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Abstract
In this paper the study was conducted to investigate the combustion characteristics of macadamia shells
and coffee husks in a �xed bed reactor. The parameters tested included ignition time, �ame propagation
speed, mass loss history and temperature �ame. Macadamia shell and coffee husk briquettes were
produced by mixing with molasses in the ratio of 8:2 and compressed in a mold and piston press at a
constant force of 100 K. The briquettes were tested in a �xed bed reactor operated at a constant air mass
�owrate of 0.1 kg/s.. The study established that briquettes made from macadamia shells had a higher
ignition time of 5.5 minutes compared to the coffee husk which had an ignition time of 2.5 minutes. In
addition, briquettes made from macadamia have a lower �ame propagation speed of 3.841×10-5 m/s
compared to the �ame propagation speed of coffee husks briquettes which was found to be 1.332×10-5

m/s. Macadamia briquettes resulted to higher �ame temperatures of 600 oC compared to coffee husks
briquettes 424 oC when burned in the �xed bed reactor. Therefore, Macadamia briquettes are suitable in
small scale application as compared to coffee husk briquettes

1 Introduction
People living in different parts of the world need fuel to meet their day to day needs. Due to worldwide
concern regarding environmental impacts and speci�cally climate change, the use of fossil fuels, volatile
fossils fuel market and the need of an independent energy supply to sustain economic development,
interest in renewable energy and biomass energy in particular has increased. One of the most common
and easily accessible renewable energy resources is biomass which presents a great chance as a
feedstock for bioenergy. Biomass resources include; crop residues, wood waste, paper industries, and
municipal solid waste among others.

Briquettes are solid fuels that are made through compression of loose biomass materials. Currently
briquettes serve as an alternative to �rewood, wood pellets and charcoal in developing countries in Africa,
Asia and South America. Most raw materials used in this process include chaff from rice, saw dust,
peanut and crops waste [1]. Briquettes can be made either with binder or without a binder. Binder prevents
the compressed material from springing back and eventually returning to its original form [2]. The natural
ligneous material (binder) present in the material helps in bonding [3]. If the residue lacks natural lignin
that helps in bonding or the percentage lignin is low, the application of binder will improve the quality of
briquettes. The amount and the selection of a binder should be well undertaken to avoid smoke and
emission of volatile material that impact human and environment[4]. There are materials that have
natural binder, for example, cotton stalks, saw dust, corn stalk, etc. Arti�cial binder includes far, starch,
molasses or cheap organic materials [4]. In the process of briquettes production, binders play a key role
which determine their quality and performance [5]. Different binders are used in production of different
briquettes. There are different categories in which binders are grouped, which includes inorganic binders,
organic binders and compound binders. There are several advantages of inorganic binders which
includes low cost, abundant resource, excellent thermos-ability and good hydrophilicity. Ash increased in
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signi�cant amount is one of the existing challenges of inorganic binders. There are also several
advantages of using organic binders which includes low ash, good combustion performance and good
bonding. Organic binders have poor mechanical strength and thermal stability because they are easy to
decompose and burn when heated and they are expensive. Composite binders consist of at least two
binders each playing different role. Compound binders reduces supply of inorganic binders, decrease the
cost of organic binders, improved quality of briquettes and improved briquette performance since they
can make full use of advantages of all kind of binders. Putting many considerations in briquette process
there is no uniform mechanization in briquette manufacturing.

Researchers have undertaken studies on different physio-chemical properties of saw dust briquettes [6].
These properties include moisture content, density, ash content, �xed carbon, volatile matter and calori�c
value. The rate of conversion of carbon during gasi�cation is affected by moisture content. Low moisture
content in a briquette increases the gasi�er temperature [7]. According to Mastelerz et.al [8] the product of
combustion or gasi�cation is ash and heat, briquettes that produce high ash content are not preferred.
There is reduction of heat if the amount of ash produced during combustion is high which leads to
reduced e�ciency [9].

The technology applied in compressing agricultural waste include piston, screw extruder, pellet press and
hydraulic presses [10]. Research has been carried out to investigate the optimum properties and
conditions necessary for converting agricultural residue with or without application of binders to make
quality fuel briquettes. There are qualities that are required in briquettes as a fuel which includes good
combustion, stability and durability in storage and in handling and safety to environment when
combusted. There are several measures for these properties [11] which includes; energy value, moisture
content, ash content, density or relaxed density, strength, ease of ignition, smoke emissions.

