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Abstract. Biomass is receiving greater attention, especially in developed countries, mostly as a means of

reducing greenhouse gas emissions, increasing energy supply security and decreasing their heavy reliance on

imported fossil fuels. However, the low bulk density of biomass is the major limitation in its usage but

briquetting overcomes this limitation. This research was carried out to identify the optimum blending ratio for

solid fuel briquettes produced by pongamia (Pongamia pinnata) shell (PS) and tamarind (Tamarindus indica)

shell (TS) with pongamia cake (PC) (0, 10, 20, 30%) as an additive. The cylindrical briquettes were produced

with diameter of 3.6 cm and length of 4.5 to 5.5 cm at a pressure of 100, 150 and 200 MPa. The produced

briquettes were evaluated for different briquette properties like compressed density, relaxed density, relaxation

ratio, compressive strength and shattering index. The results indicated that the use of pongamia cake creates an

adverse effect on the properties of briquettes and hence use of pongamia cake as an additive is not recom-

mended. Briquettes produced with blending ratio of PS:TS:PC = 60:40:00 at 200 MPa have better quality and

met the briquette standards for commercial use. The proximate analysis, the ultimate analysis and the calorific

value of briquettes produced with blending ratio of PS:TS:PC = 60:40:00 at 200 MPa were conducted and the

results indicated that overall combustion properties of the briquettes were improved than the original raw

materials; and better than the agro waste briquettes. Thus, this work proved that the blending of PS and TS gives

better quality briquettes which can be used as fuel in several applications.
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1. Introduction

In the last decades, the problem of CO2 emission in to the

atmosphere has driven an increasing use of biomass fuels in

addition to conventional fuels in power generating indus-

tries [1]. Direct use of agricultural wastes as solid fuel is

often difficult due to their varied physical and combustion

characteristics. The process of compaction of wastes into a

product of higher density than the original raw material is

known as densification [2]. Briquetting is a compacting or

densification process to increase the low bulk density of

biomass to high density (from 150–200 kg/m3 to 900–1300

kg/m3) [3]. The production of biodiesel will provide new

fuel resources to the small and middle scale industries

worldwide and it could provide a direction for a cost

effective alternative fuel [4]. In India, currently, 611 M

tons/year of agricultural field wastes are generated of which

158 M tons (25%) can be considered unutilized based on

current utilization patterns and thus are potentially

available for a bio-based industry [5]. Biodiesel is a

renewable fuel mainly produced from edible and non-edible

oil seeds. India depends on other countries to fulfill its

edible oil demand and hence the use of same for biodiesel is

impractical. Therefore, the focus needs to be shifted to non-

edible oilseed plants available in India. In India, Pongamia

pinnata is one of the promising and potential non-edible

oilseed plants having an annual production of 200 thousand

tons [6]. With the calorific value of about 16.5 MJ/kg and

the presumed availability (estimated as 40 wt.% of total

Pongamia pinnata mass) of Pongamia pinnata shells, the

energy potential of this biomass residue in India can be

roughly estimated to be 1320 TJ per year. According to

Indian horticulture statistics 2015, the annual production of

tamarind fruits in India is 188 thousand tons [7]. With the

calorific value of about 16 MJ/kg and the presumed avail-

ability (estimated as 15 wt.% of total fruit mass) of

tamarind shells, the energy potential of this biomass residue

in India can be roughly estimated to be 450 TJ per year. As

with many other shell-type biomasses exhibiting good

combustion properties, tamarind shells can be considered as*For correspondence
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potential fuels for small-scale heat and power plants [8].

However, the aim of the present study is to utilize the by-

products of biodiesel along with agro residues to prepare

biomass briquettes and to identify the different briquetting

parameters such as compressed density, relaxed density,

relaxation ratio, shattering index, compressive strength, and

combustion characteristics. Therefore, pongamia shell and

tamarind shell were used for production of fuel briquettes

by adding pongamia cake as an additive in different ratios.

