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Chapter I 

Introduction 

Energy is considered as an essential input for industrial and economic 

development and for improving the quality of life. The positive relationship 

between energy use and gross domestic production (GDP) is very much inherent 

in economic expansion plans for the developing countries. Even the commercial 

energy consumption is expected to rise more rapidly than the growth of national 

economies of developing countries (OT A, 1992). In case of India, future 

projection shows that the commercial energy demand for the year 2009-10 will 

be 600 Mtoe, which ,is much higher as compared to the consumption level of 

200 Mtoe in the year 1990 (TERr, 1992). 

Majority of developing countries including India import oil to meet their 

energy requirement and for doing so, a major share of national budget of each 

of these countries is required to meet the cost of the imported oil. Moreover, 

this type of commercial energy-oriented development through ever-increasing 

consumption of electricity and oil has resulted in inequalities, external debt and 
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environmental degradation (Ravindranath & Hall, 1995). Therefore, time has 

come for developing countries, which are highly dependent on imported oil, to 

rethink about desirability and sustainability of such dependence for 

development. Reddy et al. (1991) have viewed that the conventional paradigm 

of development characterized by commercial energy-oriented policies is non

sustainable. They have suggested that it may be useful for developing countries 

to redefine their energy strategy so as to include the criteria of sustainability, 

promotion of equity and self-reliance in their long-term energy plan. 

During the last two or three decades, renewable energy sources have 

emerged as the alternatives to the conventional fossil fuels. A gradual shift 

from the use of fossd fuels towards the use of renewable sources of energy has 

become necessary for long-term sustainable development in all countries, 

particularly in the developing world. Renewable sources of energy cover mainly 

the solar energy, biomass energy, wind energy, hydro-electric power, ocean 

thermal energy, tidal energy, etc. which are more equitably distributed over the 

earth surface as compared to fossil fuels [Goldemberg et al. (1988)]. 

Development .benefits associated with the use of renewable energy 

include the generation of rural jobs, urban and rural public health improvement, 

isolation from international price fluctuation etc. In addition, renewable sources 

of energy are not associated in the same manner with environmental pollution 

as in the case with fossil fuels [Hustad & S __ nju (1992)]. 

Renewable energy technologies have evolved markedly over the past two 

or three decades and the cost of all renewable energy systems and devices have 
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declined significantly and are projected to decline even further (WB, 2002). 

Various projections made by individual researchers and world bodies on future 

contributions of renewable energy have once again established the importance 

of use of renewable energy. WEe (\993) in their conservative projection for --. 

renewables reveals that with minimum possible scenario, renewable sources of ..--. 

energy would meet 3-4 % of total energy amounting to 539 Mtoe while under 

maximum possible scenario with major policy initiatives, renewable sources of 

energy could provide 8-12 % of total energy by 2020. In this regard, a recent 

International Energy Agency (lEA) publication (lEA, 2003) reveals that in 

2001, world Total Primary Energy Supply (TPES) was 10,038 Mtoe, of which 

13.5 % or 1,352 Mtoe, was produced from renewable energy sources. Thus, 

renewable sources of energy offer considerable potential for replacing 

conventional energy sources and in some cases are already competitive wi~h 

them (lEA, 2003). 

Biomass is a renewable fuel used in nearly every corner of the 

developing world as a source of heat, particularly for cooking and heating in the 

domestic sector. World wide, solid biomass is by far the largest renewable 

energy source, representing 77.4 % of global renewable energy supply as 

compared to 16.4 % from hydropower, 3.2 % from geothermal energy, 0.3 % 

from solar and tidal ,energy and 0.2 % from wind epergy (lEA, 2003). Thus, 

solid biomass is by far the most important among all renewable sources of 

energy. 
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Fig. 1: Fuel share in world Total Primary Energy Supply (TPES) in 2001 
[Source: lEA, (2003)] 
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Fig 2: Products' shares in world renewable energy supply in 2001 
[Source: lEA, 2003] 

Out of various biomass fuel types like woodfuel, agricultural residues , 

cowdung, etc. woodfuels that constitute fuelwood, charcoal and other wood 

derived fuels are the world's most important form of non-fossil energy sources 

particularly in the developing countries and is evident from the fact that the 

share of woodfuel to the total energy supply in the developing countries 

(excluding China) IS about 20 % [lEA (1996:11. 289-308, 111.31-] 87)]. 

Production and consumption of wood fuels are concentrated in low-income 
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countries, with five countries - Brazil, China, India, Indonesia and Nigeria 

accounting for about 50 % of the total production and consumption of woodfuel 

world wide [FAG (1997)). Trossero (2002) reported that woodfuel use in 

developing countries,. where about 77 % of the worlds population lives is to the 

tune of 76 %. In developed countries, woodfuels represent only 2 % of their 

total energy consumption. 

Table 1: Charcoal consumption in 1995 and estimated projection in 

different regions of the world 

1995 2010 

East Asia 

• Share of charcoal in final biomass use 5% 7% 

• Charcoal production/use (Mtoe) 5.6 7.8 

• Wood input in charcoal production (Mtoe) 16.5 21.7 

• Energy loss in charcoal transformation (Mtoe) 10.8 14.0 

South Asia 

• Share of charcoal in final biomass use 2% 3% 

• Charcoal production/use (Mtoe) 3.5 7.9 

• Wood input in char.coal production (Mtoe) 12.6 28.2 

• Energy loss in charcoal' transformation (Mtoe) 9.1 20.3 

Latin America 

• Share of charcoal in final biomass use 9% 9% 

• Charcoal production/use (Mtoe) 6.4 7.0 

• Wood input in charcoal production (Mtoe) 13.2 14.5 

• Energy loss in charcoal transformation (Mtoe) 6.8 7.5 

Africa 

• Share of charcoal in final biomass use 3% 6% 

• Charcoal production/use (Mtoe) 6.8 19.1 

• Wood input in charcoal production (Mtoe) 27.0 72.1 

• Energy loss in charcoal transformation (Mtoe) 20.3 53.0 

Total developing countries 

• Share of charcoal in final biomass use 3% 4% 

• Charcoal production/use (Mtoe) 22.3 41.8 

• Wood input in charcoal production (Mtoe) 69.3 136.5 

• Energy loss in charcoal transformation (Mtoe) 47.0 94.7 

[Source: lEA (2003)] 
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Charcoal is an age old refined form of woodfuel and has been known 

from even before the dawn of recorded history. It is an important energy source 

for domestic cooking and wide range of industrial and processing applications 

such as manufacturing of activated carbon, calcium carbide, carbon disulfide, 

silicon carbide, sodium cyanide, reduction of iron-ore in the steel industry, 

refining of metals (eg. copper, bronze, silicon, aluminum and electro

manganese) black srriithies, cloth ironing, heavy-clay soil conditioner, orchid 

planting medium etc. Despite its comparatively higher price than other 

woodfuels, wood charcoal is able to compete with fossil carbons because of its 

relative purity (low ash content) and high reactivity. 

Charcoal is produced by a process called carbonization. Carbonization as 

defined by IUPAC Compendium of Chemical Technology is a process by which 

solid residues with increasing content of element carbon are formed from 

organic material usually by pyrolysis in an inert atmosphere. As with all 

pyrolytic reactions, carbonization is a complex process in which many reactions 

take place concurrently such as dehydrogenation, condensation, hydrogen 

transfer and isomerization. 

In the process of carbonization of wood, wood pieces are heated in the 

absence of air to temperatures sufficiently high for them to undergo substantial 

thermal decomposition. This decomposition results in the evolution of large 

amounts of gas and vapours and the formation of a carbon-rich solid residue 

(charcoal). The final temperature employed in most charcoal making operations 
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is in the range of 4000 
- 5000 C; although further decomposition continues to 

occur at higher temperatures. 

The process of carbonization of wood can be illustrated as follows: 

Gas 

Wood ---+------+ Tar (Oil) 

Charcoal 

Primary reactions 
(exothermic) 

...-----. Light gas 

Charcoal 

Secondary reactions 
(endothermic) 

The factors af(ecting wood carbonization are - the nature of wood, wood 

chemical composition, wood structure and physical properties such as density, 

permeabi lity, thermal conductivity, size and shape and various external 

conditions such as temperature, heating rate and pressure. 

Wood properties can differ, not only from species to specIes but also 

within a given species and from point to point in the same tree. Despite of their 

differences, wood from a variety of sources exhibit many similarities. 

Wood chemical components can be distinctly divided into two groups. 

The main group is the macromolecular cell wall components viz., cellulose, 

polyoses (hemicellulose) and lignin which are present in all woods and the 

mInor low-molecular-weight components VIZ. e:xtractives and mineral 

substances. The proportion and chemical composition of lignin and polyoses 

differ in softwoods and hardwoods, while cellulose is a uniform component of 

all woods. 
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The wood components can be schematically presented as below: 

WOOD 

Extracti ve Cellulose 

Fig. 3: General scheme of wood chemical components 

Cellulose is the main component of cell wall, making up approximately 

one half of both softwoods and hardwoods with the elementary formula 

(C6H 100S)n. It is a linear polysaccharide composed of B-D-glucopyranose units 

connected to each other by (1,4) glucoside bonds. 

During carbonization, cellulose starts decomposing at 2400 C, but 

significant weight loss begins only at 275 0 C. Decomposition is complete by 

3500 C, with the bulk of the weight loss occurring rapidly in the temperature 

range 3300 
- 3500 C (Hirata et al., 1991; Browne & Tang, 1962). The 

decomposition products are largely volatiles. Slow heating with a prolonged 

period in the temperature range 2000 
- 2500 C favours char production, while 

rapid heating to high 'temperatures favours depolymerization. 

Hemicellulose are a mixture of polymers based on 5-carbon 

monosaccharides units. On carbonization, hemicelluloses undergo preliminary 

softening at the temperatures in the range of 1300_1900 C (Goring, 1963) and 
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decompositIOn occurs between 2000 C and 2600 C producing mostly volatile 

decomposition products but still contributing more to the char yield than 

cellulose (Browne & Tang, 1962; Hirata et al., 1991). Hardwoods contain more 

of hemicellulose than softwoods. 

Lignins are complex macromolecules based on phenylpropane units. 

Lignins when heated start softening at temperatures 1300-1900 C (Goring, 1963) 

and decomposition occurs with evolution of volatiles in the temperature range 

of 2800 to 5000 C (Browne & Tang, 1962). The predominant product of lignin 

decomposition is char and much of the charcoal formed during wood 

carbonization is believed to be derived from lignin. 

Low-molecular-weight substances are numerous components apart from 

macro cell wall components, which can simply be classified as organic and 

inorganic matters. The organic part is commonly called as extractives while the 

inorganic part is obtained as ash. Extractives of wood comprise of aliphatic, 

aromatic and alicyclic compounds, hydrocarbons, alcohols, ketones and various 

fatty acids, sterols, tannins, waxes, esters, phenolic compounds, resins, terpenes 

and gums (Roy et al., 1990). These compounds can be extracted from wood 

using organic solvents singly or in combination with water. 

The role of extractives in carbonization is not very clear and there are 

contradictory reports regarding its effect on carbonization. Roy et al. (1990) 

reported a marginal increase in charcoal yield on removal of extractives from 

wood. 



10 

Moisture content of wood is a most commonly used property of 

fuelwood. Its quantity is inversely proportional to the amount of heat that is 

recovered from traditIOnal combustion where the latent heat of evaporation is 

lost with flue gases. Influence of moisture content on charcoal formation 

appears to be of physical rather than chemical nature. Wood particles with high 

moisture content would require a longer heating period than similar but dry 

particles and this may indirectly favour char forming reactions. 

Ash content of wood is the measure of non-combustible inorganic 

minerals in it. The ash content is as such low In wQod and their presence, if 

present In higher amount, increases the yield of char simply because of their 

presence In it. This reduces the net heating value or-charcoal by reducing the 

available amount of combustible carbon in unit mass. Contrary to this, external 

addition of some inorganic additives can enhance char formation in 

carbonization of wood. 

Density of wood has direct bearing on charcoal yield and qual ity. It may 

be expected that wood with high density would yield more charcoal than wood 

with lesser density. T~ough higher density may facilitate char forming reactions 

in the particle surface, but in the interior, the effect may be opposite. Thus there 

are conflicting reports regarding the effect of density on charcoal yield. 

Despite the versatility of charcoal's end use, use of wood for charcoal 

production is often regarded as a contribution to deforestation and addition of 

pollutants to the environment. But Foley (1986) pointed out that charcoal 

making is rarely the only pressure on woodland resources. According to him the 
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expansion of farming land is often responsible for a far greater level of forest 

destruction. In parallel, there also exists charcoal making systems in which 

fuelwood resources are sustainable or being created on farms (Chomcharn, 

1991 ). 

In spite of this, it is still argued that promoti?g charcoal development 

will result in more fuelwood demand SInce the overall energy efficiency in 

charcoal converSIOn IS lower than that obtained by USIng firewood directly. 

Keita (1987) made a detailed and comparative study of energy balance for 

fuelwood and for charcoal used as a domestic fuel. He observed that charcoal as 

a fuel had a higher efficiency than wood as long as the useful thermal energy 

yield of wood is lower than 20 %. As far as long distance transportation of fuel 

was concerned, charcoal was still the most economical source of energy. 

Moreover, under the development context, charcoal can be placed in the middle 

position of energy ladder followed by fuelwood, dung-cake, agricultural 

residues and preceded by biogas, kerosene, LPG, electric and mIcrowave 

energy. Even more important in charcoal developmerH is the associated socio

economic factors such as creation of more employment and generation of 

income. The system for producing, transporting and marketing of charcoal 

employ a large number of enterprises, and operate as a market system with 

limited interference from authorities (Ellegard & Nordstorm, 2003). The 

production of charcoal itself has become one of the major income sources for 

poor people in rural areas. Moreover, in areas, where charcoal have long been 

accepted as a marketable product, there also exits a system of woodfuel 
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production, flow and utilization often functioning as a informal sector activity. 

In those areas, the prospect of further commercialized production of charcoal 

may be high, depending upon the availability of the wood required for charcoal 

making. It is also an essential commodity to poor people in urban areas and an 

affordable, convenient and assessable energy source at relatively stable price. 

In India, the practice of charcoal production and use has been quite old. 

Woodfuels are the major sources of domestic energy for the rural masses of 

India. In the state otMeghalaya in particular and the whole of north-east India 

in gen~ral, woodfuels constitute up to 80 % of the total energy consumption and 

over 90 % of the population of this north-eastern Himalayan region uses 

biomass as an important source of energy (Bhat & Sachan, 2004). Charcoal 

production and marketing is well established in Meghalaya. The production of 

charcoal is mainly concentrated in Ri-Bhoi and West Khasi Hills districts . 

. Around 1 ,06,268 q~s of charcoal was produced during April 2004 to 

September 2004 which is the lean period due to rainy season. However, the 

production was found to be almost double in the main season from October 

2004 to March 2005. 

Charcoal production in the state of Meghalaya is practiced commonly in 

nearby sites of the forests using the traditional earth mound kiln. This method is 

characterized by low efficiency and gross variation in yield and quality of 

charcoal as it depends upon the experiences of the charcoal makers in building 

the kiln and their op~rational skill. Lower efficiency can also be attributed to 

the fact that the by-products (tar, liquid and gas) of such carbonization process 



cannot be trapped 

even to-day, this method is quite popular among the charcoal producers because 

of its low investment and its versatility regarding the use of wood as raw 

material. 

As more than 80 % of the forest land in Meghalaya is owned by 

indi vidual or community, the raw material is collected free of cost. Thus, 

charcoal business has flourished well in the state becoming a good income 

source among rural masses. 

In the recent years, with the ever-increasing population pressure and 

shifting cultivation, over dependence on forests for various needs and removal 

of forest trees for charcoal production, the size of the forests has reduced to a 

great extent. According to a recent report of the Ministry of Environment and 

Forests, Government. of India (Anonymous, 2000), excessive deforestation has 

brought more than 50 % area of the north-east hill states under wastelands. In 

Meghalaya, 44.2 % of the total geographical area is under wastelands. 

Evaluation of fuelwood consumption rates and status of forest resources in the 

north-eastern Himalayan region has lead Bhat & Sachan (2004) to conclude that 

the estimated growing stock is unable to sustain the rate of fuel consumption in 

this region. (}r;JfI2// 
The reduction in forest cover has left the charcoal producers of the state 

with little choice about the selection of tree species for charcoal making. The 

absence of farm forestry or energy plantation has further aggravated the 

problem. In these circumstances, charcoal is produced with whatever species 

CENTRAL LIBRARY, l. : 
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available nearby and this has in turn affected both quality and quantity of 

charcoal. In addition, economically important tree species are also used up in 

charcoal production. Therefore, extensive farming of selected tree species in 

available wastelands could be a viable alternative to bridge the gap between 

demand and supply 

Our survey has revealed that rural populations of Meghalaya have strong 

preferences for certain tree species for charcoal production. But as resources 

become scarce and preferred species are not sufficiently available, presently the 

charcoal producers are using all kinds of tree species for charcoal production. 

In this regard, no systematic wqrk has been done so far to characterize these 

tree species from the charcoal production point of view. Ravindranath et al. 

(1991) oRined that before undertaking any programme of biomass production, 
,~ 

local tree species diversity, traditional preference of tree species for various 

purposes and informa"tion regarding the performance of different species in that 

area should be taken into consideration. 

Though charcoal production has been practiced In the hilly states of 

north-east India, particularly in the state of Meghalaya, since the long past, no 

scientific study has been made so far to identify the indigenous tree species of 

the region, which can produce charcoal with higher yield and of better quality. 

Moreover, no work has been done to know the actual yield of charcoal and 

other by-products of carbonization of wood of these indigenous tree species 

such as tar, gas and liquid, which are also of great value to-day. 
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With this background, the present study was undertaken with the 

following objectives: 

Objectives: 

I. to survey the tree species currently used for production of charcoal along 

with their preference and availability and to select some preferred 

species for charcoal production in the state of Meghalaya; 

2. to determine the wood physico-chemical characteristics, biochemical 

constituents ard elemental compositions of the selected tree specIes 

which may have influence on yield and properties of charcoal; 

3. to analyse the charcoal samples obtained from mass-balance experiments 

for their properties for identifying the species that produce charcoal with 

higher percentages of yield and of better quality. 

4. to evaluate the yield and quality of charcoal in the traditional earth

mound kiln from two selected tree species and compare the results with 

those of the charcoal samples produced by these two species in 

laboratory-scale reactor. 

Such a study may be useful in identifying some indigenous tree species 

of north-east India particularly of the state of Meghalaya from which charcoal 

with higher yield and better quality can be produced and such promising species 

may be recommended for inclusion in the farm forestry or energy forestry 

programme in the wastelands of the region. 

Moreover the study on the mass balance of decomposition products of 

carbonization at various temperatures with different heating rates will provide a 
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quantitative picture of various other useful by-products such as gas, tar and 

condensable liquid apart from charcoal and from these results, the optimum 

carbonization conditions such as temperature and heating rate may be 

suggested. 
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Chapter II 

Review of literature 

It is said that charcoal burning is probably the oldest chemical process 

known to man. The first use of charcoal was in smelting metal, which dates 

back to 4000 years Be. It is believed that without it, bronze and iron ages 

simply would not have happened (Carew, 1999). 

According to Bard (2001), biocarbons have been manufactured by men 

for more than 38,000 years and are still among the most important renewable 

fuels in use today (Mochidzuki, 2002). 

In thIS regard, a World Bank publication (Plas, 1995) reveals that 

demand for charcoal is increasing which can not be reversed easily. This IS 

partly because of gradual reduction of Government subsidy on LPG and 

kerosene and subsequent increase in the prices of these two common energy 

sources. The growing problem of rural unemployment has also added to Its 

demand as production of charcoal is labour intensive and IS estimated to 

create an employment of 300-350 man-days per tetrajoule as compared to only 

10 and 10-20 man-days per tetrajoule for kerosene and LPG respectively 
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(Bhattarai, 1998). But environmental activists feel that charcoal production 

should be stopped altogether because of its very low production efficiency. In 

this backdrop, the World Bank paper has suggested that proper management 

of natural resource.s and improved transformation efficiency of charcoal 

producing kilns are the ways through which charcoal issue could be 

addressed. 

Dumrongthai (1998) reported good economIc returns from charcoal 

industry in Thailand. Economics of charcoal production was studied in one of 

the Thai Plywood Company's Plantation Unit where charcoal was produced 

from harvest waste .and discarded low quality wood in brick beehive kiln. 

They further observed that employment generation and economic returns were 

found to be quite encouraging. According to Dumrongthai, charcoal had a 

good market in rural areas of Thailand as the prices of other energy sources 

had risen and also charcoal was exported outside Thailand. 

Trossero (1991) evaluated the charcoal making technologies prevailing 

m the developing countries. The major difference was observed between 

systems which heat the wood by external means using wood, oil, gas etc. and 

systems which allow combustion on a limited scale to occur inside the 

carbonizer by burning part of the wood charged and using this heat to dry and 

carbonize the remaining wood. 

Systems with external heating allowed more precIse control but to 

transmit the heat to the charge was different and mefficient and metal retorts 

were almost essential. By-products could be recovered free of contamination 

from the products of combustion. 
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Systems using internal generation of heat could be further divided on 

the basis of their method of combustion. The three possibilities existed - earth 

kiln, which was lowest in cost, bricks or masonry kiln of intermediate cost 

and steel kIln which was the most expensive. 

Trossero (1991) further stressed on the need for a natIOnal policy on 

woodfuel energy (fuelwood and charcoal) and emphasised that such a policy 

should cover the whole field of energy use, since fuelwood supply could not 

be expanded without corresponding inputs of liquid fuels, electricity use etc. 

He outlined three major aspects for consideration while drawing up such a 

woodfuel policy. These were - (a) present volume of woodfuel, (b) 

consumption and supply pattern of woodfuel and (c) potential for future 

improvement of wood energy. 

Charcoal making in Asia as observed by Chomcharn (1991) was still 

away from the preferred development stage i.e. the realization of a sustainable 

and efficient system in supply of wood, processing, distribution and end use 

of charcoal. Though charcoal production and use were quite substantial in 

Asia, absence of clear forest policy and energy policy on charcoal due to a 

suspicious associated deforestation issue were major constraints in achieving 

a desired level of development. 

He further discussed the often-disputed charcoal production and 

deforestation issue and refuted the claim that charcoal making was the pnme 

cause of deforestation. In many Asian countries, there existed charcoal 

making systems in which supply of fuelwood resources were sustainable or 

being created on farms. He described five resource bases in the existing 

charcoal production systems viz. the production from farm and homestead 
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forests, mangrove forests/plantation, rubberwood, sa~mill wastes and coconut 

shell. Various techniques were in operation and notable among them were rice 

husk mound, earth mound pit, mud beehive, brick beehive, sawdust mound 

and drum. 

The normal technology oriented intervention aimed at conservation of 

forest trees by improving quality of charcoal and efficiency of charcoal 

production systems had so far met with limited success. The reason as pointed 

out by Chomcharn (1991) was a lack of relevant and adequate field 

information, particularly how the existing charcpal production systems 

operated and their contribution both in energy and socio-economic terms. He 

also emphasised on the need to tackle the overall problems of charcoal energy 

systems simultaneously. 

The main source of primary energy in Brazil is forest biomass. With 

the introduction of Brazil Government's policy of granting fiscal incentives to 

charcoal enterprises in 1967, a vast reforestation programme was started and 

thereafter charcoal production from planted forests in Brazil was initiated 

(Magalhaes & Rezende, 1991). Since then, the fmestry sector advanced 

greatly in technological terms - such as genetic improvement, fertilizer 

application, forest management and protection programme and all these had 

enabled an ever-increasing supply of feedstocks for charcoal production in 

Brazil. But subsequent withdrawal of Government subsidy and financial 

resources created a situation of increasing demand for charcoal and its 

decreasing supply. I~ this backdrop, they stressed on the need to establish a 

new policy for Brazilian forestry sector through which one would conciliate 

supply and demand in such a fashion as to guarantee the survival of the 
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industrial segment with sustainable supply of wood. They predicted that with 

technological improvement, a time should come when the charcoal production 

would be a more profitable business. 

Seifritz (1993) investigated the question \Vhether or not charcoal 

produced in the classical way, could be a definite sink for anthropogenic 

carbon dioxide (C02) escaping into the atmosphere. This needed production of 

charcoal on a large scale and in a capital-lean manner from the wood of short

rotation energy crops. He stressed on the need of a mutual strategy between 

the industrialized countries (being the main source of anthropogenic CO 2) and 

developing countries (acting as a sink for it) wherein fund flows from the 

former to the latter and this could be expected to exhibit favourable CO2 

avoidance costs on a least-cost basis and might be economically beneficial for 

both partners. 

Chidumayo (1987) surveyed the availability of wood stocks for 

charcoal production in the miombo woodlands of Zambia. The basal area of 

miombo woodland stands was significantly correlated to the aridity ratio in 

the study area i.e. basal area increased with increase in the aridity ratio. Mean 

basal area of woodla~d stand and volume of stackwood yield per m2 basal area 

at stump height did not differ significantly among study areas. Correlation and 

regression analysis of the data led to the development of regression models for 

estimating standing woodstocks and yield for charcoal production in miombo 

woodlands in different parts of Zambia. 

Jute stick, an agricultural waste is mostly destroyed by burning into 

ashes. The hollow structure of the stick hinders its conversion to charcoal 

through carbonization. Banerjee & Mathew (1985) succeeded in design ing 
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optimum parameters for its efficient conversion to a light-weight smokeless 

charcoal. The jute stick charcoal was found to be in chip form with a high 

fixed carbon content. The ash content of the jute stick charcoal was 

significantly lower and was 20-30% lighter than hardwood charcoal. They 

also explored the possible avenues for use of the charcoal from such agro

wastes. 

Teckchandan·i & Dubey (1986) developed a technology with little 

machinery for pyrolytic conversion of dried tree leaves, agricultural wastes 

such as soybean stalk, pulse stalk, paddy straw, groundnut hull and municipal 

waste into charcoal. The charcoal prepared in this way burnt with almost the 

same or better efficiency as that of wood charcoal. 

Yatim & Hoi (1987) evaluated the quality of charcoal from vanous 

types of wood. The ·analysis of charcoal for their fixed carbon, ash, volatile 

matter and moisture contents produced in beehive kiln from rubberwood, 

acacia, eucalyptus and pine and subsequent comparison of their properties 

with those of the charcoals from mangrove woods indicated similarity. They 

concluded that charcoal produced ~ these tree species were suitable for P 
industrial use. 

The possibility of thermo-conversion of over-matured and wilt 

diseased coconut palms of different age groups to charcoal was investigated 

by Gnanaharan et a'L. (1988). They used a portable type 'Tongan kiln' to 

produce charcoal from stem wood of these palms. Comparison of the results 

of proximate analysis i.e. fixed carbon, volatile matter and ash contents and 

yield of charcoal from these two types of palms (over-matured and wi It 
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diseased) showed no significant variation. They con~luded that charcoal from 

coconut wood was of good quality and suitable for domestic use. 

Conversion of waste olive wood to value added charcoal was reported 

by Figueiredo et al. (1989a). They studied the pyrolysis of olive wood to 

produce charcoal and fuel gas in the temperature range of 3000 
- 9000 C, both 

isothermally and under temperature programming. The charcoal was 

characterized by proximate and elemental analyses and the gases were 

analysed with the help of gas chromatograply' Their results led to the 

conclusion that the optimum temperature for pyrolysis was 7000 C as charcoal 

obtained at temperature above 7000 C were not significantly better in quality 

and quantity than the charcoal produced at 7000 C. They remarked that the 

gases such as CO, CO2, CH4 and H2 produced during pyrolysis could be 

suitable for close-coupled applications. 

Figueiredo et al. (l989b) studied the pyrolysis of holm-oak wood 

sawdust to determine the characterstics of the charcoal and the nature and 

amounts of gases produced. Pyrolysis of holm-oak wood of varying particle 

sizes was carried out at a temperature ranging from 3000 
- 9000 C. Fixed 

carbon content of the charcoal was found to increase with the increase of 

temperature upto 7000 C and then remained essentially constant. The 

composition of the pyrolysis gas produced at each temperature was 

determined and its heating value was calculated. Considering the quality of 

the charcoal and the heating value of the gases produced, they concluded that 

the optimal pyrolysis. temperature was 6000 C. 

The difficulty in selling of wood of pine plantation thinning in Brazil 

led Pontinha et al. (1992) to explore some possible ways to use these wood to 
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value added products. They carbonized these woods and the charcoals 

obtained from logs' of first and fourth thinnings of Pinus caribaea var. 

hondurensis and Pinus oocarpa were analysed for their physical and chemical 

properties. Similar properties were also determined for charcoal obtained from 

sawdust of the woods from first and fourth thinnings. Properties of charcoal 

made from pine wood materials and 7-yr-old Euccylyptus grandis were 

compared. Comparison of the results revealed that though Pinus spp. had 

better chemical properties than that of E. grandis, the charcoal obtained from 

E. grandis had higher values of apparent density and lower values of bulk 

density than that of Pinus spp. 

Maschio et al. (1992) reviewed the process of pyrolysis as a promising 

route for biomass utilization. They studied the pyrolysis process 

experimentally using apparatus of different scales. The influence of the main 

process parameters on the yield and characteristics of the products were 

investigated. The most attractive products of conventional pyrolysis was 

charcoal as the handling and use of bio-oil posed some problem due to its 

characteristics. The pyrolysis gas was of medium BTU gas and could be easily 

. , 

burnt. Fast pyrolysis gave low charcoal yield and high yield of a medium BTU 

gas rich in hydrogen and carbon monoxide. 

Acacia and Eucalyptus are two fast growmg exotic tree specIes m 

India. Thermo-chemical conversIOn of these two species were studied by 

Kumar et at. (1992). They carbonized the woods of these two tree species in 

the temperature range 4000 
- 12000 C using two different heating-cooling 

cycles viz. slow and rapid. The yield of chars and their chemical compositions 

were found to be dependent on the carbonization temperature, heating rate, 
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soaking time and the nature of the wood specIes. The char yield gradually 

decreased with increase in carbonization temperature and the majority of 

volatilisation occurred up~o 8000 C. Slow carbonization resulted in higher 

char yield than rapid carbonization. The char yield from Eucalyptus wood 

samples was greater than that from Acacia wood. The carbon content of 

Eucalyptus wood char was found to be little higher than that of Acacia wood 

produced under similar carbonization condition, which may be due to the 

relatively higher lignin content of Eucalyptus wood. 

Calahorro et al. (1992) investigated the possibilities of production of 

charcoal by carbonization of wastes generated during the olive grove (Olea 

europea L.) prunning. They aimed at studying the quality of charcoal obtained 

from different parts of the olive tree by pyrolysing at 6000 C in a dynamic 

atmosphere of nitrogen or in an uncontrolled atmosphere of air. They also 

studied the influence of particle size of the raw m~terials on the quality of 

charcoal. The surface areas and helium densities of all the charcoals prepared 

were also determined. Greater values of pyrolysis yields were observed for 

processes carried out in a nitrogen atmosphere than for those obtained in air 

while the results of ultimate analysis and proximate analysis of charcoal 

samples obtained in a nitrogen atmosphere and air did not vary significantly. 

They also observed an increase in quality of charcoal as the size of the 

starting raw materials increased. They remarked that characteristics of final 

product of carbonization depended to a greater extent on the nature of starting 

material and the temperature of pyrolysis than on the kind of atmosphere in 

which pyrolysis was carried out. 
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Lim & Lim (1992) studied the carbonization of oil palm trunks at 

moderate temperature ranging from 4000 
- 5500 C with holding time of 1 - 3 h 

and at two heating rates. They reported a non-dependence of holding time on 

quantity and quality of charcoal produced. Heating rates had little influence 

on yield and fixed carbon content of charcoal whereas increased terminal 

temperature of carbonization caused decrease in yield and increase in fixed 

carbon content. Calorific value and ash content of the charcoal were found to 

be independent of the varying parameters. From the study, they concluded that 

oil palm trunks are· not suitable for carbonization as the charcoal produced 

showed low caloric content and high ash content. In another study, Lim & 

Vizhi (1993) carbonised cocoa tree prunnings at moderate temperature 

ranging from 4000 
- 5500 C with holding times of 1 - 3 h and at a constant 

heating rate of 50 C/m and found that holding time had no significant effect 

either on the yield or on charcoal quality. Increase in terminal temperature 

showed a negative e,ffect on yield and volatile matter content and a positive 

effect on fixed carbon content and calorific value. Ash content was however 

not affected by the holding time or terminal temperature. Findings of their 

study indicated that charcoal of acceptable quality could be produced from 

cocoa tree prunnings. 

