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Abstract

This study focused on elucidating disposable bamboo chopstick (DBC) waste generation rate and identifying the
appropriate carbonization temperature for recycling DBC waste as a renewable energy resource. A survey was
conducted within the study area of Khon Kaen University (KKU). Of the student population of approximately 40,000,
the questionnaire was completed by 470 students. The survey revealed a bamboo chopstick utilization rate
equivalent to 0.46 pairs person− 1 d− 1. A carbonization process wit 1-h was carried out at 650 and at 900 °C to
compare the quality of charcoal recycled from DBC (DBC charcoal). The DBC charcoal prepared at 650 °C was of a
higher quality for use as fuel compared to 900 °C prepared DBC charcoal; with 5.3 times higher BET surface area
(62 × 103 m2 kg− 1), 5% higher thermal efficiency (31%), 15 times higher hydrogen (H) content (1.9% of total mass
content), and 1.0 MJ kg− 1 higher heating values by bombs calorimeter (32.8 MJ kg− 1). The utilization of DBC
charcoal as the biomass fuel in gasification for electricity generation could produce 0.0395% of KKU consumption
energy which was estimated to reduce CO2 emission by 12.9 t CO2 yr

− 1 as well as waste generation at 43.7 t yr− 1 or
0.399% around KKU area.
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Introduction
Due to their convenience and cheapness, disposable
chopsticks made of bamboo, or disposable bamboo
chopsticks (DBCs), are widely used in many street-food
stalls, deli stores, and restaurants in East and Southeast
Asian countries, including Thailand. China, the country
from which chopsticks originated and the country most
associated with their use, has reported a DBC usage rate
of about 80 billion pairs annually, requiring the deforest-
ing of 20 million 20-year-old trees yr− 1 [1].

No data could be found on Thailand’s DBC consump-
tion and production quantities. However, it is clear that
apart from the deforestation problem in Thailand, DBCs
have become a significant problem for municipal waste
collection, since as soon as they are discarded with other
garbage into the plastic garbage bag, they punch holes
into the bag, causing spillage.
As a processed product of bamboo, DBCs have high

potential as biomass and are traditionally used in char-
coal production in China as a renewable energy resource
[2]. The charcoal production process occurs through
carbonization and is conducted in a kiln under limited
oxygen conditions. Carbonization requires kiln
temperature of 300 °C or higher: the higher the
temperature, the higher the fixed carbon content. Char-
coal is classified into 3 ranges of fixed carbon content:
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low, high, and tar-free, which are differentiated accord-
ing to their kiln temperature ranges: 300 to 400, 400 to
500 °C, and higher than 500 °C, respectively [3].
To optimize the carbonization process, fixed carbon

content should be maximized while minimizing hydro-
carbon content, i.e., volatile matter content [4]. Mingjie
[3] studied the characteristics of bamboo charcoal made
at temperatures ranging from 300 to 1000 °C at every
100 °C difference. The results showed that to derive fixed
carbon charcoal at levels higher than 80%, the kiln
temperature needed to be above 500 °C. Meanwhile, kiln
temperatures of 1000 °C resulted in charcoal with fixed
carbon content of up to 93%.
To solve the environmental and trash management is-

sues caused by DBC use in Thailand within the bound-
ary of study around the Khon Kaen University (KKU)
area, this research investigated DBC waste recycling
wherein DBCs were used to make biomass charcoal for
use as biomass fuel for generation of electricity by novel
technology of gasification process. Due to gasification
process needing a small biomass fuel without or with a
low volatile organic matter content, making biomass fuel
in the form of charcoal from DBC waste was originally
proposed. For these reasons, this study focused on recyc-
ling DBCs to create tar-free charcoal. The physical and
chemical characteristics of DBCs were differentiated
by the charcoal made at 2 different temperatures, 650
and 900 °C, while carbonization time was fixed to 1 h.
The temperature 650 °C was selected to study as the
low range temperature for making tar-free charcoal
due to the removal of volatile organic matters at tem-
peratures higher than 600 °C as mentioned above [5].
While temperature 900 °C was selected to study as a
high range temperature due to the limitation of kiln
temperature for carbonization. The temperature range
between these two study temperatures was not ob-
served as the trend could be referred to in the litera-
ture mentioned above. A survey was also conducted
to quantify DBC waste generation for estimation of
electricity generation and reduction of CO2 emission
in the study area and determine the expected amount
of DBC recycling if trends in the study sample are
extrapolated to the KKU community.