2. Materials and methods

2.1 Material selection and preparation

In order to address the transportation fuel scarcity, many

countries have taken up large scale production of biodiesel

using non edible oil seeds. The cost of biodiesel can be

reduced to a great extent by adding value to the by-products

like seed shell and cake. In India, significant amount of

biodiesel is produced using pongamia and its by-products

(pongamia seed shell and pongamia cake) are selected as

main raw materials for this study. The quality of the fuel

plays an important role in combustion process and it can be

analyzed by proximate and ultimate analysis. The analysis

of Pongamia shell (PS), Tamarind shell (TS) and Pongamia

cake (PC) are shown in table 1. It is observed that all the

parameters of proximate and ultimate analysis of PS and TS

were very close to each other except the amount of nitrogen

was more in TS. It is noted that the nitrogen content in fuel

does not contribute towards combustion. As the nitrogen

content in PS is low, blending of PS and TS would reduce

the nitrogen fraction in the briquette and PC was selected as

a binder. Hence, PS and TS were selected as raw materials

for the production of briquettes. Further, the mixing pro-

portions of the additives were varied as S1 = PS:TS:PC =

60:40:00, S2 = PS:TS:PC = 60:30:10, S3 = PS:TS:PC =

60:20:20 and S4 = PS:TS:PC = 60:10:30.

The raw materials pongamia shell and cake were collected

from district bio-energy information and demonstration cen-

ter, JNN College of Engineering, Shimoga, Karnataka; and

tamarind shell was collected from local village near Davan-

gere, Karnataka (figure 1). The raw materials were sun-dried

to removemoisture and crushed in a hammermill. The ground

raw materials were sieved with an opening of 1.2 mm.

2.2 Methods

Briquettes were produced using universal testing machine

(UTM) with the maximum capacity of 100 ton at

Mechanical Engineering Department, AMC Engineering

College, Bangalore. The cylindrical briquettes were pro-

duced using briquetting die with an inner diameter of 36

mm and a height of 120 mm. Each sample was filled into

the die with a known weight of 60 g and briquettes were

produced under different pressures of 100, 150 and 200

MPa with a dwell time of 60 s. Produced briquettes at

different pressures (figure 2) were kept for 7 days in

ambient condition for observation before analyzing.

In order to use briquette as fuel, it should meet certain

desirable property values and methods of determining the

property values are discussed below. The compressed

density, relaxed density, relaxation ratio, and shattering

index of briquette were calculated at AMC Engineering

College, Bangalore, Karnataka and compressive strength

was calculated at Bapuji Institute of Engineering and

Technology, Davangere, Karnataka.

Relaxation ratio describes the stability of the briquettes

after ejection from the mould, which is the ratio of com-

pressed density to relaxed density of briquettes. The com-

pressed density of the briquettes was determined

immediately after ejection from the die as a ratio of mea-

sured mass over calculated volume [12]. Relaxed density

(RD) of the briquettes was determined 30 days after

removal from the press in accordance with [13].

Shattering index/Durability index is a parameter which

indicates the durability of briquettes during storage, han-

dling and transportation. Briquettes shattering index was

measured according to ASTM D440-86 [14] of drop shatter

developed for coal. The test was conducted after two weeks

of briquettes samples formation.

Compressive strength is the maximum crushing load a

briquette can withstand before cracking or breaking.

Compressive strength of briquettes was determined in

accordance with ASTM D2166-85 [15] using an instron

universal strength testing machine with a load cell capacity

of 500 kg and a cross-head speed was 0.305 mm/min.

Combustion characteristics such as the proximate anal-

ysis were estimated according to IS:1350 [16], (Part-I,

1984), the ultimate analysis were estimated according to

Indian Standard (Determination of Sulphur, IS:1350 [16],

Part-III, 1969; Determination of Carbon and Hydrogen,

IS:1350 [16], Part-IV/Sec1, 1974; Determination of

Table 1. Proximate and ultimate analysis of raw materials.

