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ABSTRACT
Using the Hydrothermal process to reduce the volume of the Municipal Solid Waste (MSW) which is mostly
organic component and to utilize the solid powder resulted as coal-like solid fuel will contribute not only to solving the MSW problem but also reducing the coal consumption in the power plant. In this study, the hydrothermal
processes were conducted using a laboratory scale apparatus with MSW components as the samples. The process
parameters comprised temperature, solid load, and holding time. Four components were used as representative of
organics and plastics in the municipal solid waste. In this study, the experiments were done performed at various
temperatures, 180 °C, 200 °C, and 220 °C inside an experimental autoclave. The results of the experiments show
that the process time, the water amount and the temperature which are used in hydrothermal process, affect the
proximate and ultimate compositions. The moisture and fixed carbon content decrease and the volatile matter increases, so that the calorific value of MSW increases. On the basis of the experiments, the optimum hydrothermal
process parameters are feed to water ratio of 1/1 (250 g/250 ml), temperature of 180 °C, and holding time of 90
min. It also can be concluded that the hydrothermal process can be applied to MSW to produce solid fuel.
Keywords: holding time, hydrochar; hydrothermal treatment; municipal solid wastes; feed to water ratio.

INTRODUCTION
In recent years, the energy consumption has increased rapidly. BP reported that the increasing of
energy consumption in Indonesia has elevated in
the past decade [BP, 2017]. The energy consumption puts demand on energy resources that makes
them scarcer. Fossil fuels, such as oil, coal, and natural gas, are still main choice in Indonesia. Thus,
the efforts to change the consumption of fossil fuel
to the renewable energy are made in Indonesia.
Unfortunately, the problems faced are not only the
energy sector, but also environmental problems,
especially municipal solid waste (MSW) disposal.
Mostly in developing countries, the present
practice of MSW disposal is open dumping and
landfills which creates environmental, land limitation and social problems. In addition, the unsanitary
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and unstable landfills have a negative impact on
the environment [Assmuth, 1992; Lander et al.,
2009] and threaten human health [Durmusoglu et
al., 2010; Hung et al., 2009]. The traditional incineration is faced with the problems of pollution as
well as the public opposition. Thermal processes
such as combustion, pyrolysis, and gasification offer great benefits over the traditional methods of
MSW disposal. These thermal methods not only
recover useful energy values from MSW but also
reduce the quantity of waste being ultimately sent
to the landfill. Many countries started to encourage
the conversion of waste to alternative energy.
The characteristics of MSW are different in
each country. It is strongly influenced by the size of
population, living style, culture, seasons, and even
regulation on MSW disposal. In the majority of
developing countries, the composition of MSW is
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dominated by organics such as biomass, food residues, and plastics which could be useful resources
for energy recovery. However, the main obstacle is
the moisture content of MSW that makes it difficult
to recover energy by thermal processes [Liang et
al., 2008]. One of the thermal processes that can be
operated in the wet condition is hydrothermal treatment (HT). HT is employed for producing a coallike solid fuel called hydrochar, [Funke and Ziegler,
2010; Libra et al., 2011; Ramke et al., 2009]. Studies are conducted about hydrothermal treatment to
produce useful organic matter or to recover energy
from organic wastes, sludge, real biomass, and industrial waste [Jooma et al., 2003; Shanableh et al.,
2000; He et al., 2008; Goto et al., 2004]; however,
only few are designed to produce solid fuel. In this
present study, the authors investigated the effect of
hydrothermal process with various conditions of
temperature, holding time, and water amount (ratio
feed to water); which were applied to MSW components as the sample to produce solid fuel. The
proximate, ultimate, and calorific value analyses of
samples were also conducted. The results were then
analyzed to obtain the optimum process parameters.

EXPERIMENTAL
The materials
The percentage of organic and plastic in Bandung city, Indonesia could be seen in Figure 1. According to the data, the weight percentage of organic and plastic is 45.36% and 4.64% respectively. In this research, a mixture of MSW components

