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Abstract: One of the major problems faced in managing biomass waste to higher
quality products is choosing the right technology. Wastes are used as an alterna-
tive fuel, with increase in the calorific value. Hydrothermal carbonization (HTC)
is a biomass conversion technology, used to obtain solid fuel. This study aims to
utilize of Calophyllum inophyllum as an alternative solid fuel through HTC. The
calorific value and proximate of the hydrochar will be determined and analyzed to
find out its quality. The experiments were carried out at temperature variations of
160°C, 190°C, and 220°C and holding times of 30 and 60 minutes. The results
show that an increase in temperature and holding time causes a decline in the
moisture content 1.87%, volatile matter 54.03%, and ash content 12.35%, respec-
tively, leading to elevations in the fixed carbon at 31.75%. In addition, the highest
calorific value of 4149 Kcal/Kg was produced at a temperature of 220°C, within a
holding time of 60 minutes. The results showed a significant increase in the quality
of solid fuels between 3500–4611 Kcal/Kg in accordance with the American Stan-
dard Testing and Materials (ASTM). Therefore, this research leads to an important
finding that Calophyllum inophyllum waste through the HTC process can be used as
an alternative fuel to substitute lignite coal, which is environmentally friendly.

Keywords: Hydrothermal; carbonization; solid fuel; Calophyllum inophyllum;
Nyamplung

1 Introduction

Hydrothermal Carbonization (HTC) is a process of converting biomass into solid fuels, which is often
conducted at medium pressure and temperatures ranging from 180°C up to 280°C [1]. The pressure used is
from 1.0 Mpa to 4.0 Mpa [2]. In addition, its benefits include the conversion of wet biomass into chemicals
and liquid, solid or gaseous fuels without requiring a drying process in advance. The water contained in
biomass plays the role of a solvent and reactant, therefore, it is beneficial when conversion occurs. HTC
requires a relatively low temperature [2], while the Pyrolysis process requires a higher temperature.
Furthermore, the biomass used for pyrolysis is first dried to prevent the water from interfering with the
combustion process [3].
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HTC is a promising technology in thermochemical conversions, and also in the transformation of waste
biomass, attained through the use of water sub, which act as a reactant, catalyst, and solvent, and
supercritical, as medium of processing. During the heating process, water is converted to steam and this
reduces latent heat loss, thereby, increasing thermal efficiency. During high temperature and pressure, the
water becomes supercritical, therefore, it is a beneficial organic solvent for the conversion process of
biomass. During biomass conversion, sulfur and nitrogen oxide gases are easily dissolved in water. This
process makes the HTC technology a promising and environmentally friendly technology, due to the
reduction of harmful gas emissions. After the reaction is complete, the process is returned to normal
temperature and pressure. In addition, the water is separated from other liquid organic products [2].

Brunner [4] reported that the technology termed Hydrothermal Upgrading (HTU), was introduced by
Shell Oil Company in the 1980s. This method requires that the degradation occurs with the use of water,
which is capable of affecting physicochemical properties. Supercritical hot water has the potential to
produce more useful products due to the ability of the water to process unwanted compounds into
compatible materials with the environment under review. When water is hot and supercritical, it changes
from ionic to non-ionic substances. Boiling water and high temperatures are used for extraction and at
moderate temperatures, ionic and polar substances are extracted. Subsequently, at high and near critical
temperatures, non-polar substances are easily dissolved and extracted, with high reactivity on pressurized
hot water. This is generally called a hydraulic reaction that is catalyzed by acid or arises from
hydrothermal transformation. This is because dissolution of CO2 in water increases the availability of
protons, while its addition catalyzes the hydrolysis reaction [5].

HTC is based on a simple chemical process of separation between water and carbohydrates
(dehydration):

C6H12O6

Carbohydrat
!HTC “C6H12O”

“HTC � Biochar”
þ 5H2O

Water
þ � 950 kJ=mol

Heat
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Water
þ � 950 kJ=mol

Heat

(1)

The energy balance shows it to be included as an exothermic reaction, which generates hydrochar [6,7].
During the HTC process, there was a release reaction by one third of the combustion energy stored in
carbohydrates during dehydration due to the high thermodynamic stability of water in the reactor [6].
Meanwhile, within the process exists better efficiency, due to the production of higher carbon and lower
moisture contents [8]. The water produced from the HTC reaction process contains dissolved organic
carbons (DOC) of 5–30 gL−1 which was dependent on the biomass used and the process conditions such
as temperature, pressure, holding time, and pH [9]. Moreover, the process also generates small amounts
of gas containing a large quantity of carbon dioxide (CO2) which is less than 5% of the feedstock carbon
[1]. All processes, production and quality of solid fuel produced from HTC are dependent on the
parameters used, such as temperature, pressure, type of material, holding time, pH and the ratio of water,
which served as a catalyst as shown in Fig. 1.