Property

Pongamia

shell (PS)

Tamarind

shell (TS)

Pongamia

cake (PC)

Proximate analysis (on as received basis, wt.%)

Moisture 11.61 8.44 12.00

Volatile matter 70.83 68.56 71.21

Fixed carbon 11.86 13.44 11.71

Ash 5.70 9.56 5.08

Ultimate analysis (on dry and ash-free basis, wt.%)

C 46.02 45.00 47.11

H 5.58 5.73 5.63

N 0.23 5.14 0.27

O 42.46 44.13 41.91

Calorific value (MJ/kg) 16.81 16.30 17.65

Reference [9] [10] [11]
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Nitrogen, IS:1350 [16], Part–IV/Sec 2, 1975) and the

calorific value were estimated according to IS:1350 [16],

(Part-II, 1970) which identifies the quality of fuel. Com-

bustion characteristic was determined at Sigma Test and

Research Center, Delhi.

3. Results and discussions

Various tests were conducted to examine the properties of

briquettes. Considerable variation was observed in proper-

ties of briquettes produced at different pressures and dif-

ferent binder fractions. The effect of pressure and binder

fraction on the properties of briquettes were discussed in

section 3.1 and the combustion characteristics were dis-

cussed in section 3.2.

3.1 The effect of pressure and binder fraction

on the properties of briquettes

Density is an important parameter in briquetting. The

higher the density, the higher is the energy/volume ratio.

The compressed density is the density of the briquette

measured immediately after obtaining the briquette from

the briquetting die. Figure 3 decribes the relationship

between compressed density and pressure for different

samples. The results show that, as the pressure increased,

compressed density increased and as binder percentage

increased, the compressed density also increased. The

compressed density varies from 1026 to 1108 kg/m3 for S1,

1049 to 1147 kg/m3 for S2, 1067 to 1174 kg/m3 for S3,

while 1142 to 1202 kg/m3 for S4. The compressed density

increased from 1026 to 1202 kg/m3 as the binder (PC)

quantity increased from 0 to 30%. The lowest compressed

density was observed for 0% binder (S1), and at 100 MPa

while highest was observed for 30% binder, and at 200

MPa. The relaxed density is the density of the briquette

measured after certain period of time i.e., after endured

stability. From figure 4, it can be seen that the relaxed

density of briquettes is lower than the compressed density.

The relaxed density of briquettes produced at 0 and 30% of

binder proportions are more than that of briquettes pro-

duced at 10 and 20% binder proportions at all pressures.

The relaxed density varies from 947 to 1023 kg/m3 for S1,

891 to 948 kg/m3 for S2, 885 to 983 kg/m3 for S3, while

991 to 1022 kg/m3 for S4. The highest relaxed density 1023

kg/m3 was observed at the 0% binder (S1) proportions, 200

MPa while the lowest 885 kg/m3 was observed at 20%

Figure 1. (a) Pongamia shell, (b) Tamarind shell and (c) Pongamia cake.

Figure 2. Briquettes produced at different pressure.
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binder (S3) proportions, 100 MPa. According to Eriksson

and Prior [17], most technological processes produce bri-

quettes with densities above 1000 kg/m3 and the physical

upper density limit for ligno-cellulosic material is about

1500 kg/m3. The produced briquettes with highest relaxed

density 1023 kg/m3 (S1 at 200 MPa) fall within the

acceptable range of above 1000 kg/m3 and have the

required strength to withstand handling, transportation and

storage. Relaxation ratio is an important parameter to

indentify the stability of the briquette. The increase in the

relaxation ratio of the briquettes decreases the stability of

the briquettes after ejection from the mould [18]. In fig-

ure 5, it is showed that as the percentage of binder (PC) was

increased from 0 to 20% there were a consecutive increase

in the relaxation ratio at all pressures. Further, when the

binder proportions were increased from 20 to 30% there

was a decrease in the relaxation ratio, which was less than

that of S2, S3 and greater than that of S1. The highest

relaxation ratio of 1.25 was observed for S3, 200 MPa

while the lowest of 1.08 was observed for S1 at all presures.