Briquette properties have signi�cant impacts on their combustion and emmission characteristics. The
moisture content of the biomass can have a signi�cant impact on its burning properties. According to
O’Dogherty et al [12] decrease in briquette stability and density is caused by high moisture content[13].
Due to heat of vaporization, moisture in biomass absorbs heat from the burning fuel during combustion
and turns it into vapor, signi�cantly lowering the fuel's ability to provide heat. This may cause the volatile
substances to burn insu�ciently and deposit unburned carbon (smoke) around the stoves, pots, and
pans, making it challenging to clean them. A high moisture level can make ignition di�cult. Practically,
burning a fuel which has high moisture content leads to production of incomplete combustion
byproducts. Ash content affects biomass through lowering its heating value. It also causes problems in
the combustion because of the fouling and slagging and its tendency to increase the rate of corrosion on
metal in the system[14].

Although there is a lot of literature on briquettes, little is reported on combustion characteristics of
briquettes made from macadamia shells and coffee husks. Insight on mass loss history, �ame
propagation speed, ignition delay on macadamia and coffee husk briquettes is still not clear. This study
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focuses on mass loss history, �ame propagation speed, ignition delay of macadamia and coffee husk
briquettes on a �xed bed.

Figure 1: (a) briquette production machine and (b) sample briquettes

2 Methodology

2.1 Briquette Production Process
The raw materials were macadamia shells and coffee husks. The raw materials were collected from
Dedan Kimathi University of Technology farm in Kenya. The macadamia shells and coffee husk were left
for one week under the sun to dry. They were ground and sieved using sieve number 70 with opening size
of 0.21 mm. Molasses was used as the binder. It was preferred over other binders because is cheap and
readily available. The ground macadamia shells and the molasses were mixed at ratio of 8:2. The same
mixing ratio was repeated for the groud coffee husks with molasses. A digital weighing scale was used to
determine the mass ratio of the mixture. The scale had an accuracy of briquettes were produced
using a mold and piston press as shown in Fig. 1(a). All the briquettes used in this study were produced
with a pressing force of 100 kN. Samples of briquettes shown in Fig. 1(b). Three experiments were
conducted for every parameter tested.

2.2 Experimental set up
Figure 2 shows the experimental set up used. The experiment was carried out on a �xed bed reactor. The
system comprised of; �xed bed reactor, temperature data acquisition system and fuel digital weighing
scale. The device for combustion is made up of vertical combustion chamber of measurements 750 mm
high and an inside diameter of 160 mm. The chamber is made up of four material layers; the inner layer
furnace wall, a 40 mm thick refractory cement with thermal conductivity of 0.86 W/m.k [15], a mild steel
plate of 2 mm thick and an insulating material 18 mm thick made of aluminum silicate cotton �bber with
a thermal conductivity of 0.55 W/m.k [15], at lower temperature up to 400 . All the tests were carried
out at a constant air mass �ux of 0.1 kg/s.m2.

2.3 Determination of Combustion Properties

2.3.1 Temperature distribution measurement
Thermocouples were uniformly distributed in the �xed bed at intervals of 79 mm. The temperature was
measured throughout the experiment to determine the steady state conditions. Type K thermocouples had
chrome as its positive conductor and alumel as its negative conductor and could measure temperature
ranging from − 200  to 1250  with an accuracy of +-2.2 . The thermocouples were sheathed to
protect them. Advantest TR2724 multichannel digital temperature recorder was used in conjunction with
the �ve thermocouples.

2.3.2 Mass loss history
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℃

℃ ℃ ℃
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Mass of the fuel bed was continuously monitored. The �xed bed �lled with briquettes was placed directly
on a digital weighing scale. The digital weighing scale had an accuracy of ± 0.01g. The mass was
recorded after every four minutes.

2.3.3 Ignition time
Ignition time was taken as the time taken for the reaction front to start at the briquette surface. It was
deduced from the temperature pro�le. It was considered as the time when the temperature at the fuel
surface rise abruptly from ambient value to the peak value.

2.3.4 Flame propagation speed
Flame propagation speed was determined from the temperature measurement and the distance between
two adjacent thermocouples using Eq. 1.

 =  …………………………………. (1)

where  are the distance and time between two adjacent thermocouples where the temparature
abruptly rise from the ambient value to the peak value.

2.3.5 Burning rate
The average burning rate of the fuel was evaluated based on mass loss and the combustion time. It was
then normalized with the cross-sectional area of the �xed bed.