In another experiment, Lim (1993) carboni sed the cocoa wood 

prunnings at higher temperature ranging from 6000 
- 8000 C. The proximate 

analysis of the charcoal thus produced and that of the raw wood revealed a 

clear dependence of yield, volatile matter and fixed carbon content on 

terminal temperature. However, no clear trend of variation in the ash content 

and moisture content of charcoal produced at various temperatures was 
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observed. He also found that there was very small incremental increase in the 

fixed carbon content' after achieving a terminal temperature range of 650° -

700° C, and therefore he had suggested that for industrial scale charcoal 

production from cocoa wood, a carbonization temperature ranging from 650° 

- 700° C is sufficient when heating rates of few degree centigrade are 

employed. 

Lim et al. (1994) further investigated the physical properties and 

burning characteristics of cocoa wood charcoal. They reported that the quality 

of cocoa wood charcoal was quite comparable to those of other commercial 

grade charcoals. Results of their study revealed that density of cocoa wood 

charcoal is lower than those of most commercial charcoals while its friability 

and caloric content were comparable to mangrove wood charcoal. He also 

observed that the time taken for ignition of cocoa wood charcoal was shorter 

than that of other charcoals. They opined that cocoa wood charcoals were no 

way inferior to other commercial grade charcoals as far as their physical 

properties and burning quality were concerned. 

Rockrose (Cistus ladaniferus L.), a woody shrub was studied by 

Gomez-Serrano et al. (1993) as a potential raw material for manufacture of 

charcoal and activated carbon. Rockrose wood as. well as its charred and 

activated products prepared by varying heat treatment (200°-1000° C) 

conducted under different conditions were characterized in terms of 

composition, calorific value, texture and' surface chemistry employing 

different techniques such as TGA, gas adsorption, mercury porosimetry, 

density measurements, SEM and FT-IR. The wood composition and calorific 

value were found to be similar to other woods. Production of charcoal 
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occurred even at 4000 C. Above 6000 C, the mIcro porous structure of the 

chars became partially closed. Activated carbons were prepared by 

gasification of charcoal (obtained at 6000 C) in air at 6000 C and in CO 2 and 

steam at 7500 C. T~ey observed significant differences in properties of the 

activated carbon depending on the activating agent. The presence of surface 

oxygen groups containing carbon - oxygen singlt~ bonds, which may be 

formed from carbon - carbon double bonds, was greater with air and steam 

than in CO2. 

Fuwape (1993) reported the combustion related properties VIZ. 

moisture content, specific gravity and percentages of carbon, hydrogen, 

oxygen, nitrogen, sulfur and ash in wood as well as In charcoal from two 

agro-forestry tree sp.ecies LeJfcaena leucocephala and Techtona grandis. He 

reported significant differences in the moisture content, specific gravity and 

percentage elemental composition and ash content in wood and charcoal 

produced from the two species. Charcoals produced from the two species were 

found to have higher carbon content, ash content and average heat of 

combustion than their parent woods. 

Effect of carbonization temperature on charcoal yield and quality 

produced from some tropical fast-growing and short-rotation forest tree 

species viz. Glif(tidia sepium, Lef/caena leucocephala and Gmelina arborea 

were evaluated by Fuwape (I 996a). Out of the three species, G. sepium 

yielded the highest yield of charcoal. Yield and volatile matter content of the 

charcoal were found to decrease with an increase in carbonization temperature 

while there was an increase in the percentage of fixed carbon content. 
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In traditional process of charcoal production, a good amount of 

charcoal in the form of charcoal fines is left in the production sites because of 

difficulty in collection. Even small pieces of charcoal also do not fetch a good 

price in the market and left in the production site as waste. Fuwape (1996b) 

studied the possibilities of making briquette from the charcoal fines and small 

pieces of charcoal and found that briquettes made from these waste materials 

were as good as good quality charcoals. He also reported that average gross 

heat of combustion of briquettes made from charcoal fines was not 

significantly different from that of good quality marketable charcoal. 

Mok et at. (1992) reported that very high yields of charcoal production 

(40 % from cellulose and 48 % from hemicellulose) could be obtained in a 

sealed reactor. They concluded that higher charcoal yields can be obtained 

when species with high lignin content and/or low hemicellulose content are 

used as feedstock. They employed the technique of Fourier Transform 

Infrared (FTIR) spectroscopy to determine if the charcoal produced in a 

closed retort is subsequently different from that produced in conventional 

charcoal kilns and found that charcoals prepared in sealed reactor were 

chemically the same as those prepared in conventional reactors. 

In a study, Shah et al. (1992) aimed at understanding and upgrading 

the process of wood to charcoal conversion, commercial partial-combustion 

kiln (PCK) was used for experimental carbonization that yielded a mass 

efficiency of 15 -30 % (based on initial wet mass). They observed that in the 

present process, control of these kilns was tedious, subjective and difficult to 

generalise. Lower mass yield also contributed to deforestation and 

atmospheric pollution through smoke. Their investigation on a pilot PCK for 
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weight loss during c,arbonization, smoke characteristics and kiln temperature 

revealed that weight loss and smoke temperature could yield useful process 

parameters. Oxidation of the carbonization sm'oke was important in 

production of charcoal by PCK. 

Khristova & Vergnet (1993) assessed the suitability of two unusual 

biomass materials viz. Hibiscus sabdariffa var. sabdariffa stem and 

Calotropis procera wood of Sudan as potential raw material for charcoal 

production. Physical properties and chemical constituents of these two 

biomass materials were determined. The carbonization trials were carried out 

in a laboratory scale retort under conditions close to that of field condition. 

Though the charcoals of H. sabdariffa and C. procera had low density and 

high wood-to-bark ratio by volume, the charcoal yield and quality were 

comparable to those obtained from other tree species. Proximate analysis of 

charcoals obtained from these two tree species revealed that 79 %, 86.5 %, 

fixed carbon content respectively with gross heating value of 30.3 MJkg- 1 for 

H. sabdariffa and 32.4 MJkg- 1 for C. procera charcoals. Low density of both 

the charcoals and consequently more reactivity and fast burning were the only 

disadvantages. H. sabdariffa charcoal would be good for domestic use while 

C. procera charcoal was better with respect to fixed carbon content and gross 

heating value. They opined that further trials would be decisive for balancing 

the availability and low cost of the raw materials, good yield and energy value 

of the charcoal against low density, porosity and friability. 

Connor & Viljoen (1995) reviewed the progress made in understanding 

the fundamentals of wood carbonization. He emphasised on the need to 

improve the efficiency of the present charcoal production techniques for 
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increasing charcoal yield. For this, a better understanding was needed of the 

fundamentals of carbonization and particularly the kinetics, heat and mass 

transfer processes occurring within and around individual wood pieces as they 

carbonize. The factors affecting carbonization within particles like wood are 

its chemical constituents, physical properties and wood structure. They also 

reported that external conditions such as temperature, heating rate and 

pressure were also important as far as their influence on wood carbonization 

was concerned. They suggested for further co-ordinated and concerted 

research work to understand the carbonization fundamentals as the knowledge 

about the physical and chemical processes occurring during carbonization 

were not very clear. 

Density and permeability are two major physical properties of wood 

that could be expected to influence significantly the migration rate of volatiles 

and thereby affecting final char yield during carbonization. Initial experiments 

by Connor et al. (1996) involving closely related tree species revealed a fair 

correlation between density of wood and charcoal yield. But further 

investigation with different wood species showed that co-relation between 

density and charcoal yield was tenuous. Early results for wood samples from 

several Eucalyptus species grown in Brazil confirmed the lack of relationship 
, 

between density and charcoal yield but suggested a stronger link between 

permeability and charcoal yield. However, extension of the investigation to 

woods of widely varying densities and permeabilities showed that no straIght 

forward relationship exists between density, permeability and charcoal yield. 

Production of charcoal from unbroken babassu (Orbignya martiana) 

nut was investigated for their suitability as a potential feedstock for 
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steelmaking in Brazil. The physical and chemical properties of babassu nut 

following heat treatment upto 10000 C were reported by Emmerich & Lunego 

(1996). Comparison between some important properties for steelmaking use 

of babassu charcoal carbonized at 6000 C heat treatment temperature (HTT), 

reference charcoal and reference metallurgical coke revealed that babassu 

charcoal at 6000 C HTT were of higher density, low sulfur content and low 

phosphorous content. They concluded that production of babassu charcoal 

would be enough to supply a significant part of required feedstock for Brazil 

and also would lead to the preservation of babassu palm forest unlike other 

native charcoals where the tree is sacrificed. 

Ishengoma et al. (1997) reported the quality of charcoal produced from 

Le/ftcaena leucocephala in earth kilns in Tanzania. Though density of L. 

leucocephala charcoal was lesser but its calorific value and ash content were 

found to be better than those of the commercial grade charcoals. 

Sadakata et al. (1997) studied the fundamental aspects of carbonization 

of waste wood, lignin and holocellulose. Carbonization of wood and extracted 

lignin and holocellulose was carried out in the temperature range of 4000 -900° 

C using a small-scale electric furnace. Mass balance of decomposition 

products of wood, lignin and holocellulose revealed that char yield decreased 

gradually from 40 % to 20 % in wood, 25 % to 10 % for holocellulose and 80 

% to 45 % for lignin with an increase of temperature from 400° to 9000 C. The 

tar yield was <1 % at 700° C from the holocellulose and 4% from both wood 

and lignin. Yield of gas from holocellulose was >80 % at 9000 C, while that 

from lignin was around 35 %. CO was the major product above 5000 C in all 

the cases. The largest yield of CO was given by holocellulose. CH4 yield was 
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more from lignin than from holocellulose. More hydrocarbons were present in 

the gas obtained form lignin. Calorific value of the gas produced from lignin 

was found to be higher than that from holocellulose. From elemental analysis 

of the char samples obtained from wood, lignin and holocellulose, it was 

observed that char from lignin contained 90 % carbon when carbonization 

temperature was> 8000 C. The calorific value of the lignin char was (30.6-

31.8 MJ kg-I), found to be slightly higher than that of wood or holocellulose. 

Wood quality and charcoal quality of nine Eucalyptus species were 

evaluated by Trugilho et al. (1997a) with a view to identify the highly 

potential genotype for use as energetic raw material. Three multivariate 

techniques: i) variance analysis, ii) cluster analysis and iii) canonical variable 

analysis were used to evaluate the quality of wood and charcoal. The 

multivariate variance analysis showed a significant difference between the 

genotypes when Roy test was used for both wood and charcoal qualities at 1% 

probability. E. maculata presented the highest distance (D2) in comparison to 

other species for w.ood and charcoal. E. grandis also presented a higher 

dissimilarity than the other species, showing a higher breeding potential in the 

selection of superior genotypes. E. cloeziana, E. pellita and E. tereticornis 

were found to be more suitable species for charcoal production due to their 

higher lignin contents. They further studied these species to evaluate their 

wood quality for charcoal production (Trugilho et al., 1997b). The co-relation 

between a group of variables related to charcoal characteristics and a group of 
( 

variables related to wood quality was studied through the use of multivariate 

technique of canonic.al correlation. The canonical correlation showed that the 

properties of wood that are highly associates with charcoal quality were the 
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high basic density, low ash content, high lignin content, thickness of fiber 

walls and fiber wideness. Based on this observation, they suggested that these 

variables must always be analysed conjunctly in studies related to charcoal 

productions. 

Supply of dry wood for charcoal production from a Eucalyptus 

cloeziana plantation in Brazil was assessed by Lopes et al. (1998). The 

biomass yield of the plantation was determined by using Bitterlich method 

and equations were established to predict yield of wood per hectare. Charcoal 

yield was 34.4 % and the mean fixed carbon content was slightly below 77 %. 

The rotation ages, under maximum mean increment per month and the yields 

per hectare in volume, wood dry weight, charcoal and fixed carbon were 84 

months, 87 months, 89 months and 89 months respectively. 

Efforts were made to carbonise eight species of forest and fruit bearing 

trees in Tunisia that have been mostly used by country men for charcoal 

preparation through traditional vertical stack method (Mlaouhi et al., 1999). 

Each species was divided into three diameter classes < 10 cm, > I 0 cm but < 

20 cm and> 20 cm for the carbonization study. The wood humidity of the 

species varied from 16 % to 20 % and the density was in the order of 0.8 to 

1.1 gm/cc. A final temperature of 6000 
- 7000 C was employed during 

carbonization with the duration ranged from 11 0-130:h. The yields of charcoal 

from wood samples of different diameters were found to be proportional to 

their wood densities. Out of the three diameter classes of each of the tree 

species, five tree species showed the highest yield in < 10 cm diameter 

category, two species showed in > 1 0 cm but < 20 cm diameter category and 

only one species showed the highest yield in > 20 cm diameter category. 
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Citrus aurantium gave the highest yield (27.6 %) for the category of wood 

having a diameter of less than 10 cm while Olea europaea gave the highest 

average charcoal yield considering all the diameter classes. They also 

observed that the duration of carbonization was proportional to the rate of 

wood humidity. 

Schenkel et al. (1998) evaluated the performance of mound kiln 

carbonization process used throughout the dev~loping world. Various 

indicators like mass yield, energy yield and balanced mass yield were used to 

assess the quantitative and qualitative efficiency of the mound kiln 

carbonization process and also other carbonization processes. From a 

comparison of various indicators of the different processes, they showed that 

the mound kiln carbonization process was as efficient as improved processes 

and was characterised by mass yields ranging from 20 % - 30 % as dry weight 

basis and by fixed carbon contents above 75 % as dry weight basis. The 

findings led them to suggest that in the present soc~o-economic condition of 

the developing countries, the mound kiln carbonization technique was quite 

appropriate because of its low investment, great mobility and its versatility 

regarding wood materials. However, the results of mound kiln carbonization 

technique depended mainly on the charcoal makers experience in building the 

kiln, operational skill and conscientiousness. 

Schenkel et at. (1999) proposed a new indicator for the evaluation of 

the wood carbonization process. The present evaluation methods viz. mass 

yield, energy yield, and balanced mass yield - require parameters that are 

either dependent on final temperature or difficult to measure. The reference 

mass yield (RMY) as proposed by them was based on variables that are 
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commonly measured by carbonization experiments, the masses of wood and 

charcoal and the fixed carbon content of the charcoal. This indicator i.e. 

reference mass yield was independent of the carbonization temperature and 

hence of the charcoal quality. From the study, they concluded that RMY could 

be a useful tool to assess the validity of the results of a carbonization process 

and to verify the balance between the mass yield and the fixed carbon content. 

Antal et al. (1996) described a practical method for manufacturing of 

high quality charcoal from biomass that realises near-theoretical yields of 42 

% - 62 % with a reaction time of about 15 min to 2 h depending on the 

moisture content of the feed. The quality of charcoal so produced was 

comparable with the highest quality, most expensive charcoals available in the 

market. They reported that use of wet biomass feedstocks and application of 

higher pressure inside the carboniser improved the charcoal yield. This is 

because, an efficient heat transfer within the reactor led to the formation of a 

more uniform charcoal throughout the bed. In addition, the process developed 

by them had the ad<;1itional advantage of reducing deforestation. With 45% 

transformation efficiency, this process would consume only 2.2 kg of biomass 

per kg of charcoal as against 5 kg of dry biomass per kg of charcoal produced 

in a conventional kiln operating at a 20 % efficiency. 

Antal et al. (2000) further tried to increase the yield of charcoal by 

developing a new process where the yield of charcoal attained the theoretical 

value predicted to exist when thermo-chemical equilibrium is realized. They 

obtained high yields of fixed carbon at 1.0 MPa from a wide variety of 

agricultural wastes. They found higher yield of charcoal when pyrolysis was 

carried out in an electrically heated pressure vessel at 1.0 MPa with rapid 
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pyrolysis. The equivalent yield was otherwise achievable when slow pyrolysis 

was employed. The charcoal yields and fixed carbon content obtained from 

some biomass feeds' such as kukui nut shell, bamboo and leucaena wood, 

attained the theoretical values predicted to exist when thermochemical 

equilibrium was realized at 1.0 MPa. In most cases, the measured fixed carbon 

yielded at 1.0 MPa exceed 80 % of the theoretical values. They also 

established a correlation between the fixed carbon contents at 1.0 MPa and the 

acid-insoluble lignin content of biomass feeds. They concluded that 

substitution of renewable carbon from biomass for coal in the metallurgical 

industry and elsewhere can reduce green house gas (GHG) emission while 

creating new jobs in the developing world and enhancing the profitability of 

agribusiness. 

Matsui' et at. (2000) reported the material balance of carbonization 

products (wood gas, wood vinegar, wood tar and charcoal) from the 

heartwood and sapwood of sugi (Cryptomerica japonica D. Don) at various 

temperatures. The yield of charcoal decreased because of the evolution of the 

wood gas with an increase in carbonization temperature. The total yield of 

wood vinegar and wood tar was almost constant at 5000 
- 8000 C. The wood 

vinegars obtained at temperatures over 4000 C were found to consist of 

carboxylic acids such as acetic acid and propionic a~id along with methanol, 

acetone, furans, alkylphenols, guaiacols, cyclotene and malto\. They remarked 

that as the constituent varieties and contents of the wood vinegars prepared at 

both 4000 and 8000 C were similar, the wood vinegars of Sugi wood was 

chiefly produced below 4000 C. FTIR spectra of the charcoals showed the 

generation of carbonyl and olefin groups at 3000 and 8000 C and then the 
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formation of aromatic rings alon~lth the disappearance of carbonyl groups 

below 6000 C. The production of radical species in the charcoals carbonised at 

3000-6000 C was observed by ESR; but, on the contrary, the charcoals 

carbonised below 7000 C were inactive. The surface area and the pore volume 

of the charcoal of S~gi sapwood increased with an increase m carbonization 

temperature. 

Fagbemi et al. (2001) evaluated the amounts of vanous pyrolysis 

products (charcoal, gases, tar and water) from three biomasses viz. wood, 

coconut shell and straw at temperatures rangmg from 5000 to 10000 C. The 

yield of charcoal regularly decreased with increase of temperature. At 9000 C, 

the yield was between 21 % - 31 %, depending on the type of biomass used. 

At a given temperature of pyrolysis, the yield of charcoal was found to be the 

highest from straw followed by coconut shell and wood. Gas volume showed 

a sharp increase above 5000 C and at 9000 C, it constituted around 45 % - 50 

% with respect to the weight of raw dry biomass. 'Straw appeared to yield 

more gas than other tested biomass materials which was attributed to their low 

thickness of the cell walls resulting in higher heat transfer favouring gas and 

tar production. The quantity of tar reaches a maximum value at about 5000 C 

and then dropped with increase of temperature. The maximum yield of tar 

product seemed to be dependent greatly upon the types of biomass materials. 

The higher yield was found to be 35 % for wood and around 22 % for other 

two biomasses at 5000 C without subsequent thermal cracking of the tar. The 

thermal cracking of the tar was studied and a kinetic model was proposed that 

quantified the tar content of gas from a wood gasifier and subsequently 

allowed the calculation of its heating value. 
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Charcoal being one of the major sources of domestic energy in most 

African countries, the potential of indigenous trees and shrubs for sustainable 

charcoal production in Laikpia, Kenya was explored by Okello et al. (200 I). 

Acacia drepanolobium was investigated for sustainable charcoal production as 

it occurred in almost mono-specific stands in high densities over vast areas 

and it coppiced readily when harvested or top killed by fire. Suitability of A. 

drepanolobium was evaluated by developing predictive equations for standing 

biomass and charcoal production yield by undertaking a chrono-sequence 

analysis of its regrowth. Woody biomass was strongly related to stem 

diameter while efficiency of charcoal production from earthen kilns was in 

between 10 % - 18 %. Biomass in coppicing stands accumulated at a mean 

rate of 1.3 Mg ha- I in a 14 year period yielding dry biomass of 18.26 Mg ha- I 

useable wood that could produce a minimum of 3.0 Mg ha- I of charcoal. 

Based on their experiments, they proposed that A. drepanolobium could be 

harvested for sustainable charcoal production over a period of 14-year cycle. 

They suggested that production of charcoal be commercialised using modern 

kilns to improve and maximize yield. 

Modifications in the micro-structure of wood from Prosopis nigra as a 

function of temperature were studied by scanning electron microscopy (SEM) 

(Pasquali et al., 2002). Some non-condensable gases obtained by isothermal 

pyrolysis were investigated by employing gas chromatography (GC). The 

results showed that the basic anatomic structure of wood remains almost 

um~harged in the working temperature range. 

Sensoz & Can (2002) investigated the effect of temperature, heating 

rate and pyrolysis atmosphere on the pyrolytic product yields of turkish pine 
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(Pinus brutia Ten.) using a laboratory-scale fixed bed reactor. Pyrolysis runs 

were performed using reactor temperatures ranging from 300° to 550° C with 

a heating rates of 7° C min-' and 40° C min-I. The char, gas and liquid yields 

obtained ranged from 23 % - 36 %, 11 % - 23 % and 21 % - 30 % by weight 

respectively at different pyrolysis conditions. The highest liquid yield was 

obtained at 500° C with a heating rate of 40° Cmin-'. They concluded that the 

significant pyrolytic conversion in the temperature interval of 450° - 500° C 

was due to the rapid devolatization of cellulose and hemicellulose. 

Mochidzuki et al. (2002) showed that proper ignition and control of 

flash fire at 1 MPa inside a packed bed of biomass. had triggered its 

transformation to carbon with yields that reached the thermochemical 

equilibrium "limit" in less than 30 min of reaction time. The remarkable ease 

with which a flash fire at elevated pressure triggered the transformation of 

various types of biomass materials ranging from high density wood to very 

low density agricultural wastes reasoned well for their suggestion of expanded 

production of biocarbons as a substitute of coal. 

Sensoz (2003) pyrolysed pine bark (Pinus brutia Ten.) in an externally 

heated fixed bed reactor and investigated the effects of temparature and 

haeting rate on the yield and composition of the product. Pyrolysis runs were 

performed using reactor temperature between- 300°-500° C with heating rates 

of 7° and 40° Cmin-'. The maximum liquid (aqueous and oil phase) yield 

(33.25 % wt.) was obtained at a final temperature of 450° C. However, by 

increasing the pyrolysis temperature to 5000 C, the liquid yield went down to 

32.79 % wt. The char yield decreased with increase in the final temperature. 

At a particular temperature, lower heating rate yielded higher char yield. The 
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yield of gas products increased with increase in temperature. Sensoz 

concluded that both the temperature and heating rate had significant effects on 

both yields of liquid and char resulting from pyrolysis of forest biomass. 

Chemical fractionation of the bio-oil (pyrolytic oil) showed that it was 

composed almost entirely of oxygenated compounds with only low quantities 

of hydrocarbons. 

Er Gin & Yiiriim (2003) investigated the carbonization of fir (Abies 

bornmulleriana) in an open pyrolysis system under a nitrogen atmosphere at 

varying temperatures to contribute to the knowledge of the artificial 

coalification. Bark-free samples in sawdust form were pyrolysed isothermally 

in the temperatures ranging from 500 to 3000 C and with heating times ranging 

from 1 h to 50 h. Conversion of the wood took place with higher rates during 

the initial times and reached a steady state after approximately 35 h of heat 

treatment at all temperatures. The simultaneous increase in the amount of 

volatiles after 1500 C can be explained by the fact that depolymerization of 

the network took place at higher temperatures. Evolution of a coal like pattern 

in the FTIR spectra of the carbonized wood could be observed by 

disappearance of bands due to cellulose, hemicellulose and lignin in the range 

of 130-1000 cm-) and appearance of two new bands at about 1250 cm-) 

(asymmetric Cm- O-C stretching vibrations) and 1450 cm-) (aliphatic C-H 

bending). The H/C ratio decreased too early before the end of the diagenetic 

stage and as the temperature of pyrolysis was increased, a decrease in the OIC 

ratio was observed which corresponded to the dehydration and 

decarboxylation of the original material. 
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Influence of ' some inorganic agents on catalysIs or carbonization has 

been an, a~ea of interest for many researchers around the globe, DeGroot & 

Shafizadeh (1984) reported that addition of cations of calcium and potassium 

to wood through ion exchange had remarkable effects on the thermal 

decomposition of wood. Addition of calcium ions enhanced the decomposition 

temperature and affected the char yield slightly, whereas addition of 

potassium ions reduced the decomposition temperature and significantly 

increased the char yield. They remarked that these effects were distinct from 

the effects of salts of the same elements added to the wood or similar 

materials through absorption of a solution of the salt. Potassium carbonate 

absorbed on cellulose significantly increased its decomposition temperature, 

although it had the opposite effect when added to wood through ion exchange. 

They assumed that the primary sites for ion exchange were glucuronic acids in 

the hemicellulose fraction and it was therefore likely that the effects of 

exchanged cations w'ere due primarily to their influence on 'the decomposition 

of this component. This was testified by the fact that when naturally occurring 

inorganic molecules were removed from wood by acid washing, the char yield 

was reduced and the structure of cellulose could be lost during carbonization 

particularly at high heating rates. 

Zandersons et al. (1998a) reported that reasonable and effective 

catalysts were not only able to increase the yield of char but also to form 

structure appropriate for production of activated carbon. Sulphuric acid, 

diammonium phosphate, zinc chloride and refinery acid tar were used as 

catalysts and specific sized wood samples were soaked in solutions of these 

catalysts before carbonization at a heating rate of 3° - 4° Cmin- I to a maximum 
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temperature range of 500°-520° C. Charcoal yield under the influence of the 

above mentioned catalysts was found to be increase from 105 % to 139 % and 

the decrease of tar yield was approximately proportional to increase of 

charcoal yield. The most effective catalysts such as sulphuric acid caused 

radical decrease of dissolved tar yield. 

Kim et at. (2001) used sulphuric acid as an inexpensive, nonvolatile 

dehydrating agent and examined the influence of its addition on pyrolysis of 

cellulose and wood in terms of yield, surface area and porosity. Cellulose - the 

most abundant organic material on earth was choosen for improvement of its 

carbonization yield. Charcoal and wood samples were first treated by 

immersing them in dilute sulphuric acid at various concentrations (1 %, 5 %, 

10 %, 15 %, 20 %) for a few minutes. On carbonization of the treated as well 

as untreated samples, it was observed that yield of charcoal was increased 

significantly for treated samples at lower concentrations (up to 5 %) of the 

acid. Thus the presence of small amounts of sulphuric acid was found to be 

highly effective in improving carbon yields from cellulose and wood. 

Thermogravimetric . analysis of original cellulose and sulphuric acid 

impregnated cellulose revealed that addition of sulphuric acid had lowered the 

onset of decomposition presumably through efficient dehydration and resulted 

in significantly higher char yields which reached 2-3 times of the untreated 

cellulose. Similar results were also obtained from thermogravimetric analysis 

of hardwood and softwood samples. Surface area of char obtained by heating 

the treated wood at 800° C was found to be 500-570 m2g- 1 while that of 

untreated wood char was found to be 400-430 m2g- l
. Scanning electron 

micrograph of treat.ed and untreated samples revealed that the untreated 
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samples were significantly deformed and shrunk while the morphology of the 

sulphuric acid treated samples was largely preserved with very small 

shrinkage. EDXA spectra of charcoals obtained by carbonizing the treated 

cellulose and wood samples at 6000 C showed that the materials were nearly 

pure carbon with traces of oxygen and no traces of sulphur which confirmed 

that impregnated sulphuric acid was completely decomposed and volatilized 

below 6000 C. They concluded that sulphuric acid impregnation could be 

useful for preparation of carbon materials from cellulose or wood in terms of 

mass yield and preservation of the original shape. 

Connor & Viljoen (1998) discussed ways for improving the efficiency 

of charcoal production with particular reference to kilns. They pointed out 

that existing large-scale charcoal producers use kiln designs and operating 

practices that give reasonable yields and efficiencies. These designs and 

practices were results of largely empirical research and development 

procedure and very little attention being paid to fundamental aspects of wood 

decomposition processes and kiln behaviour. They pointed out that charcoal 

producers needed to acquire a better understanding of process fundamentals 

and to incorporate this into designs and operating procedures for further 

improvement in the efficiency of kiln-based charcoal production processes. 

According to them, the recovery of volatiles for subsequent use from kiln 

exhaust gases was the most promising way for ~aking the process more 

energy efficient. 

Muylaert et at. (1999) evaluated the technical feasibility of 

implementing a new method of charcoal production in Brazil and examined 

the environmental benefits of the method over the conventional muffle 
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furnaces. This new muffle type furnace with external combustion chamber had 

higher production efficiency and this would mean utilization of less amount of 

wet wood for production of same amount of charcoal than conventional 

muffle furnace methods. This in turn, had potential to save 18.7 million tons 

of wet wood per year and consequently, 1.4 million hectares of land would be 

saved from deforestation per year. The most important point was the reduction 

of CO2 emission. They reported that if the new type of carbonizer was used, it 

could reduce the CO2 emission by 25.7 million ton per year. 

Zendersons et al. (1998b) and Zandersons & Zurins (1999) described a 

technology developed at the Latvian State Institute of Wood Chemistry, 

Latvia for lump charcoal production by small and medium sized enterprises in 

rural conditions. The new technology was an indirect heating equipment 

combined in a block with a common furnace. This was found to be more 

appropriate for enyironment friendly production of charcoal than the 

equipment utilizing direct heating. They demonstrated that the direct heating 

equipment were appropriate for processing of dry wo'od only, otherwise to dry 

wood from a moisture content of 50 % - 20 %, an extra liquid or gaseous fuel 

is needed that shoots up production costs substantially. Indirectly heated 

apparatus though expensive than partial combustion equipment, the 

corresponding technology was environment friendly and resulted in higher 

charcoal yield. They suggested that in densely populated areas and countries, 

charcoal producers should be encouraged to use indirectly heated equipments. 

Noxious gas emission in conventional charcoal production technique 

USIng partial combustion devices can not be prevented by introducing 

economically viable methods. Zandersons et al. (1999), developed an 
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equipment which had provision for burning wood thermal degradation non

condensable gases and vapours for initial drying of wood. It was therefore 

considered to be more environment friendly and energetically self-sufficient 

once the process was started. The concentration of noxious compounds in 

effluent gases (C02, NOx, and solid particles) did not exceed the level reached 

in industrial-scale firewood furnaces. Charcoal quality also conformed 

European standard for lump charcoal. 

In an effort to explore new raw materials for sustainable charcoal 

production in Brazil, Zandersons et al. (2000a) evaluated the possibility of 

using sugarcane bagasse for charcoal production. T~e physical and chemical 

compositions of sugarcane bagasse were determined to examine its suitability 

for use as feedstock in industrial charcoal production. They suggested the use 

of rotary drum type apparatus for charcoal production from bagasse and 

recommended a two-stage process such as heating up and pyrolysis stage upto 

300° C in three parallel rotary-drums with externally heated thermoreactors 

and the glowing stage with the peak temperature ranging from 475° to 500° C 

in a single rotary drum reactor. Material balances were drawn up and the joint 

potential amount of heat was calculated. They showed that the heat flow of 

pyroligneous vapour, formed by combustion of all the volatile biomass 

thermal destruction products in the furnace had exceeded the upper limit of 

the heat necessary to carbonize sugarcane bagasse by 1.6 to 1.8 times. Hence, 

the technology using sugarcane bagasse for charcoal production would be 

energetically self-reliant. Such a reactor, according to them would also 

considerably improve the emission situation as it will drastically reduce the 

emission of noxius gases to an environmentally acceptable limit. 
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In an another attempt, Zandersons et al. (2000b) studied the feasibi lity 

of upgrading the powdery sugarcane bagasse charcoal to usable and applicable 

forms for domestic, and industrial use and more particularly for quartz 

reduction to metallic silicon. As the quartz reduction technology needs 

charcoal lumps of not less than 1.5 cm with good strength, the task of 

converting powdery charcoal to lump charcoal was done first by milling the 

charcoal to a granularity of less than 0.2 mm and by making use of binders. 