The current results suggested that the briquettes produced

without pongamia cake (S1) have had better stability than

briquettes produced with pongamia cake (S2, S3, S4). In

addition, compressed density, relaxed density and relax-

ation ratio values of briquettes obtained for S1 at 200 MPa

were superior when compared to the respective parameter

values obtained for sawdust briquettes and water lettuce

briquettes reported [18, 19].
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Figure 3. Effect of pressure on compressed density of briquettes

at different binder proportions (values represent the average of the

results obtained from three independent experiments).
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Figure 4. Effect of pressure on relaxed density of briquettes at

different binder proportions (values represent the average of the

results obtained from three independent experiments).

0.95
1

1.05
1.1

1.15
1.2

1.25
1.3

100 150 200

R
el

ax
at

io
n 

ra
tio

Pressure (MPa)

S1=PS:TS:PC=60:40:00 S2=PS:TS:PC=60:30:10

S3=PS:TS:PC=60:20:20 S4=PS:TS:PC=60:10:30

Figure 5. Effect of pressure on relaxation ratio of briquettes at

different binder proportions (values represent the average of the

results obtained from three independent experiments).
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Shattering index is a parameter which indicates the

quality of briquette, i.e., the ability to produce fewer fines

during handling. The higher the value of shattering index,

better the quality of briquette. Figure 6 describes the rela-

tioship between the shattering index and pressure for dif-

ferent samples. As can be seen from the figure, the

shattering indices of briquettes produced without binder

(S1) at all pressures were larger than other three samples

(S2, S3, S4) which used binder percentage as 10, 20, 30%

for S2, S3, S4 respectively. It can also be seen from fig-

ure 6, as the pressure increased, the shattering index

increased for all samples. However, as the binder percent-

age increased, the shattering index increased for S2, S3 and

S4. The highest shattering index of 96.42% was obtained

for S1, 200 MPa while lowest of 77.52% was obtained for

S2, 100 MPa. According to Moses and Augustina [19], the

briquettes with a value of shattering index equal or above

95% fall within the acceptable range. At 100 MPa sample

without binder (S1) showed an increased shattering index

compared to those samples with varying amounts of binder

(S2-S4). Our results showed that the briquettes produced

without binder have had highest shattering index (96.42%)

at 200 MPa and this value fall within the acceptable range

according to aforementioned standard. Hence this research

concludes that the use of pongamia cake as a binder for the

production of briquettes at low pressure is not

recommended.

Figure 7 describes the relatioship between compressive

strength and pressure for different samples. The higher the

value of compressive strength, better the quality of bri-

quette. As the pressure increased the compressive strength

of the briquettes increased. Compressive strength of bri-

quettes for S1 increased significantly with increase in

pressure as compared to other samples. Further, results

indicated that compressive strength of briquettes for S2, S3

and S4 were not increased significantly even with increase

in pressure. The compressive strength varies from 6.26 to

20.18 N/mm for S1, 4.94 to 8.64 N/mm for S2, 5.69 to 6.91

N/mm for S3, while 6.53 to 6.63 N/mm for S4. The highest

compressive strength of 20.18 N/mm was observed for S1

at 200 MPa and lowest of 4.94 N/mm was observed for S2

at 100 MPa. Thus this research work confirms that, the use

of pongamia cake for the production of briquettes created

adverse effect on compressive strength of briquettes and

hence, it is not recommended. According to Rahman et al

[20], the briquettes surface compressive strength of 19.6

N/mm is reasonably adequate for handling or can be used as

fuel for domestic purposes. S1 briquettes produced in our

study have had adequate compressive strength at 200 MPa

in cleft of instron universal strength testing machine and

were considered suitable for handling ([19.6 N/mm).

Compressive strength of briquettes obtained from our study

were comparable to the compressive strength of Piptadenia

africana briquette obtained by Mitchual et al [21].

