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Abstract. The purpose of this research was to study the physical and economic
characteristics of carbonized briquettes from rain tree (Samanea saman) residues and coffee
ground/tea waste with cassava starch (10% wt.). This experiment utilized five treatments.
As a binder, 10% wt. cassava starch was added to five ratios of rain tree residues to coffee
ground/tea waste: RT100:CT0, RT75:CT25, RT50:CT50, RT25:CT75, and RT0:CT100.
The physical properties of the carbonized briquettes were analyzed using ASTM methods.
The results showed that carbonized briquettes made from 50% rain tree (Samanea saman)
residues and 50% coffee ground/tea waste (RT50:CT50) had the highest calorific value
(20.17 *+ 0.042 MJ /kg)—insignificant at the 95% confidence interval-—and highest shatter
index (99.16 £ 0.20%). However, all ratios of rain tree residues to coffee ground/tea waste
can produce carbonized briquettes for household use, convenient for transportation. In
terms of economic performance, carbonized briquettes made from 50% rain tree (Samanea
saman) residues and 50% coffee ground/tea waste (RT50:CT50) achieved the optimal
payback period (approximately six months). Thus, making carbonized briquettes from rain
tree residues and coffee ground/tea waste a viable alternative method of adding value to
biomass residue for use as raw materials to produce fuel products for household cooking,.
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1. Introduction

Thailand’s final energy consumption in 2016 was 79,929 ktoe, an increase of 2.6% from 2015, with a total
final energy consumption value of 868,105 million baht [1]. The country has also been showing a tendency
toward an increase in energy consumption of up to 30% by the year 2021 [2]. Approximately 80% of the
total final energy consumption in 2016 was from commercial industries, including petroleum and fossil
fuels, electricity, coal, and natural gas, of which, oil and coal are mainly imported. Due to the dependency
on imports, the Thai government’s goal is to increase the country’s ratio of renewable energies to 30% total
consumption by 2036. One energy alternative is biomass, a carbon-based energy with abundant availability
[3]. Biomass can be obtained from various sources, including agricultural crops, agriculture residues, wood
and wood residues, industrial sludge, and municipal solid waste. However, biomass has a high moisture
content and poor ignitability, so briquette technology will provide an alternative solution to improving
biomass quality.

The briquette technology is a process of compacting loose biomass to form a compacted and shaped
product. According to the Thai Community Product Standard (TCPS), the briquette’s appealing
characteristics include its heating value (> 20.92 MJ/kg), moistute content (< 8%), and lack of smoke and
scent when ignited by fire [4]. The briquetting process can be classified into two types: hot and cold
compression, as a briquette cannot be molded into shape without adding a binding material [5].

Briquette fuel usually has a low density, leading to loss of strength. To solve this problem, cassava
starch will be used as a binder. A study by Sotannde, Oluyege, and Abah [6] showed that the quality of a
briquette bonded with cassava starch was durable and its density was higher than a briquette bonded with
gum arabic. Moreover, cassava starch has the best combustion and physical properties, particularly its
heating value, ash content, volatile matter, and fixed carbon content when compared to briquettes bonded
with cow dung, wood ash [7], and gum arabic [8]. Furthermore, cassava starch has a low cost and it is
purchased easily from markets or grocery stores [6]. In addition, the organic matter in briquettes may
contain moisture, thus causing the briquettes to have a lower heating value. If this is the case, the
carbonization process will be applied, to increase the fixed carbon and heating value [9]. Additionally, this
process has been proven to remove the moisture content and volatile matter from the briquettes [10].
Carbonization, conducted in the absence or inadequate presence of oxygen, to produce a high heating value
fuel that can eliminate volatile matter, is a promising technology for biomass production [11].

Many studies have shown that biomass, such as cabbage market waste [12], coconut shells [13], sugar
cane [14], rice straw [15], algae [16], paper waste [17], coffee grounds [18], and the like, can be used as raw
materials for briquette production. Coffee grounds are a biomass material with a high heating value of 25.26
MJ/kg [18].

As tea and coffee are popular drinks today, the number of coffee shops in Thailand has increased by
5.4% annually in the past five years [19]. At Chulalongkorn University, there are 20 shops (each with four
coffee brands), and each shop produces approximately15-20 kg/day of coffee ground/tea waste residues,
all of which are collected and disposed of in landfills. The cost of the solid waste management of these
landfills is approximately 250-300 baht/ton of solid waste [20].