Use of 20 % molasses or 20 % - 30 % wood tar as binders provided a optimal 

compression strength of briquettes. The use of leaching techniques with strong 

mineral acids for reduction of impurities was necessary to allow its use for 

purification of metallurgical silicon to electronical grade silicon. They 

concluded that sugarcane bagasse could be effectively used as raw material 

for carbonization and the process would be environment friendly, energy self

dependent and a continuous-flow technology. The need for extra fuel was not 

necessary for carbonization if proper design and construction of the 

processing unit could be realised. 

The impact of charcoal production on forest land has always been a 

matter of concern for environmental activists. Chidumayo (1993) studied the 

recovery of miombo woodlands following clearance of woodland for 

carbonization. Though charcoal production removed 50 % of the total woody 

biomass, clearing of successive regrowth miombo did not appear to affect 

productivity. However, the sites where carbonization was carried out, the soil 

structure, seedlings and root stocks were found to be destroyed/damaged. 

Fortunately, these sites covered only 2 % - 3 % of the deforested area and 

thereby he contradicted the popular belief that land degradation was caused by 
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deforestation for charcoal production III the miombo woodland regIon of 

central and southern Africa. 

Monela et ai. (1993) conducted a survey to assess the socio-ecinomic 

aspects of charcoal consumption and its impact on the environment along the 

Dar es Salam - Morogoro highway in Eastern Tanzania. Data were collected 

through field observation, monitoring at a selected forest products checkpoints 

and interviewing charcoal producers, traders and consumers, over a period of 

one year covering both rainy and dry seasons. Returns from charcoal 

production of the rural households were also calculated. They reported that a 

total area of 1524 km2 was cleared for charcoal production in the last 35 

xears. Such heavy dependence on charcoal of rural communities either for 

domestic energy purpose or for earning a livelihood could be attributed to the 

fact that charcoal was the most affordable and efficient fuel in the study area. 

They concluded that heavy charcoal consumption near the growing city of Dar 

es Salam promoted the charcoal business with: a positive impact on 

households but at the expense of environmental protection. 

Cutting of wood for fuelwood and charcoal has been cited as a major 

cause of deforestation by various workers. But Openshaw (1996) contradicted 

this point and opined that the change of land use pattern was the major cause 

of deforestation. According to Openshaw, the principal reason was expanding 

land under arable agriculture with extending cattle farming and urbanisation 

were other factors. He suggested that rather than viewing the use of wood as a 

cause of deforestation and one of the reasons for global warming, the 

management of existing tree resources, the planting of trees and above all the 

expanded use of wood, especially wood energy could be a major strategy to 
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slow down and eventually reverse the production of excess green house gases. 

He opined that the use of trees should not be regarded as a problem, but as a 

solution to sustainable economic growth. 

Hofstad (1997) constructed a dynamic model of deforestation around 

Dar es Salaam linking marginal cost and demand of charcoal. The exploited 

area formed a wedge, which expanded in side as net price of charcoal 

increased. Wood was primarily harvested at the edge of the wedge. 

Simulations were drawn up that showed with an increase in charcoal price, 

supply area had also increased along with harvest rates. Increment of woody 

biomass within the wedge will supply little charcoal for many years because 

woodland density did not affect production costs. Therefore, reduced demand 

for charcoal and shift to other forms of energy were the controlling factors of 

deforestation. 

deMiranda (1999) discussed the deforestation and forest degradation 

by commercial harvesting for firewood and charcoal in the Pacific region of 

Nicaragua. He surveyed and analysed the ground situation and reported that 

deforestation appeared to be more associated with the changes of use of land 

from forest to agriculture and cattle ranching while forest degradation 

appeared to be directly associated with fuelwood harvesting for both 

household and industrial uses and charcoal production. He concluded that 

fuelwood harvesting for firewood and charcoal was not the main factor 

causing deforestation In the tropical dry forests of the Pacific region of 

Nicaragua. 

Economics of charcoal production in miombo woodlands of eastern 

Tanzania was investigated by Luoga et al. (2000). They assigned monetary 
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values to commercial charcoal production using traditional earth kilns through 

cost-benefit analysis (CBA). Charcoal was found to be the most 

commercialised resource in the study area. The profit from charcoal 

production was attributable to very low capital outlays, free own labour, free 

raw materials and lack of concern about associated external costs and high 

demand for charcoal. But when the cost of labour, raw materials and 

opportunity costs were considered, the net present value was negative. This 

indicated that profit realization was accomplished at the expense of other 

potential uses of the woodlands. The estimated local wood consumption for 

charcoal was very high compared to subsistence firewood consumption. 

Though commerciaI"isation of the charcoal production provided tangible 

monetary benefits to rural communities, the huge area cleared for charcoal 

production every year would lead to the resource depletion and would 

ultimately threaten their long-term survival. Some policy intervention in order 

to safeguard the resources was recommended from the study. 

With the African Development Programme (AREED) enterprise 

development support and seed financing, one Zambian enterprise KPBS was 

set up to produce charcoal from sawmill waste (Usher, 2003). For this 

purpose, 15 Argentine Half-Orange Brick Kilns were constructed and 

marketing and distribution networks were established. The long-term fuel 

supply and land lease agreements with the local sawmills allowed KPBS to 

produce 2700 tons of charcoal annually. Thus, using a waste product for fuel 

and a process having conversion efficiency twice as traditional methods, 

KPBS proved that a clean energy enterprise could both solve an 

environmental problem and be good business as well. 
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Chapter III 

M'ATERIALS AND METHODS 



Materials and methods 

3.1 Study sites 

The study sites selected for the present study were the different forest 

areas of the state of Meghalaya. The state is located in the north-east India and it 

lies between 25° I' and 26° 5' north latitudes and 85° 49' and 92° 52' east 

latitudes. 

The total geographical area of the state is 22429 sq. km with a population 

of 2306069 (as per Census report of 2001). The temperatures range from 

approximately 2° C in winter to 36° C in summer depending upon the altitudes, 

ranging from 300 m to 2000 m above sea level. The state is predominantly hilly 

in nature. It experiences the highest rainfall in the world with an annual average 

rainfall of about 11000 ml. 

The state has a monsoon type of climate, but with wide variations 

depending upon altitude and physiographic differences.of land mass. 
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The soils of Meghalaya are dark brown to dark reddish-brown in colour 

varying in depths from 50 - 200 cm and acidic in nature. A ~ Qc.c..-d :
-?H-~ 

Total area of the forests in the state is around 949550 hectares out of 

which only 71270 hectares are under reserved forests while a total of 850300 

hectares of forest lands belong to community or individuals of the state. 

3.2 Species selection 

In the beginning of the study, a survey was made to identify the 

commonly used indigenous tree species for charcoal production by the rural 

people of the state of Meghalaya. For this we made visits to various charcoal 

producing localities of the state and interviewed about 50 nos. of local charcoal 

producers. Finally, a total of 41 indigenous tree species were identified which 

have been used for charcoal production. 

To know about the preferences given on these tree species for charcoal 

production and also about their availability in the state, we selected 10 key 

informants of charcoa·l producers who were having 10 to 15 years of experiences 

in charcoal production. They were asked about the level of preferences for these 

41 tree species for charcoal production and also about their availability in the 

state, especially in the charcoal producing areas. The level of preferences given 

on each of the tree species were: highly preferred (HP), moderately preferred 

(MP) and less preferred (LP). Similarly, information on availability of these 41 

species was also classified into three levels: highly available (HA), moderately 

available (MA) and less available (LA). For a tree species preference level given 
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by the highest number of informants was considered as the correct information. 

Similarly, regarding the availability level of any species, if the highest number of 

informants reported any level (out of the three levels) that was considered to be 

the correct informat.ion. For example, about the a~ailability of a particular 

species, if 5 informants reported as highly available (HA), 3 informants reported 

as moderately available (MA) and 2 informants reported as less available (LA), 

then the species was considered as highly available. 

From the information collected through the personal interview of the 

charcoal producers about the indigenous tree species commonly used for charcoal 

production and their availability and preference given on them for charcoal 

production, a list was prepared and reported in Table 2. The highly preferred tree 

speCIes were selected for the present study. The speFies were Albizzia lucida 

Benth., Bei/schmiedia assamica Meisn., Cassia siamea Lamk. Castanopsis 

hystrix DC., Diospyros peregrina (Gaertn.) Gurke., Dysoxylum procerum Hiern., 

Elaeocarpus varuna Ham., Eurya acuminata DC., Machi/us bombycina King., 

Melia azedarach L., Michelia champaca L., Quercus dealbata Hook. f. & Th., 

Quercus griffithii Hook. f. & Thomson ex. Miq., Schima wallichii Choisy. and 

Terminalia catappa L. 

3.3 Characteristics of the tree species 

Characteristics of the selected tree species In terms of their botanical 

description, wood quality, availability etc. have been described elsewhere (Gupta, 

1981; Dutta, 1985; Dutta, 1989; Kanjilal et al., 1997 and Haridasan & Rao, 1987). 
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3.3.1 Botanical Name : Albizzia lucida Benth. 

Vernacular name : Dieng-tilpot (Khasi), Moj (Assamese) 

Family : Leguminosae 

Fig. 4: Albizzia lucida 

Middle sized tree up to 20 m high ; crown oval or elongated, branches 

arcuate, spreading; bark grey or dary grey, smooth or nearly so, horizontally 

wrinkled and lenticeiJate ; common rachis 2-4 em long with a prominent gland , 

usually little above the middle, pinnae rachis 2.5-7 em long, often with a gland 

near the tip; leaflets 4-14 cm x 2-5 cm, basal smaller, ovate to oblong

lenceolate, heads in subumbellate corymbose panicles, dull white, up to 2 .5 cm 

across; corolla ca. 0.5 cm long, pale yellow, filaments dull white or pale ye llow; 

pods 10-25 em x 2.5-3 em, shining, deep brown, 4-8 seeded. 

Heartwood is hard and durable, good for house building and cart wheel and 

firewood. Mainly distributed in lndo-Malaya region, Assam, Nagaland and 

Meghalaya. 
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3.3.2 Botanical name : Beilschmiedia assamica Meisn. 

Vernacular name : Dieng-khalang (Khasi), Amchoi (Assamese) 

Family : Lauraceae 

Fig. 5: Beilschmiedia assamica 

Evergreen large trees 15-25 m high , bark pale gray to brown , hori zontally 

wrinkled or nearly smooth; quite glabrous, leaves opposite elliptic-ovate or 

lanceolate, obtusely acuminate , shining and reticulated on both surfaces, fruit 7- 8 

cm long, very shortly pedicelled elliptic or ovoid-oblong, tip rounded, pericarp 

thick. Leaves 6-20 x 3-8 cm, elliptic, oblong-elliptic or lanceolate, coriaceous, 

pale brown when dry, base cuneate; nerves about 10 pairs, very slender, equally 

prominent on both surfaces; petiole 3 cm long, slender. Stamens 9 or more, 

perianth 5, fruits 2.5-5 cm long, ellipsoid , ovoid , ellipsoid , black when ripe. 

Wood is very good for making charcoal. Widely distributed in north-east 

India and Myanmar. 
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3.3.3 Botanical name : Cassia siamea Lamk. 

Vernacular name : Bon-sirish, Pahari-sirish (Assamese) 

Family : Caesalpiniaceae 

Fig. 6: Cassia siamea 

A middle sized tree. Leaves are compound with pinnate or stipules absent. 

The flowers are zygomorphic. Calyx is free or the 2 upper sepals may be united ; 

the aestivation is imbricate, Corolla is ascending imbricate. Stamens are 10 or 

few, free or united in one or two bundles. Inflorescence: Racemose. 

Wood is not too hard and yellow in colour after fresh cut. Found in all 

over Assam (mostly in upper Assam), areas of lower elevations in Meghalaya and 

planted as roadside tree. 
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3.3.4 Botanical name : Castanopsis hystrix DC. 

Vernacular name: Dieng-sohstap (Khasi), Bor hingori (Assamese) 

Family : Fagaceae 

Fig. 7: Castanopsis hystrix 

Large evergreen tree, young parts pubescent, wood hard grayish white, 

bark grayish-cinnamon brown, horizontally wrinkled, branches globrous or nearly 

so , leaves petioled, middle oppressed tomentose pubescent or puberulous 

beneath, nerve 10- 12 pairs. Leaves 7-18 x 2-5 cm, very coriaceous oblong

lanceolate, lanceolate-elliptic, acuminate, base cuneate or rounded, sparingly 

toothed towards the tip; tomentose when young, spikes panicled, 5-10 cm long; 

involucre covered by short, stout spines, 1-2 cm across; petiole 8-12 mm. Nuts 

obscurely 3-angled, 2- 3, 1.5-2.0 cm. Flowring and fruiting is nearly throughout 

the year. 

Mostly found in Goalpara, Lakhimpur, Sibsagar, Dibrugarh of Assam, 

Meghalaya, Nagaland and Arunachal Pradesh. 
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3.3.5 Botanical Name : Diospyros peregrina (Gaertn.) Gurke. 

Vernacular name : Kendu Goch (Assamese) 

Family : Ebenaceae 

Fig. 8: Diospyros peregrina 

A middle sized handsome evergreen tree with a spreading crown. Bark

blackish with numerous white blotches. Leaves - distichous, 10- 20 cm x 3.5- 6.5 

cm, oblong or narrowly oblong, glossy green, smooth, glabrous, base rounded; 

petiole often twisted, 0.75-1.25 cm long. Flowers - tetramerous, white or cream 

coloured, scented. Male flowers in short pedunculate rusty pubescent cymes of2-

7 flowers. Calyx - 0.6 cm long, silky pubescent; segments 4. Stamens - many in 

pairs at the base of the corolla; anthers linear. Female flowers usually solitary, 

subsessile; peduncles pubescent, ovary 8-celled; style 4-lobed at the tips. Fruit -

globose, 3.5-6.5 cm across. 

Wood is moderately hard, used for building construction and as firewood. 

Found in different parts of north-east India. 
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3.3.6 Botanical name : Dysoxylum procerum Diern. 

Vernacular name :Dieng-narang (Khasi), Bandordima (Assamese) 

Family : Meliaceae 

Fig. 9: Dysoxylum procerum 

A fairly large tree up to 25 m high; bark greenish-grey, grayish-brown, 

smooth or scaly when mature; crown dense, oval; leaves 30- 60 cm long, leaflets 

5- 13 in nos. , 10- 25 em x 7-10 cm, ovate, ovate-oblong, base rounded, obtuse, 

cuneate, entire, glabrous, panicles 30-50 cm long; flowers 0.7-1 cm across, 

creamy white, fragrant; calyx shortly lobed; petals oblong; disc elongated ; 

capsules 3-4 celled, pyriform, 5-6 cm in diameter; seeds black with orange aril. 

Time of flowering and fruiting - December - August. 

Distributed nearly throughout India, common In Meghalaya In lower 

elevations. 



3.3.7 Botanical name : Elaeocarpus varuna Ham. 

Vernacular name : Dieng-sohkhyllam (Khasi), Pahari-varun (Assamese) 

Family : Elaeocarpaceae 

Fig. 10: Elaeocarpus varuna 

A fairly large tree up to 25 m in height and 2 m In girth with a large 

spreading crown. Bark grey or brownish-grey, nearly smooth, usualy lenticellate, 

often with stilt roots at base, branchlets silky tomentose; leaves 13-20 em x 4.5-

8 em, broadly oblong-lanceolate, oblong-elliptic, acuminate, rounded at base, 

cuspidately crenate serrate, chartaceous or thinly coriaceous, grayish-silky when 

young, dark green, glabrescent when mature, deep red at senescence, petiole 3.5-

7 em long, tomentose at first, racemes densely crowded, silky pubescent; flowers 

1.2-1 .5 em across, buds silky, lanceolate , obscurely angled, stamens numerous, 

anthers shortly awned, disk red or orange red, lobed, drupe 1.5- 2 em long. 

Distributed in South-Asian countries like Nepal, India, Myanmar, mostly 

confined to eastern region of India including Meghalaya, occasional in mi xed 

deciduous forests along low altitude. 



3.3.8. Botanical name : Eurya acuminata DC. 

Vernacular name : Dieng-shit (Khasi), Murmura (Assamese) 

Family : Theaceae 

Fig. 11: Eurya acuminata 

A small to middle sized evergreen tree, sometimes up to ] 2 m in height. 

Bark-dark-brown and fairly smooth outside, reddish inside and thin. Leaves 4-9 

cm x 1-2 cm, oblong-lanceolate or linear-elliptic- lanceolate, acuminate, base 

cuneate, rounded or obtuse, crenate, glabrous, pale beneath, midrib channeled 

above, hairy beneath; flowers axillary or on fallen leafaxils, fascicled, fragment, 

yellow, 2-4 mm across, sepals ovate, outer smaller, petals yellow, ovate; stamens 

yellow, many, ovary pubescent; styles united above Yz the length; capsules up to 

5 mm across, crowned by the persistent style. Time of flowering and fruiting -

July to February. Wood is locally used as fuel. 

Distributed in Indo-Malaya region extending to Fiji Islands, very common 

in varied types of forests nearly throughout Meghalaya. 
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3.3.9 Botanical name : Machi/us bombycina King. 

Vemacular name : Chom Goch (Assamese) 

Family : Lauraceae 

Fig. 12: Machi/us bombycina 

A middle to big sized tree up to 20 m in height with spreading crown. Bark

light dark-grey, rather rough. Blaze- mucilaginous, reddish or pinkish-brown. 

Inflorescence-silky. Leaves 6- 13 em x 2- 4.5 em, elliptic-Ianceolate to obovate

lanceolate, oblong-Ianceolate, acuminate or sub-acuminate; coriaceous, glabrous 

above, addressed silky beneath when young, minutely silky or puberulous with age; 

base cuneate or acute; lateral nerves 6-8 on either half, slender. Petiole - 0.7- 1.7 em 

long. Panicles-sub-terminal 4-10 em long, branches spreading; Flowers 0.4-0.6 em 

across, greenish-yellow, fruits 0.5-0.8 em across, globose. 

Wood is hard and used as ordinary timber. It is good for firewood and 

charcoal preparation. Muga silk worms are mainly reared on the leaves of thi s 

tree. Found through out Assam, lower Meghalaya and lower Naglanad. 
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3.3.10 Botanical name : Melia azedarach L. 

Vernacular name : Dieng-jahrasang (Khasi), Ghora neem (Assamese) 

Family : Meliaceae 

Fig. 13: Melia azedarach 

Middle sized trees, crown lax, sub-oval; bark gray, grayish-brown, smooth 

at first, rectangular scaly in old trees; leaves bi or tri pinnate, 30- 90 cm long; 

leaflets 2.5-5 cm x 1- 2.5 cm, ovate-Ianceolate, base cuneate, oblique, serrate to 

entire, stellate tomentose when young; flowers 1-1.5 cm across, purple; calyx 

minute; petals deflexed, white, ca. 0.7 cm long; staminal tube purple; drupe 

fleshy , yellow when ripe. 1- seeded. Time of flowering and fruiting - June to 

December. 

A very quick growing tree, distributed In Indo-Malaya region , usually 

cultivated in Megha\aya 



3.3.11 Botanical name 

Vernacular name 

Family 
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: Michelia champaca L. 

: Shap (Khasi), Tita sop a (Assamese) 

: Magnoliaceae 

Fig. 14: Michelia champaca 

Usually a middle sized evergreen tree up to about 22 m in height. Bark ashy

grey or brownish. Leaves 10-25 cm x 4-7 cm, lanceolate, sometimes ovate, finely 

acuminate, thinly coriaceous, glabrous, lateral nerves about 16 on either side of the 

midrib with often a few intermediate ones, slender but conspicuous. Petiole 1.7- 3 cm 

long, slightly channeled, leaf-buds lanceolate, ferruginous-pubescent. Flowers 

axillary, rarely terminal, solitary 3-4 cm long, pale yellow, very fragrant; buds ovoid. 

Sepals petaloid, inner ones narrower, oblanceolate; fruits 7-15 cm long, cone-like, 

drooping; ripe carpels ovoid or ellipsoid, generally sessile. 

Wood is durable, used in furniture, building works and also gives good 

quality charcoal. Distributed in Indo-Malaya region, usually cultivated for their 

fragrant flowers, cultivated as well as wild in foothills ofMeghalaya. 
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3.3.12 Botanical name : Quercus dealbata Hook. f. & Th 

Vernacular name : Dieng-sohot (Khasi), Chalsi (Assamese) 

Family : Fagaceae 

Fig. 15: Quercus dealbata 

A small tree or shrub. Bark ashy-grey. Leaves 7.5-2 0 cm x 2.5- 5.5 em, 

lanceolate, usually acuminate, entire glabrous above when adult, lateral nerves 8-

14 on either half; tertiaries parallel and traneverse. Lnflorescence terminal , the 

spikes in panicles. Male flower sessile in clusters of 3; bracteoles unequal; 

perianth segments 5; stamens about \ O. Female flowers in clusters of3 , confluent 

at base; styles 3; linear. Cupule sessile, woody, enclosing almost the whle of the 

glan; scales pubescent, connate with a free apex forming tubercles . Glans 

turbinate or pyriform, 1.25- 1.75 cm in diameter. Ripe fruit crowded on a stout 

long rachis of \- 3 together. 

Wood is durable and gives good quality charcoal. Common In high 

altitude areas of Meghalaya. 



3.3.13 Botanical name 

Vernacular name 

Family 
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: Quercus griffith;; Hook. f. & Thoms. ex. Miq 

: Dieng-wah (Khasi), Shin oak (Assamese) 

: Fagaceae 

Fig. 16: Quercus griffithii 

Trees up to 15 m high; crown lax, bark ash grey, fissured, warty and 

rough; leaves (crowded at branch tips) 10-22 em x 3.5-12 em, oblanceolate

elliptic, obovate-elliptic, acuminate, base narrowed, cuneate or rounded, sharply 

distantly serrate, glaucous tomentose beneath; male spikes slender, drooping, 

many together, yellow, 5-12 em long; female clustered at tip; acorns 1-1.5 em 

across; cupule adpresses scaly, covering 1/4 the acrid nut. 

Distributed across eastern Himalayan region, common In Meghalaya at 

higher elevations. 
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3.3.14 Botanical name : Schima wallichii Choisy. 

Vernacular name : Dieng-nganbuit (Khasi), Makorisal (Assamese) 

Family : Ternstroemiaceae (Theaceae) 

Fig. 17: Schima wallichii 

A large tree, 15-50 m high; bark reddish-brown, warty or blotched; crown 

ovoid, dense, young tips silky tomentose; leaves 8-16 cm x 2.5--6 cm, elliptic

lanceolate, oblong-elliptic, oblanceolate, acute, base cuneate, margin entire, 

deciduously bulbous hairy beneath, glabrous above; flowers axillary, solitary or 

paired, white, 3--4 cm across; sepals rounded , ciliate, glabrescent; petals, ovoid up to 

1.8 cm long, glabrescent; stamens yellow, nearly free, adanate to base of corolla; 

ovary hairy at base; style cylindric; fruits gray-pilose, up to 2 cm across, depressed 

globose. Time offlowering and fruiting - February to April and January to February. 

Wood is commonly used as plywood, distributed in lndo-Myanmar, Nepal, 

Bhutan, Bangladesh, Eastern Himalayas, N.E. lndia and throughout Meghalaya in all 

types offorests. 



3.3.15. Botanical name : Terminalia catappa L. 

Vernacular name : Soh-handru-diengartaki (Khasi) 

Family : Combretaceae 

Fig. 18: Terminalia catappa 

A tall tree with rough bark, stem often buttressed . Leaves 15- 22 cm x 9-

12.5 cm, obovate or obovate-oblong from a narrow cordate base ; midrib 

sometimes with 2 depressions near the base on the under side; petiole 1.25-2 cm 

long, short, stout, channeled. Flowers white; spikes axillary, upper flower male 

and shortly pedicelled, lower bisexual. Calyx glabrous outside. Drupe 2.5-5 cm 

long, glabrous, ellipsoid, slightly compressed. 

Distributed across Indo-Malaya region, nearly throughout India, common 

in Meghalaya in deciduous and tropical evergreen forest at lower elevations. 

3.4 Field sampling for laboratory experiments 

For each of the tree species, wood samples were collected from four 

different randomly selected trees of the age group 10-15 years and grown in their 
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natural habitats in the state of Meghalaya during March to April 2001. Size of the 

wood samples collected were 10 cm in length with diameter classes ranging from 

10-15 cm, 15-20 cm and 20-25 cm outside the bark. Freshly cut wood samples of 

each of the tree species were put in polythene bags and sealed to avoid loss of 

moisture from it. They were labeled and brought to the laboratory for 

experimental works. 

3.5 Analytical methods 

Dry wood samples were first ground to fine powder form. This was then 

passed through a 40-mesh (0.4 mm) sieve and the resultant particles of size less 

then 0.4 mm were taken for analysis. 

The wood samples thus obtained were further prepared according to 

TAPPI method (T 264 om-88). This includes i) fractionation of very fine 

materials that may clog fine filters or pass through coarse filters producing 

erroneous results, ii) extraction with ethanol-benzene except where the extractIon 

process and subsequent washing could interfere with certain chemical analysis. 

3.5.1 Determination of moisture content 

Moisture content (MC) of the wood samples was determined according to 

the TAPPI method (T 258 om-89). For this, a 109 of sample was weighed 

immediately after sampling and then air-dried. This air-dried sample was taken in 

an aluminum box and kept in an oven at 105 ± 3° C until constant weight was 
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attained. The differertce of green weight and the oven dry weight was considered 

as moisture content. 

For each sample, the estimation was done in triplicate and the mean value 

was reported. 

3.5.2 Determination of ash content 

Ash content of. wood samples was determined according to T APPI method 

(T 211 om-85). 

At first, the silica crucible was heated in a muffle furnace at 575 ±25° C 

for 15 min., placed in a desicator for 45 min. and weighed to nearest 0.1 mg. Test 

sample was then placed in the crucible and weighed accurately. It was then kept 

in a muffle furnace. The furnace temperature was gradually raised to 575±25° C 

so that the material was carbonized without flaming. The sample was allowed to 

stay at that temperature for 31h or longer to burn away all the carbon, completion 

of which was indicate~ by absence of black particles. The crucible was then taken 

out of the furnace, cooled in a desicator and weighed to the nearest 0.1 mg. 

Ash % = 
Weight of ash 

-------------------- x 100 
Weight of the sample 

For each of the wood samples, the test was conducted thrice and the mean 

value was reported. 
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3.5.3 Determination of density 

Air-dry density and oven-dry density were determined according to T APPI 

method (T 258 om-89). Air-dry density was obtainf'n by dividing the air-dry 

weight by air-dry volume while oven-dry density was obtained by dividing oven-

dry weight by oven-dry volume. Volume of the wood samples was determined by 

water displacement method following treatment of the samples in a solution of 

paraffin wax in carbon tetrachloride. 

For each sample, the estimation was done in triplicate and the mean value 

was reported. 

3.5.4 Determination of calorific value 

The calorific values of the wood samples were determined with the h'elp of 

a Bomb Calorimeter as per the method recommended by the Indian Standard 

Institution (IS: 1359-1955) (Bureau of Indian Standards, 1960). The protocol for 

determination of calorific value was as follows: 

Protocol for calorific value measurement (Gupta et ai., 1996) 

Calorific value as determined with a bomb calorimeter is defined as the 

. , , 

number of heat units liberated by a unit mass of the substance when burnt in a 

sealed enclosure of constant volume in an atmosphere ~f pure oxygen gas. 

At first, the bomb calorimeter was standardized by burning pure and dry 

benzoic acid to give the effective heat capacity of the system. About I g of 

completely dried sample was weighed accurately: The sample was then 

compressed to make a pellet and its weight was taken. Nichrome firing wire was 
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stretched across the electrodes within the bomb and a cotton thread was tied 

around the wire and arranged the loose ends of the thread so that they were in 

proper contact with the sample pellet in the crucible and then the bomb was 

reassembled The bomb was filled with pure oxygen at a pressure of 18 

atmospheres. 2.0 kg of water was transferred to the calorimeter vessel. Oxygen 

filled bomb was kept inside calorimeter vessel. After adjusting the stirrer and 

covers in proper position, the main supply and stirrer mechanism was switched 

on. After an interval of not less than ten minutes, temperature to 0.0 1° C was 

recorded continuously for each one-minute interval. Reading was taken 

continuously till rate of change of temperature was found less than o.oono 

Cimino After that, the ignition circuit was closed and temperature variation was 

recorded. Bomb and thermometer were removed from the calorimeter and bomb 

was opened after releasing the pressure. The length of the nichrome wire left 

unused was measured for correction. 

Calculation 

Weight of fuel pellet (g) 

Thread correction (cal) 

Firing wire correction. (cal) 

=W 

= Weight of cotton thread (mg) x calorific 

value of cotton thread (cal/mg) 

= x 

Length of firing wire consumed (cm) x 

mass/length of wire (mg/cm) x <;::alorific 

value of Nichrome wire (cal/mg) 

y 
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Temperature rise (tOC) Final temperature-initial temperature 

Apparent heat capacity of system = z 
(cal/o C) 

Total heat liberated (cal) = z >" t 

p 

Subtract thread correction (cal) p -- x 

Subtract wire correction (cal) (p_. x) - y 

q 

Heat liberated from W g of fuel (cal) = q 

Hence heat liberated from I g of fuel (cal) =q/W 

Therefore, calorific value of the fuel (cal/g) = q/W 

3.5.5 Determination of cellulose, hemicellulose and lignin 

Cellulose, hemicellulose and lignin contents of the wood samples were 

determined by using t~e FiberTech I & M syf!'t:ems. The determination is based on 

the principle that fiber is an inhomogeneous mixture of various macromolecules 

i.e. structural polysaccharides (eg. cellulose, hemicellulose and pectins) and also 

non-carbohydrates like the aromatic lignin. Different chemical analytical 

technique yields neutral detergent fiber (NDF), acid detergent fiber (ADF), acid 

detergent lignin (ADL). All of these methods are based on subsequent steps of 

chemical treatments to solubilize "non-fiber" components and final determination 

of the residue content. 
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NDF is defined to be the residue after treatment with a neutral detergent 

solution (Sodium lauryl sulphate and EDTA). The residue content is cellulose 

(lOa %), hemicellulose (lOa %), lignin (100 %). 

ADF is defined to be the residue after treatment with acid-detergent 

solution (eTAB in sulphuric acid solution). The residue content is cellulose (100 

%) and lignin (100 %). 

ADL is defined to be the residue after initial treatment by the ADF 

method followed by removal of the cellulose fraction through extraction using 72 

per cent sulphuric acid. 

Subtraction of the value of ADF from NDF gave us the value of 

hemicellulose content while subtraction of ADL from ADF yielded cellulose 

content and ADL is the measure of lignin. 

Samples for this purpose was milled to pass through a '1.0 mm sieve as 

recommended. Samples were also defated with acetone three times with 25 ml 

portions/g sample in the Fibertech cold extraction unit prior to extraction in the 

hot extraction unit. 

3.5.6 Determination of extractive content 

Extractive content of the wood samples was: determined according to 

T APP! method (T 204 om-88). Extraction was done with ethanol-benzene as 

solvent (one volume of 95 % ethanol and two volumes of benzene) in a Soxhlet 

apparatus for 5-6 h. The materials removed as extractives was reported as 

percentage of oven-dry alcohol-benzene soluble material. 
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For each sample, the estimation was done in triplicate and the mean value 

was reported. 