Materials and methods
The DBC used in this study
Used DBCs were collected from restaurants around
KKU, washed with tap water, and sun dried for 1 day be-
fore undergoing the carbonization process. The DBCs
had a diameter of 4.8 × 10− 3–5.0 × 10− 3 m and length of
2 × 10− 1–2.2 × 10− 1 m. The washed and dried DBC
weighed 3.25 × 10− 3 kg piece− 1 (when weighed individu-
ally rather than in pairs).

Kiln and carbonization process
A gas ceramic kiln was used for the carbonization
process. An amount of 20 kg per batch of prepared DBC
were packed in a kiln and burned. The kiln temperature
was increased to the test temperature and then the DBC
were burned at the test temperature for1 h. Two test
temperatures, 650 and 900 °C, were studied. The
carbonization process applied to the DBC is shown in
Fig. 1.

Physical and chemical characteristics of DBC and DBC
charcoal analysis
Proximate analysis
The proximate analysis consisted of an analysis of mois-
ture content, volatile matter, fixed carbon, and ash con-
tent according to ASTM standard methods (ASTM
D1762–84, ASTM D5832–98).

Ultimate analysis
The ultimate analysis was used to determine the elemen-
tal composition of the biomass fuels. The elements car-
bon (C), hydrogen (H), nitrogen (N), and sulfur (S) were
analyzed using a CHN-S analyzer (LECO, VTF 900).

Calorific value (Hf)
The fuel’s calorific value was determined using a Bomb
Calorimeter (LECO, AC-300), as well as by calculation
using Dulong’s formula, described in Eq. (1).

Hf ¼ 33:586 Cþ 141:924 H
þ 12:908S−15:327 O−3:538 O2; MJkg−1

� � ð1Þ
where:

C ¼ carbon wt%ð Þ;H ¼ hydrogen wt%ð Þ;O
¼ oxygen wt%ð Þ; and S ¼ sulfur wt%ð Þ

Thermal efficiency (ɳ)
Thermal efficiency, or heat utilization efficiency, was de-
fined by the ratio of heat used for water evaporation to
heat produced from burning the fuel. It was used to
evaluate the amount of heat derived from burning the
fuel versus the heat applied toward evaporating the
water [6]. A cooking stove was used for this evaluation.
The thermal efficiency of the samples was calculated
using the standard water boiling test (WBT), described
in Eq. (2).

η ¼ MwCp Tb−T0ð Þ þMcL
MfHf

� 100 ð2Þ

where:
Mw =mass of water (kg), Cp = specific heat of water

[MJ kg-1 °C− 1], Tb = boiling temperature of water (°C),
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T0 = initial temperature of water (°C), Mc =mass of evap-
orated water (kg), L = latent heat of evaporation (MJ
kg− 1), Mf =mass of DBC or DBC charcoal (kg), and Hf =
calorific value of DBC or DBC charcoal derived from
analysis (MJ kg− 1).

Burn-off weight percentage
The burn-off weight percentage was defined by the ratio
of the DBC’s weight after undergoing carbonization to
its original weight when loaded into the kiln as raw ma-
terial prior to carbonization [7]. The burn-off weight
percentage was calculated using Eq. (3).

Burn−off weight percentage ¼ Wi−Wf

Wi
� 100 ð3Þ

where:
Wi = the initial weight of the raw material (DBC at kiln

loading) and Wf = the final weight of the product (DBC
after carbonization process).

Scanning electron microscopy (SEM) and image processing
Morphological changes of the DBCs and DBC charcoal
samples were observed under SEM (LEO, 1450VP). SEM
image processing was carried out with Visio Professional
2013 in order to estimate the samples’ pore-size distri-
bution. Pore size distribution data were used to calculate
an estimated average pore size for each sample.