was represented by banana skin, water hyacinth
and plastics such as styrofoam and polypropylene,
which were tested as the sample (Fig. 2). It consists
of 22.68% banana skin, 22.68% water hyacinth,
2.32% styrofoam, and 2.32% polypropylne. The
samples were manually prepared by blending them
after being cut into small sizes.
Experimental apparatus and procedure
The experiments of the hydrothermal process
were carried out in a 1 L laboratory scale high
pressure reactor. The reactor can be operated at a
maximum pressure of 50 MPa. The reactor was
heated by an electrical heater. The temperature
was controlled at ±2 °C. For the test, 250 g of sample and a certain amount of distilled water were
placed inside the reactor, as shown in Figure 3.
The amount of water used in the experiment
was 250 ml and 500 ml (ratio feed to water 1:1
and 1:2). Before the experiment, nitrogen gas was
released into the reactor in order to create an oxygen free condition inside the autoclave. Then, the
experimental setup was heated. The experiments
were performed for the autoclave temperature of
180, 200, and 220 °C. The holding times were
varied from 30, 60 and 90 min. Those three main
processing parameters, i.e., (1) the ratio feed to
water, (2) the temperature, and (3) the holding
times, were varied as shown in Table 1.
In order to ensure uniformity of samples, the
stirrer was kept mixing along the process. After the
process was completed, the heater was turned off
and the release valve was opened slowly to release
steam inside the reactor. The pressure inside the

Figure 1. The composition of MSW in the city of Bandung
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Figure 2. Components of MSW: a) water hyacinth, b) banana skin, c) styrofoam, d) polypropylene

Figure 3. Schematic diagram of experimental setup

reactor reduced quickly, but the temperature of the
reactor was still high. The products were taken out
of the reactor after the room temperature reached.
The schematic diagram of experimental setup is
shown in Figure 2. All processed samples were
then dried in a constant-temperature oven at 110 °C
for 24 hours and crushed to powder for analysis.

Sample preparation
Four components of MSW were tested in this research. They are polypropylene, styrofoam, banana
skin, and water hyacinth. The dried samples were analyzed at TekMIRA to find their properties, as shown
in Tables 3 and 4. All dried original components

Table 1. Variation of experimental operating conditions
Exp. ID

A11

A12

A13

A21

A22

A23

A31

A32

A33
220

T ( C)

180

180

180

200

200

200

220

220

HT (min)

30

60

90

30

60

90

30

60

90

FWR (ml)

1/1

1/1

1/1

1/1

1/1

1/1

1/1

1/1

1/1

Exp. ID

B11

B12

B13

B21

B22

B23

B31

B32

B33

T (oC)

180

180

180

200

200

200

220

220

220

o

HT (min)

30

60

90

30

60

90

30

60

90

FWR (ml)

1/2

1/2

1/2

1/2

1/2

1/2

1/2

1/2

1/2

Exp – Experimental, FWR – Feed to Water Ratio
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RESULTS AND DISCUSSIONS

Table 2. Standards used for the testing at TekMIRA
Parameter

Standard Method

Moisture

ISO 11722 ASTM D.3173

Ash

ISO 1171 ASTM D.3174

Volatile matter (VM)
Fixed carbon (FC)

ISO 562
100%-M-Ash-VM

Carbon (C)

ISO 625 ASTM D.3178

Hydrogen (H)

ISO 625 ASTM D.3178

Nitrogen (N)

ISO 332 ASTM D.3179

Sulfur (S)
Oxygen (O)
Calorific value

In this experiment, crushed dried samples after hydrothermal process were analyzed for proximate, ultimate, and calorific value. All dried processed samples were tested in air dried base (adb).
The results of proximate and calorific value analyses can be seen in Table 4 and ultimate analysis can
be seen in Table 5.

ASTM D.4239

Proximate Analysis

100%-C-H-N-S-Ash
ASTM D.5865

The proximate analysis was the most general
method used to determine the quality of solid fuels. It comprises an analysis of fixed carbon (FC),
volatile matter (VM) and ash content (Ash). FC
was the ignitable residue once the volatile matter
was completely burned.
It can be seen that the moisture content decreases significantly. The moisture content ranges
from 1.41 to 0.14% so that the hydrothermal process can reduce the moisture content from 80.22
to 98.22% compared with moisture content in
dried mixed component. This is because of the
degradation of pore systems in substances by
heat. Significant decrease of the moisture content
leads to an increase of combustible elements such
as volatile matter and fixed carbon. The influence
of process water, holding time and process temperature is unclear in this result.
Table 4 also explains the variation of the ash
content in mixed component after hydrothermal
process. It can be seen that ash content increases
partially. Under the conditions of feed to water
ratio 1/1, process temperature of 180 °C and holding time of 90 minutes, the moisture content in

were analyzed in air dried base (adb). The standards
used for the testing are shown in Table 2.
Dried processed samples were tested in TekMIRA for calorific value analysis. The C, H, and N
contents were measured with an elemental analyzer (Perkin Elmer 2400 Series II CHN). S was not
detected during analyzing. O was determined by
mass balance (O=100%-C-H-N-Ash). The proximate, ultimate, and calorific value analyses of each
original component are presented in Table 3. The
properties of plastic and organic components are
quite different. Moisture, fixed carbon, and ash
content of plastics are much lower compared to the
organics. Further, the volatile content of plastics is
very high, which is the key element to initiate ignition. However, organics contain high oxygen, due
to the content of cellulose, hemicellulose and lignin in the organic, compared to plastics. The calorific value of plastics is much higher compared to
organics. On the other hand, Table 3 shows that the
sample which has of high volatile matter content
can provide a high calorific value.
Table 3. Original component analyses
Analysis