3.5.7 Laboratory-scale carbonization experiment 

For laboratory-scale carbonization of wood samples of the tree species, the 

reactor used was a quartz tube (25 cm long and 5 cm inner diameter) heated 

electrically by a cylindrical electric furnace. The temperature of the reactor was 

controlled with a PID controller. Wood pieces of approximately 2 x 2 x 2 cm3 sizes 

were initially oven-dried at 1050 C until they attained constant weight. Dried wood 

pieces of known weight of above mentioned sizes were placed inside the quartz tube 

and temperature of the reactor was raised gradually with a constant heating rate of 30 

C/min. As soon as the temperature of the reactor attained the desired terminal 

temperature, it was held at that temperature for 1 h and then the furnace was turned 

off. When the furnace temperature attained the room temperature, the char was 

removed from the quartz tube and weighed. The gaseous products, produced during 

carbonization were allowed to pass through a glass liner placed in a cold trap 

maintained at 00 C, where condensable materials and tar were collected. These 

comprised of an aqueous phase (pyrolignious acids) and an oily phase (pyrolytic oil or 

tar), which were separated and weighed. The gas portion escaped the collector, passed 

through a U - tube filled with CaCh and then measured by displacing a liquid of 

known specific gravity. 

The products of carbonization of the wood of different tree species at various 

terminal temperatures viz. 3000 C, 4000 C, 5000 C, 6000 C, 7000 C and 8000 C were 
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collected separately and weighed. From the weight of the wood pieces charged to the 

reactor and the weights of char and other decomposition products viz. gas, tar and 

condensed liquid, their yields were calculated. 

Similarly, wood of the tree species were carbonized separately at 3000 C, 4000 

C, 5000 C, 6000 C, 7000 C and 8000 C with a heating rate of 200 C/min. For each 

terminal temperature, char and other decomposition products were collected separately 

and weighed. From the weight of the wood pieces charged to the reactor and the 

weight of char and other decomposition products, their yie~ds were calculated. 

For wood of each of the tree species, at various terminal temperatures and at a 

particular heating rate, the experiment was conducted thrice and the average value was 

reported. 

3.5.8 Determination of moisture, volatile matter and ash content of 

charcoal 

Moisture, ash and volatile matter contents of charcoal samples were 

determined according to the method ASTM D 3173., D3174, D3175 (ASTM 

1988a, b, c). 

Moisture content of charcoal samples were determined first by weighing a 

porcelain crucible preheated in a muffle furnace at 7500 C and then 

approximately I g of the ground sample was placed in it. The crucible was then 

kept in an oven at 1050 C till constant weight was attained. Dried charcoal sample 

was then cooled in a desicator for 1 h and weighed. 
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Difference In weight divided by the air-dry weight gIves the moisture 

content. 

For determination of ash content, a crucible with sample was put in a 

muffle furnace at 750 DC for 6 h. It was then cooled in a desicator for I hand 

weighed. The weight of residue divided by the initial weight gave the ash 

content. 

For determination of volatile matter, a muffle furnace was heated to 950 

Dc. A crucible containing the sample was placed first for 2 min on the outer edge 

of the furnace keeping the furnace door open and then for 3 min on the edge of 

the furnace and finally the crucible was placed in the rear of the furnace for 6 

min with the muffle door closed. Sample was then cooled by placing In a 

desicator for I h and then weighed. Difference in the initial weight and final 

weight divided by the initial weight gave the volatile matter content. 

Fixed carbon wa~ calculated by difference. 

For each sample, the estimation was done in triplicate and the mean value 

was reported. 

3.5.9 Determination of density of charcoal 

The density of charcoal was determined by the same method as described 

for the determination of density of wood. 

3.5.10 Field level carbonization experiments 

The field level carbonization experiments with two tree specIes 

included among the 15 tree specIes of the present study were carried 
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out in traditional earth mound kilns separately. The size of the kIln was 

of 3 m in length, I m in breath and 2 m In height, which is the most 

common size of kiln used by the charcoal producers in Meghalaya. 

Initially, tree species viz. C. hystrix and S. wallichii of varying girth (10-30 

cm) were felled and cross-cut into logs of I m. The logs of the two species were left 

separately to dry for about 2-4 weeks. 

For each kiln, a relatively flat area was selected and the wind direction 

was noted. Three stringers were laid on the ground against the direction of the 

wind. Edge markers were dug-in near the ends of the stringers and then wood was 

laid cross-wise on the stringers until a height of 2m was attained. While cross 

laying the wood the site from which lighting was to be done was carefully laId 

with smaller dry sticks and grass and chosen to be in the oncoming or leeward 

direction of the wind. To make the pile surface even. gaps between logs were 

filled with branches and smaller pieces of wood. The kiln is then covered with 

earth-turf. To facilitate ignition, a kindling was placed at the ignition point and 

the fire was started by using matches. When the fire had caught, the opening was 

also covered by earth-turf. Carbonization proceeded from the windward to 

leeward (or vice-versa) of the kiln. Subsidence of the kiln to about 2/3rds of the 

original volume and combustion of the kindling on the kiln top signaled 

completion of combustion. 

The unloading of the kiln was done with the belp of a spade with long 

handle. The charcoal was covered by soil immediately upon removal from the 

kiln to prevent spontaneous ignition and burning the charcoal to ashes. Having 
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cooled, the charcoal was packed in to bags and weighed. From the weight of the 

logs used in the pile and of the charcoal produced, the yield of charcoal was 

calculated. 

The moisture content, density, ash content, volatile matter and fixed 

carbon content of the charcoal thus produced were determined by using the same 

standard methods as' used in the case of charcoal samples produced in the 

laboratory-scale carbonizer. 

3.6 Statistical analysis 

The standard error was calculated and mentioned as ± S.E. One way anova 

was carried out and reported. 
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RESULTS AND DISCUSSION 



C'hapter' IV 

Results and discussion 

Analysis of energy scenarios by world bodies like F AO and IEA (F AO, 

1997; lEA 2003) has indicated that demand for woodfuel (fuelwood and 

charcoal) will remain high for many years to come. In recent decades, economic 

growth in the developing countries has indeed caused fossil fuel use to increase 

and the relative share of energy consumption accounted for biomass has declined. 

But absolute biomass energy consumption has continued to rise (Matthews et aI., 

2000). 

In India, where more than 70 per cent of the population lives in rural 

areas, and utilizes biomass energy traditionally for daily use, meeting their 

energy requirement continues to be a major challenge for the country. Moreover, 

rapid extraction and use of biomass resources for energy use will lead to 

deforestation, soil erosion and loss of biodiversity. 

To meet the present and projected future demand of biofuels in the 

country, it is highly essential to go for large-scale energy plantation on waste 



81 

lands and unused lands. However, while identifying the tree species for energy 

plantation, special attention should be given to the indigenous tree species and 

also local people's choice and preference for tree species. Several studies have 

emphasized the importance of establishing energy plantation with species that are 

found locally and traditionally preferred for fuel (Ravindranath et al., 1991; 

Kataki & Konwer, 2001, 2002; Deka, 2004). 

Because of inherent soil fertility and heavy rainfall in north-east 

India, Meghalaya in particular, a large varieties of tree and shrub species grow 

well in this region. But there is a conspicuous lack of knowledge regarding their 

suitability for charcoal production. 

The results of the present study are presented and discussed in the following 

parts: 

Part 1: First of all a survey was made in the state of Meghalaya to identify the 

tree species grown in their natural habitats and that are currently in use for 

charcoal production by traditional process i.e. earth mound kiln method. From a 

list of 41 identified tree species, 15 species were selected on the basis of their 

availability and preference given by the local charc'oal producers for further 

study. 

Part 2: The selected fifteen specIes were analysed for their physico-chemical 

properties, biochemical and elemental compositions. 

Part 3: The species were carbonized in a laboratory-scale reactor within the 

temperature range of 3000
- 8000 C at two different heating rates viz. 30 C/min and 
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20° C/min and the mass balance of the decomposition products of each of the 

species at different terminal temperatures were determined. 

Part 4: With a view to evaluate the properties of the charcoal samples produced 

from each of the tree species at different terminal· temperatures these were 

analyzed for their moisture content, density, ash content, volatile matter content 

and fixed carbon content. 

Part 5: At the end, we conducted field experiments for charcoal production in 

earth mound kiln with one superior and one inferior quality tree species 

selected on the basis of their yield and quality of charcoal in the laboratory

scale study. Each species was put in the kiln separately with a view to 

compare the yield and quality of charcoal produced in the traditional earth 

mound kiln with those of charcoal samples produced in the laboratory-scale 

reactor. 
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Part 1 

Selection of the tree species for detailed study 

Chidumayo (1995) prepared an inventory of wood used in charcoal 

production in Zambia. He described around 21 tree species from 3 wood biomass 

classes namely forest, Miombo and Savanna woodland. The physical and 

chemical characteristics of wood used in charcoal production and that of their 

charcoal were analysed. On the basis of these results and from the charcoal 

consumption in Zambia, he estimated the charcoal carbon budget of Zambia. 

With a view to identify the commonly used tr.ee species grown in their 

natural habitats in the study sites, an initial survey was made by interviewing a 

cross-section of local charcoal producers regarding the type of tree species used 

for charcoal production, their availability and the preference given on them. 

Information regarding preference given on each of the tree species were collected 
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under 3 categories: highly preferred (HP), moderately preferred (MP) and less I b'-te-~ 
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From Table 2,. it can be seen that out of total 4 ~ tree species identified in 

the study sites, 15 species were found to be highly preferred by the local charcoal 

producers. However, it was observed that all these 15 tree species were not 

equally available in the study sites. Out of these 15 species, 4 species, namely M. 

bombycina, M. azedarach, A. lucida and C. siamea were found to be highly 

preferred and highly available in the study sites, whereas 8 other species namely 

C. hystrix, Q. dealbata, E. varuna, Q. grifJithii, D. procerum, S wallichii, E. 

acuminata and T. catappa were found to be moderately available and remaining 3 

species namely B. assamica, M. champaca and D. peregrina were less available. 

Apart from these 15 species, another 10 species (Table 2) were also preferred but 

they had some other competitive uses. S. asper and A. diandrum have indigenous 

medicinal use, S. robusta is an excellent timber yielding species, fruit of S. 

cumini has good market value, C. (oona, A. nepalensis, P. cerasoides and M. 

ferrea are known to produce high grade timbers. Q. glauca and Q. roxburghii 

were not very common in the study sites. The rest 16 species were comparatively 

less preferred for charcoal production and used only when there is a heavy 

demand for charcoal in the market. 

These 15 species were found to be highly preferred and therefore, selected 

for the detailed study. Botanical names, family and vernacular names of these 

tree species are presented in Table 3. 
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Table 2 LIst of tree specIes commonly used for charcoal productIon along wIth 
theIr avallablhty In the study sItes and preference gIven by local people 
for charcoal productIOn 

51. Botanical name Family Preference Availability 
no. 
I Prunus cerasOldes D Don Rosaceae MP MA 

2 Castanopsls hystnx A DC Fagaceae HP MA 

3 Premna latifolla Wall Verbanaceae LP MA 

4 Shorea robusta Gaertn Dlpterocarpaceae MP MA 

5 Machdus bombycma KlI1g Lauraceae HP HA 
6 CleldLOn splcljlorum (Burn) Merr Euphorblaceae LP MA 

7 Croton Joufra Rotb Euphorblaceae LP LA 

8 Mesuaferrea Lmn Clusslaceae MP LA 

9 Quercus dealbata Hk f & Th Fagaceae HP MA 

10 Quercus glauca Thunb Fageceae MP LA 

II Randw longljlora Lamk RubJaceae LP MA 

12 Wendlandw grandls Cowan RubJaceae LP HA 

13 Quelcus ro).burg/lll Endl Fagaceae MP LA 

14 Lllsea lancifolw Wall ex Hk f Lauraceae LP LA 

15 Elaeocarpus varuna Ham Elaeocarpaceae HP MA 

16 CallLcarpa arborea Roxb Verbanaceae LP MA 

17 Cedrela toona Roxb et Rottler & Willd Mehaceae MP MA 

18 DLllenw swbrella Roxb DJllemaceae LP MA 

19 SyzygLUm cumllll (L) Skeels Myrtaceae MP MA 

20 MacQ/ anga denllculata (BI) Muell A rg Euphorblaceae LP LA 

21 Alnus nepalensls D Don Betulaceae MP MA 
22 Bellschnlledw assall/LCa Melssn Lauraceae HP LA 
23 Lllsea salLcifolw Hk f Lauraceae LP MA 
24 Olea dLOlca Roxb Oleaceae LP LA 

25 Quercus gt ifJithll Hook f & Th ex Mlq Fagaceae HP MA 
26 Dysoxylum procerum Hlern Mehaceae HP MA 

27 FICUS 11lrta Vahl Moraceae LP MA 
28 Schlma wal/tchll ChOlSY Theaceae HP MA 
29 Eyrya acummata DC Theaceae HP MA 
30 Mlchelta champaca L Lauraceae HP LA 
31 Antldesma dwndrum (Roxb) Roth Euphorblaceae MP MA 
32 Mahonw pycnophylla (Fedde) Berbendaceae LP MA 

33 Termmalw catappa L Combretaceae HP MA 
34 VlIet pedunculans Wall e). Sch Verbenaceae LP LA 
35 DLOspyros peregnna (Gaertn) Gurke Sapotaceae HP LA 
36 Gaulthena fi agrantlsslIIw Wall Encaceae LP LA 
37 So eblus asper Lour Moraceae MP MA 
38 Me/w azedarach L Mehaceae HP HA 
39 Photmla mtegrefolla Lmdl Rosaceae LP LA 
40 AlblZZW luclda Benth Legummosae HP HA 
41 CasslG SlGlI1ea Lamk Legumlnosae HP HA 
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Table 3: List of fifteen tree species selected for the detailed study 

81. Botanical name no. Vernacular name Family 

1. ALbizzia Lucida Benth. Dieng- TilpOI (Khasi) Leguminosae 

2. Beilschmiedia assamica Meissn. Dieng-khalal1g (Khasi) Lauraceae 

3. Cassia siamea Lamk. Pahari-sirish (Assamese) Caesa/pllllaCeae 

4. Castanopsis hystrix DC. Dieng-sohslap (Khasi) Fagaceae 

5. Diospyros peregrina (Gaertn.) Gurke. KendugQch (Assamese) Ebenaceae 

6. Dysoxylum procerum Hiern. Dieng-narang (Khasi) Meliaceae 

7. Elaeocarpus varuna Ham. Dieng-sohkhyllam (Khasi) Elaeocarpaceae 

8. Eurya acuminata DC. Diel1g-shil (Khasl) Theaceae 

9. MachiLus bombycina King. Chom goch (Assamese) Lauraceae 

10. Melia azedarach L. Dieng-jahrasang (Khasi) Meliaceae 

]1. Michelia champaca L. Shap (Khasi) Lauraceae 

]2. Quercus deaLbata Hk. f. & Th. Dieng-sohot (Khasi) Fagaceae 

13. Quercus griffithi'i Hook. f. & Th. ex. Miq. Dieng-wah (Khasi) Fagaceae 

]4. Schima wallichii Choisy. Dieng-nganbuit (Khasi) Theaceae 

Soh-handru-diel1gartaki 

]5. Terminalia catappa L. Combretaceae 
(Khasi) 
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Part 2 

Physico-chemical properties, proximate and ultimate 

analyses of the fifteen tree species 

Wood, being one of the major raw materials for charcoal production by 

carbonization process, the yield and properties of charcoal invariably depend upon the 

properties of the wood used. The physical properties ofwo:od such as permeability and 

thermal conductivity are different in longitudinal, radial and tangential directions. 

Given the importance of heat and mass transfer processes in determining both rates of 

heat transport and also rates of migration of volatile decomposition products within 

wood particles, wood structure and properties would be expected to have a significant 

influence on yield and rates of char formation (Connor et aI., 1996). 

2.1 Moisture content 

The inf1uenc~ of wood moisture content on charcoal formation in 

carbonization is very important and the nature of its influence is rather physical than 

chemical. It is generally expected that a wet wood (or wood with high initial moisture 

content) would require a longer heating period than that for a similar but dry piece of 



88 

wood. In the traditional earth-mound process of charcoal making where external heat 

source is not supplied, it would mean that more wood would be used up in vaporizing 

the initial moisture from the wood and thereby reducing the amount of wood for 

carbonization. This would cause a reduction in final charcoal yield. But on the other 

hand, wood with a high initial moisture content would require a longer heating period 

for vaporization of moisture present in it. This would facilitate in transferring heat to 

the interior of wood and this occurs when water vapour moving into the wood 

particles migrates inward and condenses in the cooler interior of the wood particles. 

This might tend to enhance the charcoal forming reactions and thus charcoal yield 

(Alves & Figueiredo, 1989). In view of this, it is very interesting to know how the 

moisture content of wood affects the charcoal yield and characteristics. 

The physical properties of the wood of fifteen tree species are presented In 

Table 4. Moisture content in the species was found to vary from the lowest of39.73 % 

± 0.73 in C. hystrix to the highest of 59.79 % ± 0.66 in M: ·azedarach. Analysis of the 

results (Table 4) shows that variation in moisture content among different species are 

significant (5%) except for B. assamica and S. wallichii; D. procerum and M. 

champaca; E. varuna, E. acuminata and T catappa; and Q. dealbata and Q. griffithii. 

Hakkila (1984) observed that moisture content varied from even one tree part to 

another tree part. Among all the species, M. azedarach, C. siamea, and A. lucida were 

found to have higher percentages of moisture content while C. hystrix, Q. griffl.thii and 

Q. dealbata were found to have quite low moisture contents. Apart from physiological 

differences, that might· cause variation in moisture content in different plant parts, 

seasonal changes and geographic location also contribute towards the difference in 
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Table 4. Physico-chemIcal propertIes, Fuel Yalue Index (FYI) and biochemIcal compOSItions of wood of fifteen selected tree 
species 

Moisture Ash content Calorific value Cellulose 
Hemi Extractive 

Species content Density (g/cc) (oven dry wt. (KJ gl) FVI (oven dry 
cellulose Lignin content 

(wt. %) %) wt. "!o) 
(oven dry (oven dry (oven dry 
wt. %) wt. "!o) wt. %) 

A Iuc/da 5061 ± 0 97 c 0511±008gh 243 ± 0 05 abe 1730±085, 3637 4617 ± 0 32b 2611 ± 0 20 h' 2121 ± 0 35 h 526 ± 0 13c 

B assamlca 4875 ± 0 59 e 0631 ± 0 07 e 229 ± 0 09 bed 1820 ± 0 661g 5014 4454±020d 3082 ± 0 21 a 2239 ± 0 27 Ig 299 ± 0 07, 

C s/amea 5736 ± 1 04 b 0485±008 gh 249 ± 0 06 ab 1720 ± 0 67, 335 4644 ± 0 33 ab 2772 ± 026 I 21 02 ± 0 37 h' 517 ± 0 03ed 

C hystrlx 3973 ± 0 73 1 0870 ± 0 07 a 106 ± 0 07, 2071±084b 17 4623 ± 0 27 b 2489±019 1 2609±009 a 267 ± 0 06 1 

o peregnna 4956±041d 0710 ± 0 04d 192 ± 0 041g 1845 ± 0 721 682 4417 ± 0 24 de 2840 ± 0 25d 2289 ± 0 21 el 577 ± 0 06b 

o procerum 4610 ± 0 83 I 0584±006er 242±009abe 1787 ± 0 93gh 431 4516 ± 0 25 c 3012±030b 2210±024 g 387 ± 0 049 

E varuna 4266 ± 0 87 h 0821 ± 0 05ab 173 ± 0 079 2011 ± 045ed 954 4288 ± 0 22 gh 2819 ± 0 31 de 2483 ± 0 07 c 325 ± 0 lh 

E acummata 4224 ± 0 65 h 0879 ± 0 08 a 112±010, 2107 ± 063a 1654 4418±033de 2673 ± 0 21 9 2622±015a 383 ± 004 g 

M bombycma 4393 ± 111 9 0870 ± 0 085 a 114 ± 0 09, 2133 ± 0 78a 1628 4371±02g el 2581 ±O 14, 2645±013a 466 ± 0 0g el 

M azedarach 5979 ± 0 66 a 0477±009h 265 ± 0 06 a 1709±090, 308 4693 ± 0 34 a 2793 ± 0 22el 2065 ± 0 30, 477 ± OOgel 

M champaca 4546 ± 0 77 I 0753 ± 0 07 ed 199 ± 007 el 1979±080d 749 4337 ± 0 25 19 2824 ± 0 28 de 2354 ± 0 09 d 387±0049 

Q dea/bata 4071 ± 0 94, 0848 ± 0 07 ab 144 ± 0 Olh 2037 ± 0 48bc 12 4274 ± 019 h 2645 ± 017 gh 2529 ± 0 21 be 458±0081 

Q gnffithll 4095 ± 0 90, 0802 ± 006bc 169±008g 2066 ± 0 54b 980 4265±017h 2613 ± 015 h' 2537 ± 014 b 493 ± 012 de 

S wa/llchll 4807 ± 0 85 e 0536 ± 0 051g 223 ± 0095ede 1764±08h 424 4562 ± 0 31 c 2616 ± 0 19 h' 2201 ± 0 24 9 506 ± 0 10ed 

T catappa 4204 ± 0 57 h 0768 ± 0 08 c 208 ± 011 del 1932 ±O 77 e 713 41 67 ± 0 31 , 2915±024c 2330 ± 011 de 674 ± 0 07 a 

LSDo05 069 05 023 034 050 037 051 026 

Mean values followed by the same letter shown In subscnpt are not slglllficantly different 
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moisture content among different species (Diaz & Golueke, 1981). The moisture 

content presented in Table 4 agrees with those reported by Konwer et al. (200 I), 

Kataki & Konwer (2001, 2002) for some other indigenous tree species of north-east 

India. 

2.2 Density 

Denser species with low moisture content have always been preferred as fuel 

because of their high energy content per unit volume and slow burning rates (Abbot et 

al., 1997; Fuwape & Akindele, 1997). Effect of variation of density in species on 

charcoal yield has been a matter of investigation for many researchers (Britto & 

Barrichelo, 1977; Cutter & Mc Ginnes, 1981; Hirata et aI., 1991; Connor et a/., 1994; 

Connor et al., 1996). Higher density means higher thennal conductivity and therefore 

heat transfer into the interior of wood particles would be facilitated during 

carbonization. In spite of some degree of counteraction by higher thermal capacity 

towards heat transfer to the interior of wood, a slower rise in surface temperature still 

appears likely to result. The primary char forming reactions would be favoured near 

the particle surface where the rate of temperature increase is slowed with reversed 

result in the interior as a result of rapid heating. Secondary carbon-forming reactions 

should be increased as higher density would lengthen the period of retention time for 

volatiles within the wood matrix and therefore larger amount of carbon would be laid 

down. 

There have been conflicting results in the literature about the influence exerted 

by wood density on char formation (Cutter & McGinnes, 1981; Britto & Barrichelo, 



91 

1977; Connor et aI., 1996). In the present study, density of the species varied from the 

highest of 0.879 ± 0.085 (E. acuminata) to the lowest of 0.477 ± 0.09 (M. azedarach). 

There were significant variations in density among some species as can be seen from 

Table 4 The variations in the density of wood among the tree species may be attributed 

to their anatomical differences. Fuwape (1996) observed that dense biomass materials 

produced dense charcqal. Buekens & Schoeters (1987) .have also observed similar 

findings. The density of wood of tree species in the present study is in conformity with 

the density values reported for some species from Nigeria (Fuwape, 1996) and for 

rockrose wood (Gomez-Serrano, 1993). 

2.3 Ash content 

The ash content of wood is a measure of non-combustible material present in 

it. The influence of amount of inherent ash on charcoal yield and quality is still not 

known. In general, bioIpass with higher ash content increases the char yield simply by 

their presence in it. Many investigators have clearly showed that various inorganic 

additives could enhance char formation in pyrolysis cif wood. While evaluating 

fuelwood characteristics, high ash content is always considered to be a negative 

character (Goel & Behl, 1996). The ash content of the species under study varied from 

1.06 % ± 0.07 (C hystrix) to 2.65 % ± 0.06 (M. azedarach). Ash content among the 

species under study was found to vary significantly in some species (Table A). The 

values of ash content of the species under the present study agree well with those of 

some forest species o~ Nigeria (Fuwape, 1996), Spain (Gomez-Serrano, 1993) and 

species of indigenous tree species of north-east India (Kataki & Konwer; 2001, 2002). 
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2.4 Biochemical constituents 

Fuel value of wood is greatly dependent on its caloric content and is generally 

believed to be one of the parameters to compare one fuel with another. Caloric content 

of wood, in tum is dependent on its major biochemical constituents namely cellulose, 

hemicellulose, lignin, extractives and ash forming minerals. The process of 

combustion of a fuel involves its thermal degradation and subsequent oxidation of the 

degradation products. Cellulose and hemicellulose (together known as holocellulose) 

which are composed entirely of sugar units have a relatively low heat content because 

of their high level of oxidation, while lignin and extractives have a lower degree of 

oxidation and a considerably higher heat of combustion (Shafizadeh, 1981). The 

caloric content varies from one plant part to another part and also from species to 

species largely due to differences in biochemical constituents (Kataki & Konwer, 

200 I). The calorific value of the species under study varied from the highest of 21.33 

± 0.78 KJ g') in M. bombycina to a lowest of 17.09 ± 0.9 KJ g') in M. azedarach. 

There were significant differences of calorific values among some species while 

variations between some species were not significant. The calorific value of most of 

the species were found· to be quite comparable to those of other tree species reported 

by various workers (Kataki & Konwer, 2001; Konwer et at., 2001; Jain & Singh, 

1999; Bhatt & Todaria, 1992; Goel & Behl, 1996; Jain, 1994; Neeman & Steinback, 

J 979). 

As far as the carbonization is concerned, it is the biochemical constituents that 

undergo different chemical reactions in the form of primary and secondary reactions. 
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It leads to the formation of charcoal and vanous other products such as gas, 

pyroligneous acid and tar. 

Hemicellulose is a mixture of polymers based on 5 - carbon monosaccharide 

units. On heating, at about 1300 
- 1900 C, softening of hemicellulose occurs. The 

decomposition of hemicellulose at temperature between 2000 
- 2600 C, yields mostly 

volatile primary decomposition products and less char. But the percentage of char 

formation is still greater than that of cellulose (Hirata et al., 1991). Hemicellulose is 

the component of wood that on carbonization decomposes first and this was further 

confirmed by TGA data analysis for 5 - carbon monosaccharides residues in 

pyrolyzed wood (Connor & Salazar, 1988; Hirata et aI., 1991). 

The hemicellulose content (oven dry weight %) of 15 different tree species IS 

presented in Table 4. The highest hemicellulose content was found in B. assamica 

(30.82 % ± 0.21) and the lowest was found in C. hystrix (24.89 % ± 0.19). There were 

significant variations in hemicellulose content only among some species. 

Cellulose is the most dominant constituent of wood and is much more stable 

than either hemicellulose or lignin and starts softening at temperature around 2400 C 

(Goring, 1963). While decomposition of cellulose starts at 2400 C, but bulk of weight 

loss occurs rapidly in the range of 3300-3500 C. Though the major degradation 

products of cellulose are volatiles but the yield from cellulose at a given temperature is 

also dependent on the heating rate. Antal et al., (1980) described that the initial step on 

cellulose heating is a decrease in its degree of polymerization to about 200 without 

any associated weight loss. These lower degradation products may then undergo 

dehydration to form anhydro-cellulose which further decomposes to form char and 
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some volatiles. Alternatively, cellulose may undergo a series of depolymerization 

reactions leading to production of tar dominated by levoglucosan. Depending upon 

experimental condition, this tar may degrade to char and some volatiles or yield 

almost entirely volatile products. These different reaction pathways are favoured by 

different heating rates. Slow heating with a prolonged holding period in the 

temperature range 220° - 250° C favours char production. On the other hand, rapid 

heatmg of small samples to higher temperature favours depolymerization reaction and 

little formation of char. 

Among all the tree species, wood of M. azedarach contained the highest 

percentage of cellulose (46.93 % ± 0.34) while the wood of T. catappa contained the 

lowest percentage of it (41.67 % ± 0.31). Only some species out of the fifteen were 

found to vary significantly in cellulose content. 

During carbonization lignin decomposition is a gradual process. On heating, 

though marked softening occurs at temperature 130° - 190° C, the decompositIOn with 

associated weight loss and evolution of volatiles occurs primarily in the range of 280° 

- 550° C (Connor & Viljoen, 1995). From TGA ana!ysis, Hirata at al. (1991) 

confimled that more or less steady decline occurs in lignin weight between 200°-

500°C. The predominant product of lignin decomposition is char and much of the 

charcoal formed during wood carbonization is believed to be derived from lignin. It 

might therefore be expected that woods with higher lignin content would give higher 

charcoal yield. 

From the results (Table 4), it is seen that lignin content of wood of the tree 

species varied significantly only among some species. The highest lignin content was 
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observed in M. bombycina (26.45 % ± 0.13) and the lowest being observed in M. 

azedarach (20.65 % ± 0.30). Lignin contents of the species under study agree well 

with those of the species of north-east India reported by earlier workers (Deka, 2004; 

Kataki & Konwer, 2001). 

Extractives in wood are non-structural aromatic compounds, which possess 

one or more phenolic hydroxyl groups. Wood extractives includes terpenes, tannins, 

resins, degraded sugars, starches, fats, oils, proteins and organic acids, most of which 

are soluble in organic solvents. But no single solvent can extract all the components 

from wood. 

The extents to which the extractives influence charcoal yield remams 

uncertain. Roy et at. (1990) found a marginal increase in the charcoal yield on 

removal of extractives. However, other researchers have reported that extractives 

increase, not decrease charcoal yield. 

In the present study, the highest extractive content was observed in T. catappa 

(6.74 % ± 0.74), while the lowest was observed in C. hystrix (2.67 % ± 0.06). The 

differences in extractive content was significant only among some of the species and 

not all. 

2.5 Elemental composition 

Elemental compositions of wood of fifteen tree species are presented in Table 

5. The carbon content of the wood samples of the species varied from 42.68 % (S. 

wallichii) to 46.98 % (M bombycina) whereas hydrogen content varied from 4.93 % 

(M. azedarach) to 6.02 % (Q. griffithii). Similarly, oxygen content varied from 
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49.24% (M. azedarach) to 45.32 % (c. hystrix). Nitrogen of all the species ranged 

from 0,2 % to 0.4 % only. The results of the nitrogen content of the tree species under 

the present study are almost similar to that of other tree species of north-east India 

reported by Deka (2004). 

2.6 Fuel Value Index (FVI) 

Although the fuel value index of a tree species does not have any direct 

bearing on yield and quality of the charcoal produced by carbonization, it invariably 

gives a picture about the quality and heat content of the species. Therefore, as a matter 

of interest, we calculated the FYI of the tree species which are presented in Table 4. In 

the present study, it is seen that C. hystrix had the highest FYI (17), followed closely 

by E. acuminata (16.54) and M. bombycina (16.28). The lowest FYI was recorded for 

the species M. azedarach (3.08), followed by C. siamea (3.35) and A. lucida (3.63). 
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Table 5: Elemental composition of wood of fifteen tree species 

Species C H 0 N 
(wt. %) (wI. %) (wt. %) (wt. %) 

A. lucida 43.86 5.93 48.01 0.2 

B. assamica 45.05 5.91 47.11 0.2 

C. siamea 44.77 5.98 46.30 0.3 

C. hystrix 46.95 4.98 45.32 0.2 

D. peregrina 44.60 5.87 47.43 0.2 

D. procerum 45.14 5.79 47.00 0.2 

E. varuna 46.93 5.12 45.46 0.2 

E. acuminata 46.59 4.95 46.17 0.3 

M. bombycma 46.98 5.49 45.33 0.2 

M. azedarach 42.94 4.93 49.24 0.4 

M. champaca 44.21 5.51 49.02 0.2 

Q. dealbata 46.88 5.06 45.56 0.2 

Q. griffithii 46.68 6.02 45.66 0.2 

S. walllchli 42.68 5.86 49.03 0.2 

T. catappa 43.10 5.90 48.38 0.2 
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Part 3 

Mass balance of pyrolytic decomposition products of 

fifteen tree species at various terminal temperatures 

wi~h two different heating rates 

Thermo-chemical conversion of biomass is one of the most common and 

convenient routes for conversion of biomass materials to useable energy. This 

includes the processes like direct combustion, gasification, liquefaction and 

pyrolysis. Among all the ther.mochemical conversion processes, pyrolysis plays a 

key role in the reaction kinetics of thermal degradation of biomass and hence in 

reactor designing and determining the decomposition products distribution and 

also their compositioI) and properties (Raveendran et al., 1995, 1996). Pyrolysis 

is a simple process and inexpensive to construct suitable small-scale plants in 

locations near the raw materials source. The pyrolysis of biomass materials for 

the production of liquid and solid fuels is a promising technology. In the 

pyrolysis process, the organic part of the material decomposes to low molecular 

weight products, liquid or gases which can be used as fuel or chemical feedstock 

(Torres et al., 2000). 