Brunauer-Emmett-teller (BET) surface area analysis
BET surface area analysis was performed using N2

adsorption-desorption equipment (Micrometrics,
ASPS2460).

Assessment and estimation of DBC waste and DBC
charcoal generation per capita
It can be assumed that DBC waste generation is equiva-
lent to DBC consumption. Consumption of DBC per
capita was assessed by distributing questionnaires to
KKU students through Google Forms. The student
population of KKU is approximately 40,000, and guide-
lines described by Krejcie and Morgan [8] were used to
establish sample size for the study design. Based on Eq.
(4) shown below, a sample size of 470 participants was
calculated. DBC consumption for each day of the 7 days
previous to completing the questionnaire was reported,
as well as general information of participants (age range,
gender, and education level). The data gathered through
Google Forms were analyzed using STATA Version 14.
Sample size was calculated using Eq. (4).

n ¼ x2Np 1−pð Þ
e2 N−1ð Þ þ x2p 1−pð Þ ð4Þ

where:
n = required sample size, x2 = the table value of chi-

square for 1 degree of freedom at the desired confidence
level % (x2 = 3.841), N = the population size, p = the
population proportion (assumed to be 0.50 since this
would provide the maximum sample size), and e = the
degree of accuracy expressed as a proportion (e = 0.05).

Results and discussion
Physical characteristics
The findings from the surface morphology study of DBC
and DBC charcoal through photographic image and
SEM analyses are shown in Fig. 2. Figure 2a1, b1, and c1
are the photographic images of the DBCs, DBC charcoal
processed at 650 °C (hereinafter 650 °C DBC charcoal),

Fig. 1 The DBC carbonization process
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and DBC charcoal processed at 900 °C (hereinafter
900 °C DBC charcoal). Cross-section images of DBC,
650 °C DBC charcoal, and 900 °C DBC charcoal taken by
SEM with low magnification power are presented in
Fig. 2a2, b2, and c2, and with high magnification power
in Fig. 2a3, b3, and c3. The latter elucidated that the
DBC cross-section surface (Fig. 2a3) appeared to be a
packed wooden mass, while the 650 and 900 °C DBC
charcoal cross-section images (Fig. 2b3, and c3) looked
similar to straws tied or packed together. The 650 and
900 °C DBC charcoal cross section images (Figs. 2b3,
and c3) differed from each other in terms of the size and
clarity of their pores. Small particles were attached to
the pores that appeared in the 650 °C DBC charcoal
cross-section image; these were absent in the 900 °C
DBC image. The pore size in the 900 °C DBC charcoal
appeared larger than that of the 650 °C DBC charcoal.
The SEM images in Fig. 2 (b3 and c3) were analyzed

using image processing software in order to collect pore
diameter size distribution data. The average pore diam-
eter of the 650 °C DBC charcoal was 21.8 μm based on a
count of 70 pores. The average pore diameter of the
900 °C DBC charcoal was 32.6 μm based on a count of

40 pores. These results confirmed that the pore diameter
of the 900 °C DBC charcoal was 1.5 times larger than
that of the 650 °C DBC charcoal.
A comparison of the BET surface area along with the

weight ratio changes in terms of weight percentage to
burn-off weight percentage after carbonization for DBC
at 650 and 900 °C relative to the weight of the original
DBC material of DBC and DBC charcoal was carried out
and is presented in Table 1. It should be noted that the
BET surface area of original DBC could not be deter-
mined due to blockage by the wood mass, as elucidated
in Fig. 2a3. Therefore, the surface area of DBC was cal-
culated using its outside surface area divided by its
weight, resulting in a surface area of 0.0014 m2 g− 1. The
BET surface area of the 650 °C DBC charcoal and 900 °C
DBC charcoal was 62 and 12 m2 g− 1, respectively. The
BET surface area of the 650 °C DBC charcoal was, there-
fore, 5.3 times larger than that of the 900 °C DBC char-
coal. Increasing the temperature above 650 to 900 °C
enhanced the release of volatile matter, resulting in
pores with larger diameters, as shown in Fig. 2. These
surface area findings are consistent with previous re-
search on charcoal making [3], which found that

