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ABSTRACT

The purpose of this research was to process a mixture of paper waste and garden waste based on material flow
analysis and to analyze its parameters based on water content, ash content, heating value, along with Thermogra-
vimetry Analysis (TGA)/Derivative Thermogravimetry (DTG). The garden waste treatment process consists of
shredding, drying with a rotary dryer, separator, and then shaving with a hammer mill. Paper waste only needs
a shredder process. Then, the mixing process and pelletizing of paper waste as well as garden waste are carried
out according to the variation (w/w) 100% paper (K100), 75% paper (K75), 50% paper (K50), 25% paper (K25),
and 100% garden waste (K0). The water content ranged from 5.8 to 15.25%. From KO to K100 samples, the ash
content increased from 4.54 to 9.85%. A correlation of 0.9047 was found from samples KO to K100. There was a
correlation between increasing calorific value along with the mixture with paper waste. The caloric value in KO
to K100 increased from 13.11 to 19.03 MJ/kg. The TGA/DTG analysis reduced mass due to water evaporation,
devolatilization, and carbonization processes.

Keywords: waste to energy, pelletizing, garden waste, paper waste.

INTRODUCTION population density. In 2019, the population in

Depok City was 2,406,826 people [3]. A larger

Municipal solid waste (MSW) is a severe
problem faced by cities in Indonesia, including
Depok City [1]. Depok City is geographically ad-
jacent to Jakarta and Bogor, so it is a very strate-
gic area to support economic activity [2]. Depok
City is included in a metropolitan city category
among 14 other metropolitan cities with a high
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population size correlates with a higher amount
of waste [4]. On the basis of the data from the
Depok City Environment and Sanitation Service
in 2019, the amount of waste generation in De-
pok City was 1070 tons/day. The amount of waste
managed by the City of Depok is 57.2% through
waste sorting, composting, and dumping it to the
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Cipayung Final Processing Site (TPA). The land
area of the Cipayung TPA is currently experi-
encing a critical period along with the increase
in waste generation, so that the volume of waste
in the TPA has exceeded its capacity (overload)
[5]. Depok has launched a waste bank program
and a Waste Management Unit (UPS) to encour-
age people to engage in waste sorting activities.
The sorting activity carried out for organic waste,
such as food waste, involves using a closed buck-
et container then collected at the collection point
by officers every two days and then processed
into compost at the UPS. Inorganic waste such
as paper, cardboard, glass, plastic bottles, cans,
metal, glass bottles, and others will be deposited
into a waste bank [6].

The Depok City Government is interested in
effective and efficient waste processing by con-
verting waste into Refuse Derived Fuel (RDF).
RDF is a waste processing technology through
a series of processes to achieve high calorific
value, reaching 3000 kcal/kg, a low water con-
tent below 20%, and more homogeneous size,
making it more manageable in terms of storage
and transportation [7]. In 2018, the Ministry of
Public Works and Public Housing (PUPR) and
the Depok City Government built the Merdeka 3
Waste Processing Site (TPSS) as a pilot project
for waste to energy in the form of RDF pellets.
The TPSS is still in the testing phase; hence, the
waste that is processed is still limited to wood
twigs and dry leaves, known as garden waste.
The pellets made from garden waste can become
renewable energy and are currently being used
as fuel in tofu factories and the stove and gasifier
fuel to operate electric diesel at TPSS Merdeka
3. TPSS Merdeka 3 has a plan to produce pel-
lets using other waste raw materials, but there
has not been a study on different waste composi-
tions’ characteristics. TPSS Merdeka 3 recom-
mends no plastic waste content in RDF pellets
because it is against Depok City’s environmental
licensing. After all, plastics contain dangerous
substances, namely carbon monoxide and diox-
ins [8]. Food waste includes a very high-water
content, so the potential for decay will affect the
quality of RDF pellets [9, 10].

On the basis of the technology of processing
waste into RDF pellets that already exists in TPSS
Merdeka 3, paper waste was selected in this study
to be processed into RDF pellets because paper
waste has not been utilized. Paper waste has simi-
lar characteristics to garden waste, because it is

made of wood fiber; this gives the fuel a good
density quality. Paper has a 3024 kcal/kg heating
value that can be used as RDF pellets [11]. The
paper waste content in RDF pellets will increase
the strength of pellet structure and make the pel-
lets more durable [12].