99 

The pyrolysis of lignocellulosic materisls has been widely studied by a 

large number of researchers using different techniques: fixed bed reactor (Rocha 

et al., 1997), vacuum pyrolysis reactor (Darmstadt et al., 2000), fluidized bed 

reactors (Hastaoglu & Hassam, 1995), DTA and TGA (Ahuja et al., 1996). Static 

batch reactors are the simplest configurations to study the pyrolysis of biomass. 

The products of pyrolysis are char, gas and condensed liquid. The 

condensed liquid consists of pyroligneous acid, which is an aqueous acidic layer 

and the other heavier layer is wood tar. The wood tar contains at least 50 

identified phenolic compounds, which account for upto 60 % of the tar. It also 

contains higher acids, aldehydes, ketones, esters, furans and hydrocarbons 

(Goldstein, 1992). The gaseous fraction of biomass pyrolysis consists of CO, 

CO2, H2, CH4, C2H4 etc. (Fagbemi et al ,2001). 

The traditional carbonization process in earth mound kiln concerns only 

about the final charcoal yield and does not take into account the recoverable 

condensed liquid fraction and the gaseous fraction and are generally released to 

the environment which cause pollution (Tzanakia et al., 2001; Pennise et aI, 

200 I; Smith et al., 1999) The energy yield of this process thus is very low. 

In view of the above, we carbonized the wood samples of fifteen tree 

species in the temperature range of 300° - 800° C with two different heating rates 

viz. 3° C/min and 20° C/min and the pyrolytic decomposition products yield at 

different terminal temperatures viz. 300°, 400°, ?000, 600°, 700° and 800° C were 

determined. The results of the experiments are presented in Tables 6 & 7. 
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3.1 Gas production 

From the results of the mass balance of decomposition products of the tree 

species (Tables 6 & 7 and Figs. 19 & 20), it can be seen that with the increase of 

carbonization temperature the gas yields increased in both the heating rates (3° 

Cfmin and 20° Cfmin). Sadakata et al. (1997), Sensoz & Angin (2001) and 

Demirbas (2001) also observed increased gas production with the increase of 

temperature from some other wood species and biomas$ materials. 

With a heating rate of 3° Clmin, at 300° C, gas production varied from 8.4% to 

12.4%. D. procerum yielded the highest percentage of gas (12.4 %) whereas M. 

bombycina yielded the lowest of it (8.4 %). Within the temperature range of 3000-4000 

C, the gas yield from all the species increased slowly as seen in Figs. 19 & 20. At this 

temperature range (3000 
- 4000 C), the rate of change in gas yield varied from 3.6 % to 

9.3 %. At 4000 C also, D. procerum yielded the highest percentage of gas (21.0 %) 

while D. peregrina yielded the lowest percentage of it (15.3 %). At 500° C terminal 

temperature again D. procerum produced the highest perqentage of gas (36.0 %) and 

D. peregrina produced the lowest percentage of it (27.8 %). Within 4000 
- 5000 C, the 

rate of gas production was found to be the highest in E. acuminata (17.3 %) and the 

lowest was in T. catappa (11.4 %). At 6000 C, B. assamica, yielded the highest 

percentage of gas (47.5 %) and M. champaca yielded the lowest percentage of it (40.1 

%). Within 5000 
- 6000 C, the rate of gas production was maximum in D. peregrina 

(15.6 %) followed by E. varuna (14.5 %) and C. siamea (14.4 %) whereas mInimum 

rate was found in E. acuminata (8.6 %). At 7000 C, again B. assamica yielded the 
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Table 6: Mass balance of decomposition products of fifteen tree species at different 

terminal temperatures with a heating rate of 3 DC/min 

Product Temperature (0C) 
Species 

(wt. %) 800 300 400 500 600 700 

A. lucida Gas 11.5 15.9 29.2 43.0 55.1 60.0 

Char 47.8 27.3 24.3 22.2 18.7 16.0 

Liquid 30.0 37.6 30.5 22.5 17.0 18.3 

Tar 12.5 15.2 16.1 9.0 5.2 1.3 

Total 101.8 96.0 100.1 96.7 96.0 95.6 

B. assamica Gas 12.4 20.1 35.0 47.5 56.1 63.0 

Char 53.1 30.1 26.4 23.2 20.7 17.8 

Liquid 30.0 38.3 28.7 25.1 24.1 22.0 

Tar 9.0 13.0 14.0 7.2 3.1 1.7 

Total 104.5 101.5 104.1 103.0 104.0 104.5 

C. siamea Gas 12.0 19.0 32.0 ~6.4 54.8 61.0 

Char 46.1 27.2 24.3 22.2 18.7 16.1 

Liquid 31.5 37.8 32.1 25.0 • 23.7 23.9 

Tar 10.9 14.7 15.2 5.9 3.1 1.0 

Total 100.5 98.7 103.6 99.5 100.3 102.0 

C. hystrix Gas 8.9 17.1 33.0 43.0 50.2 59.1 

Char 64.3 46.5 44.0 40.3 34.5 28.3 

Liquid 24.3 25.1 20.0 15.4 14.3 12.1 

Tar 5.4 7.8 8.0 6.2 4.9 3.2 

Total 102.9 96.5 105.0 104.9 103.9 102.7 

D. peregrina Gas 11.7 15.3 27.8 43.4 56.1 61.2 

Char 55.1 34.7 30.4 27.1 23.6 21.0 

Liquid 29.9 37.9 38.5 25.7 20.3 14.7 

Tar 7.2 12.8 6.3 4.2 2.0 1.1 

Total 103.9 100.7 103.0 100.4 102.0 98.0 

D. procerum Gas 12.5 21.0 36.0 47.0 55.5 62.4 

Char 52.5 29.5 27.8 23.6 19.9 17.0 

Liquid 30.8 40.3 29.0 25.2 24.0 22.2 

Tar 8.7 10.5 11.2 3.2 1.9 1.1 

Total 104.5 101.3 104.0 99.0 101.3 102.7 

E. varuna Gas 10.9 15.4 28.9 43.4 52.3 58.7 

Char 58.7 37.7 34.4 30.7 28.3 25.9 

Liquid 25.5 37.0 30.3 24.7 19.0 18.0 

Tar 8.3 8.9 10.4 6.1 3.0 1.3 

Total 103.4 99.0 104.0 104.9 102.6 103.9 

Continued ...... . 



102 

Product Temperature (0C) 

(wt. %) 300 400 500 600 700 800 

E. acuminata Gas 9.2 15.4 32.7 41.3 48.4 57.4 

Char 62.1 45.3 42.8 39.5 34.2 27.6 

Liquid 24.9 26.4 21.0 17.5 16.3 14.0 

Tar 7.1 8.0 8.1 4.0 4.3 2.7 

Total 103.3 95.] ]04.6 102.3 103.2 ]01.7 

M. bombycina Gas 8.4 16.9 33.0 42.4 47.3 55.2 

Char 62.1 43.2 40.5 37.1 32.2 27.7 

Liquid 22.3 28.5 22.0 17.4 15.4 15.0 

Tar 6.5 8.9 9.2 6.0 4.1 3.2 

Total 99.3 97.5 104.7 102.9 99.0 101.1 

M. azedarach Gas 12.0 20.0 32.1 41.5 50.0 60.0 

Char 45.5 26.7 23.9 22.9 19.6 16.3 

Liquid 32.0 42.5 37.0 35.6 32.8 27.0 

Tar 11.5 12.0 11.9 4.7 2.4 0.8 

Total 101.0 101.2 104.9 104.7 104.8 104.1 

M. champaca Gas 10.5 18.3 30.0 40.1 52.6 59.7 

Char 56.2 35.2 32.2 29.5 25.6 21.8 

Liquid 30.0 34.6 26.0 26.5 18.8 15.3 

Tar 8.0 10.5 10.8 7.5 2.9 2.3 

Total 104.7 98.6 99.0 103.6 99.9 99.1 

Q. dea/bata Gas 9.1 15.7 30.1 42.4 49.5 54.3 

Char 59.5 41.0 40.0 36.2 30.6 26.5 

Liquid 21.8 29.1 22.2 17.5 20.0 20.1 

Tar 7.7 10.2 10.7 6.2 3.4 2.0 

Total 98.1 96.0 103.0 102.3 103.5 102.9 

Q. griffithi; Gas 9.4 14.8 30.2 42.7 . 49.0 54.0 

Char 59.1 39.3 35.5 30.6 27.7 25.3 

Liquid 25.0 32.4 22.9 22.0 21.5 19.9 

Tar 7.5 10.2 10.4 5.7 3.2 1.7 

Total 101.0 96.7 99.0 101.0 101.4 100.9 

S. wallichii Gas 10.9 18.0 31.1 41.8 53.0 60.0 

Char 52.0 27.5 25.0 23.2 19.3 17.1 

Liquid 29.8 41.0 30.0 24.1 20.0 18.2 

Tar 6.2 8.7 9.0 7.5 4.0 1.3 

Total 98.9 95.2 95.1 96.6 96.3 96.6 

T. catappa Gas \0.7 20.0 30.4 4 \.9 49.0 57.0 

Char 55.9 35.2 33.8 30.7 26.8 22.2 

Liquid 31.3 37.8 27.0 28.0 20.0 16.0 

Tar 6.9 8.1 10.0 3.1 2.1 1.6 

Total 104.8 101.1 101.2 103.7 97.9 96.8 
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Table 7: Mass balance of decomposition products of fifteen tree species at different 

terminal temperatures with a heating rate of 20°C/min 

Species 
Product Temperature (0C) 

(wt. %) 300 400 500 600 700 800 

A. Lucida Gas 15.0 21.2 32.1 46.7 56.4 61.1 

Char 42.6 24.0 23.1 21.5 18.2 16.0 

Liquid 31.9 39.0 33.3 24.8 18.4 18.3 

Tar 14.0 16.3 12.1 10.2 5.4 1.9 

Total 103.S 100.S 100.6 103.2 98.4 97.3 

B. assamica Gas 14.0 22.4 39.2 44.7 50.4 59.8 
Char 45.9 26.9 25.1 23.7 22.1 18.0 

Liquid 33.2 42.5 28.2 21.4 19.1 18.3 
Tar 10.4 13.0 8.4 5.8 5.7 1.4 

Total 103.S 104.8 100.9 9S.6 97.3 97.S 

C. siamea Gas 16.2 26.1 32.5 43.8 50.1 55.6 
Char 42.1 23.7 22.6 21.0 18.1 15.2 

Liquid 32.9 38.7 32.7 26.1 24.5 24.0 

Tar 11.8 16.1 12.1 6.0 3.3 1.5 

Total 103.0 104.6 99.9 96.9 96.0 96.3 

C. hystnx Gas 10.3 18.7 33.1 46.0 48.1 53.9 
Char 57.7 37.9 34.8 28.4 26.0 24.2 

Liquid 25.7 30.7 23.0 18.1 17.1 15.3 
Tar 5.9 10.5 11.2 8.1 4.2 3.3 
Total 99.7 97.7 102.1 100.6 9S.4 96.7 

D. peregrina Gas 13.0 19.8 29.3 45.7 58.4 63.1 
Char 48.7 28.3 27.0 25.4 22.8 20.7 
Liquid 31.7 40.1 38.0 26.2 20.9 16.4 
Tar 8.4 14.0 10.0 4.7 1.8 0.9 
Total 101.8 102.2 104.3 102.0 103.9 )01.1 

D procerum Gas 14.7 24.9 40.3 47.4 56.1 61.9 
Char 44.7 26.0 24.8 23.6 20.0 17.0 
Liquid 31.4 40.4 30.8 25.8 24.4 22.2 
Tar 10.5 13.7 8.4 4.1 2.4 1.3 
Total 101.3 10S.0 104.3 100.9 102.9 102.4 

E. varuna Gas 11.0 17.1 29.0 33.5 493 54.7 
Char 52.1 33.7 31.7 29.4 26.5 23.4 

Liqui<;l 27.1 38.9 29.9 26.0 18.0 14.9 
Tar 9.0 10.4 10.9 6.9 2.4 2.0 
Total 99.2 100.1 101.5 9S.8 96.2 95.0 

Continued ..... 
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SpecIes 
Product Temperature (0C) 

(wt. %) 300 400 500 600 700 800 

E acummata Gas 120 21 2 353 42 I 510 547 

Char 570 370 342 280 262 245 

Liquid 26 1 283 246 199 189 163 

Tar 83 10 1 7 I 57 37 3 I 

Total 103.4 96.6 101.2 95.7 99.8 98.6 

M bombycma Gas 107 200 350 467 499 53 I 

Char 563 368 346 309 27 I 255 

Liquid 25 307 27 I 195 169 160 

Tar 79 103 8 I 6 I 47 30 

Total 99.9 97.8 104.8 103.2 98.6 97.6 

M azedarach Gas 163 257 327 442 512 565 

Char 41 I 235 21 7 194 175 IS 8 

LiqUId 34 I 426 407 36 I 330 275 

Tar 84 130 9 I 49 26 I 5 

Total 99.9 104.8 104.2 104.6 104.3 101.3 

M champaca Gas II 2 207 303 41 7 554 599 

Char 504 31 7 302 272 24 I 21 4 

LIqUId 330 39 I 278 27 I 200 150 

Tar 90 123 105 79 4 I 19 

Total 103.6 103.8 98.8 103.9 103.6 98.2 

Q dea/bata Gas ]09 21 0 357 467 543 58 1 

Char 534 342 31 1 282 264 237 

Liquid 241 314 246 205 214 210 

Tar 85 125 8 I 67 27 I 5 

Total 96.9 99.1 99.5 102.1 104.8 104.3 

Q gnfflthll Gas 105 223 358 477 559 603 

Char 526 34 I 326 290 262 23 I 

LiqUid 273 357 240 205 150 97 

Tar 84 II 5 120 6 I 32 21 

Total 98.8 103.6 J04.4 J03.1 JOO.3 95.2 

S wal/lchll Gas IS 3 25 I 402 47 I 560 620 

Char 447 243 23 1 21 5 209 173 

LIqUId 304 41 0 31 2 250 212 185 

Tar 108 146 103 87 43 2 I 

Total 101.2 105.0 104.8 102.3 102.4 99.9 

T catappa Gas 124 21 5 313 430 538 587 

Char 494 300 29 I 27 I 237 21 1 

Liquid 334 404 292 265 198 164 

Tar 72 99 13 I 52 24 10 

Total 102.4 101.8 102.7 101.8 99.7 97.2 
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Fig, 19: Effect of carbonization temperature on gas yield (heating rate 30 C/min) 
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maXimum percentage of gas (56.1 %) and M. bombycina yielded the lowest 

percentage of it (47.3 %). Within this temperature range, the rate of gas 

production was found to be maximum in D. peregrina (12.7 %) and minimum in 

M. bombycina (4.9 %). At 8000 C terminal temperature, the highest percentage of 

gas production was shown by B. assamica (63.0 %) and the lowest was shown by 

Q. griffithii (54.0 %). In the temperature range of 7000 
- 8000 C, the rate of gas 

production was maximum in M. azedarach (10.0 %) while the minimum rate was 

in Q. dealbata (4.8 %). 

When the rate of carbonization temperature was increased to 200 C/min, 

the amounts of gas as well as rate of gas production were found to be changed 

markedly. With this heating rate and at 3000 C, maximum percentage of gas was 

yielded by M. azedarqch (16.3 %) and minimum was yielded by C. hystrix (10.3 

%). Similarly at 4000 C, C. siamea yielded the highest percentage of gas whereas 

E. varuna yielded the lowest of it (17.1 %). At this heating rate, the rate of gas 

production within 3000 
- 4000 C, was the highest in Q. griffithii (11.8 %) and the 

lowest was in E. varuna (6.1 %). Again at 5000 C, the maximum percentage of 

gas was produced by D. procerum (40.3 %) and minimum of it was produced by 

E. varuna (29.0 %). Within 4000 
- 5000 C, the rate of gas production was shown 

to be the highest in C.siamea (6.4 %). Similarly, at 6000 C, maximum percentage 

of gas was produced ~y Q. griffithii (47.7 %) and minimum was by E. acuminata 

(42.1 %). Within 5000 
- 6000 C, the rate of gas production was found to be the 

highest in D. peregrir.ta (16.4 %) and the lowest was in E. varuna (4.5%). At 7000 

C terminal temperature, D. peregrina yielded the highest percentage of gas 
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(58.4%) whereas E. varuna yielded the lowest percentage of it (49.3 %). Within 

600° - 700° C, the rate of gas production was found to be maximum in E. varuna 

(15.8 %) and minimum was in C. hystrix (2.1 %). At 800° C terminal 

temperature, the highest percentage of gas was yielded by D. peregrina (63.1 %) 

and the lowest percentage was yielded by M. bombycina (53.1 %). Within 700° -

800° C, the rate of gas production was maximum in B. assamica (9.4 %) and 

minimum was in M. bombycina (3.2 %). 

At 300° C terminal temperature, with a heating rate of 3° C/min, the gas 

production varied from 8.4 % to 12.5 %, whereas at the same temperature, with a 

heating rate of 20° C/min gas production varied from 10.3 % to 16.3 %. 

Similarly, at 400° C with a heating rate of 3° C/min, the total amounts of gas 

production ranged from 15.3 % to 21.0 % and with a heating rate of 20° Clmin, 

the gas production varied from 17.1 % to 26.1 %. At 500° C, with a heating rate 

of 3° C/min, the gas production ranged from 27.8 % to 36 %; but when the 

heating rate was increased to 20° C/min, the gas production increased to the 

range of 29.0 % to 40.3 %. Similarly, with a heating rate of 3° C/min, the gas 

production from the species at 600°, 700° and 800° C, ranged from 41.1 % to 47.5 

%,47.3 % to 56.1 % and 54.0 % to 63.0 % respectively while with a heating rate 

of 20° Clmin, the gas production in the corresponding terminal temperatures 

ranged from 42.1 % to 47.7 %, 48.1 % to 58.4% and 53.1 % to 63.1 % 

respectively. The increase of gas production from the species with the increase of 

heating rate was found to be more in the carbonization temperature up to 5000 C 

as compared to those in the higher carbonization temperatures. The total amounts 
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of gas produced at 8000 C were almost comparable at both the heating rates i.e. 30 

Clmin and 200 C/min. The increase of gas production at higher heating rate may 

be related to the fact that higher heating rate leads to a fast depolymerization of 

the solid material to primary volatiles, while at the lower heating rate dehydration 

of more stable anhydrocellulose is limited and very slow (Chen et aI., 1997). 

3.2 Char production 

The char yield from the tree species was found to decrease with increase 

of temperature in both the heating rates. At 3000 C, ·with a heating rate of 30 

Clmin, the char yield varied from 45.5 % to 64.3% whereas with a heating rate of 

200 Clmin, the char yield was found to vary from 41. ( % to 57.7 % (Tables 6 & 

7). The decrease of char yield with increase of carbonization temperature was 

reported by various workers (Sadakata et al .. 1987; Fagbemi et al., 2001; SensQz, 

2003). SensQz & Angin (2001) reported that the decrease in char yield with 

increasing temperature could be due either to greater primary decomposition of 

the wood at higher temperatures or to secondary decomposition of the char. 

When the carhonization temperature was increased, it was observed that 

within 3000 
- 4000 C, the yield of char of all the species decreased sharply and 

then decreased gradually up to 8000 C at both the heati~g rates (Figs. 21 & 22). 

At 4000 C with a heating rate of 30 Clmin, the char yield from all the 

species ranged from 26.7 % to 46.5 % whereas with a heating rate of 200 Clmin, 

the char yield ranged from 23.5 % to 37.9 %. Similarly at 5000 C terminal 

temperatures when the heating rate was 30 Clmin the char yield varied from 23.9 
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% to 44.0 %; but when the heating rate was increased to 20° C/min, the char yield 

ranged from 21. 7 % to 34.8 %. 

At 6000 C, with a heating rate of 30 C/min, the char yield varied from 22.2 

% to 40.3 % while a with a heating rate of 200 C/min, the char yield varied from 

19.4 % to 28.4 %. At 7000 C, with a heating rate of 3° Clmin, the char yield 

ranged from 18.7 % to 34.5 % but with a heating rate of 20° C/min, the char yield 

ranged from 17.5 % to 26.0 % only. 

However at 800° C terminal temperature, the char yields at both the 

heating rates were quite comparable. At this temperature with a heating rate of 30 

C/min, the char yield ranged from 16.0 % to 28.3 % whereas with a heating rate 

of 20° Clmin, the char yield ranged from 15.2 % to 25.5 %. 

From the results shown in the Tables 6 & 7, it is clear that the char yields 

with 200 Clmin heating rate were lower than the yields achieved at the heating 

rate of 3° C/min. Sensdz (2003) also observed similar trend of decrease of char 

yield with Increase of heating rate from 70 C/min to 40° C/min and he related this 

with the fact that rapid heating leads to a fast depolymerization of the solid 

material to primary volatiles, while at the lower heating rate dehydration to more 

stable anhydrocellulose is limited and very slow (Chen et al., 1997). 

At a heating rate of 3° C/min, C. hystrix yielded the highest percentages of 

char in all the terminal temperatures. At 800° C terminal temperatures, it yielded 

28.3 % of char. Other species producing higher percentages of char at 800° C 

were M. bombycina (27.7 %), E. acuminata (27,6 %), Q. dealbata (26.5 %), E. 

varuna (25.9%) and Q. griffithii (25.3 %). Species like A. lucida (16.0 %), C. 
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siamea (16.1 %), M. azedarach (16.3 %), D. procerum (17.0 %) and S. wallichli 

(17.1 %) yielded much lower percentages of char. From the results of the 

biochemical compositions of the wood samples of the species (Table 4) and the 

results of their mass balance experiments (Tables 6 & 7) it is clear that the 

species with higher percentages of lignin contents yielded comparatively higher 

percentages of char. The wood samples of the above mentioned six species had 

much higher lignin contents as compared to other nine species. 

Again at 8000 C with a heating rate of 200 C/min, M. bombycina (25.5 %), 

E. acuminata (24.5 %), C. hystrix (24.2 %), Q. deaLbata (23.7 %), E. varuna 

(23.4 %) and Q. grifJithii (23.1 %) yielded comparatively much higher 

percentages of char. Our findings are in good agreement with those of Connor 

and Viljoen (1995) and Britto and Barrichelo (1997). 

3.3 Tar production 

Tar yields from all the speCIes increased with the increase of 

carbonization temperature and reached a maximum at about 4000 C or 5000 C and 

then decreased as can be seen from Tables 6 & 7 and Figs. 23 & 24. 

At 3000 C, with a heating rate of 30 C/min, the maximum tar was yielded 

by A. Lucida (12.5 %) whereas minimum of it was yielded by C. hystrix (5.4 %). 

Again, at 4000 C, with the same heating rate, highest percentage of tar was 

yielded by A lucida (15.2%) and the lowest percentage of it was yielded by C. 

hystrix (7.8 %). Similarly at 5000 C, A. Lucida yielded maximum percentage of tar 

(16.1 %) while D. peregrina yielded the minimum of it (6.3 %). 
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At a heating rate of 30 Clmin, among all the species, M. azedarach and D. 

peregrina reached the maximum of tar production at 4000 C and then decreased 

gradually with the increase of temperature whereas the other thirteen species 

reached their maximum of tar production at about 5000 C and then decreased 

sharply up to a temperature of about 6000 C (Table 6). After this temperature the 

tar yielded decreased gradually. At temperatures high~r then 6000 C, secondary 

reactions such as tar cracking prevails and hence tar yields decreased. Kosstrin 

(1980) also observed the decrease of tar yield from biomass materials at higher 

temperatures and concluded that at temperatures above 5900 C, secondary 

reactions play major role and thereby decreasing the yield of tar. Similar 

observations were also made by Sadakata et al. (1997), Scott & Piskorz (1984), 

Scott et at. (1985), SensQz and Can (2002) and Fagbemi et al. (2001). 

When the rate of heating was increased from 30 C/min to 200 Clmin, tar 

yields from the tree species were found to change to so~e extent. 

At 3000 C, with a heating rate of 200 Clmin, the maximum tar production 

was shown by A. lucida (14.0 %) and minimum was shown by C. hystrix (5.9 %). 

Similarly at 4000 C, the highest percentage of tar yield was given by A. lucida 

(16.3 %) and the lowest yield was given by T. catappa (9.9 %). At 5000 C, T. 

catappa yielded the maximum percentage of tar (13.1 %) whereas E. acuminata 

yielded the minimum percentage of it (7.1 %). 

At the higher h~ating rate (i.e. 200 C/min) the yields of tar from most of the tree 

species except C. hystrix, E. varuna, Q. grifJithii and T. catappa reached the maximum at 

about 4000 C, while these four species reached their tar yield maximum at about 5000 C. 
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Fig. 23: Effect of carbonization temperature on tar yield (heating rate 3° C/min) 
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3.4 Condensed liquid production 

From Tables 6 & 7 and Figs. 25 & 26, it can be seen that with the increase 

of carbonization temperature, yield of condensed liquid increased and after 

reaching a maximum at 4000 C or 5000 C, yield started decreasing. Except D. 

peregrina, all other species showed the highest yield of condensed liquid at about 

4000 C. At 3000 C, when the heating rate applied was 30 C/min, the maximum 

percentage of condensed liquid was yielded by M. azedarach (32.0 %) and 

minimum percentage of it was yielded by Q. dealbata (2l.8 %). Similarly, with 

the same heating rate at 4000 C, M. azedarach again produced the highest 

percentage of condensed liquid (42.5 %) whereas C. hystrix yielded the lowest of 

it (25.0 %). At 8000 C, M. azedarach with highest percentage of holocellulose 

content yielded the highest percentage of condensed liquid (25.0 %) and C. 

hystrix with highest percentage of lignin content, yielded the lowest percentage 

of it (12.1 %). 

But when the heating rate of carbonization was increased to 200 Clmin, at 

3000 C terminal temperature, M. azedarach yielded the maximum percentage of 

condensed liquid (4l.1 %) whereas Q. dealbata yielded the lowest percentage of 

it (24.1 %). Similarly, at 4000 C, M. azedarach yielded the highest percentage of 

condensed liquid (42.6 %) while C. hystrix and M. bombycina both yielded the 

lowest percentage of it (30.7 %). 

At 8000 C also, M. azedarach yielded the maximum percentage (27.5 %) 

of condensed liquid whereas the lowest percentage. of it was shown by Q. 

griffithii (9.7%). 
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Fig. 25: Effect ofcarboruzation temperature on condensed liquid yield (heating rate 30 e/min) 
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Fig. 26: Effect of carbonization temperature on condensed liquid yield (heating rate 
20De/min) 
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It can be seen from the Fig. 26, that the yields of condensed liquid from 

all the species reached their maximum at about 4000 C only. It was further 

observed that the tree species rich in holocellulose content yielded more of 

condensed liquid on carbonization. In our earlier studies also we made similar 

observations (Konwer et al., 2005; Saikia et al., 2005). It can therefore be 

concluded that higher the holocellulose content in wood, higher is the yield of 

condensed liquid during its carbonization. 
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Part 4 

Evaluation of the quality of charcoal samples produced 

from fifteen tree species 

The quality of a charcoal is defined by various properties such as density, 

moisture content, ash content, volatile matter content, fixed carbon content etc., 

and though all are inter-related to a certain extent, they are measured and 

appraised separately. Proximate analysis indicates the percentage of fuel burned in 

solid and gaseous states and shows the quality of non-combustible ash remaining 

on the fire-grates or ash pit or entrained with flue gases. From combustion point of 

view, the volatile matter (VM) content and fixed carbon (FC) content predict the 

requirement for the division of air flow between over fire or secondary air and 

under fire or primary air. This division of air flow hasfmade useful in smoke 

abatement and air pollution control (Mingle & Boubel, 1968; Lyons et at., 1985). 

4.1 Moistu .. e content 

Moisture content is an important property for defIning the quality of a 

charcoal. Charcoal fresh from an open kiln contains usually less than one percent 

of moisture. But on storing, absorption of moisture .from the humidity of air is 
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rapid and there is, with time, a gain of moisture content to about 5-10 %. When the 

charcoal is not properly burned or where pyroligneous acids and soluble tars have 

been washed back into the charcoal by rain, its hygroscopicity increases and an 

equilibrium moisture content of the charcoal can rise to 15 % or even more. The 

quality specifications for charcoal usually limit the moisture content to around 5 -

15 % of the gross weight of the charcoal. According to Trossero (1991), the 

charcoal with a higher moisture content tends to shatter and produces fines when 

heated in a blast furn~ce, making it undesirable in the production of pig iron. 

Lim (1993) and Lim & Vizhi (1993), from their laboratory-scale 

carbonization experiments of cocoa wood within the temperature range of 400° -

650° C have showed the moisture content of the charcoal samples within 6 - 9 %. 

They further observed that with the increase of carbonization temperature, the 

moisture content of the charcoal increased. Moisture content of charcoal samples 

produced from the tree species under study, at various terminal temperatures viz. 

300°, 400°, 500°, 600°, 700° and 800° C and with the heating rates of 3° C/min and 

20° C/min are given i~ Table 9 and Table 10 respectively. 

From Table 8, it is seen that the moisture content of the charcoal samples 

produced at 300° C terminal temperature with a heating rate of 3° C/min varied 

from 5.90 - 9.33 % whereas, the moisture contents of the charcoal samples 

produced at 400°, 500°, 600°, 700° and 800° C with the same heating rate varied 

from 6.21-9.54 %, 6.75-10.02 %, 7.42-10.35 %, 7.99-11.10 % and 8.07-11.31 % 

respectively. 
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Table 8. Physical properties and proximate analysIs of oven-dry charcoal produced at 

vanous temperatures with a heating rate of 3°C/mIn 

Species Charcoal Temperature (0 C) 

properties 300 400 500 600 700 800 

A luc/da MOisture (wt %) 873 ± 0 08 d 892 ± 0 05 c 935 ± 012", 9 79 ± 012 b 1015 ±O 05d 1015±008d 

Ash content (wt %) 311 ± 0 14be 318±015b 319 ± 0 20be 329 ± 0 18b 320 ± 0 21b 330 ± 0 20be 
Density 040 ± 0 04 d. 0300 ± 0 04. o 278 ± 0 041gh 0251 ± 0 011 023 ± 0 011g 023±0011 

Volatile matter (wt %) 71 26 ± 1 12. 4860 ± 1 011g 31 37 ± 1 02, 2521 ±0741g 24 00 ± 0 66d 2259 ± 0 60be 

Fixed carbon (wt %) 2563 ± 0 86, 4822 ± 0 70. 6544 ± 0 45bc 71 50± 1 07bedo 72 80 ± 1 23.1 7411 ± 1 20g 

B assam/ca MOisture (wt %) 822 ± 0 06 9 873 ± 0 08 d 892±014d 949 ± 0 09 c 1000 ± 012. 1000±008. 

Ash content (wt %) 248 ± 007d. 259 ± 0 08c 260±015d 269 ± 0 16d 270 ± 0 11c 275 ± 0 21d 

DenSity o 485 ± 0 03bcd 0402 ± 0 02ed 0341 ± 002ed. 028 ± 0 03.1 026 ± 0 04. 026 ± 0 03d. 