From the above discussion it can be concluded that,

sample S1 (i.e., with a proportion of PS:TS:PC = 60:40:00)

at 200 MPa has superior briquette properties compared to

all other samples (S2, S3 and S4) and met with the briquette

standards. Thus, the proximate analysis, the ultimate anal-

ysis and the calorific value were conducted for the S1

sample at 200 MPa.

3.2 Combustion characteristics of briquettes

Combustion characteristics such as the proximate analysis,

the ultimate analysis and the calorific value were estimated

for Pongamia-Tamarind briquettes and compared with
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Figure 7. Effect of pressure on compressive strength of briquettes

at different binder proportions (Values represent the average of the

results obtained from three independent experiments).

Table 2. Proximate and ultimate analysis of agro waste briquette

and Pongamia-Tamarind shell briquette.

Property

Agro waste

briquette [22]

Pongamia-Tamarind shell

briquettea (PS:TS:PC =

60:40:00)

Proximate analysis (on as received basis, wt.%)

Moisture 10.1 5.03

Volatile

matter

79.3 76.86

Fixed

carbon

4.1 15.40

Ash 6.5 2.71

Ultimate analysis (on dry and ash-free basis, wt.%)

C 44.7 65.79

H 3.43 7.06

N 0.81 0.56

O 44.2 18.67

S 0.30 0.18

Calorific

value

(MJ/kg)

12.2 16.74

a Present study
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current briquette raw materials (Pongamia and tamarind

shell as shown in table 1) and agro waste briquettes

(table 2).

The results in table 2 indicated that Pongamia-Tamarind

shell briquettes had lower moisture and ash content than

briquette raw materials (table 1) and agro waste briquettes.

Since the volatile matter of Pongamia-Tamarind shell bri-

quettes is more than that of briquette raw materials

(table 1), it can easily ignite and burn. The percentage of

fixed carbon present in the briquettes is a critical factor in

determining the calorific value of fuel [23]. As the fixed

carbon percentage of the Pongamia-Tamarind briquette is

more than that of agro waste briquette, the calorific value is

higher than that of agro waste briquette.

A significant characteristic of any fuel is its calorific

value and it is the amount of heating value contained in fuel

per unit volume. Briquetting process does not add to the

calorific value of the base biomass [24]. The calorific value

of briquette raw materials and that of Pongamia-Tamarind

shell briquette were very close to each other and it has been

proven.

Greater the percentage of carbon and hydrogen, better

the quality of fuel. From table 2 it is observed that the

carbon and hydrogen percentage of Pongamia-Tamarind

shell briquettes are higher compared to both agro waste

briquette and briquette raw materials (table 1). According

to Jittabut [25], it is recommended that the sulphur and

nitrogen content in fuel should be less than 1% as it min-

imizes the polluting effect of the briquettes. As mentioned

in material selection, one of the reasons for blending the

PS, PC with TS is to neutralize the effect of nitrogen in the

briquette and it has been achieved. High oxygen content in

the fuel is characterized by high innate moisture content.

Oxygen combines with hydrogen to form water vapour

which decreases the availability of hydrogen for combus-

tion which results in decrease in calorific value and quality

of the fuel. Our results showed that amount of oxygen is

less in Pongamia-Tamarind shell briquette than that of

briquette raw materials and agro waste briquettes.

4. Conclusion

The results of this research work indicated that pongamia

shell and tamarind shell can be used for the production of

better quality briquettes and these are potentially available

raw materials. Also, this work suggests that the use of

pongamia cake as an additive for the production of bri-

quettes creates an adverse effect on the properties of bri-

quettes and thus, it is not recommended. The briquettes

produced at a pressure of 200 MPa with a blending pro-

portion of PS:TS = 60:40 have better combustion charac-

teristics than that of individual raw materials. These

briquettes can be used for steam generation and several

heating applications. Based on the ultimate analysis of

Pongamia-Tamarind shell briquette, it can be concluded

that compared to raw agro waste, the nitrogen and sulphur

content is low and hence the NOX and SO2 emissions would

be lower. Further, when compared to coal any agro fuel is

carbon neutral.
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