Important parameters that determine the
characteristics and quality of RDF include water
content, ash content, heating value, and chemical
composition [13, 14]. Other important parameters
are Thermogravimetry Analysis (TGA)/Deriva-
tive Thermogravimetry (DTG) and density; TGA/
DTG functions to determine the thermal stabil-
ity of pellets. Therefore, paper waste and garden
waste potential as RDF raw materials need to
be reviewed from their characteristics and qual-
ity based on water content, ash content, calorific
value, density, chemical composition, and TGA/
DTG. The purpose of this study was to analyze
the material flow and characteristics of pellets
from variations in the composition of paper waste
and garden waste and their potential to produce
the best quality RDF pellets.

EXPERIMENTAL

Data collection

Data collection was divided into primary data
and secondary data. Primary data was obtained
from taking raw material samples, namely pa-
per waste and garden waste, making RDF pel-
lets from variations in paper waste and garden
waste composition. The RDF pellet was tested in
the laboratory, including water content, heating
value, density, and TGA/DTG of RDF. The RDF
pellets produced were tested in the laboratory, in-
cluding density, water content, ash content, calo-
rific value, and TGA/DTG.

The data were analyzed and processed to ob-
tain a correlation between the five RDF pellets
made of raw material from variations of waste
with several parameters: the calorific value, water
content, ash content, and TGA/DTG. The analy-
sis of the quality of RDF pellets was compared
with RDF standards regarding water content pa-
rameters, ash, and calorific value.

The method used to analyze the water and ash
content is the American Standard Test Method
(ASTM) for Residual Water and Ash in a Refuse-
Derived Fuel Analysis Sample E790-87 (2004)
and E830-87 (2004), respectively. Calorific value
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analysis was performed to describe the energy
content of a material. The calorific value calcu-
lation was done using a bomb calorimeter. The
method used for calorific value analysis is the
American Standard Test Method for Gross Calo-
rific Value D5865-11a. TGA/DTG analysis is a
thermal analysis technique that measures mass
changes as a temperature and time function. The
combustion characteristics analysis was carried
out using the STD Q-600 instrument connected
via a computer to obtain the results directly.

Pellet making

The raw material used in this study is a varia-
tion of paper waste and garden waste composi-
tion, carried out by the pelletization process to be-
come fuel in the form of pellets. After production,
the pellets are stored using an airtight container to
prevent their contact with air so that the quality of
pellets is maintained because they will be tested
in the laboratory.

Data processing and analysis

The data processing and analysis stages were
carried out after all primary and secondary data
have been collected. The laboratory test results
were then analyzed statistically. RDF pellets were
compared with RDF standards, so that it can be
seen which variations of the waste have the best
quality as RDF raw materials.

RESULTS AND DISCUSSION

Pelletizing

Pellets are generally a raw material that goes
through a compaction process by a pellet mold-
ing machine to have a denser and more substan-
tial structure than raw materials that have not
been pelleted. The advantages of fuel in pellets
can increase the calorific value and density of the

pellets. Besides, the pellets have a more homoge-
neous size and uniformity aspect so that the trans-
fer/transportation process is more accessible and
does not require large storage space [15]. The pel-
lets were made at TPSS Merdeka 3, Sukmajaya
District, Depok City, West Java.

Table 1 compares the percentages used in
manufacturing of pellets from variations of pa-
per waste and garden waste. Making pellets uses
raw materials from variations of paper waste
and garden waste with 25% interval variations
with a total mass of 2000 grams and 200 grams
of starch. The use of raw material variations for
making pellets at 25% intervals was carried out.
The making of pellets from variations in the com-
position of the waste at this interval was carried
out to determine the composition variation with
the best quality to determine the quality of RDF
pellets. In the manufacturing of pellets, an ad-
hesive material is needed to bind to each other
when given pressure and aim to increase the bond
between particles. Starch is the adhesive material
most often used pellet manufacturing, because it
is relatively cheap and easy to obtain, besides it is
not easily broken, has high adhesive strength, and
good ignition properties [16]. According to the
research by Damayanti et al. [17] the use of 10%
tapioca starch adhesive has a good density, be-
cause it produces strong pellets and is not easily
cracked. The addition of more than 10% adhesive
can reduce the density so that the level of pellet
homogeneity is decreased. The pellets produced
without adhesive have rougher surface, so that it
is easily crushed when pressed during the printing
of the pellets. Therefore adhesive is needed in the
manufacturing of pellets [17].

Figure 1 shows the pellet-making process at
TPSS Merdeka 3, which includes chopping or
reducing raw materials, drying garden waste in
rotary dryers, shining in hammer mill machines,
pelleting using an 8§ mm pellet printing machine,
and sun drying. Molding is pressing and compact-
ing materials through machine holes using a me-
chanical process that involves heat and pressure.

