the fuel characterization prior to 

thermochemical conversion processes, mainly in gasification, pyrolysis, and steam 

gasification.  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

FIGURE 6.1: Schematic diagram of all the work. 
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The kinetic study was undertaken to explore the devolatilization process i.e. pyrolysis. 

Figure 6.1 shows the overall work carried out in the present thesis. The non-conventional 

biomasss including wasteland-derived as well as seaweeds characterized as solid fuel by 

standard methods. Chapter 1 reviews energy scenario in the world and India covering the 

past, present, and future energy scenario of conventional energy sources for both the cases. 

Then, the different thermochemical conversion process gasification, pyrolysis, combustion, 

and steam gasification are described. The end product from each process is described in 

this chapter. The review of the chapter 2 provides literature survey of thermochemical 

conversion routes. The first literature survey describes about biomass for thermochemical 

conversion process. The second literature survey includes overview of gasification 

technology. It covers several areas starting from the discovery of the technology to several 

types of gasifier. The third literature survey reviews the pyrolysis process, effect of 

physical and chemical characteristics on bio-oil yield, description of different 

methodologies, and the bio-oil from different feedstocks. The fourth literature survey 

provides information about the different kinetic models which assists in understanding the 

pyrolysis process. The last and final literature survey brings about steam gasification 

process which includes the reaction mechanism and an overview of the steam gasification 

technology. 

The chapter 3 gives the necessary information about the aim and scope of the work. This 

chapter describes about the overview of the renewable technologies and the objective of 

the research work. The chapter 4 describes about the different methodologies that were 

adopted for the determination of solid fuel characterization of wasteland derived biomass. 

Based on fuel characterization of the different biomass some of them were investigated for 

the experimental case studies and some were predicted for possible thermochemical routes. 

The chapter 5 reviews all the experimental case studies commencing from the jatropha 

curcas shells to macroalgae. Chapter 5 is divided into different sections for each 

experimental case study. The first section contains the gasification of jatropha shells which 

is followed by bio-oil production and steam gasification of bio-chars obtained after the 

slow pyrolysis of the same biomass. The next section provides valuable information about 

the gasification and bio-oil production from Kappaphycus alvarezii granules and other 

seaweed species.             
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6.3 Avenues of the prospective work  

The entire thesis deals with the characterization of different kind of biomass, experimental 

investigation of selective biomass such as gasification of jatropha curcas shells, pyrolysis 

of the same biomass, and the obtained bio-char in steam gasification. The marine 

macroalgae Kappaphycus alvarezii granules are investigated in gasification and for bio-oil 

production. Other seaweed species Ulva fasciata, Gracilaria corticata, and Sargassum 

tenerrimum are also investigated for the bio-oil production via slow pyrolysis process. The 

wasteland biomass species are predicted for their suitability in thermochemical conversion 

processes based on solid fuel characterization. The gasification of jatropha curcas shells 

was investigated at a pilot scale level, but it can be positively upgraded for industrial scale 

level. The bio-oil production from jatropha shells via slow pyrolysis process was carried 

out in a lab scale pyrolyzer for the preliminary study, while there is a potential to 

investigate the same at the industrial scale which might assist for its commercial 

application. However, to do so, more parametric studies and optimization are required. 

Similarly, the gasification of Kappaphycus alvarezii – a macroalgae was investigated a 

typical downdraft gasifier can be implemented at the industrial scale level. Other seaweed 

species, such as Ulva fasciata, Gracilaria corticata, and Sargassum tenerrimum, were also 

investigated for the bio-oil production at a lab scale level. There are some biomasses which 

are enriched with high K
+
 content or other valuable mineral contents. Detailed process 

development is required to extract these products. Another interesting activity could be to 

improve the calorific value of bio-oil through use of suitable catalysts to make the process 

economic. There are catalysts like acid based such as silica sulphuric acid [1]; Mo-based 

sulphide catalysts and noble metal catalysts such as palladium, Ru/TiO2, etc [2]. These are 

useful to upgrade calorific value of bio-oil. Hydrogen content in the syn-gas from steam 

gasification of bio-char can be improved through use of different organic or inorganic 

catalyst. The bio-char obtained from slow pyrolysis of jatropha shells can be utilized for 

the preparation of activated carbon which is a highly porous material which has industrial 

applications. It would be very difficult to cover all the research areas in this thesis. So in 

future, some additional research work could be carried out and make a significant 

contribution to alleviate the problems faced.  
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Appendix – I 

 

Pictures of Ash Fusion Temperatures of Ash Cone for 

Wasteland derived Biomass and for three other Seaweed 

species, Ulva fasciata, Sargassum tenerrimum, Gracilaria 

corticata, and Kappaphycus alvarezii. 
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