Fig. 2 Photographic images and SEM images of DBC and DBC charcoal: (a1) photograph of DBC; (a2 and a3) SEM of DBC; (b1) photograph of
650 °C DBC charcoal; (b2 and c2) SEM of 650 °C DBC charcoal; (c1) photograph of 900 °C DBC charcoal; (c2 and c3) SEM of 900 °C DBC charcoal
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increasing the carbonization temperature from 300 to
700 °C caused an increase in surface area while further
temperature increases caused the surface area to
decrease.
The burn-off weight, or the weight lost during the

carbonization process, serves as an index to determine
the burn-off degree of the original material and to evalu-
ate its suitability as a raw material. In the case of the
washed and sun-dried DBC used in this study, after the
carbonization process at 650 °C, the DBC lost 73% of its
weight, and after the carbonization process at 900 °C, the
DBC lost 75% of its weight, resulting in the 650 and
900 °C DBC charcoal having 27 and 25% of its original
weight, respectively. The weight lost as a result of the
carbonization process is presumed to be the weight of
the moisture and volatile matter contained in DBC.
Good quality charcoal should have a burn-off weight
percentage between 72 and 75% [9].
The other physical characteristics of the test samples

are also summarized in Table 1, with the test parameters
of proximate analysis, calorific value, thermal efficiency
and fuel consumption rate. Findings from the proximate
analysis, including analyses of moisture content, volatile
matter, fixed carbon, and ash content of the test sam-
ples, are shown. High-quality fuel must have high fixed
carbon content and low amounts of volatile matter.
Carbonization at temperatures of 650 and 900 °C in-
creased the quality of the DBC as fuel, resulting in an in-
creased fixed carbon content and lowered volatile matter
content in both cases. Fixed carbon content was in-
creased by almost the same amount in both cases, from
15.7%wt to 80.4 and 79.5%wt for 650 °C DBC charcoal

and 900 °C DBC charcoal, respectively. The volatile mat-
ter content decreased from 75.4 to 9.2 and 4.6%wt for
650 °C DBC charcoal and 900 °C DBC charcoal, respect-
ively. While the volatile matter content of the 650 °C
DBC charcoal was 2 times higher than that of the 900 °C
DBC charcoal, the difference did not significantly affect
fuel quality since the value was lower than 10% in both
cases. The lower the moisture content, the better its fuel
properties will be. Moisture content is determined by
oven drying a weighed sample of the charcoal. It is
expressed as a percentage of the initial wet weight. If
moisture content is high, igniting the fuel will be more
difficult, and heat energy will be lost to the evaporation
energy of the water content in the fuel. The moisture
content of the 900 °C DBC charcoal was approximately 2
times higher than that of the 650 °C DBC charcoal and
1.3 times higher than that of the DBC. Its higher mois-
ture content was most likely due to its superior absorp-
tion properties, which would cause it to absorb water
more easily from the air. Furthermore, the fact that the
moisture content of the original DBC was less than that
of 900 °C DBC charcoal can be backed up by literature.
Absorption of moisture from the humidity of the air it-
self is rapid and there is, with time, a gain of moisture
which even without any rain wetting can bring the mois-
ture content increase to about 5–10%. Quality specifica-
tions for charcoal usually limit the moisture content to
around 5–15% of the gross weight of the charcoal [5].
The proximate results suggested that the 650 °C DBC
charcoal would be the best fuel among the test samples.
Its fixed carbon content was similar to that of charcoal
made at higher temperatures; its volatile matter content

Table 1 Physical characteristics of the test samples

Parameters Original
DBC

650 °C DBC charcoal 900 °C DBC charcoal

Proximate analysis

Moisture content (%wt) 6.4 4.5 8.3

Volatile matter (%wt) 75.4 9.2 4.6

Fixed carbon (%wt) 15.7 80.4 79.5

Ash content (%wt) 2.5 5.9 7.7

Calorific value (MJ kg−1)