Polypropylene

Styrofoam

Banana Skin

Water Hyacinth

Proximateadb
Moisture

0.04

0.11

3.31

12.3

Ash (%)

-

0.36

8.97

8.26

VM (%)

99.7

99.1

68.4

63.9

FC (%)

0.16

0.39

19.2

15.3

Ultimateadb
Carbon

77.6

85.7

51.5

40.08

Hydrogen

10.47

5.68

6.2

5.28

Nitrogen

0.12

0.16

1.82

3.79

-

-

0.17

-

Sulfur
Oxygen

11.81

8.1

31.3

50.85

HHV

45.44

39.3

20.9

14.9

adb – air dry basis
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Table 4. Proximate and calorific value analyses of mixed
component after HP
Feed to
Water Ratio
g/ml

1/1

1/2

Process
Condition

Proximate analysis (adb)
MC

Ash

VM

FC

C_min

%

%

%

%

180_30

0.72

10.48

83.75

5.05

180_60

0.86

11.46

81.40

6.28

180_90

1.41

7.09

89.32

2.18

o

200_30

1.30

10.71

83.23

4.76

200_60

0.42

7.79

87.21

4.58

200_90

0.75

9.29

83.86

6.10

220_30

0.74

11.40

82.27

5.59

220_60

0.72

10.94

81.10

7.24

220_90

0.14

8.24

89.73

1.89

180_30

0.68

7.57

89.05

2.71

180_60

1.25

8.98

86.88

2.89

180_90

0.37

8.25

87.18

4.20

200_30

1.04

10.36

85.14

3.46

200_60

0.40

10.68

84.07

4.85

200_90

1.41

10.29

84.40

3.90

Ultimate Analysis
Ultimate analysis is used to determine the
chemical compositions of the sample. The variation of carbon and hydrogen content in the processed sample are shown in Table 5s. It can be
seen that carbon and hydrogen content in mixed
component after the hydrothermal process increased significantly. This increase was mainly
caused by carbonization and hydrolysis in the
process. The carbon content in the processed
sample ranged from 65.15 to 72.93% so that the
hydrothermal process increased the carbon content from 32.85 to 48.71% compared to the predicted carbon content in dried mixed component.
In addition, it can be seen that the carbon content is higher for longer holding time operated or
higher process temperature used.
The hydrogen content in the processed sample ranged from 6.87 to 9.94% so that the hydrothermal process increased hydrogen content from
10.62 to 60.06% compared to the predicted hydrogen content in dried mixed component. Increasing the carbon and hydrogen contents will lead
to decreases in the nitrogen and oxygen contents.
The variation of the nitrogen and oxygen contents
in processed sample is shown in Figures 4.33 and
4.34, respectively. It can be seen that the nitrogen
and oxygen contents decrease after the process.
Decreases of the oxygen and nitrogen contents
in the sample will reduce the formation of NOx
emission at low combustion temperature [Ji et
al., 2020]. Thus, burning the processed sample is

220_30

0.54

11.29

83.75

4.42

220_60

0.78

8.70

88.87

1.65

220_90

0.48

9.32

86.74

3.46

mixed component after process is the lowest so
that it has the highest content of combustible elements. Moreover, in holding time of 30 minutes,
it can be seen that ash content is more for higher
process temperature used and less process water
used. The characteristics of ash performance a
main role to upscale system design. Ash, inorganic residue left over after burning process, can
cause slagging, fouling, and corrosion of reactor
if not handled carefully [Putra et al., 2020].
The variation of the volatile matter content in
the mixed component after the hydrothermal process is shown in 6. It can be seen that the volatile
matter content increases significantly. This volatile
matter content gain was mainly caused by the hydrolysis and the carbonization of the organic component. The volatile matter content in the samples
ranged from 81.10 to 89.73% so that the hydrothermal process can increase the volatile matter
content from 17.02 to 29.48% compared to the
predicted volatile matter content in dried mixed
component. Increasing of ash and volatile matter
content will contribute to a decrease in the fixed
carbon content. It can be seen that under the conditions of feed to water ratio 1/1, process temperature
of 180 °C, and holding time of 90 minutes, the processed sample has the lowest ash content, and very
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high volatile matter content. It can be concluded
that this condition is favorable for obtaining higher
calorific value, although the influence of process
water and holding time is unclear in this result.
In general, the lower the amount of process water
used in process, the lower volatile matter content
in the sample, since a decrease in the biomass to
water ratio reduces the possibility interaction between the sample and reaction medium.
The variation of fixed carbon content in mixed
component after hydrothermal process. It can be
seen that the fixed carbon content in the processed
samples decreases significantly. Evidently, the
measured fixed carbon content in processed sample ranged from 7.24 to 1.65% and the predicted
fixed carbon content in dried mixed component
was 15.74%. The fixed carbon loss leads to an increase in the volatile matter content.
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Table 5. Ultimate analysis of mixed component after HP
Ratio of sample
to water
g/ml