Table 1. Variations of waste used as raw material for RDF pellets

Paper waste Garden waste Tapioca starch (10%) ID
100% (2000 gram) 0% (0 gram) 200 gram K100
75% (1750 gram) 25% (250 gram) 200 gram K75
50% (1000 gram) 50% (1000 gram) 200 gram K50

25% (250 gram) 75% (1750 gram) 200 gram K25

0% (0 gram) 100% (2000 gram) 200 gram KO
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Paper Waste Shredder

Hammer Mixing

Sun Dryin
RDF Pellet il

Pelletizer

Figure 1. The process of making pellets with a variety of paper waste and garden waste

When forming solid pellets, the optimum tem-
perature in the machine is around 60-80°C.
If the engine temperature is above 80°C, it
will damage the lignin bond, while tempera-
tures below 60°C will make it difficult to form
pellets [18]. After the pellet molding process
is complete, there is an increase in tempera-
ture and water content in the pellets, so it is

necessary to cool down at room temperature
than dry in an open area in the sun. Drying
under direct sunlight aims to make the pellets
denser, not easily broken, and reduce the wa-
ter content to avoid mold growth [19]. After
going through the drying process, the pellet
fuel is stored using an airtight container to
minimize the increase in water content.

(A K-25

(& K0

Figure 2. Pellet results from various variations; (a) K100 pellets, (b) K75
pellets, (c) K50 pellets, (d) K25 paper pellets, (¢) KO pellets
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Figure 2 shows the pellets from paper waste
variations with garden waste, which have a di-
ameter of £ 8 mm. The 100% Garden waste pel-
lets have a dark color because they come from
hardwood/hardwood. Hardwood is better to use
because it is denser, has lower water content, and
burn resistance is greater than in softwood [15].
Pellets with 8 mm can be applied as stove fuel
for household or industrial scale and power plants
[20]. At the time of making KO pellets and K50
pellets, a blockage occurred in the machine, this
was due to the condition of the machine, wear out
quickly, so it was necessary to add water to the
pellet mixture and also to the pellet molding ma-
chine to facilitate the pellet formation process.

The form of the pellets produced from pa-
per waste and garden waste in this study has a
solid shape and does not break easily, yielding
good quality pellets. Water should not be added
in excessive quantity because it will cause very
high pressure on the die to increase [21]. Then,
the resulting pellets become soft and very easi-
ly broken apart. As a result, the pellet surface is
not smooth and is not cylindrical. Conversely,
if there is not enough water, the printer cannot
apply pressure properly.

Water and ash content

The analysis of water content and ash con-
tent is used to determine the amount of water
and ash content of each sample, and low water
content will result in good fuel quality. The water
content and ash content data is shown in Table 2.
The water content in the pellets from each varia-
tion of waste has values. The results showed that
the water content in the pellets ranged from 5.8—
15.5%. The water content of the K-100 pellets
was 10.09%, the K75 pellets were 5.8%, the K50
pellets were 9.46%, the K25 pellets were 8.46%,
and the KO pellets were 15.25%. The lowest wa-
ter content value was found in the K75 pellets,
while the KO pellets have the highest water con-
tent. The five RDF pellets in this study have met

the RDF standards from Italy [22]. Only the K75
pellets did not meet the British standards.

The high and low water content of the pellets
in this study can be influenced by the type of raw
material used and can also be affected by water in
the pellet-making process. This shows that 25%
of garden waste and paper waste affect the wa-
ter content value, but the water content obtained
shows the results are not much different. Paper
waste accumulation shows a decrease in water
content, because it is part of the biomass with wa-
ter absorption properties [23]. The characteristics
of the type of raw material for waste also affect
the water content of pellets. The water content of
paper waste is 10.02% lower than that of garden
waste which equals 20% [24]. Garden waste also
naturally occurring lignocellulosic material that
is hygroscopic. The garden waste can absorb wa-
ter from the air and release water vapor [25].

Water content is an important parameter that
affects heating value, combustion efficiency, ease
of ignition, and smoke produced during combus-
tion [26]. The high-water content will reduce the
combustion efficiency because the water content
of pellets will absorb heat to evaporate water, re-
ducing the calorific value. The combustion tem-
perature will be low due to loss of heating value
or heat due to incomplete combustion, which will
cause smoke. Meanwhile, a low water content
value will increase the combustion efficiency, and
less smoke will be generated because the heat en-
ergy released will be used to heat the fuel [27].