By bomb calorimeter (B) 17.7 32.8 31.9

By calculation using Dulong’s formula (C) 16.5 30.9 29.4

% Difference = ðB−CÞ
B � 100 6.6 6.1 7.6

Thermal efficiency (%) 17 31 26

Fuel consumption rate (kg h−1) 0.79 0.29 0.31

BET surface area (m2 g−1) NDa 62 12

Weight percentage (% based on original DBC) 100 27 25

Burn-off weight percentage (% based on original DBC) – 73 75

Remarks a not detected
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was higher but only to an insignificant degree; and it
had lower moisture content and lower input energy de-
mand for recycling via carbonization.
The calorific values of DBC and DBC charcoal were

analyzed to estimate their potential for energy produc-
tion. Two different methods, bomb calorimeter and
Dulong’s formula, were used with their findings shown
Table 1. While bamboo wood’s calorific value has been
found to be approximately 16.9 MJ kg− 1 [2], the calorific
value of the DBC in this study was determined to be
17.1MJ kg− 1 when analyzed with the bomb calorimeter
and 16.5MJ kg− 1 when calculated using Dulong’s for-
mula. This shows that bamboo wood and DBC have very
similar calorific values. The difference in calorific value
when using the bomb calorimeter versus Dulong’s for-
mula was 6 to 8%. A trend of calorific value variance in
response to the carbonization process was observed with
both analysis methods. The 650 °C DBC charcoal
showed the highest calorific value among the test sam-
ples. The bomb calorimeter showed the 650 °C DBC
charcoal with a calorific value 85% higher than DBC and
3% higher than 900 °C DBC charcoal. This was in line
with the calculation results, according to which the
650 °C DBC charcoal had a calorific value 87% higher
than DBC and 5% higher than 900 °C DBC charcoal. The
results in Table 1 imply that when recycling DBC for
use as a renewable fuel such as charcoal, the
carbonization temperature of 650 °C is more efficient
than 900 °C. A 650 °C carbonization process could re-
duce transportation weight by up to 73% and increase
calorific value by 1.9 times relative to using DBC directly
as fuel without carbonization. Moreover, charcoal is
more suitable for storage than DBC, as DBC is prone to
decomposition by insects or fungi.
Thermal efficiency measures the percentage of heat

produced by the fuel that the heat device is able to
transform into work energy. In this study, a cooking
stove was set up as a heat device for testing, and the per-
centage of heat transfer achieved by each of the test
samples was determined. Thermal efficiency was defined
by the percentage of heat that was transferred from the
chemical energy in the fuel to the task of boiling the
water, as described by the WBT. The thermal efficiencies
of the three test samples are shown in Table 1. The ther-
mal efficiency of the DBC was 17%, while the 650 °C
DBC charcoal and 900 °C DBC charcoal had thermal ef-
ficiency of 31 and 26%, respectively. The fuel consump-
tion rates of the DBC, 650 °C DBC charcoal, and 900 °C
DBC charcoal were 0.79, 0.29, and 0.31 kg h− 1, respect-
ively. These results correlated with the calorific value
findings, with the 650 °C DBC charcoal having optimal
performance as a source of renewable energy. The
650 °C DBC charcoal had the lowest fuel consumption
rate and the highest thermal efficiency.

The thermal efficiency tests were carried out in tripli-
cate with the three types of test samples, each of the
same weight and using the same cooking stove on the
same day. Figure 3 shows the average flame temperature
of the cooking stove versus combustion time during the
thermal efficiency tests. The results showed that when
using 650 °C DBC charcoal as fuel, the temperature
reached 979 °C, the highest temperature among the three
types of fuel. The 650 °C DBC charcoal had the largest
BET surface area and a specific physical structure, as the
SEM images showed organic matter in its pores. This
unique physical structure may explain the higher flame
temperature of the cooking stove and the longer com-
bustion duration time achieved in the thermal efficiency
test. The organic matter in the fuel may have accelerated
the combustion reaction. The reaction kinetics of the
DBC and 650 °C DBC charcoal were similar from the
start of the combustion reaction until the flame reached
its peak temperature. The reaction kinetics of the 650 °C
DBC charcoal and 900 °C DBC charcoal showed similar
trends as the flame temperature decreased after peaking,
and the combustion duration of the two charcoals were
very similar. It can be assumed that the similar tube-like
structures of the two charcoals, or their porous struc-
tures, led to an increase in their surface areas and
allowed oxygen in the air to flow through the fuel, thus
increasing the combustion reaction time.