Furthermore, Thailand has many perennial plants that are potential sources of carbonized briquette
production. Chulalongkorn University is one of the universities in Thailand that is home to the prominent
perennial plant named the rain tree (Samanea saman). Rain trees are large—over25 meters tall—and can live
for up to 100 years [21]. These large trees shed leaves on Chulalongkorn University’s campus all year long,
and their leaves and branches are considered waste. The rain tree’s leaves have a moisture content of 47.78%
and ash content of 1.95% [22]. To add value to these waste materials, rain tree residues and coffee
ground/tea waste were used to produce the carbonized briquettes in this study. The method for carbonized
briquette production can be divided into two steps: carbonization and briquetting, which can improve the
tixed carbon content [23].

To transform the solid waste into alternative energy, rain tree residues and coffee ground/tea waste
were used to produce carbonized briquettes. The aims of this study were to assess the characteristics of
carbonized briquettes produced from a mixture of rain tree residues and coffee ground/tea waste according
to the TCPS and to analyze the economic performance of the carbonized briquettes. The findings of this
research will add value to biomass waste, which are rain tree residues and coffee ground/tea waste, into
renewable energy for household cooking.
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2. Materials and Methods

2.1. Materials

In this study, 150 kg of rain tree (Samanea saman) residues were obtained from Physical Resources
Management, Chulalongkorn University, and 125 kg of coffee ground and tea waste were collected from
coffee shops in Chulalongkorn University. Before using the biomass, rain tree residues and coffee
ground/tea waste were ait-dried using solar heat (Fig. 1).

Fig. 1. (a) Rain tree residues; (b) Coffee ground/tea waste.

The proximate and elemental methods of analyzing rain tree residues and coffee ground/tea waste used
herein are shown in Table 1.

Table 1. Proximate and elemental analytical methods.

Physical properties Instrument/Method
Proxcimate analysis
Heating Values ASTM D 5865 [24]
Moisture content ASTM D 3173 |25]
Volatile matter ASTM D 3175 [26]
Ash Content ASTM D 3174 [27]
Fixed carbon ASTM D 3172 |28]
Elemental analysis
CHNS Elemental Analyzer (Leco, Germany)

2.2. Methods of Producing Carbonized Briquettes

2.2.1. To produce carbonized biomass, rain tree residues and coffee ground/tea waste with a moisture
content of less than 25% obtained from 2.1 were carbonized at a temperature of 550°C in 200-L
tanks for 24 h, as shown in Fig. 2.

Fig. 2. (a) Raw materials were packed in a 10-L bucket; (b) The 10-L bucket with raw materials was put in
a 200-L tank; (c) Bamboo was filled in the 200-L tank as fuel, and it was fired using diesel oil.

When fire was dispersed among all the 200-L tanks, all tanks were closed (Fig. 3).
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Fig. 3. (a) Fire was dispersed among all the 200-L tanks; (b) Raw materials were carbonized in the closed
200-L tanks for 24 h.

After carbonization was completed, raw materials were cooled down in a 200-L tank for 24 h. The
carbonized materials gained from this process are shown in Fig. 4.

Fig. 4. (a) Carbonized rain tree residues; (b) Carbonized coffee ground/tea waste.

2.2.2. In the process of briquetting, carbonized rain tree residues and carbonized coffee ground/tea waste
were mixed (Fig. 5) into five homogeneous texture ratios of RT100:CT0, RT75:CT25, RT50:CT50,
RT25:CT75, and RT0:CT100, with 10% wt. cassava starch as a binder (Table 2).

Fig. 5. The mixtures of materials in the mixing machine.
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Fig. 6. Size and shape of carbonized briquette.
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Table 2. The ratios of carbonized rain tree residues, carbonized coffee ground/tea waste, and cassava
starch

Ratios of rain tree Carbonized rain tree residue Carbonized Cassava  starch
residues:coffee (kg) coffee ground-tea (kg)
ground-tea  waste waste (kg)
(RT:CT)

100: 0 10.00 (100%) 0.00 (0%) 1.00

75:25 7.50 (75%) 2.50 (25%) 1.00

50:50 5.00 (50%) 5.00 (50%) 1.00

25:75 2.50 (25%) 7.50 (75%) 1.00

0:100 0.00 (0%) 10.00 (100%) 1.00

However, the moisture of the materials in the mixing machine was approximately 20% by adding tap
water, where the volume of tap water was below the moisture of the materials. The mixtures were formed
in cylinder shapes with an inner diameter of 1 cm, an outer diameter of 4 cm, and a length of 10 cm (Fig. 6)
using a briquetting machine (5.5 kW). Then, carbonized briquettes were air-dried using solar heat for 5 days.