3 Results and Discussions

3.1 Temperature pro�le
Figure 3 shows the temperature distribution in the �xed bed reactor for macadamia briquettes (a) and
coffee husks (b). Thermocouple reading started at about 26 0C up to about 600 0C for macadamia
briquettes and 26 0C up to about 424 0C for coffee husks briquettes within a range of two minutes. The
rise in temperatures showed low deviation from one thermocouple to the next thermocouple in
macadamia briquettes compared to coffee husks. The �rst change was observed from the �rst
thermocouple from the top of the �xed bed reactor to the last thermocouple for both fuels. After the
change was recorded in each thermocouple, it continued increasing until it reached the maximum
temperature reading.

The high temperature reading for macadamia fuel (600 ) implied that the fuel had lower ash content
compared to the coffee husks briquettes fuel (424 ). The small deviation in the temperature rise for
macadamia showed that the fuel took more time to burn compared to that for coffee husks briquettes.
This implied that most of the fuel mass of the macadamia briquettes was converted to heat energy thus
making it a better fuel than coffee husks briquettes. This was attributed to the strong bonds of

Vf
Δx

Δt

ΔxandΔt
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hydrocarbon which stored more energy in the macadamia briquettes compared to the energy stored in
hydrocarbon bonds of coffee husks briquettes.

3.2 Mass loss history
Figure 3.2 shows mass loss history for macadamia shells briquettes and coffee husks briquettes. It
shows that the mass of macadamia briquettes was 617 g and 283 g before and after burning
respectively while for coffee husks briquettes were 350 g and 225.5 g before and after burning
respectively. This implies that the mass that was converted to heat for macadamia briquettes and coffee
husks briquettes was 334 g and 124.5 g respectively. This represents 54% and 36% of the converted
mass to heat for macadamia briquettes and coffee husks briquettes respectively. The higher heat
conversion in macadamia briquettes can be attributed to the good intermolecular bonds which are easily
broken during burning as compared to coffee husks briquettes particles.

3.3 Ignition time
The results showed that for a change of temperature to be recorded in the �rst thermocouple for
macadamia shells briquettes, it took �ve and half minutes while for coffee husks briquettes it took two
and half minutes. The calculated ignition time for macadamia briquettes was found to be 5.5 minutes
while for coffee husks briquettes was 2.5 minutes. This is attributed to resistivity in ignition for
macadamia briquettes due to high moisture content in the macadamia briquettes. It also shows that
autoignition temperature of macadamia briquettes are high compared to that of coffee husks briquettes.

3.4 Flame propagation speed
The average �ame propagation speed was calculated and found to be 3.841x10− 5 m/s for macadamia
briquettes and 1.3332 x 10− 5 m/s for coffee husks briquettes. The coffee husks briquettes have high
ignition speed compared to macadamia briquettes. This is attributed to high moisture content in the
macadamia shell briquettes.

3.5 Burning rate
The burning rate was calculated and found to be 0.0994 g/sec for macadamia and 0.0371 g/sec for
coffee husks. This implies that, high amount of mass of macadamia was converted to energy compared
to that of coffee husks. This is attributed to strong bonding between macadamia particles compared to
those of coffee husks.

4 Conclusion and Recommendations
The study focused on production and analysis of briquettes made from macadamia shells and coffee
husks which are agricultural biomass wastes. The major conclusions from the research were as follows:

Briquettes made from macadamia shells had a higher ignition time of 5.5 minutes compared to the
coffee husk which had an ignition time of 2.5 minutes.
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The study established that briquettes made from macadamia have a lower �ame propagation speed
of 3.841×10− 5 m/s compared to the �ame propagation speed of coffee husks briquettes which was
found to be 1.332×10− 5 m/s. Macadamia briquettes resulted to higher �ame temperatures of 600 

 compared to coffee husks briquettes 424  when burned in the �xed bed reactor.

The study established that 54% of macadamia was converted to heat while for the coffee husk
briquettes, 36% was converted to heat.

Therefore, Macadamia briquettes are suitable is small scale application as compared to coffee husk
briquettes.
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Figure 1

(a) briquette production machine and (b) sample briquettes
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Figure 2

Experimental set up

Figure 3

Graphs of temperature distribution in the �xed bed reactor using macadamia briquettes fuel (left) and
coffee husks briquettes fuel (right).
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Figure 4

A graph of mass loss history for macadamia shell and coffee husks briquettes