Chemical characteristics
Findings from chemical characteristics analysis results of
the three test samples, with bituminous coal findings for
comparison, are summarized in Table 2.
An ultimate analysis is an analysis of the chemical

characteristics of a fuel in terms of the main elements in

Fig. 3 Comparison of cooking stove’s flame temperature versus
combustion time during the thermal efficiency test with different
test samples as fuel
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weight percentages, including carbon, hydrogen, nitrogen,
sulfur, and oxygen. In this study, the higher carbonization
temperature led to a substantial increase in carbon and ni-
trogen contents. The carbon content of 650 °C DBC char-
coal and 900 °C DBC charcoal were both approximately 2
times higher than that of the DBC, at 87.9 and 90.8%wt,
respectively. Conversely, a higher temperature during
carbonization, led to lower hydrogen and oxygen contents.
Sulfur was the only element that did not appear to correl-
ate in content with carbonization temperature for any of
the fuel samples. Sulfur is the element in fuel that causes
air pollutant compounds such as sulfur dioxide (SO2) or
sulfur oxides (SOx) to form during the combustion reac-
tion, and thus is considered the polluting factor of the fuel.
The ultimate analysis found that the sulfur content of the
DBC and DBC charcoal did not exceed 0.3 wt%, whereas
bituminous coal has been found to contain 1.7 wt% sulfur
content.
As the data was not sufficient to conclude that DBC

and DBC charcoal are cleaner than bituminous coal, the
sulfur content to calorific value ratio was calculated by
using the ultimate analysis data and calorific value calcu-
lated by Dulong’s formula. The results are shown in
Table 2. The results presented in Table 2 show that the
900 °C DBC charcoal was found to have the lowest sulfur
content to calorific value and was lower than bituminous
coal by 84%. This shows that among the test samples, it
would emit the least amount of sulfur into the air when
used as fuel.
Atomic molar ratios obtained from the ultimate ana-

lysis are commonly used to determine the degree of
aromaticity according to the hydrogen-to-carbon (H/C)
ratio and polarity according to the oxygen-to-carbon (O/
C) ratio and have been used for fuel characterization
[11]. The weight percentages in the ultimate analysis
were converted into molar fractions and then into the

atomic ratios as presented in Table 2. As the H/C ratio
increases, the aromaticity increases and the calorific
value of the fuel decreases [4]. On the other hand, as the
O/C ratio increases, the polarity increases and the calo-
rific value increases. Therefore, the H/C and O/C ratios
must be considered together in order to classify and
characterize the fuel. A Van Krevelen diagram was used
to visualize and assess the samples’ characteristics and
likeness to common solid fuels in terms of the relation-
ship between the atomic H/C and O/C ratios (Fig. 4).
In Fig. 4, the H/C and O/C atomic molar ratios of

the test samples are plotted on the graph in order to
visualize their characteristics in relation to other com-
mon solid fuels. DBC is characterized in the low calo-
rific value area along with biomass. Conversely, 650
and 900 °C DBC charcoals are characterized in the
high calorific value area along with anthracite. An-
thracite is characterized as a hard coal with high car-
bon content and submetallic luster and is known to
ignite with difficulty [12].

Table 2 Chemical characteristics of the test samples

Parameters Original
DBC

650 °C DBC charcoal 900 °C DBC charcoal Bituminous coala

Ultimate analysis

Carbon (%wt) 45.3 87.9 90.8 71.3

Hydrogen (%wt) 6.6 1.9 0.1 5.5

Nitrogen (%wt) 0.3 0.7 0.8 1.4

Sulfur (%wt) 0.2 0.3 0.2 1.7

Oxygen (%wt) 47.6 9.3 8.1 8.7

Atomic molar ratio

H/C 1.76 0.26 0.02 0.93

O/C 0.79 0.08 0.07 0.09

C/N 189 155 128 59

Sulfur content to calorific value ratio (× 10−5 kg MJ−1) 9.7 9.7 7.8 50
a from [10]