2.3. Characterization of Carbonized Briquettes from Rain Tree Residues and Coffee Ground/Tea
Waste

The physical and chemical characteristics of carbonized briquettes were estimated according to TCPS
following the American Society for Testing and Materials (ASTM) method, including heating value,
moisture content, volatile matter, ash content, and fixed carbon, as shown in Table 1. In addition, the
compressive strength, shatter index, time of boil, and burning time were analyzed (Table 3).

Table 3. Additional physical properties of carbonized briquettes.

Physical properties Instrument/Method
The samples of carbonized briquettes were tested using the
Compressive strength Amsler 20 tons machine at the Faculty of Engineering,

Chulalongkorn University.

Each sample was dropped from a consistent height (1.5 m) onto a

Shatter index concrete floor, and weight loss was documented [16].

Two liters of water was boiled using cook stoves with carbonized
briquettes (150 g). The stopwatch was started when the briquettes
were fully ignited and ended when the water temperatures
remained constant for 10 s [29].

Time of boil

Burning time is the total time taken for the fuel to completely

Burning time burn to ashes [29].

2.4. Economic Feasibility

An economics analysis of the production of carbonized briquettes from rain tree residues and coffee
ground/tea waste was conducted using the following Eq. (1) and (2).

The break-even volume (N*)
N * = —— 1

where
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N* is the break-even volume

F is the fixed cost, USD

P is the price per unit, USD/unit
V is the variable cost, USD.

The payback period
iod =¥
Payback period = —, 2

where

N* is the break-even volume

N is the productivity yield/yeat

A fixed cost is a cost that does not vary in the short term with an increase or decrease in the amount of
goods produced or sold. In this study, fixed costs are machine costs from the briquetting machine.

A variable cost is an expense that varies with the production output. In this study, variable costs are
raw material capital (cassava starch), 200-L tanks, buckets, transportation capital, human labor, and
electricity.

The data for fixed cost and variable cost are shown in Table 4.

Table 4. Data of fixed cost and variable cost.

Type Cost Source

Raw Rain tree residues 0 USD/kg Chulalongkorn University

materials Coffee ground - tea waste 0 USD/kg Chulalongkorn university
Cassava starch 0.55 USD/kg Bakery shop

Machine Mixing Machine 944.82 USD/unit Bongwang kasetyon, Suphanburi

and Fabrication Machine 944.82 USD/unit Bongwang kasetyon, Suphanburi

equipment tanks200 litters 27.43 USD/unit Fuels and Energy from Biomass

center, Chulalongkorn University,
Saraburi

3. Results and Discussion

3.1. Characterization of Raw Materials

The ultimate analysis of rain tree (Samanea saman) residues and coffee ground/tea waste was conducted
using an elemental analyzer (LECO model CHN-628), as shown in Table 5. The results showed that the
major component of rain tree residues and coffee ground/tea waste was carbon, while the minor
components were oxygen, hydrogen, and nitrogen. Sulfur, a chemical element causing acid rain by the
formation of Sulphur dioxide emissions [30], was not found in either.

Table 5. The ultimate analysis of rain tree (Samanea saman) residues and coffee ground/tea waste.

Ultimate analysis

Sample

%Carbon %Hydrogen %Nitrogen %Sulfur %Oxygen**
Rain tree residues 5876 £0.12 523£1.04 325%x023 ND 32.86 £ 0.12
Coffee ground/tea waste ~ 53.94 £ 0.22 6.14+0.75 3312047 ND 36.65 + 0.07

*ND : Not detected.
**Oxygen was calculated by difference.