When making the K50 pellets and KO pel-
lets, there were problems with the pelletizing
machine. Due to the machine condition, which
was easily worn, it was necessary to add water
to the pelletizer machine and the pellet mixture
so that the printing machine could operate again.
This addition of water will affect the characteris-
tics of the pellets. The addition of water functions
as a lubricant in the pellet press machine. More-
over, water causes the pellet mixture ingredients
to become soft, so that the pellets can come out
through the molding quickly. The type of pellet-
izer used is a flat die; the disadvantage is that the

Table 2. Water content and ash content in each variation of the pellets used

Variation Water content (%) | Ash content (%) Italia standard [22] England standard [22]
K100 10.09 9.85
K75 58 7.71 Water content: Maximum 25% | Water content: Maximum 7-28%
K50 9.42 7.1 Ash content: Maximum 20% Ash content: Maximum 12%
K25 8.46 6.94
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machine wears out quickly, so that maintenance
and cleaning must be done frequently, while the
advantages are that it is cheaper and is commonly
used on a small scale. Although there were prob-
lems with the machine that required water addi-
tion to the pellet mixture, the overall water con-
tent did not exceed the standard. The high-water
content affects pellet damage and makes them
susceptible to attack by fungi so that the pellets
do not last long. The research by Al Qadry et al.
[28] concerned also pellets from other raw ma-
terials, namely from a mixture of palm oil shells
and wood powder, producing a 7.6%—11% water
content value. Compared to that study, water con-
tent value in this study did not differ much from
K-75, K50, and K-0, but higher than the K-25 pel-
lets and lower than the K-0 pellets.

The ash content value results in each waste
composition variation having different values;
the study results show that the ash content value
ranges from 4.54-9.85%. The ash content in the
K-100 pellets was 9.85%, the K75 pellets were
7.71%, the K50 pellets were 7.1%, the K25 pel-
lets were 6.94%, and the pellets with 100% gar-
den waste — 4.54%. The highest ash content was
found in the K100 pellets, while the lowest ash
content was observed in the KO pellets.

The ash content indicates the amount of ash
or residue that remains when the combustion is
complete. The ash content is formed from min-
eral substances such as nitrogen, phosphorus,
magnesium, and silica in fuel [29]. The ash con-
tent corresponds to the impurities that can no
longer burn during the combustion process or

25
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no longer have carbon elements [30]. The ash
content affects the quality of the fuel, namely the
calorific value. High ash content can reduce the
combustion performance and cause scale in the
combustion furnace, which results in corrosion
in the engine [31].

The ash content results showed that the five
RDF pellets met the Italian and English stan-
dards [22]. The higher the addition of garden
waste, the lower the ash content produced. The
ash content of the paper waste is more signifi-
cant, namely 11.55%, and the ash content of gar-
den waste is lower, i.e. which is 7.15% [32]. The
garden waste has high hemicellulose, cellulose,
and lignin content. The ash in garden waste is
an ash-forming mineral left from burnt organic
compounds. The lower the ash content value, the
better the calorific value or, the higher it is. High
ash content indicates a large amount of miner-
al content, causing the efficiency and speed of
combustion to decrease because the energy used
for heating is more absorbed by minerals. The
research by Putri and Sukandar has also made
pellets from other raw materials, namely from
variations in sludge and composition of oil palm
bunches, which produce the ash content values
ranging from 13.05% to 24.3% [33].

Calorific value

Calorific value analysis is carried out to de-
termine the fuel energy, defined as the amount of
heat produced through a complete combustion
reaction [34]. The value testing data for varia-
tions in research can be seen in Figure 3. It can

y = 1.386x + 12.61
Rz =0.9047

K50

Figure 3. Correlation of caloric value (MJ/kg) with each variation of the pellets used
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be seen that the correlation of the addition of
garden waste and paper; R? is 0.9047; this shows
that the increase in the percentage of garden
waste will increase the calorific value. Mean-
while, more paper waste content will reduce the
calorific value. Pasek et al. [32] also obtained a
similar result: the calorific value of garden waste
shows a higher value than paper waste. Garden
waste is biomass that has high cellulose, hemi-
cellulose, and lignin content. The lignin content
can be a natural adhesive, increasing pellet den-
sity and calorific value [35]. Paper waste is also
made of wood components, so that it has almost
the same characteristics as wood which contains
cellulose, hemicellulose, and lignin fibers. Still,
the lignin content of paper is not as high as that
of garden waste [23]. The lignin content in mate-
rial also affects the calorific value where lignin
will be activated and function optimally as an
adhesive [36]. The lignin content will also af-
fect the density of the pellets. The higher the pel-
let density, the higher the calorific value is. The
high density will make the pores fill with each
other so that there are no voids that increase the
water content [15]. RDF from different raw ma-
terials, namely from leaf and paper waste varia-
tions, produced a calorific value of 12.9-13.97
MlJ/kg [37].