Fig. 4 The test samples plotted on a Van Krevelen plot to indicate
their likeness to common solid fuels
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The DBC consumption rate and estimation of renewable
energy production from DBC waste converted to charcoal
at 650 °C
A survey was conducted with 470 KKU students. Their
general information (age range, gender, and education
level) showed that the average, minimum, and maximum
age of the sample was 20, 18, and 43 yr, respectively.
Males accounted for 61.5% and females 38.5% of the
sample. Undergraduate students accounted for 89.8%,
while 10.2% of the sample were graduate students. Only
14 students, or 2% of the total 470 students, had not
used any DBC in the previous 7 d.
The respondents reported on their frequency of DBC

use for each day of the week previous to taking the sur-
vey in order that the average number of DBC used per
person per day could be calculated. On each day, more
than 35% of the student sample used DBC, and on aver-
age 40.9% of the students used DBC each day. The total
number of DBC used by the students each day was
summed and averages of the data were calculated. While
some students used more than one pair of DBC in a day,
on other days they did not use any. Finally, the average
DBC use rate was 0.46 pairs person− 1 d− 1.
Accordingly, in order to average the weight of DBC

that could be recycled around KKU. The average chop-
stick weight was 6.5 g pair− 1. With a population of ap-
proximately 40,000 people, an average chopstick weight
of 119.6 kg d− 1 could be recycled into 32.3 kg of 650 °C
DBC charcoal per day. At a market charcoal price of ap-
proximately 25 baht kg− 1 (1 USD = 31.4 baht) converting
DBC waste to charcoal could have a value of 294,740
baht yr− 1 and produce 387,070MJ yr− 1 in energy. The
estimation of electricity production rate using 650 °C
DBC charcoal by gasification per year were calculated
and summarized in Table 3. The electricity consumption
rate of KKU per year is approximately 85,056,600 kWh
[14]. Then, the alternative electricity production rate
using 650 °C DBC charcoal per year was estimated at
0.0395% based on KKU consumption energy. However,
this amount is a small fraction compared to total electri-
city usage, but the reduction of CO2 emission is neces-
sary in this global warming situation. From the report of
Thailand Power Development Plan 2018 [15], CO2 emis-
sion rate from electricity generation in year 2021 by
Thailand Provincial Electricity Authority is supposed to
be 0.384 kg CO2 kWh− 1, and the electricity production

using gasification technique [13] has negative CO2 emis-
sion. Consequently, recycling of DBC to 650 °C DBC
charcoal for use as biomass materials for electricity gen-
eration by gasification method could reduce CO2 emis-
sion 12,886 kg CO2 yr− 1 and could reduce the amount
of waste generation from DBC at 43,654 kg yr− 1 around
KKU area or 0.399% [16].

Conclusions
The survey used to assess the DBC waste generation rate
by KKU students found a rate of 0.46 pairs person− 1

d− 1. To minimize waste collection problems caused by
DBC waste, DBC waste separation and simple recycling
by converting DBCs to charcoal for use as a biomass fuel
for electricity generation by gasification process was con-
sidered. DBC waste used directly as a combustion fuel
was compared in terms of fuel quality with DBC that
had undergone 1-h carbonization process at 650 and
900 °C. The findings revealed that the DBC charcoal
processed at 650 °C achieved a high-quality charcoal, in-
creasing the calorific value by 1.8 times relative to dir-
ectly burned DBC and reaching a thermal efficiency of
31%. The small particles attached to the pores surface,
assumed as volatile organic matter particles (9.2% mass
content of volatile matters), observed in the SEM images
supported the results of the highest BET surface area
and easy ignition property and highest thermal efficiency
which was considered as the environmentally friendly
biomass fuel due to low sulfur content to calorific value
of 9.72 × 10− 5 kgMJ− 1 or only 1/5 times compare to of
the bituminous coal. Utilization of 650 °C DBC charcoal
as alternative biomass fuel resources for electricity pro-
duction by gasification process in case of KKU area
could reduce 0.399% of total waste generation, produce
0.0395% of total electricity consumption and reduce
CO2 emission by around 12,886 kg CO2 yr

− 1.
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