Volatile matter (wt %) 6804 ± 0 86be 51 73 ± 0 66b 3842 ± 0 52c 2655 ± 0 38d 2228 ± 0 30.1 21 27 ± 0 52d. 

Fixed carbon (wt %) 2948 ± 0 421g 4568 ± 0 48g 5898 ± 0 50gh 7076 ± 0 78., 7502 ± 112ed 7598 ± 1 23., 

C s/amea MOisture (wt %) 847 ± 0 04.1 869 ± 016 d 887±019d 920±014d 935 ± 0 08 h 935 ± 0 07 h 

Ash content (wt %) 348±012. 351 ± 014. 350±015. 360±007. 362 ± 0 12. 375±011. 
DenSity 040 ± 0 01 d. 0294 ± 0 01. 0251 ± 0 039h 021 ± 001 g 018 ± 0 02h 017 ± 0 01 g 

Volatile matter (wt %) 7178 ± 0 84. 49 68 ± 0 60ed. 3405±0479 2375±05h 2217 ± 0 43.1 2129 ± 0 31d. 

Fixed carbon (wt %) 2474±027, 4681±0441 6245 ± 0 59d. 72 65± 060bedo 7421 ±1 25ed 7496 ± 1 0519 
C hystnx MOisture (wt %) 590±0018, 621 ± 0 04, 694 ± 0 05 h 777 ± 0 08 9 850 ± 0 14, 860±010, 

Ash content (wt %) 165 ± 0071 166±008h 181 ± 0111 180±0099 190±0089 195 ± 0 089 
DenSity 0591 ± 002.b 0521 ± 0 02. 0460 ± 0 02. 037 ± 005.b 030 ± 0 05c 028 ± 001ed 
Volatile matter (wt %) 6049 ± 0 459 4827 ± 0 449 3527 ± 0 35, 2514 ± 0 34g 2054 ± 0 34h 1794±026, 

F,xed carbon (wt %) 3786 ± 0 37. 5007 ± 048d 6292 ± 0 66d 7306 ±O 63. 77 56 ± 0 65. 8011 ±098. 
D peregrma MOisture (wt %) 775±014h 807 ± 011. 842 ± 0 07. 875 ± 011. 909±011, 909 ± 0 09, 

Ash content (wt %) 229 ± 0 08.1 233 ± 0 16ed. 235 ± 0 20. 234±010. 235 ± 0 17d 245 ± 015. 
DenSity o 50 ± 0 02.bcd o 433 ±O 03bcd 0387 ± 0 04bc 036 ± 0 02.0 033 ± 0 03.0 032 ± 0 030 
Volatile matter (wt %) 7075 ± 0 60. 4919±042., 3794 ± 040c 2992 ± 0 38.b 2497 ± 0 34b 2316 ± 047b 

Fixed carbon (wt %) 2626 ± 0 28h, 4856 ± 0 30. 5971 ± 0 42g 6774 ± 0 66g 72 68 ± 1 06, 7439 ± 1 04g 
D procerum MOisture (wt %) 857 ± 0 04. 869 ± 0 06 d 923 ± 011 c 971 ± 0 07 b 985±0141 987 ± 0 07 I 

Ash content (wt %) 257 ± 0 10d 250±0 13ed 265 ± 0 08d 266±012d 271 ± 008c 274 ± 0 09d 
DenSity o 50 ± 0 04.bcd 0400 ± 0 03ed o 321 ± 0 04d., 028 ± 0 02.1 025 ± 0 05.1 025 ± 0 04. 
Volatile matter (wt %) 6557 ± 0 66. 5925 ± 0 80. 4091 ± 0 660 3015 ± 0 50. 2558 ± 0 66. 2313 ± 0 42b 

Fixed carbon (wt %) 3186±040d 3825 ± 0 30h 5644 ± 0 60, 6719±067g 7171 ±0801 74 13 ± 0 81g 
E varuna MOisture (wt %) 647 ± 0 05 I 721 ± 0 04 9 853±013. 891 ± 0 07. 931±004h 939 ± 0 07 h 

Ash content (wt %) 1 97 ± 020gh' 209±018.lg 215±017e 215±012.1 210 ± 0 10.lg 222 ± 0 06.1 
DenSity 056 ± 0 12.b o 482 ±O 02.be 0411±001.b 038 ± 0 02. 035 ± 0 03. 034±001ed 
Volatile matter (wt %) 6625±087d. 4638 ± 0 83, 3521 ± 0 421 2668 ± 0 56d 2260 ± 0 40. 2083±048e 

Fixed carbon (wt %) 31 78 ± 0 38d 5153±042c 6264 ± 0 44de 7117±056edol 7530 ± 0 62bc 7695 ± 1 22de 
E MOisture (wt %) 835 ± 0 08 I 889 ± 0 07 c 973±018 ... 1017±006. 1110±012. 1131 ±O 10. 
acummata Ash content (wt %) 1 73± 009'1 187 ± 0 15gh 180±009, 1 85 ± 0 15g 199±0121g 203 ± 0 10'g 

DenSity 060 ± 0 03. 0512 ± 0 02.b o 406 ± 0 04bcd 0321 ± 0 02ed 030 ± 0 04c 030 ± 003be 
Volatile matter (wt %) 6266 ± 0 51, 4851 ± 0 631g 3606 ± 0 60e 2658 ± 0 42d 2052 ± 0 43h 1928 ± 0 57gh 

FIxed carbon (wt %) 3561 ± 0 29b 4962 ± 0 40d 62 14 ± 0 45de 71 57± o 62bcde 77 49 ± 0 70. 7869± 1 05be 
Contmued ......... . 
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Species Charcoal Temperature (0 C) 

properties 300 400 500 600 700 800 

M MOisture (wt %) 603 ± 012 k 653 ± 0 08 h 721±015 g 767 ± 0 04 9 831±017k 842±014k 
bombycma Ash content (wt %) 180 ± 0 07'1 1 82 ± 08gh 187±0151 185 ± 0 17g 200 ± 0 10lg 201 ± 01419 

Density 0604±006. 0517 ±O 01. 0422 ± 0 06.b o 365±0 01.b 032 ± 0 02be 030 ± 004be 

Volatile matter (wt %) 6058 ± 0 59g 4238 ±O 44k 3067 ± 0 541 26 50± 031d 21 59± 0 20g 1952 ± 0489 
Fixed carbon (wt %) 3762 ± 0 34. 5580 ±O 30. 6746 ± 0 46. 71 65±0 73be 76 41±0 98. 78 47± 1 04be 

M MOisture (wt %) 908±011b 954±009. 1003±009. 10 25 ± 008 1041±01O 1045 ± 008 e 
azedarach Ash content (wt %) 319±017b 320 ± 0 12b 335 ± 0 14'b 330±01h 325 ± 0 13b 337±012b 

Density 0382 ± 0 02. 0307 ±O 02. 0242±001h 021 ± 004g 018 ± 0 02h 017 ± 001g 
Volatile matter (wt %) 71 22 ± 1 06. 49 54±0 86d 3849 ± 0 70c 25 75±0 63.1 21 90±0 4419 2144 ± 0 30d 

Fixed carbon (wt %) 2559 ± 0 30, 47 26± 0 451 5816 ±O 68h 70 95±1 06d 7485±1 18cd 7519 ± 1 0619 
M MOisture (wt %) 895 ± 013 e 921 ± 0 08 b 975 ± 0 09 b 1020 ± 0 08 1041 ± 0 08 1044±012 e 
champaca Ash content (wt %) 210±00819h 2 11± 0 03.19 220±014. 217±017.1 2 20± 009d.1 242 ± 0 09. 

Density o 50± 0 08.bed o 445± 01.be 0387 ± 0 02be o 341±0 04be o 31± 0 02be 030±001be 

Volatile matter (wt %) 6880 ± 0 75b 49 23±0 69.1 3705 ± 0 40d 30 32± 0 42. 25 82± 0 44. 2468 ± 0 26. 

Fixed carbon (wt %) 2910 ± 0 349 48 66± 0 45. 6075 ± 0 401 67 51± 0 449 71 98± 0 841 72 90 ± 1 06h 
Q dealbata MOisture (wt %) 601 ± 008kl 639 ± 0 09 h 675±013, 742 ± 0 05 h 799±0091 807 ± 0 091 

Ash content (wt %) 1 87 ± 0 09ghll 1 95± 0 1219h 190 ± 0 071 20 ± 0 121g 2 10± 0 14.lg 225 ± 0 08.1 
Density 055 ± a 08.be o 462±0 03. 040 ± 0 03.b o 313±0 Old 028 ± 0 Old 028 ± 0 02cd 
Volatile matter (wt %J 6382 ± 0 611 4446 ± 0 49, 3195 ± a 40, 25 75±0 24., 20 58± 0 16h 1877 ± 0 18h 

Fixed carbon (wt %) 3431 ±027e 53 59± 0 36b 6615±044b 72 25±0 62. 77 32± 1 07. 7898 ± 0 88b 
Q gnffithll MOisture (wt %) 723 ± 0 09, 788±0081 823 ± 0 12 I 849 ± 0 08 I 954±006 g 961 ± 0 08 9 

Ash content (wt %J 1 85 ± a 16h" 1 80± 0 189h 190 ± a 071 1 92 ± 0149 205 ± 0 2019 208 ± 0 14'9 
Density 0575 ± 0 07.b o 469±0 02.b o 371± 002bed a 321±0 01cd 030±004e 028 ± a 03cd 
Volatile matter (wt %) 6800 ± a 68be 50 10±0 56cd 3625 ± 0 44. 25 90± 0 36. 22 62± 0 52. 2014 ± 0 511 

Fixed carbon (wt %J 3015 ±O 34., 48 10± 0 42. 6185 ± 0 56. 72 18±0 65. 75 33±1 08be 77 78± 1 20cd 
S walllchll MOisture (wt %) 933 ± 0 08. 947±010. 1002±014. 1030 ± a 06 1035±007 1039±012 e 

Ash content (wt %) 289±016e 297 ± a 15b 301 ± 0 18e 302 ± 0 15c 311 ±021b 311±014e 
Density 045 ± 0 03 cd. o 369±0 04d. o 301± 003.lg 0250 ± 0 021 023 ± 0 049 022 ± 002, 
Volatrle matter (wt %) 7070 ± 1 04. 5041±081c 42 06 ± 0 94. 29 50± 0 84b 24 46± 066e 2421 ± 0 71. 

Fixed carbon (wt %J 2641 ± 0 80h 46 62± 0 76, 5493 ± 0 88, 67 48± 1 069 72 43± 0 11, 72 68 ± 1 25h 
T catappa MOisture (wt %) 896 ± 0 08 be 927 ± 012 b 987 ± 0 11.b 10 33± 010 1085±009 1091±011b 

Ash content (wt %) 214 ± 01419 2 25± 009d.1 220±0 11. 230±014. 2 30± 0 10d. 235±011. 
Density 0544 ± o 457±0 04.b o 375± 0 03bed o 35± 006.be 033 ± 0 01.b 032 ± 0 02b 
Volatile matter (wt %) 6725 ± 066cd 47 44± 0 60h 3310 ± 0 50h 27 63± 0 38c 23 82± 0 24d 2214 ± 0 24e 

Fixed carbon (wt %) 3061 ± 0 25. 50 31± 043d 6470 ± 0 65e 70 07± 1 061 73 88±0 94d 7551 ± 1 28, 
LSDoo5 MOisture (wt %) 011 015 017 017 011 009 

Ash content (wt %) 025 029 022 021 022 022 
Density 009 007 005 003 002 002 
Volatile matter (wt %) 127 070 069 056 045 056 

Fixed carbon (wt %) 072 073 084 1 11 110 103 

Mean value followed by the same letter shown In subSCrIpt are not slgmficantly different 
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Table 9: Physical properties and proximate analYSIS of oven-dry charcoal produced at 

vanous temperatures With heating rate of 20°C/mIn 

Species Charcoal Temperature (0 C) 

properties 300 400 500 600 700 800 

A Iuclda MOisture (wt %) 1041±012d 1072 ± 0 05 11 42 ± 015., 1263 ± 012 1307±0 14 1333 ± 0 07 h 

Ash content (wt %) 320 ± 0 12be 324 ± 0 14b 323 ± 009b 325 ± 0 09b 313±014b 318±018b 

Density 0343 ± 0 02ab o 319±0 03d. 0277 ± 0 05be 024 ± 002de 022 ± 004d. 0200 ± 0 02e 
Volatile matter (wt %) 7415 ± 115ab 50 98± 112g 31 90 ± 0 65t 2598 ±O 54, 24 08±0 23'g 2242 ± 0 22el 

Fixed carbon (wt %) 2265 ± 0 27g 45 78±0 25be 6487 ± 0 33a 7077 ±O 44b 72 79±0 63a 74 40±0 04abe 

B assam/ca MOisture (wt %) 1230 ± 0 07 a 1275 ± 018 1493±014a 1508±008 1573±008 1596 ±O 24 b 
Ash content (wt %) 240±017de 243±019ed 250±011c 260±013c 255±012c 260±014c 
Density 0421 ± 0 0200 o 365±0 02be o 321±0 07 abe o 301±0 06be 0275 ±O 04e 0270 ± 0 01be 
Volatile matter (wi %) 71 68 ± 1 04ed 56 84± 0 80b 41 53 ± 0 4~b 32 20±0 30a 24 95±0 36., 2390 ± 0 36ed 
Fixed carbon (wi %) 2592 ± 0 43. 40 73± 0 441 5597 ± 0 40h, 65 20± 034h 72 50±0 51be 73 50±0 55bcd 

C s/amea MOisture (wt %) 966 ± 014 9 1018±006 11 23 ± 0 20 9 1174±014 1239 ± 0 09 1301±014" 
Ash content (wt %) 350 ± 0 07a 363 ± 0 17a 359 ± 0 17a 369 ± 0 14a 370 ± 0 14a 372 ± 0 16a 
Density 0307 ± 003b o 264± 0 04e 0247 ± 0 02ab 023 ± 0 04., 0200 ±O 03. 0200 ± 0 01. 
Volatile matter (wt %) 7468 ± 110a 49 87± 0 70h 3343 ± 0 42, 2453 ±O 35g 21 37 ±O 30, 2078 ± 0 24h 
Fixed carbon (wt %) 21 82 ± 0 31g 46 50±0 45bc 6298 ± 050b 71 78 ±O 55a 7493 ±1 07a 7550 ± 0 92ab 

C hystnx MOisture (wt %) 715 ± 0 08 J 836 ± 0 08 k 11 25 ± 0 21 11 89 ± 010 1301±025 1435 ± 019 I 
Ash content (wt %) 1 71 ± 0 031 1 70 ± 004g 173±0 109 1 80 ± 0 07g 1 85 ± 0 12h 191 ± 0 07g 
DensJty 0567 ± 0 02a o 507± 002a 0440 ± 0 02a o 349± 03abe 029 ± 003be 0280 ± 0 Olb 
Volatile matter (wt %) 6447 ± 0 48h 51 20±0 611g 3793 ± 0 23d 2998 ±O 19c 25 79±0 24d 2386 ± 0 27ed 
Fixed carbon (wt %) 3382 ± 0 15ab 47 10± 0 20b 6034 ± 0 45, 68 32±0 50., 72 36±0 48ed 74 23±0 60abe 

o peregrma MOisture (wt %) 11 67 ± 0 08 b 1234±012 1339 ± 012 b 1432 ± 0 08 1503±014 1622±024a 
Ash content (wt %), 230 ± 001d., 235 ± 0 07ed 250±011e 240 ± 008ed 245±013ed 250 ± 0 10ed 
Density 0472 ± 0 04ab o 413±0 03bc 0387 ± 0 06ab o 370± 0 08a 0340 ±O 02a 0330±001a 
Volatile matter (wt %) 7351 ± 0 55ab 52 39±0 64d 41 96 ± 0 43ab 31 92±0 30a 2765 ±O 26b 2695 ± 0 28a 
Fixed carbon (wt %) 2419 ± 0 25, 45 26±0 31be 5554 ± 0 44, 65 68±0 58g 69 90±0 66g 7055 ± 0 70'g 

o procerum MOJsture (wt %) 1032 ± 011 d 1036±012 1156 ± 014 e 1243±016 1403±007 1469 ± 018. 
Ash content (wt %) 250±012d 260 ± 0 23e 257 ± 0 15c 260±020c 259 ± 0 12e 263±0 11c 
Density 0400 ± 001ab o 350±0 03ed 0300 ± 0 03be o 270±0 08d o 250±0 06ed 0250 ± 0 010d 
Volatile matter (wt %) 71 63 ± 112cd 62 20± 0 86a 4352 ± 0 61a 31 10± 062b 25 82±0 50d 2488 ± 0 40be 
Fixed carbon (wt %) 2587 ± 0 33e 35 20± 030g 5391 ± 0 63, 66 30± 0 70g 71 59±0 90d 72 49± 0 80del 

E varuna MOisture (wt %) 801 ± 0 09, 865 ± 010 , 998 ± 024 J 1084 ± 0 08 11 58 ± 018 1305±015, 
Ash content (wt %) 204 ± 009'gh 203±012el 204±014del 215±00gel 212 ±O 15elg 212±017elg 
Density 0500 ± 0 02ab o 437±0 03a 0407 ± 004ab o 380± 0 08a 0360 ±O 04a 0350 ± 0 02a 
Volatile matter (wt %) 6962 ± 0 65. 5095 ±O 479 3786±037d 29 89± 0 32c 2733 ±O 25b 2615 ± 0 28a 

Fixed carbon (wt %) 2834 ± 0 22d 47 02±0 24be 6010 ± 0 29, 67 96± 0 40, 70 50±0 671g 71 73± 0 66.'g 
E MOisture (wt %) 980±010, 1054±011 1256 ± 008 e 1339±020 1493±021 1570 ± 014 c 
acummata Ash content (wt %) 175 ± 0 03, 1 79 ± 0 04'g 1 98 ± 005el 204 ± 0 11el 2 08±0 07elg 220 ± 00gelg 

Density 0551 ± 0 03ab o 450±0 03a o 352±0 04abe o 300±0 04bc 029 ± 0 03bc 0290 ± 002b 
Volatile matter (wt %) 6578 ± 0 579 51 30±0 54/g 3638±041d. 2732 ±O 52e 2325 ±O 30h 2196 ± 0 20, 
Fixed carbon (wt %) 3247±014b 4691±0 15bc 6121±041de 7064 ±O 45b 7467 ±O 57a 7584 ± 0 60a 

Continued ........ 
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Species Charcoal Temperature (0 C) 

properties 300 400 500 600 700 800 

M MOisture (wt %) 674 ± 0 08 k 886 ± 012, 1047±006, 1069 ± 014 1241 ± 0 20 125±012k 
bombycma Ash content (wt %) 183±008h, 1 94 ±O 03.'g 1 85 ± 0 0619 1 94 ± 003'g 200 ±O 06gh 205 ± 0 08'g 

DenSity 0545 ± 0 04ab o 447±0 03a o 361 ±O 05abe o 300±0 05be o 290±0 02be 0290 ± 0 03b 

Volatile matter (wt 'Yo) 6337 ± 0 49h 4480 ± 0 55, 3333 ± 0 49, 2787 ±O 32. 24 29±0 251g 2297 ± 0 20h 

Fixed carbon (wt %) 3480 ± 0 27a 53 26± 024a 6482 ± 0 37a 70 19±0 40be 73 71±0 55a 74 98±0 68abe 

M MOisture (wt %) 1007 ± 0 06. 1030±0 14'g 1039±021, 1108±018 1270±011 1365±010 g 
azedarach Ash content (wt %) 325±0 12ab 319±009b 320±0 15b 321 ± 008b 320±018b 330±020b 

DenSity 0301 ± 0 02b o 281±0 01d 0239 ± 0 05e 0220 ± 01, o 180± 0 02. 0180 ± 0 01, 

Volatile matter (wt %) 7450 ± 1 08a 5391 ±O 8le 4037 ± 0 66be 2750 ±O 51. 2221 ±O 35, 21 22 ± 0 36, 

Fixed carbon (wt %) 2225 ± 0 39 9 4290 ±O 50. 5643 ± 0 66h 69 29±0 85ed 74 59±0 88. 7548 ± 1 15ab 

M MOisture (wt %) 1119±014e 1210 ± 0 09 1220 ± 014 d 1246±017 1463 ± 0 16 1516±012d 
champaca Ash content (wt %) 217 ± 005,'g 215 ±O 12d. 224±017d 225 ±O 19d. 227 ±O 15d., 229 ± 0 14d.' 

DenSity 0481 ±003ab o 446±0 04a 0407 ± 0 04ab 0365 ±O 04a 0340 ±O 03a 0330 ± 0 04a 

Volatile matter (wt %) 71 05 ± 0 54d 5271 ±O 60d 3983 ± 0 40e 3304 ±O 43a 2878 ±O 30a 2675±031be 

Fixed carbon (wt %) 2678 ± 0 20. 45 14±0 31ed 5783 ± 0 37g 6471 ±O 34h 68 95±0 3h, 7096 ± 0 361g 

Q dea/bata MOisture (wt %) 653 ± 0 08, 820±014, 887 ± 012 k 961±012, 12 50±0 14'g 1292±008" 
Ash content (wt %) 0525 ± 0 02ab o 441±0 01a o 355±0 06abe o 291±0 07ed o 270± 001e 0270 ± 0 02be 

DenSity 185±009h, 1 90 ±O 12.,g 1 91 ± 01419 200 ± 008'g 2 05± 007'gh 203 ± 0 06g 

Volatile matter (wt %) 6735 ± 0 61, 4592 ±O 50, 3554 ± 0 42. 2847±011d 23 65±0 229 2179 ± 0 25, 

Fixed carbon (wt %) 3080 ± 022e 5215 ±O 35a 6163±047ed 69 53±0 65ed 74 30±0 42a 7618 ± 0 59. 

Q gnffithlf MOisture (wt %) 839 ± 0 12 h 1015±017 1248±018 e 1357±014 1405 ± 0 12 1429±007, 

Ash content (wt %) 1 90 ± 0 099h' 202 ±O 07.,g 195 ± 01219 209±014., 210 ±O 14.'g 215 ± 0 15.,g 

DenSity 0520 ± 0 01ab o 431±0 01. o 363±0 06.be o 301±0 06be 0280 ±O 01e 0270 ± 0 01be 

Volalile matter (wt %) 6970 ± 0 52. 51 33±0 46'g 3744 ± 0 33d 29 30±0 19ed 25 49±0 14d 2480 ± 015., 

Fixed carbon (wt %) 2840 ± 0 34d 46 65±0 27be 6061 ±030., 68 61±0 47d 72 41±0 57ed 73 05±0 54ed. 
S walllchlf MOisture (wt %) 1041 ±008d 1055 ± 0 08 1098 ± 018 h 11 95 ± 014 1266±009 1277 ±009 , 

Ash content (wt %) 295 ± 007e 300 ± 008b 320±009b 325 ± 0 19b 320±010b 319±008b 
DenSity 0370 ± 0 03ab o 317±0 02d 0301 ± 0 01be o 270±0 04d o 250±0 05ed 0240 ± 0 02d 
Volatile matter (wt %) 7290±119be 5266±115d 4083 ± 0 60be 3198±O47. 28 85± 0 20. 2683±031be 

Fixed carbon (wt %) 2415±0541 44 34±0 63d 5596 ± o 69hl 6477 ±O 68h 6795 ±O 78, 6998 ± 0 88g 
T catappa MOisture (wt %) 1033 ± 012 d 1076±007 11 32 ± 0 16'g 1294±016 1419 ± 0 14 1485 ± 0 20. 

Ash content (wt %) 220±013., 213 ±O 12d. 221 ± 008d. 225 ±O 14d. 230 ±O 17d. 235 ± 0 11d. 

DenSity 0495 ± 0 04.b o 440±0 04. 0383 ± 008ab o 360±0 09. o 330±0 02a 0330 ± 0 02. 

Volatile matter (wt %) 71 97 ± 0 65ed 51 91±0 42., 3536 ± 0 39. 29 26±0 30ed 26 96±0 24be 2569 ± 0 21d. 

Fixed carbon (wt %) 2583 ± 0 42. 45 96±0 32be 6243 ± 037be 68 49± 0 39 70 74±0 53., 71 96± 0 56,'g 

LSDoos MOisture (wt %) 011 014 018 022 023 025 

Ash content (wt %) 026 029 022 022 022 022 
Dens,ty 021 008 011 006 004 002 
Volatile matter (wt %) 122 070 157 085 090 108 
Fixed carbon (wt %) 142 168 080 1 13 188 172 

Mean value followed by the same letter shown 10 subscnpt are not slgmficantly different 
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SImilarly, from Table 9, it is seen that the moisture content of the charcoal 

samples produced at 300°, 400°, 500°, 600°, 700° and 800° C and with the heating 

rates of 20° C/min varied from 6.53 - 12.30 %,8.20 - 12.75 %, 8.87 - 14.93 %, 

9.61 - 15.08 %,11.58 - 15.73 % and 12.50 - 16.22 % respectively. 

From a comparison of the values of moisture content of the charcoal 

samples produced within 300° - 800° C with a heating rate of 3° C/min with 

those of charcoal samples produced with a heating rate of 20° C/min within the 

same range of carbonization temperature, it was observed that the charcoal 

samples produced at a higher heating rate contained more of moisture. It can be 

concluded that with the increase of heating rate, the moisture content of the 

charcoal samples increased. The increase of moisture content of charcoal with 

increase of carbonization temperature may be attributed to the fact that when the 

temperature is raised, more and more volatiles would evolve through the pores in 

wood surface and as a result of this there would be large macroporosites, more 

open pore structure and large macropore surface area (Demirbas, 200 I) and hence 

more moisture would be accommodated. When the heating rate applied was more 

intense, the degrees of macroporosites and open pore structure were increased 

and hence accounted for higher moisture content in the charcoal obtained by 

carbonization with higher heating rate. 

4.2 Ash Content 

Ash content is another important property used in evaluating charcoal. 

The ash content of charcoal varies from about 0.5 % to more than 5 % depending 
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on the species of wood, the amount of bark included in the wood in the kiln and 

the amount of earth and sand contamination. 

The ash content of the charcoal samples produced from the tree species by 

carbonizing at 300° - 800° C with two different heat'ing rates are presented in 

Tables 8 & 9. 

From Table 4, it can be seen that the ash content of the woods of various 

tree species under the present study ranged from l.06 % to 2.65 %. However, on 

carbonization within 300° - 800° C, it was observed that the ash content of all the 

species increased slightly more than that of wood samples. But no distinct trend 

in change of ash content of charcoal could be established either for increase of 

carbonization temperature or for heating rate. Our findings are in good agreement 

with those of Lim & Malar Vizhi (1993), Lim (1993),'Lim et al. (1994), Lim & 

Lim (1992) who observed that ash content of charcoal showed no consistent 

pattern of dependence on either terminal temperature or holding time. 

4.3 Density 

Density values of the charcoal samples produced from the tree species by 

carbonizing at 300°, 400°, 500°, 600°, 700° and 800° C terminal temperatures and 

with heating rates of 3° C/min and 20° C/min are presented in Tables 8 & 9. 

From Tables 8 & 9, it is seen that with the 'increase of carbonization 

temperature, the density decreased at both the heating rates. At 300° C, with a 

heating rate of 3° C/min, the density values of the charcoal samples of fifteen tree 

species varied from 0.382 - 0.600. At 400° C, with the same heating rate it varied 
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from 0.294 - 0.521 while at 5000
, 6000

, 7000 and 8000 C the density values varied 

from 0.242 - 0.460, 0.210 - 0.370, 0.180 - 0.350 and 0.170 - 0.340 respectively. 

Similarly, at 3000
, 4000

, 5000
, 6000

, 7000 and 8000 C, with a heating rate 

of 200 C/min, the density values of the charcoal samples produced from the tree 

species varied from 0.301 - 0.567,0.281 - 0.507,0.239 - 0.440,0.220 - 0.380, 

0.180 - 0.360 and 0.180 - 0.350 respectively. 

From the results shown in Table 4, it is clear that there se~ms to have 

some co-relation between the lignin content of wood with its density. Higher the 

lignin content of the wood, higher is its density. 

From Tables 8 & 9, it is further observed that species with higher density 

values (Table 4) yielded the charcoal samples of higher density. In the present 

investigation, it was found that species like C. hystrix, D. peregrina, E. varuna, 

E. accuminata, M. bombycina, M. champaca, Q. dealbata, Q. griffithii and T. 

catappa yielded charcoal in both the heating rates with comparatively higher 

density values. Increase of heating rate from 30 C/min to 200 C/min seems to have 

no effect on the density of the charcoal samples. 

4.4 Volatile matter (VM) content 

The volatile matter other than water in charcoal comprises all those liquid 

and tarry residues not fully driven off during the process of carbonization. If the 

carbonization is prolonged and at a high temperature then the volatile matter 

content is low. Normally the volatile matter in charcoal can vary from as high as 

40 per cent and down to 5 per cent or less. To determine it, a weighed sample of 
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dry charcoal is heated at 9000 C to a constant weight. The weight loss is the 

volatile matter and is usually specified free of moisture content. 

The volatile matter, ash content and fixed carbon content of charcoal 

samples produced from fifteen tree species at temperatures ranging from 300° to 

800° C with a heating rate of 3° C/min are presented in Table 8 and with a 

heating rate of 20° C/min are presented in Table 9. 

From Table 8, ~t is seen that volatile matter decreased with the increase of 

carbonization temperature. Differences of volatile matter content in charcoal 

samples obtained at various terminal temperatures with: a heating rate of 3° C/min 

were found to be significant only among some of the species and not all. The 

volatile matter content of the charcoal samples produced at 300° C terminal 

temperature ranged from 60.49 % to 71.78 % whereas at 400° C, it ranged from 

42.33% to 59.25 %. Similarly the volatile matter content of the charcoal samples 

produced at 500° ,600°,700° and 800° C ranged from 30.67 % to 40.91 %,23.75 

% to 30.32 %, 20.52 % to 25.82 % and 23.13 % to 24.68 % respectively (Table 

7). Charcoal samples produced from M. champaca (24.68 %), S. wallichii 

(24.21 %), D. peregrina (23.16 %) and D. procerum (23.13 %) at 800° C terminal 

temperature showed the higher volatile matter content. 

When the heating rate of carbonization was increased to 20° C/min, 

charcoal samples produced at 300° C and 400° C, showed higher volatile matter 

contents as compared to those of the charcoal samples produced at similar 

terminal temperatures with a heating rate of 3° C/min (Tables 8 & 9). At 300° C, 

the volatile matter content ranged from 63.37 % to 74.68 % whereas at 400°, 
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500°, 600°, 700° and 800° C, volatile matter content of the charcoal samples 

ranged from 44.80 % to 62.20 %,31.90 % to 43.52 %, 27.32 % to 33.04 %, 21.37 

% to 27.65 % and 20.78 % to 29.65 % respectively. Vo~atile matter content of the 

charcoal samples produced at 800° C, was found to be the highest in D. peregrina 

(26.95 %) while the lowest of it was in C. siamea (20.78%). 

From the results presented in Tables 8 & 9, it is clear that with the 

increase of carbonization temperature, the volatile matter content of the charcoal 

samples decreased at both the heating rates. Our findings are in good agreement 

with those of Fuwape (1993; 1996a, 1996b) who carbonized some agroforestry 

tree species and some fast growing multipurpose species of Nigeria. Lim et al. 

(1994), Lim (1993), SensQz & Can (2002) also reported a similar trend of 

variation of volatile matter content in charcoal samples produced from some 

other wood and biomass materials. 

Further it was observed that when the rate of heating was increased from 

3° C/min to 20° Clmin within the carbonization temperature range of 300° to 8000 

C, the range of volatile matter content of the charcoal samples also increased. 