The proximate analysis of rain tree (Samanea saman) tesidues and coffee ground/tea waste was

conducted. The heating value, moisture content, volatile matter, ash content, and fixed carbon according to
the standard ASTM D3172-3175, are shown in Table 6.
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Table 6. The proximate analysis of rain tree (Samanea saman) residues and coffee ground/tea waste.

Proximate Analysis

Sample Heating value Moisture Volatile Ash Fixed
P M]/kg) content matter content carbon
(%) (%) (Yo) (%)
Rain tree residues 20.49 £ 0.010 806 £2.01 7803 F 013 509+021 882+ 234
g‘;sftfge ground/tea 15054 0001 951 +047  7915+025 226+ 132 9.08 +2.03

According to Tangmankongworakoon and Preedasuriyachai [31], the heating value of coffee grounds
was increased after carbonization from 23.08 M]/kg to 30.79 MJ/kg, as well as tea waste from 18.77 MJ /kg
to 23.43 MJ/kg. Moteover, the fixed carbon of catbonized coffee grounds and tea waste was increased
from 19.43% to 77.77% and 18.43% to 65.29% respectively. Thus, the carbonization process increased the
fixed carbon of coffee grounds and tea waste which affected the increment of heating value.

3.2. Characteristics of Carbonized Briquettes According to TCPS

Characteristics of carbonized briquettes from rain tree (Samanea saman) residues and coffee ground/tea
waste, including general appearance, thermogravimetric analysis (TGA), heating value, moisture content,
volatile matter, ash content, and fixed content, were determined according to the TCPS 238-2547
specification.

Figure 7 shows that the general appearance of carbonized briquettes includes an all-black color and
smooth surface with four or six fins depending on the molds used in the briquetting process.

RT100:CTO RT75:CT25 RT50:CT50 RT25:CT75 RT0:CT100

Fig. 7. The general appearance of carbonized briquettes.

Figure 8 shows the TGA values of five carbonized briquettes ratios. This thermal decomposition of
carbonized briquettes could be divided into three stages. The weight was slightly decreased during the initial
drying, due to moisture loss. In the first stage, the amount of moisture was removed during the temperature
range of 50-150°C with a sharp peak of dryness at 59-62°C (Rajaseenivasan et al., 2016). The peak of mass
loss rate of RT0:CT100 was more than those at RT100:CTO0, RT75:CT25, RT50:CT50 and RT25:CT75.
The second stage, the temperature range of 190-450°C, with a sharp peak at 260-275°C, and thermal
increase of volatility as hemicellulose (190°C-320°C), cellulose (280°C—400°C), and lignin (320°C-450°C)
lost content in carbonized briquettes [32]. The peak of mass loss in this stage rate of RT0:CT100 was more
than those at RT100:CT0, RT75:CT25, RT50:CT50 and RT25:CT75. In the third stage, the temperature
ranges from 350°C-550°C cotresponded to the carbon burning in the carbonized briquettes [33], and ash
content was lost in this stage [34].
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Fig. 8. TGA results for carbonized briquettes from rain tree (Samanea saman) residues and coffee
ground/tea waste (a) with the ratio RT100:CTO, (b) with the rato RT75:CT25, (c) with the ratio
RT50:CT50, (d) with the ratio 25:75, and (e) with the ratio RT0:CT100.

The moisture content was found to be significantly different (P<0.001) in each carbonized briquette
ratio at the 95% confidence interval. The range of moisture content was below 8% [4] in all ratios except
RTO0:CT100, carbonized briquettes composed from 100% coffee ground/tea waste. A low moisture content
improves the quality of carbonized briquettes (earlier ignition) [35], as shown in Fig. 9.

4
2
0

100:0 75:25 50:50  25:75  0:100

Moisture content (%o)
(o}

Ratios of RT:CT

Fig. 9. Moisture content of carbonized briquettes.