Thermogravimetric analysis / derivative
thermogravimetry

Figure 4 shows the TGA/DTG graph results
from a combination of all RDF pellets using
the OriginLab2020 software, aiming to make it
easier to read curves and find out the differences
in the TGA/DTG curves in each sample. In the
TGA/DTG curve, there are 3 stage areas, and
the first stage is mass loss due to water evapo-
ration which occurs at the initial temperature
of combustion, which is at a temperature lower
than 100°C [38]. The second stage occurs the
devolatilization process or evaporation of com-
pounds into gas depending on the sample used
and is characterized by a drastic decrease in
mass [38]. The third stage is the carbonization
process characterized by a reduction in mass
which tends to be stable.

Thermal analysis analyzes a sample in a hot
and rate-controlled environment by looking at
an increasing temperature on mass changes dur-
ing the combustion process. The TGA curve is
a function of mass reduction with increasing
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temperature. The DTG curve is the decrease
of the TGA or mass reduction rate concerning
temperature. The curve of the DTG shows the
peaks that occur during the devolatilization pro-
cess [39]. The TGA/DTG analysis is usually
applied to determine the material characteris-
tics, temperature reduction, and components of
inorganic and organic compounds. The TGA/
DTG test was carried out in a temperature range
of 30°C to 800°C with a heating rate of 10°C/
minute. The gas used to test the TGA/DTG is an
inert gas such as nitrogen with a 50 ml/minute
flow rate. The sample is placed in alumina, then
in a thermocouple or electric heater to measure
temperature and connected to a computer to con-
trol the programmed to produce a temperature
versus mass TGA/DTG graph. The graph in the
TGA analysis is shown as a function of mass re-
duction with increasing temperature.

Garden waste is biomass consisting of three
main components, namely hemicellulose, cel-
lulose, and lignin. The mass in biomass will
decrease if there is an increase in temperature
because heat will decompose the chemical com-
pounds of biomass into gaseous compounds [18].
The decomposed biomass is divided into three
stages: the first stage, the sample loses mass due
to water evaporation in the sample. The second
stage is related to the devolatilization of hemi-
cellulose, cellulose, and lignin compounds. The
third stage relates to thermal stability, namely,
the mass has begun to stabilize, or there is no
more mass change [40].

Thermogravimetric studies of biomass char-
acteristics show that hemicellulose decomposes
in a temperature range of 250-500°C. Cellulose
decomposes from 375-500°C, and lignin dete-
riorates evenly between hemicellulose and cel-
lulose temperatures or occurs in a temperature
range of 180—500°C [41]. Lignin has a rigid and
complex nature and functions as an adhesive
between cell walls so that the time it takes to
degrade is longer than in the case of hemicellu-
lose and others [42]. Hemicellulose indicates the
highest or most drastic weight loss, while lignin
has the lowest weight loss [43]. This is because
hemicellulose is the most thermally unstable
component. Therefore, hemicellulose breaks
down faster and occurs at lower temperatures
when compared to cellulose and lignin [44].

Writing paper contains compound compo-
nents consisting of cellulose, hemicellulose,
CaSO,, CaCO,, additives, binders, resins, and
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several other materials. The main components of
paper are hemicellulose and cellulose as organic
constituents. The overall reaction that will occur
when heating consists in the degradation of cel-
lulose, hemicellulose, and other additives from
paper. The response in the temperature range
250-370°C is the degradation of hemicellulose,
resulting from the reaction, which is a gas and
volatile intermediates. Then, the response in the
temperature range of 300—400°C is the degrada-
tion of cellulose, where cellulose has higher ther-
mal stability than hemicellulose [45].

CONCLUSIONS

The addition of paper waste contributes to de-
creasing the water content. Simultaneously, gar-
den waste accumulation involves decreasing the
ash content and increasing heating value, increas-
ing the carbon and hydrogen content, and reducing
the oxygen and nitrogen levels. In the TGA/DTG
analysis, garden waste makes the achievement of
thermal stability temperature faster, which is due
to the presence of organic compounds. On the
basis of the TGA/DTG analysis, the pelletization
process affects combustion stability and increased
oxidation activation so that it is easier to ignite,
and the combustion process becomes faster.
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