4.5 Fixed carbon' (Fe) content 

Fixed carbon content is an important parameter of charcoal. It ranges from 

a low of about 50 % to a high of around 95 %. Fixed carbon content in charcoal 

is usually estimated as a "difference" that is to say, all other constituents viz. 

volatile matter and ash content are deducted from 100 as a percentages and the 

reminder is assumed to be the percentage of "fixed" carbon or 'pure' carbon. 
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From metallurgical point of view, fixed carbon content of charcoal is a very 

important parameter, since it is the fixed carbon, which is responsible for 

reducing the iron oxides of the iron ore to produce iron. 

Fixed carbon content of the charcoal samples produced from the tree 

species at 300°, 400°, 500°, 600°, 700° and 800° C and with a heating rate of 3° 

Clmin are presented in Table 8 and those with the heating rate of 20° 'Clmin are 

presented in Table 9. 

From Tables 8 & 9, it can be seen that fixed carbon content of the 

charcoal increased with the increase of carbonization temperature. 

At 300° C, with a heating rate of 3° Clmin, the charcoal of C. hystrix 

(37.86 %), M. bombycina (37.62 %), E. acuminata (35.61 %) and Q. dealbata 

(34.31 %), showed higher fixed carbon contents as compared to the charcoal 

samples of other tree species under study. Similarly, at 400° C, with the same 

heating rate, the charcoal of M. bombycina (55.80 %), :Q. dealbata (53.59 %), E. 

varuna (51.53 %), C. hystrix (50.07 %) and T. catappa (50.31 %) showed higher 

percentage of fixed carbon content. At 5000 C, charcoals of M. bombycina 

(67.46%), Q. dealbata (66.15%), T. catappa (64.70 %), C. hystrix (62.92 %), 

C.siamea (62.45 %), E. varuna (62.64 %) and E. acuminata (62.14 %) had higher 

fixed carbon content. 

At 600° C, the charcoal samples of all the tree species except those of D. 

peregrina, D. procerum. M. champaca and S. wallichii showed more than 70 % 

of fixed carbon contents. At 700° C terminal temperatu~e, the charcoal samples of 

all the species showed more than 70 % of fixed carbon content varying from 
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71.71 % to 77.56 %. Similarly, at 800° C, fixed carbon content ranged from 72.90 

% to 80.11 %. 

When the rate of carbonization temperature was increased to 20° C/min, 

the fixed carbon contents of the charcoal samples produced at various terminal 

temperatures were found to be low as compared to the fixed carbon contents of 

the charcoal samples produced in the corresponding terminal temperatures. With 

this heating rate, the fixed carbon content of the charcoal samples produced from 

the tree species at 300° C varied from 21.82 % to 34.80 %. Similarly, with the 

same heating rate, the fixed carbon content of the charcoal samples produced at 

400°, 500°, 600°, 700° and 800° C terminal temperatures ranged from 40.73 % to 

53.26 %, 53.91 % to 64.87 %, 64.71 % to 71.78 %, 67.95 % to 74.93 % and 69.98 

% to 76.18 % respectively. 

The trend of the variations in the value of volatile matter and fixed carbon 

in the charcoal produced at different terminal temperatures is similar to values 

reported by Hoffman 'and Fitz (1968), Brocksiepe (1971), Buekens & Schoeters 

(1987) and Fuwape (1996a). The higher values of fixed carbon in charcoal with 

an increase in carbonization temperature may be due to the removal of volatile 

matter in the woods during the carbonization process, leaving the stable carbon, 

The increase of fixed carbon content was rather large as terminal 

temperature increased from 300° to about 500° C, but after 500° C the increase 

was gradual and rather insignificant. This behaviour is observed for both the 

heating rates. Our results are-'( iiY consistent with the results reported by' 

Bhattacharya et al. (1989) for other biomass. 
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Tressero (1991) reported that in a blast furnace charge at a large charcoal 

Iron works, Minas Gerais in Brazil, a charcoal is considered to be good to 

excellent if its carbon content ranges from 75 - 80 %, volatile matter content 

ranges from 20 - 25 %, moisture content of maximum 10 % and ash content 

ranges from 3 - 4 %. 

From the data presented in Table 8, it is seen that at 800° C with a heating rate 

of 3° Clmin, charcoal samples with more than 75 % of fixed carbon were produced by 

B. assamica (75.98 %), C. hystrix (80.11 %), E. varuna (76.95 %), E. acuminata 

(78.69 %), M. bombycina (78.47 %), M. azedarach (75.19 %), Q. dealbata (78.47 %), 

Q. grifJithii (77.78 %) and T catappa (75.51 %) whereas at this temperature with a 

heating rate of 20° Clmin, C. siamea (75.50 %), E. acuminata (75.84 %) and M. 

azedarach (75.48 %) produced charcoal with more than 75 % of fixed carbon content. 

Similarly, at 700° C with a heating rate of 3° Clmin, charcoal samples with 

more than 75 % of fixed carbon content were produced by B. assamica (75.02 %), C. 

hystrix (77.56 %), E. varuna (75.30 %), E. acuminata (77.49 %), M. bombycina (76.41 

%), Q. dealbata (77.32 %) and Q. grifJithii (75.33 %), whereas at this terminal 

temperature and with a heating rate of 20° Clmin, no species has produced charcoal 

with more than 75 % of fixed carbon content. Hence, a slow heating rate may be more 

suitable to produce charcoal with higher percentages of fixed carbon content. From the 

view point of fixed carbon content and volatile matter content, a maximum terminal 

temperature of 700° C is just sufficient to achieve charcoal with desired quality, when 

the heating rate of about 3° Clmin is employed. The other charcoal samples with less 

than 75 % of fixed carbon contents may be used for domestic purposes. 
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Part 5 

A comparison of the yields and properties of 

charcoal samples produced in earth mound kiln with 

those of charcoal samples produced in' 'Laboratory-scale 

reactor 

When wood is carbonized in traditional earth mound kiln, part of the wood 

charged is burnt in order to release the necessary energy for drying and 

carbonizing the wood mass and thereby the yield of charcoal is always lower than 

that in a modern carbonization plant. In spite of the lower yield of charcoal in the 

traditional earth mound kiln, even today, this method is commonly used by 

charcoal producers in developing countries. Earlier workers (Lusadisu, 1989; 

Schenkel, 1991; Ramilson, 1990; Eimer & Ndamana, 1987; Briane and 

Haberman, 1984;' Quivy, 1992; Hibajene, 1994 and Okello et al., 2001) have 

reported the yield and fixed carbon content of charcoal produced in traditional 

earth mound kiln in some charcoal producing countries (Table 10). 
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Table 10: Comparison of yield and fixed carbon content of charcoal samples produced in traditional earth mound kilns in 

different countries 

Country Types of kiln Mass yield Fixed carbon Reference 
(wt %) (wt %) 

Traditional earth mound kiln 30.3 - 34.3 - Lusadisu, 1989 

Zaire -do- 21.2-29.8 - -do-

-do- 21.1-25.6 70.9 - 85.1 Schenkel, 1991 

-do- 12 - Ramilson, 1990 

Burundi Eimer & Ndamana, 
-do- 15.6 - 18.0 -

1987 

Briane & Haberman, 
-do- 30.6 - 32.4 72.6 - 78.2 

France 1984 

Cuba -do- 22.5 - 28.8 82.1-89.1 Quivy, 1992 

Zambia -do- 21.5-27.0 65.2 - 71.6 Hi bajene, 1994 

Kenya -do- 10.2-18.2 - Okello et at. (2001) 

N.E. India -do- 21.5 - 23.9 62.1 - 65.3 P resent study 
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As a maVer of interest, we collected the charcoal samples produced in field 

conditions by different charcoal producers in Mairang (\nd Umsning Blocks of the 

State of Meghalaya ~y usinE traditional earth mound kiln and their yield, density, 

moisture contelk ash content, volatile matter content and fixed carbon content 

were determined and presented them site wise in Table 11. 

From the results shown in Table 11, it is seen that yield of charcoal varied 

from 21.54 - 23.86 %, density varied from 0.447 - 0.506, moisture content varied 

from 8.81 - 9.42 %, ash content varied from 6.44 - 7.21 %, volatile matter 

content varied from 27.98 - 31.35 % and fixed carbon content varied from 63.15 

- 65.29 %. The higher values of ash content may be d~e to the contamination of 

the charcoal with earth and sand particles, which may come from the earth layers 

used for shielding the wood mass against air. From the value of density, fixed 

carbon content and volatile matter content of the charcoal samples, it can be 

concluded that the carbonization temperature in the earth mound kiln may be 

maximum of 6000 Conly. 

With a view to compare the yield and properties of the charcoal samples 

produced in earth mound ,kiln with those produced in the laboratory-scale reactor, 

we conducted field level carbonization experiments with two species included 

among the fifteen tree species selected for the detailed study. Out of these two 

species C. hystrix was found to be of superior quality and S. wallichii was found 

to be of inferior quality as determined from the laboratory-scale carbonization 

experiments. 
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Table II: Yield and properties of charcoal produced in earth mound kilns in field condition in the state of Meghalaya 

Yield Moisture 
Fixed carbon Ash content Volatile matter Location (wt %) content Density (g/cc) 
(wt %) (wt %) (wt %) 

(wt %) 

Mairang 23.86 9.03 0.473 63.81 6.12 30.07 

Mairang 23.84 8.94 0.486 65.29 5.79 28.92 

Mairang 23.39 9.21 0.479 65.02 7.00 27.98 

Mairang 22.55 9.17 0.493 64.58 6.54 28.88 

Mairang 22.10 9.00 0.506 64.31 6.86 28.83 

Umsning 21.69 8.81 0.500 64.79 6.44 28.77 

Umsning 22.88 9.42 0.517 63.15 6.97 29.88 

Umsning 23.15 9.30 0.488 62.19 6.46 31.35 

Umsning 21.54 9.36 0.447 62.08 7.08 30.84 

Umsning 21.66 9.11 0.475 63.54 7.21 29.25 

Average 22.67 9.14 0.486 63.88 6.65 29.48 
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The carbonization was carried out in the earth mound kiln of common 

size. The size of the kiln was of 3 meter in length, 1 meter in breath and 2 meter 

in height. The earth layer applied to shield the wood mass against air was of 

approximately 8 - 12 cm thick. Air-dried wood of each of the species were used 

separately for carbonization. The total time required for carbonization of a batch 

of wood mass of each of the species ranged from 10 - 12 days. Time to time, the 

temperature inside the kiln was measured with the help of a thermocouple and it 

was found that the inside temperature ranged from 400° to about 600° C. 

Since, the maximum temperature inside the earth mound kiln was found to 

be about 600° C, we thought it to be logical to compare the yield and properties 

of the charcoal samples produced in the field level carbonization experiments 

with those of the charcoal samples produced in the laboratory-scale reactor at the 

terminal temperature of 400° - 600° C. 

The yield and properties of the charcoal samples produced in the 

traditional earth mound kiln from C. hystrix and S. wqllichii are compared with 

those of the charcoal samples produced in the laboratory-scale reactor within the 

temperature range of 400° - 600° C and with heating rates of 3° Clmin and 20° 

C/min. The results are presented in Table 12. From Table 12, it can be seen that 

the wood of C. hystrix, when carbonized in traditional earth mound kiln, the yield 

of charcoal was 25 % whereas the same wood when carbonized in laboratory

scale reactor with a heating rate of 3° Clmin, the yields of charcoal obtained at 

termin'al temperatures' of 400°, 500° and 600° C were 46.5 %, 44 % and 40.3 % 

respecti vel y. 
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Similarly, the wood of S. wallichii when carbonized in traditional earth 

mound kiln, the yield of charcoal was 19.8 %, whereas the same wood when 

carbonized in the laboratory-scale reactor with a heating rate of 3° C/min, the 

yields of charcoal obtained at 400°,500° and 600° C were 27.5 %, 25 % and 23 % 

respectively. 

However, when the heating rate was increased to 20° C/min, wood of both 

the species yielded comparatively lower percentages of charcoal in all the three 

terminal temperatures: 

The moisture content values of the charcoal samples produced from both 

the species by using earth mound kiln were quite comparable with those of 

charcoal samples produced in the laboratory-scale reactor at 400°, 500° and 600° 

C and with a heating rate of 3° C/min. However, higher moisture content values 

were obtained when the rate of heating was increased to 20° C/min (Table 12). 

Density values of charcoal samples produced from the wood of C. hystrix 

were found to be higher than those of charcoal samples produced from the wood 

of S. wallichii. This may be due to the fact that the density of C. hystrix (0.870 ± 

0.07) was higher than that of S. wallichii (0.536 ± 0.05). 

The ash content of the charcoal produced from both C. hystrix and S. 

wallichii in the traditional earth mound kiln were quite high as compared to those 

of charcoal produced in the laboratory-scale reactor (Table 12). The higher ash 

content of the charcoal samples produced in the earth mound kiln may be due to 

their contamination with earth and sand particles. 
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The fixed carbon content of the charcoal produced from the wood of C 

hystrix in the earth mound kiln was found to be 67.28 % whereas that of the 

charcoal samples produced from the same species in the laboratory-scale reactor 

at 400°, 500° and 600° C and with a heating rate of 3° C/min were 50.07 %, 62.92 

%, and 73.06 % respectively. 

Similarly, the fixed carbon content of the charcoal produced from the 

wood of S. wallichii in earth mound kiln was 57.38 % whereas that of the 

charcoal samples produced from it in the laboratory-scale reactor at 400°, 500° 

and 600° C and with a heating rate of 3° C/min were 46.62 %, 54.93 % and 67.48 

% respectively. 

When the heating rate was increased to 20° C/min, the fixed carbon 

content of the charcoal samples decreased. 

Volatile matter content of the charcoal produced from C. hystrix in earth 

mound kiln was 29.62 % whereas those of charcoal samples produced from it in 

the laboratory-scale reactor at 400°, 500° and 600° C with a heating rate of 3° 

C/min were 48.27 %, 35.27 % and 25.14 % respectively. Similarly the volatile 

matter content of charcoal produced from S. wallichii in earth mound was WQ.&. 

30.06 % while those of charcoal samples produced from it in the laboratory-scale 

reactor at 400°, 500° and 600° C and with a heating rate of 3° C/min were 

50.41 %,42.06 % and 29.50 % respectively. 
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Table 12: A comparison of yields and properties of charcoal pr?duced from C. hystrix and S. wallichii in earth mound kilns 

with those of their charcoal samples produced in the laboratory-scale reactor 

Yield (wt 
Moisture 

Density 
Ash Fixed Volatile 

Species Types of experiment content content carbon matter 
%) 

(wt %) 
(g/cc) 

(wt %) (wt %) (wt %) 

C. hystrix Traditional earth mound kiln 25 8.25 0.514 4.66 67.28 28.06 

S. wallichii Traditional earth mound kiln 19.8 9.4 0.310 5.36 57.38 37.26 

C. hystrix (400°C, 3°C/min) Laboratory-scale 46.50 6.21 0.521 1.66 50.07 48.27 

C. hystrix (500° e, 3Oe/min) Laboratory-scale 44 6.94 0.460 1.81 62.92 35.27 

C. hystrix (600° e, 3OClmin) Laboratory-scale 40.3 7.77 0.370 1.80 73.06 25.14 

S. wallichii (400° e, 3°C/min) Laboratory-scale 27.5 9.47 0.369 2.97 46.62 50.41 

S. wallichii (500° e, 3OClmin) Laboratory-scale 25 10.02 0.301 3.01 54.93 42.06 

S. wallichii (600° e, 3OClmin) Laboratory-scale 23.2 10.30 0.250 3.02 67.48 29.50 

C. hystrix (400° e, 20oClmin) Laboratory-scale 37.9 8.36 0.507 1.70 47.10 51.20 

C. hystrix (500° e, 20°C/min) Laboratory-~cale 34.8 11.25 0.440 1.73 60.34 37.93 

C. hystrix (600° e, 20°C/min) Laboratory-scale 28.4 11.89 0.349 1.80 68.32 29.98 

S. wallichii (400° e, 20oClmin) Laboratory-scale 24.3 10.55 0.317 3.00 44.34 52.66 

S. wallichii (500° e, 20°C/min) Laboratory-scale 23.1 10.98 0.301 3.20 55.96 40.83 

S. wallichii (600° e, 20oClmin) Laboratory-scale 21.5 11.95 0.270 3.25 64.77 31.98 
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SUMMARY AND CONCLUSION 



C'haptelf V 

Summary and Conclusion 

Charcoal is one of the major biofuels of north-east India, particularly of 

the state of Meghalaya. In this state charcoal production is mainly concentrated 

in Ri-Bhoi and West Khasi Hills districts. Every year, in the entire state more 

than one lakb iluintals of charcoal are produced by carbonizing wood in 

traditional earth-mound kilns. In the traditional earth-mound kiln carbonization 

process attention is given only on charcoal yield and there is no provision for 

trapping the other valuable by-products like gas, tar arid condensed liquid which 

are recently drawing attention of researchers as fuel or source of chemical 

feedstock (Demirbas, 1998; Yorgun et al., 2001; Gercel, 2002 a,b; Sevgi, 2003). 

In the recent years, with the ever-increasing population pressure and 

shifting cultivation, the forest areas in Meghalaya have reduced to a great extent. 

At present about 44.2 % of the total geographical area of the state is under 

wasteland. Moreover, ,the reduction in forest cover has left the charcoal producers 

of the state with little choice about the selection of tree species for charcoal 
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production. As a result of this charcoal producers use all types of trees whichever 

available in the nearby forests and this has in turn affected both the quantity and 

quality of charcoal. In addition to this, economically important tree species are 

also used for charcoal production. Therefore, extensive farming of selected 

promIsing tree species for charcoal production in the wastelands is highly 

necessary. However, while selecting tree specIes for farming in wastelands, 

emphasis should be given on indigenous tree species (Rabindranath et al., 1991). 
l 

With a view to select some promising indigenous tree species of north-

east India, particularly of the state of Meghalaya and also to ascertain the actual 

yields of charcoal, gas, tar and condensed liquid produced during the 

carbonization of some of the tree species selected on the basis of local charcoal 

producers' preference, the present study was undertaken. The important findings 

of the study are summarized below: 

From a survey made by visiting different charcoal producing localities in 

the state of Meghalaya, 41 indigenous tree species were identified which are 

commonly used for charcoal production by the local charcoal producers using 

earth-mound kiln (Tal;>le 2). Based on the preferences given on these trees by the 

local charcoal producers and also on their availability in the charcoal producing 

areas 15 tree species (Table 3) were selected for detailed study. The species were: 

Albizzia lucida Benth., Beilschmiedia assamica Meisn., Cassia siamea Lamk. 

Castanopsis hystrix DC., Diospyros peregrina (Gaertn.) Gurke., Dysoxylum 

procerum Hiern., Elaeocarpus varuna Ham., Eurya acuminata DC., Machilus 

bombycina King., Melia azedarach L., Michelia champaca L., Quercus dealbata 
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Hook. f. & Th., Quercus griffithii Hook. f. & Thomson ex. Miq., Schima 

wallichii Choisy. and Terminalia catappa L. 

From the determination of various physico-chemical properties, 

, . 
biochemical composition, and elemental analysis of the wood of the selected tree 

species, following observations were made. 

Moisture content in the species was found to vary from 39.73 % ± 0.73 to 

59.79 % ± 0.66. Among all the species M. azedarach, C. siamea and A. lucida 

were found to have higher percentages of moisture content while, C. hystrix, Q. 

griffithii and Q. dealbata were found to have quite lower percentages of it. 

Ash content among the species under study varied from 1.06 % ± 0.07 to 

2.65 % ± 0.06. 

Density of the species varied from the highest of 0.879 ± 0.085 (E. 

acuminata) to the lowest of 0.477 ± 0.09 (M. azedarach). The variations in the 

density of wood of different tree species may be attributed to their anatomical 

differences. 

Among all the tree species, the highest hemicellulose content was found in 

B. assamica (30.82% ± 0.21) and the lowest was found in C. hystrix (24.89% ± 

0.19). Similarly, the wood of M. azedarach contained the highest percentage of 

cellulose (46.93% ± 0.34) while the wood of T. catappa contained the lowest of it 

(41.67% ± 0.31). The lignin content of wood of the tree species varied from 

20.65% ± 0.30 (M. azedarach) to 26.45% ± 0.13 (M. bombycina). 

Highest extractive content was found in T. catappa (6.74% ± 0.74) while 

the lowest was observed in C. hystrix (2.67% ± 0.06). The carbon content of 
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wood of the 15 tree species varied from 42.68 % (s. wallichii) to 46.98 % (M. 

bombycina) whereas hydrogen content varied from 4.93 % (M. azedarach) to 

6.02 % (D. procerum). Similarly, oxygen content of the species varied from 

45.32 % (c. hystrix) to 49.24 % (M. azedarach) and nitrogen content ranged from 

0.2 % to 0.4 % only. 

Calorific values of wood of M. bombycina (21.33% ± 0.78), E. acuminata 

(21.07% ± 0.63), C. hystrix (20.71% ± 0.84), Q. grifJithii (20.66% ± 0.54), Q. 

dealbata (20.37% ± 0.48) and E. varuna (20.11 % ± 0.45) were found to be higher 

than those of the wood of other species. 

FYI values of C. hystrix (17), E. acuminata (16.54) and M. bombycina 

(16.28) were much higher than those of the other tree species. M. azedarach 

(3.08) showed the lowest FYI. 

Mass balance of carbonization decomposition products of the tree species 

were determined at various terminal temperatures viz. 300°, 400°, 500°, 600°, 

700° and 800° C with two heating rates. From the results of mass balance of 

decomposition products,(following observations were made. 

Gas Production 

With the increase of carbonization temperature, the gas yields from all the 

species were found to increase in both the heating rates. At a heating rate of 3° 

C/min, within 300°-400° C, the gas production from all the species was slow 

whereas from 400°-500° C, gas yields increased sharply. Again from 500°-600° C, 

the rate of gas yields decreased slightly. From 600° -800° C, the rate of gas yields 

decreased significantly. 
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When the heating rate was increased from 3° C/min to 20° C/min, the 

amounts of gas as well as rates of gas production changed markedly. 

The increase of gas production with the increase of heating rate was found 

to be more in the carbonization temperature up to SOOoC as compared to those in 

the higher temperature range. However, the total amounts of gas produced at 

800°C with two different heating rates were quite comparable. The increase of 

gas production at higher heating rate may be related to the fact that higher 

heating rate lead to a fast depolymerization of the solid materials to primary 

volatiles. 

Char Production 

The char yields from all the specIes were found to decrease with the 

Increase of carbonization temperatures at both the heating rates. Within 300° -

400° C, the char yields decreased sharply and then decreased gradually up to 

800°C terminal temperature. 

The heating rate showed marked effect on char yield. Within the 

carbonization temperature range 300°-800° C, the char yields obtained with a 

heating rate of 20° C/.min were found to be lower than those achieved with the 

heating rate of 3° C/min. 

At a heating rate of 3° C/min, C. hystrix yielded the highest percentage of 

char at all temperatures. Other species producing higher percentages of char at 

800° C were M. bombycina, E, acuminata. Q. dealbata. E. varuna and Q. 

griffithii. 
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From the results of the biochemical compositions of the woods of all the 

species and their mass balance experiment results, it was found that species with 

higher percentages of lignin contents yielded comparatively higher percentages 

of char. 

Tar Production 

Tar yields from all the specIes increased with the increase of 

carbonization temperature and reached a maximum at about 4000 C or 5000 C and 

then decreased sharply. With a heating rate of 30 C/min, almost all the species 

excect E. varuna, C. hystrix, Q. griffithii and T. catappa showed their tar 

production maximum at 4000 C. 

Condensed liquid production 

The yields of condensed liquid from all the species increased with the 

increase of carbonization temperature and after reac~ing a maximum at about 

4000 C, the yields started decreasing. 

It was further observed that the tree species with higher percentages of 

holocellulose content yielded higher percentages of condensed liquid. 

The quality of charcoal 

The charcoal samples produced by carbonizing the woods of 15 sleected 

tree species in the laboratory-scale reactor at various terminal temperatures viz. 

3000 C, 4000 C, 5000 C, 6000 C, 7000 C and 8000 C with two heating rates were 

characterized for their moisture content, density, as\:l content, volatile matter 

content and fixed carbon content by the standard methods. 
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It was observed that with the increase of carbonization temperature, the 

moisture content of the charcoal increased at both heating rates (30 C/min and 20° 

C/min). However, within the same range of carbonization temperature, when the 

heating rate was increased, the moisture content also increased. 

Ash content of the charcoal samples ranged from 1.06% to 2.65%. 

However. it was observed that the ash content of all the charcoal samples 

increased slightly. vv'-t ~ - .... -

The density of charcoal decreased with the increase of carbonization 

temperature at both the heating rates. It was further observed that species with 

higher density values yielded charcoal samples of higher density. In the present 

investigation, it was found that species like C. hystrix, D. peregrina, E. varuna, 

E. accuminata, M. bombycina, M. champaca, Q. dealbata, Q. grifJlthii and T. 

catappa yielded charcoal in both the heating rates with comparatively higher 

density values. Increase of heating rate from 3° C/min to 20° C/min seems to have 

no effect on the density of the charcoal samples. 

The volatile matter content of charcoal samples from all the specIes 

decreased with the increase of carbonization temperature at both the heating 

rates. When the heating rate of carbonization was increased to 20° C/min, 

charcoal samples produced at 300° C and 400° C, showed higher volatile matter 

contents as compared to those of the charcoal samples produced at similar 

terminal temperatures with a heating rate of 3° C/min. Further it was observed 

that when the rate of.heating was increased from 3° C/min to 20° C/min within 
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the carbonization temperature range of 3000 to 8000 C, the range of volatile 

matter content of the charcoal samples also increased. 

Fixed carbon content of charcoal samples increased with the increase of 

carbonization temperature. At 6000 C, the charcoal samples of all the tree species 

except those of D. peregrina, D. procerum, M. champaca and S. wallichii showed 

more than 70 % of fixed carbon contents. At 7000 C terminal temperature, the 

charcoal samples of all the species showed more than 70 % of fixed carbon 

content varying from 71.71 % to 77.56 %. Similarly, at 8000 C, fixed carbon 

content ranged from 72.90 % to 80.11 %. 

The increase of fixed carbon content was .rather large as terminal 

temperature increased from 3000 to about 5000 C, but after 5000 C the increase 

was gradual and rather insignificant. At 8000 C with a heating rate of 30 Clmin, 

charcoal samples with more than 75 % of fixed carbon were produced by B. assamica 

(75.98 %), C. hystrix (80.11 %), E. varuna (76.95 %), E. acuminata (78.69 %), M. 

bombycina (78.47 %), M. azedarach (75.19 %), Q. dealbata (78.47 %), Q. grifJithii 

(77.78 %) and T catappa (75.51 %) whereas at this temperature with a heating rate of 

200 Clmin, C. siamea (75.50 %), E. acuminata (75.84 %) and M. azedarach (75.48 %) 

produced charcoal with more than 75 % of fixed carbon content. 

Similarly, at 7000 C with a heating rate of 30 C/min, charcoal samples with 

more than 75 % of fixed carbon content were produced by B. assamica (75.02 %), C. 

hystrix (77.56 %), E. varuna (75.30 %), E. acuminata (77.49 %), M. bombycina (76.41 

%), Q. dealbata (77.32 %) and Q. griffithii (75.33 %), whereas at this terminal 

temperature and with a heating rate of 200 Clmin, no species has produced charcoal 
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with more than 75 % of fixed carbon content. Hence, a slow heating rate may be more 

suitable to produce charcoal with higher percentages of fixed carbon content. From the 

view point of fixed ca~bon content and volatile matter co~tent, a maximum terminal 

temperature of 7000 C is just sufficient to achieve charcoal with desired quality, when 

the heating rate of about 30 Clmin is employed. The other charcoal samples with less 

than 75 % of fixed carbon contents may be used for domestic purposes. 

Woods of C. hystrix and S. wallichii when carbonized in traditional earth 

mound kiln, the yield of charcoal was 25 % and 19.8 % respectively, whereas the 

same woods when carbonized in laboratory-scale reactor, the yield were found to 

be much higher. 

Ash contents of the charcoal produced from both C. hystrix and S. wallichii 

In the traditional earth mound kiln were quite high as compared to those of 

charcoal samples produced in the laboratory-scale reactor. 

The fixed carbon contents of the charcoal samples produced from C. 

hystrix and S. wallichii in the earth mound kilns were found to be 67.28 % and 

57.38 % respectively which corresponds to those of charcoal samples produced 

from these two species in the laboratory-scale reactor within the temperature 

range of 5000 to 6000 C. With the increase of heating rate, the fixed carbon 

content of the charcoal samples were found to decrease. 

From the present study, it can be concluded that among all the 15 

traditionally preferred indigenous tree species of nortb-east India, C. hystrix. E. 

varuna. M. bombycina. E. acuminata. Q. dealbata. Q. griffithii and B. assamica 

are the most promising tree species for charcoal production. Fuel value indexes 
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of these tree species indicate their suitability as fuelwood. Hence, these trees may 

be considered for inclusion in large-scale energy plantation or farm forestry 

plantation in the wastelands of the region. However, before recommending these 

species for plantation, their growth rate, biomass productivity, nutrient uptake 

behaviour and optimum period of harvesting should be investigated. 

Since, the yieI'd and quality of charcoal produced in the presently used 

traditional earth mound kiln is poor, a shift from traditional method to modern 

method of carbonization is needed. Such a modern method will not only produce 

charcoal with better yield and quality, but will also reduce environmental 

pollution. Moreover, provisions should be made to trap the by-products of 

carbonization such as gas, tar and condensed liquid for utilization as fuel or 

feedstock for chemicals. 

Ct!Zr~~, 

cC':; ....... "L.. ~ 
I~I 
CLJ~ c,..~rh'~.$ 

177"" ~e,.- ~~ 4-. ~e.. ,').,. ~" "f-J--

~~ 



BIBLIOGRAPHY 



Bibliography 

1. Abbot, P.; Lowre, J.; Khofi, C.; Werren, M. (1997). Defining firewood 

quality: A comparison of quantitative and rapid appraisal techniques 

to evaluate firewood species from a southern African Savanna. 

Biomass & Bioenergy, 12(6):429-37. 

2. Ahuja, P.S.; Kumar, S.; Singh, P.C. (1996). A model for primary and 

heterogenous . secondary reactions of wood pyrolysis. Chemical 

Engineering & Technology, 19:272-82. 

3. Alves, S.S.; Figueiredo, J.L. (1989). A moqel for pyrolysis of wet 

wood. Chemical Engineering Science, 44(12):2861-69. 

4. American Society for Testing Materials (ASTM) Designation: D3173-

82 (1988a). Standard test Methods for Moisture in the Analysis 

Sample of Coal and Coke. Annual Book of ASTM Standards, Vol. 

05.05, Gaseous Fuels: Coal and Coke. ASTM, Philadelphia, PA, pp. 

295-6. 

5. American Society for Testing Materials (ASTM) Designation: D3174-

82 (1988b). Standard test Methods for Ash in the Analysis Sample of 

Coal and Coke from Coal. Annual Book of ASTM Standards, Vol. 

05.05, Gaseou's Fuels: Coal and Coke. ASTM, Philadelphia, PA, pp. 

297-9. 

6. American Society for Testing Materials (AST~) Designation: D3175-

82 (1988c). Standard test Methods for Volatile Matter in the Analysis 

Sample of Coal and Coke. Annual Book of ASTM Standards, Vol. 

05.05, Gaseous Fuels: Coal and Coke. ASTM, Philadelphia, PA, pp. 

200-2. 

7. Anonymous (2000). Wastelands Atlas of India. Published by Ministry 

of Rural Development, Department of Land Resources, Govt. of India, 

New Delhi, India, p. 81. 

8. Antal, M.J.; Allen, S.G.; Dai, X.; Shimizu, S.; Tam, M.S.; Gronli, M. 

(2000). Attainment of the theoretical yield of carbon from biomass. 

Industrial & Engineering Chemistry Research, 39( 11) :4024-31. 

9. Antal, M.J.; Croiset, E.; Dai, X.; DeAlmeida, C.; Mok, W.S.; Norberg, 

N. (1996). High-yield biomass charcoal. Energy & Fuels, 10(3):652-8. 

10. Antal, M.J.; Friedman, H.L.; Rogers, F.E. (1980). Kinetics of cellulose 

pyrolysis in Nitrogen steam. Combustion Science & Technology, 

21:141-152. 