As shown in Table 7, the physical properties of the carbonized briquettes, including volatile matter, ash
content, and fixed carbon, were in the range of 27 to 37%, 14 to 33%, and 31 to 39%, respectively. High
volatile matter results in easing ignition and enhancing combustion [32]. Conversely, high ash content
decreases the heating value and increases the thermal resistance to heat transfer [32, 36-38].
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Ratios  of tree Volatile Ash content Fixed
residues:coffee matter (%) carbon

tea waste (RT:CT) (%) (%)

100: 0 27.84+216  33.04 £232 31.76 + 3.99
75:25 3434+ 034 22751 0.86 32.19 + 0.68
50:50 3312+ 0.70  19.06 = 0.47 37.13 £ 0.49
25:75 3518+ 0.21  16.19 = 4.38 37.48 + 2.17
0:100 37.30 £ 0.52 1451+ 4.79 38.68 + 2.39

The heating values of all ratios were found to be in the range of 19.57-20.17 MJ/kg, as shown in Fig.
10. Howevet, the heating values of carbonized briquettes were neatly the standard value of 20.92 MJ /kg [4].
None of the carbonized briquette ratios showed a significant difference in heating values, with approximate
P-values of 0.233 at the 95% confidence interval. This implied that all carbonized briquette ratios have the
potential for use as household cooking fuel [35] and the heating value depends on the composition of
materials in carbonized briquettes [39].

20.6
T 204 T
< 202
S 20
= 19.8
Q
2 196 |
> 194
L2
§ 19
T 18.8

18.6

1000 75 25 50 50 2575 0100
Ratios of RT:CT

Fig. 10. Heating value of carbonized briquettes.

3.3. The Characteristics of Carbonized Briquettes for Transportation, Storage, and Utilization in
Household Cooking

Compressive strength of the briquettes indicated its capability to be handled and transported without
breaking [40]. The range of compressive strength across all carbonized briquette ratios was 0.97-2.57 MPa,
as shown in Fig. 11. The compressive strength of the carbonized briquettes with the ratios RT100:CTO,
RT50:CT50, and RT25:CT75 were not significantly different, and they were higher than the ratios of
RT75:CT25 and RT0:CT100. However, the compressive strength of a carbonized briquette depends on the
bonding forces that bind the materials together [41].
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Fig. 11. Compressive strength of carbonized briquettes.

The strength of carbonized briquettes can be confirmed by the shatter index [34], which indicates
convenience in terms of transportation, handling and utilization for consumers [16]. The shatter index
results of all carbonized briquette ratios (RT100:CTO0, RT75:CT25, RT50:CT50, RT25:CT75, and
CT0:CT100) were 97.71 £ 0.46%, 26.58 = 10.72%, 99.16 £ 0.20%, 98.40 £ 1.44%, and 93.84 = 3.92%,
respectively, as shown in Fig. 12. The shatter index showed significant differences with a P-value less than
0.001 at the 95% confidence interval for all ratios of carbonized briquettes. In this study, the ratio of
RT50:CT50 had the highest shatter index due to its higher binding capacity. This result implied that the
carbonized briquette ratio of RT50:CT50 was hard to disintegrate [34] and was resistant to handling stress,
especially in transportation [42].
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[\
(e
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Ratios of RT:CT

Fig. 12. Shatter indexes of carbonized briquettes.

To obtain the practical results for the performance of the carbonized briquettes, time of boil and
burning time tests were conducted in an open-air environment. The tests were performed using a stove to
boil water in a cooking pot [43]. This is very important, because, in local areas of Thailand, domestic
cooking is usually carried out in the open. The time of boil and burning time results are shown in Fig. 13.
Time of boil (Fig. 14) did not show a significant difference in any carbonized briquette ratios, with a P-
value of 0.068. This result implied that all carbonized briquette ratios have the potential to boil water and
cook food with the same quality in the same period. Approximately 0.5 kg of each carbonized briquette
ratio (completely burnt to ash, as shown in Fig. 15) were examined for burning to ash [29]. A statistical
analysis showed a significant difference in all carbonized briquette ratios with a P-value less than 0.001 at
the 95% confidence interval. The carbonized briquettes from 100% rain tree residues (RT100:CT0) had the
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highest burning time (181.67 * 1.53 min), which implies that the carbonized briquette made from 100%
rain tree residues had an efficiency most suited to boil water or to cook food for the longest time.
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Fig. 13. Time of boil and burning time of carbonized briquettes.

Fig. 14. (a) A fire is set on the carbonized briquette on a stove; (b) The water temperature is recorded using
Extech Infrared Thermometer 42512.

Fig. 15. (a) The carbonized briquettes are fully lit; (b) The carbonized briquette is burned completely to ash.