1/1

1/2

T_HT

Ultimate analysis (adb)
C

H

N

O

C_min

%

%

%

%

180_30

65.15

6.87

1.63

15.87

180_60

69.87

8.84

1.38

8.45

o

contents. Besides, the oxygen content in the process sample was still higher compared to coal.
This is significant because the more oxygen a fuel
contains, the easier it is to start burning or achieve
its ignition. On the basis of the trend, using less
process water will result in lower oxygen content
of the processed sample.

180_90

71.38

8.01

1.12

12.40

200_30

66.34

6.98

1.91

14.06

200_60

72.93

8.83

1.12

9.33

Higher Heating Value

200_90

70.37

9.94

1.36

9.04

220_30

71.89

8.50

1.43

6.78

220_60

70.70

7.66

1.41

9.29

220_90

71.14

7.00

1.29

12.33

180_30

69.27

7.81

1.14

14.21

The higher heating value (HHV) of a sample
is influenced by its composition or element. It is
important to compare the calorific value of the
samples before and after the HT process. Figure
4 shows the variation of calorific value after the
hydrothermal process. It can be seen that HHV
increases significantly after the process. This is
because of the increased fixed carbon content or
carbon and hydrogen content. HHV of processed
mixed component ranged from 29.944 to 37.313
MJ/kg so that the hydrothermal process can increase HHV of the sample from 48.21 to 84.69.
On the basis of the trend, HHV is higher for
longer holding time operated, 90 minutes, while
the influence of process water and process temperature is not clear in this result. However, the
best condition of the hydrothermal process can be
seen, which is the ratio of sample to water 1/1,
process temperature of 180 °C, and 90 minutes.
As discussed above, the process sample had
high HHV, 37.313 MJ/kg which was higher than
HHV of Indonesian coal (30.03 MJ/kg) [Muthuraman et al., 2010]. During the hydrothermal
process, the carbon content was higher than the
oxygen and hydrogen contents. Thus, both ratio

180_60

67.86

7.05

1.27

14.84

180_90

68.73

7.24

1.53

14.25

200_30

67.08

7.24

1.66

13.66

200_60

67.39

7.63

1.71

12.59

200_90

69.39

8.40

1.45

10.47

220_30

68.10

7.12

1.59

11.90

220_60

70.39

7.33

0.93

12.65

220_90

69.93

7.58

1.33

11.84

good for environment. The nitrogen content in the
processed sample ranged from 0.93 to 1.92%.
After the process, the oxygen content in the
sample decreases significantly. Evidently, the
oxygen content in the processed sample ranged
from 15.87 to 6.78% so that hydrothermal process can decrease the oxygen content from 113.35
to 399.41%, compared to the predicted oxygen
content in dried mixed component. Such decrease
leads to increase in the carbon and hydrogen

Figure 4. Variation of calorific value (HHV) of mixed component after hydrothermal process
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Figure 5. The van Krevelen Diagram

of O/C and H/C of the hydrochar were smaller
compared to its feedstock. Figure 5 shows that
the hydrochar had a smaller ratio of O/C and
H/C and was close to coal zone. It also can be
concluded that processed MSW can be burnt
with coal in order to reduce coal consumption
and the volume of MSW. This means that the hydrothermal treatment process is self-sustaining
and can produce net solid fuel products.

CONCLUSIONS
The analyses (proximate, ultimate, and calorific value) of the processed samples proved that
the process time, the water amount, and the temperature which were used in hydrothermal process
affect the properties of sample. The process produced the samples with low moisture content and
high VM which had high HHV. The highest HHV
was 37.31 MJ/kg which was analyzed from the
sample operated at a temperature of 180 °C, feed
to water ratio 1/1, and the holding time for 90 min.
It can be concluded that the hydrothermal process
can be applied to MSW to produce solid fuel.
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