11. Banerjee, S.K.; Mathew, M.D. (1985). Carbonization of jute stick, an 

agricultural waste. Agricultural Wastes, 13(3):?17 -27. 

12. Bard, E. (200f) Science, 292:2443-44. 

13. Bhatt, B.P.; Sachan, M.S. (2004). Firewood consumption pattern of 

different tribal communities in north-east India. Energy Policy, 32(1}: 

1-6. 

14. Bhatt, B.P.; Todaria, N.P. (1992). Fuelwood characteristics of some 

mountain trees and shrubs. Commonwealth Forestry Review, 71: 183-

5. 

15. Bhattacharya, S.C.; Bhattacharya, S.P.; Amin, N.; Rongathong, S. Lab 

scale batch carbonization of selected residues. Report of the Division 

of Energy Technology, Asian Institute of Technology, Bangkok, 1989, 

pp. 24-26. 

16. Bhattarai, T.N. Charcoal and its socio-economic importance in Asia: 

prospects for promotion. Paper presented at the Regional Training on 

Charcoal Production, Pontianak, Indonesia, February, 1998, RWEDP, 

FAO. 

17. Briane, D.; Haberman, A. Essais comparatifs de six systems de 

carbonisation artisanale. Association Bois de Feu, Paris, France, pp. 

188,1984. 

18. Britto, J.O.; Barrichelo, L.E.G. (1977). Correlac;oes entre 

characteristicas fiscas e qyimicas da mederia e a produC;8o de 

carV80 vegetal: I. Densidade e teor de lignina da maderia de 

eucalypto. IPEF, Piracicaba, 14:9-20. 

19. Brocksiepe, H. Products of wood pyrolysis. In: Chemische 

Technologie, Winacker, K.; Kiiehler, L. (edsJ, Part III, Carl Hanser 

Verlag, Munchen, 1971. 

20. Browne, F.L.; Tang, W.K. (1962). Thermogravimetric and differential 

thermal analysis of wood and wood treated with inorganic salts during 

pyrolysis. Fire Research Abstracts & Review, 4:76-91. 

21. Buekens, A.G.; Schoeters, J.G. Valuable products from pyrolysis of 

biomass. In: Biomass for Energy and Industry. Proc. 4th European 

Communities Conference, London, pp. 224-32, 1987. 

22. Bureau of Indian Standards. New Delhi: Indian Standard Institution 

Publications, 1960. 

23. Calahorro, C.V.; Serrano, V.G.; Alvaro, J.H.; Garcia, A.B. (1992). The 

use of waste matter after olive grove prunning for the preparation of 



155 

charcoal. The Influence of the type of matter, particle size and 

pyrolysis temperature. Bioresource Technology, 40: 17 -22. 

24. Carew, A (1999). 

http://www.wildlifetrust.org.uk/cornwall/conserv/charcoa4.htm. 

25. Chen, G.; Yu, Q.; Sjostorm, K. (1997). Reactivity of char from 

pyrolysis of birch wood. J. Anal. Appl. Pyrolysis, 40-41: 491-499 

26. Chidumayo, E.N. (1987). A survey of wood-stocks for charcoal 

production in the Miombo woodlands of Zambia. Forest Ecology & 

Management, 20(1-2):105-15. 

27. Chidumayo, E.N. (1993). Zambian charcoal production, Miombo 

woodland recovery. Energy Policy, May 1993, 596-97. 

28. Chidumayo, E. N. (1995) 

http://www.worldwildlife.org/bsp/bcn/learning/afncan/chidumay.htm. 

29. Chomcharn, A. Charcoal making in Asia: A perspective. In: Charcoal 

production and pyrolysis technologies, Thoresen, P. (ed.), REUR 

Technical Series 20, Food and Agricultural Organization of the United 

Nations, Rome, 1991, pp 30-41. 

30. Connor, M.A.; Lin, T.; Daria, V. Characterising the charcoal

producing potential of different woods. In: Proceedings of 2nd 

International Energy Conference: Energy from Biomass Residues, 

Kuala Lumpur, pp. 105-110, 1994. 

31. Connor, M.A.; Salazar, C.M. (1988). Factors influencing the 

decomposition processes in wood aprticles during low temperature 

pyrolysis. In: Research in Thermochemical Biomass Conversion, 

Bridgewater, A.V.; Kuester, J.L. (eds.), Elsevier, London, 1988, pp. 

164-178. 

32. Connor, M.A.;. Viljoen, M.H. Improving the. efficiency of charcoal 

manufacture. In: Sustainable Energy and Environmental 

Technologies: Challenges and opportunities (proceedings of 2nd Asia 

Pacific Conference, Gold Coast, 14-17 June, 1998), Lu, G.Q., 

Radlph, V.; Greenfield, P.F. (eds.), University of Queensland, 

Brisbane, pp. 429-435. 

33. Connor, M.A.; Viljoen, M.H. Understanding the fundamental 

processes of wood carbonization - where to from here? Paper 

presented at IUFRO World Congress, 6-12 Aug., 1995, Tempere, 

Finland, 12 pp. (1995). 

34. Connor, M.A.; Viljoen, M.H.; lIic, J. Relationship between wood 

density, wood permeability and charcoal yield. In: Developments in 



156 

Thermo- chemical Biomass Conversion (eds.) Bridgewater, A.V., 

Boocock, D.G.B., Blackie, London, Vol.: I, pp. 82-96, 1996. 

35. Cutter, B.E.; McGinnes, E.A. (1981). A note on density change 

patterns in charred wood. Wood and Fiber, 13(1 ):39-44. 

36. Darmstadt, H.; Pantea, D.; Summchen, L.; Roland, U.; Kaliagunine 

S.; Roy, C. (2000). Surface and bulk chemistry of charcoal obtained 

by vacuum Pyr91ysis of bark: influence of feedstock moisture content. 

Journal of Analytical and Applied Pyrolysis, 53:1-17. 

37. Deka, D. Fuelwood characteristics of some indigenous tree species of 

Assam. Unpublished Thesis submitted to Tezpur University, Tezpur, 

Assam, India. 2004. 

38. Demirbas, A. (2001). Carbonization ranking of selected biomass for 

charcoal, liquid and gaseous products. Energy Conversion and 

Management, 42: 1229-38. 

39. deMiranda, R.C. (1999). Deforestation and forest degradation by 

commercial harvesting for firewood and charcoal in the Pacific region 

of Nicaragua. Boiling Point, 42: 11-3. 

40. DeGroot, F.W.; Shafizadeh, F. (1984). The influence of exchangeble 

cations on the. carbonization of biomass. Journal of Analytical and 

Applied Pyrolysis, 6(3):217-32. 

41. Diaz, L.F.; Golueke, C.G. Residues and Wastes. In: Sofer, S.S., 

Zabrosky, O.R. (eds.) Biomass conversion process for energy and 

fuels. New York, Plenum Press, 1981, pp. 103-12. 

42. Dumrongthai, P. (1998). Charcoal makers bring in the money -

Thailand, Wood Energy News, 13(1 ):9. 

43. Dutta A.C. Botany for Degree Students. Oxford University Press, 

Delhi, 1989. 

44. Dutta Aananda Chandra. Dictionary of Economic and Medicinal 

Plants. Assam Printing Works Pvt. Ltd., Jorhat, Assam, India, 1985. 

45. Eimer, P; Ndamana, C. Carbnisation: les ratios de transformation -

Republique duo Burundi. Ministere de l'Agriculture. Department des 

Eaux et Forets, pp. 36, 1987. 

46. Ellegard, A.; Nordstorm, M. (2003). Deforestation for the poor? 

Renewable Energy for Development, 16(2):4-6. 

47. Emmerich, F.G.; Luengo, C.A. (1996). Babassu charcoal: a sulphur

less renewable thermo-reducing feedstock for steelmaking. Biomass 

and Bioenergy, 1 O( 1 ):41-4. 



157 

48. ErGin, D.; Yiiriim, Y. (2003). Carbonization of fir (Abies 

bommulleriana) wood in an open pyrolysis system at 50-300° C. 

Journal of Armlyrical and Applied Pyroluis, 67(1): 11-22. 

49. Fagbemi, L.; Khezami, L.; Capart, R. (2001). Pyrolysis products from 

different biomes: application to the thermal cracking of tar. Applied 

Energy, 69:293-306. 

50. FAO. Wood for energy. Forestry topics report no. 1, Food and 

Agricultural Organization of the United Nations, Rome. 

51. FAO. Simple technologies for charcoal making. FAO Forestry Paper 

41, FAO Forestry Department, Food and Agricultural Organization of 

the United Nations, Rome, 1987. 

52. FAO (1996). Wood Energy News, 11 (2). Bangkok, Thailand, FAO 

Regional Office for Asia and the Pacific. 

53. FAO (2001). Socio-economic aspects of bioenergy: a focus on 

employment by E.M. Remedio, Rome. 

54. Figueiredo, J.L.; Valenzuela, C.; Bernalte, A.; Encinar, J.M. (1989a). 

Pyrolysis of oilve wood. Biological Wastes, 28(3):217-25. 

55. Figueiredo, J.L.; Valenzuela, C.; Bernalte, A.; Encinar, J.M. (1989b). 

Pyrolysis of holm-oak wood: influence of temperature and particle 

size. Fuel, 68(8):1012-6. 

56. Foley, G. Charcoal making in developing countries. Earthscan, 

London, UK, pp. 152, 1986. 

57. Food and Agricultural Organization of the United Nations (FAO) 

(1997). State of the World's Forests, 1997. Rome: FAO. 

58. Fuwape, J.A. (1993). Charcoal and fuel val.ue of agroforestry tree 

crops. Agroforestry Systems, 22:55-9. 

59. Fuwape, J.A. (1996a). Effects of carbonization temperature on 

charcoal from some tropical trees. Bioresource Technology, 56: 1-4. 

60. Fuwape, J.A. Carbonization of five short-rotation tropical tree 

species. In: Developments in Thermochemical Biomass Conversion 

(eds.) Bridgewater, A.V., Boocock, D.G.B., Blackie, London, Vol. I, 

pp. 312-319, 1996b. 

61. Fuwape, J.A.; Akindele, S.O. (1997). Biomass yield and energy value 

of some fast-growing multipurpose trees in Nigeria. Biomass & 

Bioenergy, 12(2):101-6. 

62. Gnanaharan, R.; Dhamodaran, T.K.; Thulasidas, P.K. (1988). Yield 

and quality of charcoal from coconut stem wood. Biomass, 16(4):251-

6. 



158 

63. Goel, V.L.; Behl, H.M. (1996). Fuelwood quality of promising tree 

species for alkaline soil sites in relation to tree age. Biomass & 

Bioenergy,10n):57-61. 

64. Goldemberg, J., Johansson, T.B., Reddy A.K.N. and Williams, R.H. 

(1988). Energy for a sustainable world. Wiley Eastern Limited, New 

Delhi. 

65. Goldstein, I.S. Chemicals and fuels from Biomass. In: Emerging 

Technologies for Materials and chemicals from Biomass, (eds.) 

Powel, R.M.; Schultz, T.P.; Narayan, R., American Chemical Society, 

Washington, pp. 333, 1992. 

66. Gomez-Serrano, V.; Valenzuela-Calahorro, C.; Pastor-Villegas, J. 

(1993). Characterization of rockrose wood, char and activated 

carbon. Biomass & Bioenergy, 4(5):355-64. 

67. Goring, D.A.1. (1963). Thermal softening of lignin, hemicellulose and 

cellulose. Pulp and Paper Magazine of Canada, 64(12):517-27. 

68. Gupta R. K. In: TextBook of Systematic Botany, fifth edition. Atmaram 

& Sons, Delhi,.lndia, 1981. 

69. Gupta et a/. (1996). Protocol for calorific measurement. Teri Report 

no. 93/EE/53. Tata Energy Research Institute. New Delhi. pp. 21. 

70. Hakkila. P. (1984). Polttohakepuun kuivuminen metsassa. Summary: 

Forest seasoning of wood intended for fuel chips: Communicationes 

Instituti Foresalis Fenniae. 54(4):82. 

71. Haridasan. K.; Rao. R.R. Forest Flora of Megha/aya. Vol. I & II. 

Bishen Singh Mahendra Pal Singh, Dehra Dun. 1987. 

72. Hastaoglu. M.A.; Hassam. M.S. (1995). Application of a general gas

solid reaction, model to flash pyrolysis of. wood in a circulating 

fluidized bed. Fuel, 74:697-703. 

73. Hoffman. 0.; Fitz. A. (1968). Batch retort pyrolysis of solid municipal 

wastes. Environmental Science & Technology.: 2(11): 1 023-1 026. 

74. Hofstad. O. (1997). Woodland deforestation by charcoal supply to 

Dares Salaam. Journal of Environmental Economics and 

Management. 33(1):17-32. 

75. Hibajene. S.H. Assessment of earth kiln charcoal production 

technology. Stockholm Environmental Institute. Stockholm. Sweden. 

pp.39. 1994. 

76. Hirata. T.; Kawamoto, S.; Nishimoto. T. (1991). Thermogravimetry of 

treated with water-insoluble retardants and a proposal for 



159 

development of fire-retardant wood materials. Fire and Materials, 

15:27-36. 

77. Hustad, J.E.; S nju, O.K. (1992). Biomass Combustion in lEA 

Countries. Biomass & Bioenergy, 2(1-6}:239-61. 

78. International Energy Agency (lEA), (1996). Energy Statistics and 

Balances of N~n-OECD Countries, 1994-95. Paris: lEA. 

79. International Energy Agency (lEA) (2003). Renewables information, 

International Energy Agency, 2003 Edition. 

80. Ishengoma, R.C.; Gillah, P.R.; Majaliw, A.S.;· Rao, R.V. (1997). The 

quality of charcoal produced from Leucaena leucocephala in a earth 

kilns from Tanzania. Indian Journal of Forestry, 20(3}:265-8. 

81. Jain, R.K. (1994). Fuelwood characteristics of medium tree and shrub 

species of India. Bioresource Technology, 47:81-4. 

82. Jain, R.K.; Singh, B. (1999). Fuelwood characteristics of indigenous 

tree species from Central India. Bioresource Technology, 68(3}:305-

8. 

83. Kataki, R.; Konwer, D. (2001). Fuelwood characteristics of some 

indigenous woody species of north-east India. Biomass & Bioenergy, 

20:17-23. 

84. Kataki, R.; Konwer, D. (2002). Fuelwood characteristics of indigenous 

tree species of north-east India. Biomass & Bioenergy, 22:433-7. 

85. Kanjilal, U.N.; Kanjilal, P.C.; Das, A. Flora of Assam. Vol. I, II, III, IV 

& V, OMSON Publication, New Delhi, 1997. 

86. Keita, J.D. (1987). Wood or charcoal - which is better? Unasylva, 

39(157/158}:61-66. 

87. Khristova, P.; Vergnet, L. (1993). Evaluation of usher wood and 

karkadah stem for charcoal in Sudan. Biomass & Bioenergy, 4(6}: 

455-9. 

88. Kim, D; Nishiyama, Y.; Wada, M.; Kuga, S. (2001). High-yield 

carbonization 0f cellulose by sulphuric acid impregnation. Cellulose, 

8:29-33. 

89. Konwer, D.; Kataki, R.; Deka, D. (2001). Fue.lwood characteristics of 

indigenous tree species of north-east India. Indian Journal of 

Forestry, 64(3):316-9. 

90. Konwer, D.; Kataki, R; Saikia, M. (2005). Production of solid fuel from 

Ipomoea carnea wood. Energy Sources (accepted). 



160 

91. Kosstrin, H. Direct formation of pyrolysis oil from biomass. In: 

Proceedings specialists workshop on fast pyrolysis of biomass. 

Copper mountain, Colorado, 19-22 October, 1980, pp. 105-21. 

92. Kumar, M.; Gupta, R.C.; Sharma, T. (1992). Effects of carbonization 

condition on the yield and chemical composition of Acacia and 

Eucalyptus wood char. Biomass & Bioenergy, 3(6):411-7. 

93. Lim, K.O. (1993). Quality of cocoa wood charcoal as a function of 

carbonization temperature. Biomass & Bioenergy, 4(4):301-2. 

94. Lim, K.O.; Lim, K.S. (1992). Carbonization of oil palm trunks at 

moderate temperatures. Bioresource Technology, 40:215-9. 

95. Lim, K.O.; Malar, V.S. (1993). Carbonization of cocoa tree prunings 

at moderate temperature. Bioresource Technology, 44:85-7. 

96. Lim, K.O.; Vizhi, S.M.; Fong, S.K. (1994). Some physical properties 

and burning characteristics of cocoa wood charcoal. RERIC 

International Energy Journal, 16( 1 ):51-6. 

97. Lopes, C.R.G.; Campos, J.C.C.; Valente, O.F.; Vital, B.R. (1998). 

Wood, charcoal and fixed carbon yield in Eucalyptus cloeziana 

plantations. Revista Arvore, 22(3):345-56. 

98. Luoga, E.J.; Witkowski, E.T.F.; Balkwill, K. (2000). Economics of 

charcoal production in miombo woodlands of eastern Tanzania: some 

hidden costs associated with commercialization of the resources. 

Ecological Economics, 35:243-57. 

99. Lusadisu, L. Etude comparative des performances des meules 

traditionnelles za"froises et casaman<;aises. CATEB, Zaire, pp. 29, 

1989. 

100. Lyons, J.G.; Lung, F.; Pollock, P.H. (1985). A procedure for 

estimating the value of forest fuels. Biomass, 8:283-300. 

101. Magalhaes, J.G.; Rezende, M.E.A. Charcoal production from planted 

forests: a Brazilian experience. In: Charcoal production and pyrolysis 

technologies, Thoresen, P. (ed.), REUR Technical Series 20, Food 

and Agricultural Organization of the United Nations, Rome, 1991, pp 

30-41. 

102. Maschio, G; Koufopanos, C.; Lucchesi, A. (1992). Pyrolysis, a 

promising route for biomass utilization. Bioresource Technology, 

42(3):219-31. 

103. Matsui, T.; Matsushita, Y.; Sugamoto, K.; Tokuda, Y.; Kodama, K.; 

Nakata, K.; Oda, M.; Yamauchi, H. (2000). Preparation and analysis 



161 

of carbonization products from Sugi (Cryptomeria japonica D. Don) 

wood. Nippon Kagakukaishi, 1 :53-61. 

104. Matthews, E., Payne, R., Rohweder, M.; Murray, S. Pilot Analysis of 

Global Ecosystems: Forest Ecosystems, World Resources Institute, 

Washington, D.C. October 2000. (http://www.wri.org/wr2000). 

105. Mingle, J.G.; Boubel, R.W. (1968). Proximate fuel analysis of some 

western wood and bark. Wood Science, 1 (1 ):29-36. 

106. Mlaouhi, A.; Khouaja, A.; Saoudi, H.; Depeyre, D. (1999). Thials of 

wood carbonization of some forest and fruit-bearing species. 

Renewable Energy, 16: 1118-21. 

107. Mochidzuki, K., Paredes, L.S. Antal, M.J. (2002). Flash carbonization 

of biomass. Paper presented at AIChE2002 Annual Meeting on 

Reactor Engineering for biomass feedstocks, November 3-8, 

Indianapolis, .IN, USA. (http://www.hnei/hawai.edu/flash_carb_bio 

mass. pdf) 

108. Mok, W.S.; Antal, M.J.; Szabo, P; Varhegyi, G.; Zelei, B. (1992). 

Formation of charcoal from biomass in a sealed reactor. Industrial & 

Engineering Chemistry Research, 39( 11 ):4024-31. 

109. Monela, G.C.; O'Kting, A.; Kiwele, P.M. (1993). Socio-economic 

aspects of charcoal consumption and environmental consequences 

along the Dar es Salaam-Morogoro highway, Tanzania. Forest 

Ecology and Management, 58:249-58. 

110. Muylaert, M.S.; Sala, J.; Freitas, M.A.V. (1999). The charcoal 

production in Brazil - process efficiency and environmental effects. 

Renewable Energy, 16:1037-40. 

111. Neeman, M.; S.teinback, K. (1979). Calorific values for young sprouts 

of nine hardwood species. Forest Science, 25:445-61. 

112. Okello, B.D.; O'Connor, T.G.; Young, T.P. (2001). Growth, biomass 

estimates and charcoal production of Acacia drepanolobium in 

Laikipia, Kenya. Forest Ecology and Management, 142: 143-53. 

113. Openshaw, K. (1996). Deforestation, wood energy and land 

rehabilitation. Wood Energy News, 11 (3):5-7. 

114. OTA (1992). Fueling development-energy technologies for developing 

countries. Office of Technology Assessment, Congress of US, 

Washington 

115. Pasquali, C.E.L.; Wottitz, C.A.; Martinez, R.G.; Herrera, H.A. (2002). 

Carbonization of "Algarrobo Negro" (Prosopis nigra): a study of its 



162 

microstructure and main volatile components. Latin American Applied 

Research,32:321-5. 

116. Pennise, D.M.; Smith, K.R.; Kithinji, J.P.; Rezende, M.E.; Raad, T.J.; 

Zhang, J.; Fan, C. (2001). Emission of greenhouse gases and other 

airborn pollutants from charcoal making in Kenya and Brazil. Journal 

of Geophysical Research-Atmosphere, 106:24143-24155. 

117. Plas van der, R. (1995). Burning Charcoal Issues, FPD Energy Note 

No.1, The World Bank Group, April 1995. 

118. Pontinha, A.D.A.; Veiga, R.A.D.; Leao, A.L. (1992). Charcoal 

production usi~g pine thinnings. Energy, 17(8):757-60. 

119. Quivy, V. Methodologie de gestion et de valorisation par 

carbonisation des plantation d'Eucalyptus pellita Muell. Engineer 

thesis, Agronomic Sciences University of Gembloux, Belgium, pp. 84, 

1992. 

120. Ramilson, C. Assistance de la societe "Fanalamanga" au 

departement des Eaux et Forets du Burundien matiere de 

carbonisation. Rapport, pp.31, 1990. 

121. Raveendran, K.; Ganseh, A.; Khilar, K.C. (1995). Influence of minerai 

matter on biomass pyrolysis characteristics. Fuel, 74: 1812-22. 

122. Raveendran, K.; Ganseh, A.; Khilar, K.C. (1996). Pyrolysis 

characteristics of biomass and biomass components. Fuel, 75:987-

998. 

123. Ravindranath, N.H.; Nayak, M.M.; Hiriyar, R.S.; Dinesh C.R. (1991). 

The Status and use of tree biomass in a semi-arid village ecosystem. 

Biomass & Bioenergy, 1 (1 ):9-16. 

124. Ravindranath, N.H.; Hall, D.O. (1995). Biomass, energy and 

environment. Oxford University Press, Oxford. 

125. Reddy, A.K.N.; Sumithra, G.D.; Balachandra, P.; D'sa, A. (1991). A 

development focussed end use oriented electricity scenario for 

Karnataka. Economic and Political Weekly, 41: 1757. 

126. Rocha, J.D.; Brown, S.D.; Love, G.D.; Snape, C.E. (1997). 

Hydrolysis: A versatile technique for solid fuel liquefaction, sulphur 

speCiation, and biomarker release. Journal of Analytical and Applied 

Pyrolysis, 40-41:91-103. 

127. Roy, C.; Pakdel, H.; Brouillard, D. (1990). The role of extractives in 

vacuum pyrolysis of wood. Journal of Applied Polymer SCience, 

41 :337-48. 



163 

128. Sadakata, M.; Takahashi, K.; Saito, M.; Sakai, T. (1997). Production 

of fuel gas and char from wood, lignin and holocellulose by 

carbonization. Fuel, 66:1667-71. 

129. Saikia, P.; Kataki, R.; Konwer, D.; Choudhury, P. (2005). 

Carbonization of eight bamboo species of north-east India. Energy 

Sources (accepted). 

130. Schenkel, Y. Essais d'accompagnement des Bateke. Experimentation 

de carbonisation par Ie secteur prive. Rapport CRA-ZTE, pp. 10, 

1991. 

131. Schenkel, Y.; Bertaux, P.; Vanwijnbsergne, S.; Carre, J. (1998). An 

evaluation of the mound kiln carbonization. technique. Biomass & 

Bioenergy, 14(5/6):505-16. 
:"! 

132. Schenkel, Y.; Temmerman, M.; Belle, V.J.R.; Vankerkove, R. (1999). 

New indicator for the evaluation of the wood carbonization process. 

Energy Sources, 21 :935-43. 

133. Scott, D.S.; Piskorz, J. (1984). Can. J. Chern. Eng., 62:404. 

134. Scott, D.S.; Piskorz, J.; Radlien, D. (1985). Ind. Eng. Chern. Process 

Des. Dev., 24:581. 

135. Seifritz, W. (1993). Should we store carbon in charcoal. International 

Journal of Hydrogen Energy, 18(5):405-7. 

136. Sensoz, S. (2003). Slow pyrolysis of wood barks from Pinus brutia 

Ten. and product compositions. Bioresource Technology, 89: 307-11. 

137. Sensoz, S.; Can, M.; (2002). Pyrolysis of pine (Pinus brutia Ten.) 

chips: 1. Effect of pyrolysis temperature and heating rate on the 

product yields. Energy Sources, 24(2}:347-55 . 
• 

138. Sensoz, S.; Angin, D. Using wood barks as an energy source: yields 

and product composition. In 23rd Symposium on Biotechnology for 

Fuels and Chemicals, May 6-9, 2001, Breckenridge, Colorado, USA. 

139. Shafizadeh, F. Basic principles of direct combustion. In: Sofer, S.S.; 

Zabrosky, O.R. (eds.) Biomass conversion processes for energy and 

fuels. Plenum Press, New York, pp. 103-12, 1981. 

140. Shah, N.; Girard, P.; Mezerette, C.; Vergnet, A.M. (1992). Wood to 

charcoal conversion in a partial-combustion kiln: an experimental 

study to understand and upgrade the process. Fuel, 71 (8):955-62. 

141. Smith, K.R.; Pennise, D.M.; Khummongkol, P.; Chaiwong, V.; 

Ritgeen, K.; Zhang, J.; Panyathanya, W.; Rasmussen, R.A.; Khalil, 

M.A.K. (1999). Greenhouse gases from small-scale combustion 

devices in developing countries. Phase III: Charcoal-making kilns in 



164 

Thailand. EPA-600/R-99-109, U.S. Environmental Protection Agency, 

Office of Research and Development, Washington, D.C., December. 

142. TAPPI Test Methods, Atlanta (USA). Technical Association for Paper 

and Pulp Industries (TAPPI) Publications, 1992. 

143. Teckchandani. C.K.; Dubey, R.K. (1986). Manufacture of pyrolytic 

coal (Charcoal) from tree leaves, agricultural waste and municipal 

waste. Agricultural Wastes, 15(3):225-9. 

144. TERI (1992). Fuelish trends and wise choices: options for the future. 

Tata Energy Research Institute, New Delhi. 

145. Torres, A.; De Marco, \.; Cabellero, B.M.; Laresgoiti, M.F.; Legarreta, 

J.A.; Cabrero, M.A.; Gonzales, A.; Chomon, M.J.; Gondra, K. (2000). 

Recycling by pyrolysis of thermoset composites: Characteristics of 

the liquid and gaseous fuels obtained. Fuel, 79:897-902. 

146. Trossero, M. Evaluation of charcoal-making technologies in 

developing countries. In: Charcoal production and pyrolysis 

technologies, Thoresen, P. (ed.), REUR Technical Series 20, Food 

and Agricultural Organization of the United: Nations, Rome, 1991, 

p.18-28. 

147. Trossero, M.A. (2002). Wood energy: the way ahead. Unasylva, 

53(211}:3-12. 

148. Trugilho, P.F.; Regazzi, A.J.; Vital, B.R.; Gomide, J.L. (1997a). 

Multivariate analysis for evaluation of Eucalyptus wood quality and 

for selecting potentially superior genotypes for charcoal production. 

Revista Arvore, 21(1}:113-30. 

149. Trugilho, P.F.; Regazzi, A.J.; Vital, B.R.; Gomide, J.L. (1997b). The 

use canonical. correlation analysis for identifying quality index of 

Eucalyptus wood for charcoal production. Revista Arvore, 21 (2}:259-

67. 

150. Tzanakis, N.; Kallergis, K.; Bouros, D.E.; Samiou, M.F.; Siafakas, 

N.N. (2001). Short-term effects of wood smoke exposure on the 

respiratory system among charcoal production workers. Chest, 

119:1260-1265. 

151. Usher, E. (2003). The African Development Programme, ARE ED. 

Renewable Energy for Development, 16(3}:7-8. 

152. WB (2002). World Development Report 2002, World Bank, Oxford 

University Press. 

153. WEC (1993). Energy for tomorrows world. World Energy Council, St 

Martins Press, .london. 



165 

154. Yatim, B.B.; Hoi, W.K. (1987). The quality of charcoal from various 

types of wood. Fuel, 66(9): 1305-6. 

155. Zandersons, J.; Zhurinsh, A.; Tardenaka, A.; Spince, B. The impact of 

catalysts on the rate of wood pyrolysis and the yield of charcoal and 

volatile products. Paper presented in Vybrane Procesy Pri 

Chemickom Spracuvani Dreva, II. Medzinarodne sympozium, 

Technicka univerzita vo Zvolene, Septenmer 9-10, 1998a. 

156. Zandersons, J; Zhurinsh, A.; Gravitis, J. New environmentally friendly 

technology for charcoal production. In: OITS: materials life-cycle and 

sustainable development (Proceedings of the first workshop), (eds.) 

Suzuki, C., Williams, E., Campinas, Brazil, March 2-4,1998b. 

157. Zandersons, J.; Zurins, A. (1999). Wood carbonization technology: 

Environmental aspects. Proceedings of the Latvian Academy of 

Sciences, Section B, 53( 1): 1-4. 

158. Zandersons J.; Zurins, A,; Gravitis, J. (1999). Carbonization of wood 

residues by utilizing volatile thermolysis products combustion heat. 

Cellulose Chemistry & Technology, 33:147-60. 

159. Zandersons, J.; Kokorevlcs, Gravitis, J. (2000a). Reduction of 

Amazon and Cerrado deforestation using Sugarcane bagasse as an 

alternate wood source for charcoal production: technological 

feasibility studies. UNUIIAS Working Paper No. 57, United Nations 

University, Institute of Advanced Studies. 

160. Zandersons, J.; Kokorevics, Gravitis, J. (2000b). Studies of bagasse 

charcoal briquetting, reduction of the ash content in charcoal and 

preliminary material and energy estimations for the design of a pilot 

plant of bagasse charcoal. UNU/IAS Working Paper No. 58, United 

Nations University, Institute of Advanced Studies. 



location of the study sites 

gh laya 

S s 

N ox',: a.r .... / 
, "c G • • , ~ 

, EAST GARD :"lS , ' 

• .. . ; .,..:1 I ....". <_ .. / ·fJ 

GAA': ,... ... l". I I • '("; , 

WEST CWlO ti I 

• , 
~ , t ( ,-

I 

c~~ I 

M 
~ 

- G 

~ . 

• ~.," , .-N:Iot !.e - ·r~' tie..: .. vat: f 

300C m 
"~,",,'.e I\A Boor ! .... r I 

1800 
B 

i" :. Bu.n.)elt 

'3$0 
~ .. , QJV, 

• OJ 

H O".a-\ 
....., .11)0 

~ ".,. 

SO 
',Cf r • 

0 ~. Lc,~ 

ANNEXURE-J 

A 

,. R " 
I 

N G L A D 

(Rounded portions indicate the location of sites) 

r • 

, 

-~ / I 

/ 

.......... ..

A· _I. " 

8 

, _ 4 

I , . ) 

f 

! S H r ' '~ 
, "-- , ,..; I ,. 

) 
) 

( 

( 
( ' ''':' 
/ 

/ 

N 

t 

. , 
'.,-.:., / 
" f .. ' , -

...,SSAM 

--