The heating values of all ratios were in the range of 19.57—-20.17 MJ/kg, which is neatly the TCPS
value (20.92 MJ /kg), and the moisture content was below 8% [4] in all ratios except RT0:CT100.

3.4. The Economic Performance of Five Ratios of Carbonized Briquettes Made from Rain Tree
Residues and Coffee Ground/Tea Waste and Market Charcoal

To evaluate the economic performances of all ratios of carbonized briquettes, the break-even volume (N*),
indicating the number of units sold at which sales revenue equals total costs, and the payback period,
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indicating the length of time required to recover the cost of carbonized briquette production, were

calculated (Fig.16).

Carbonized briquettes made from 100% rain tree (Samanea saman) residues (RT100:CT0) had a break-
even volume of 322,727 pieces and a payback period of 1.87 years, or approximately 1 year and 11 months.

Carbonized briquettes made from 75% rain tree (Samanea saman) residues and 25% of coffee
ground/tea waste (RT75:CT25) had a break-even volume of 126,786 pieces and a payback period of 0.73
years, or approximately 9 months.

Carbonized briquettes made from 50% rain tree (Samanea saman) residues and 50% coffee ground/tea
waste (RT50:CT50) had a break-even volume of 79,775 pieces and a payback period of 0.46 years, or
approximately 6 months.

Carbonized briquettes made from 25% rain tree (Samanea saman) residues and 75% coffee ground/tea
waste (RT25:CT75) had a break-even volume of 58,197 pieces and a payback period of 0.34 years, or
approximately 5 months.

Catrbonized briquettes made from 100% coffee ground/tea waste (RT0:CT100) had a break-even
volume of 45,513 pieces and a payback period of 0.26 years, or approximately 3 months.

The four ratios of carbonized briquettes (RT100:CT0, RT75:CT25, RT50:CT50, and RT25:CT75) had
payback periods of 1.87, 0.73, 0.46, and 0.34 years, respectively, due to the usage of buckets in the process
of carbonization. The density of rain tree residues was lower than that of coffee ground/tea waste,
requiring more carbonization than coffee ground/tea waste to acquire an equal quantity of carbonized raw
materials. Thus, the process of carbonizing rain tree residues required the bucket (five times) more often
than that of coffee ground/tea waste.

Carbonized briquettes made from rain tree residues and coffee ground/tea waste at a ratio of
RTO0:CT100 had the shortest payback petiod and the cost was 0.04 USD/piece, because buckets of this
ratio contained only coffee ground/tea waste biomass. Thus, in this ratio, fewer buckets were used for
carbonization.

However, the cost of carbonization can be reduced by using a low-price bucket (less than 10
baht/bucket) or using another method of carbonization.

The cost of charcoal fuel in ordinary markets is approximately 0.76-0.91 USD/kg higher than that of
the carbonized briquettes in this study (0.09 USD/piece or 0.64 USD/kg). In addition, the burning time of
carbonized briquettes (125-182 min) is more than that of market charcoal (86 min) [18], leading to the safe
use of briquettes as fuel in household cooking. Thus, carbonized briquettes from rain tree residues and
coffee ground/tea waste have the efficiency to be an alternative fuel source for use in household cooking,.
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Fig. 16. The break-even volume and payback period of carbonized briquettes.
4. Conclusions

In this study, carbonized briquettes from rain tree (Samanea saman) residues and coffee ground/tea waste
with cassava starch as a binder by using a cold pressure method were developed as sustainable fuel sources
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for domestic cooking applications. There were five ratios of carbonized briquettes, with the RT50:CT50
ratio of rain tree residue to coffee ground/tea waste having the highest calorific value (20.17 MJ/kg) and
the highest shatter index of 99.16%. To evaluate economic performance, carbonized briquettes from rain
tree residues and coffee ground/tea waste with the ratio of RT0:CT100 have a shorter payback petiod than
other ratios of carbonized briquettes of 3 months, and the cost of this ratio was 0.04 USD/piece. To
increase the heating value of briquettes compliant with TCPS 238-2547, raw materials with a high heating
value, such as coconut shells, palm shells, rice husks, etc. [44], should be added. However, all ratios of
carbonized briquettes from rain tree (Samanea saman) tesidues and coffee ground/tea waste can be an
alternative way to reduce and to add value of biomass residue for using as raw materials in producing fuel
products used in household cooking.
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