Gao et al. [2] reported on the influence of carbonization temperature on the physicochemical and thermal
behavior of hydrocarbon products, during the HTC process. An increase in temperature, leads to a decrease
in energy yield. In addition, the volatile material produced during the carbonization process leads to loss of
hydrochar mass and energy. However, during hydrothermal carbonization, degradation of lignocellulose
produces small pieces of hydrochar which is released as inert gas, thereby leading to energy loss.

Based on the study conducted by Cyrilla Oktaviananda [11], an elevation in temperature influences the
hydrochar quality, causing a decline in amount, as well as a reduction in energy yield, moisture, ash,
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volatility, and potassium content. However, this elevates the ratio of energy densification, calorific value, and
fixed carbon, and the process initiates the generation of hydrochar, which is equivalent to the type of lignite
coal. According to the American Society for Testing and Materials (ASTM), lignite coal has moist calorific
value below 4611 Kcal/Kg, which is brown coal below 3500 Kcal/Kg and lignite coal of 3500–4611 Kcal/Kg.

In addition, a research conducted by Eriska [12], showed the effect of elevated temperatures on the
chemical and physical properties of some raw materials and hydrochar. This also causes an increase in
the Higher Heating Value (HHV). This research shows that increase in heat and temperature, leads to a
decrease in mass and energy yields. Furthermore, biomass’ cellulose and hemicellulose content are easily
decomposed compared to lignin. It also has higher calorific value and carbon content in the form of cellulose.

Other studies investigating biomass and kinetic analysis also show that the rate of thermal
decomposition of biomass fuels under oxidizing conditions will be faster than the inert atmosphere [13].
In addition, as the temperature increases, there is a continuous decrease in biomass mass [13,14].
Furthermore, in the process of thermal decomposition, the content of cellulose, hemiselolosa, and lignin
in the biomass will produce oxygenated by-products. Thus, as the temperature increases, these by-
products will achieve spontaneous ignition and the heat released will contribute to the decomposition of
the remaining organic material. Biomass material which has a high cellulose content is very good for the
bio-thermal conversion process, while the high lignin content is very suitable for the combustion or
gasification process [13].

In the experimental conducted by Irsyad, the HTC was reported to have improved the characteristics and
calorific value of empty oil palm bunches [15]. Therefore, the process reduced organic matter content, thus,
producing clean fuel, which is more environmentally friendly.

The Research by Nizamuddin, also proved the preference of temperature, over holding time, and ratio of
water composition in the collective impact on the hydrochar effectiveness and quality, resulting from the
ability to significantly enhance porosity in crude oil shells [16].

Other studies also shows that the HTC narrows the difference in fuel properties between different
biomass feedstocks. The quality of hydrochar fuel increases along with a rise in ignition and combustion
temperatures. This research shows that HTC is a better conversion process for hydrochar production with
enhanced fuel quality compared to raw biomass [17].

Calophyllum inophyllum is a type of forest plant, containing potential bioenergy, and is also widely
distributed worldwide, including East Africa, South and Southeast Asia (Malaysia, Philippines, Thailand,

Figure 1: Parameters of HTC [10]
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Indonesia, and Papua New Guinea), the Pacific Islands, Madagascar, West Indies, and South America.
Meanwhile, they are produced in Indonesia by up to 255,300 ha (Forestry Balitbang, 2008). Calophyllum
inophyllum tree has a vertical height of up to 25 m, with horizontal branch ranging from 4 m to 10 m, and
diameter reaching 150 cm. In addition, it has high plant seed production, of about 20 tonnes/ha/yr, which is
more significant than other types of similar plants, including Jatropha curcas, of 5 tonnes/ha/yr, and palm
oil, with 6 tonnes/ha/yr. According to the Research Agency of biotechnology and plant breeding of the
forests in Indonesia, the Calophyllum inophyllum has some potential such as including for medical [18].

Furthermore, its seed possesses a fairly high oil yield in contrast with other plants, which is about 40% to
73%. This is higher than the Jatropha curcas of 25% to 40%, Sterculia foetida of 24% to 40%, Abrus
precatorius Linn of 14% to 28%, Moringa oleifera 39% to 40%, and Schleichera oleosa 30% to 40%.
Calophyllum inophyllum dried seed percentage has about 75% content in the form of oil, and 25% as
waste seeds [19].

Oil production from Calophyllum inophylllum scheme is shown in Fig. 2. Indrayani reported that during
the processing of oil, using porous carbon catalytic pyrolysis treatment, a liquid fuel with fraction equivalent
to gasoline at 84.14%, and the main waste is cake seed was produced [20]. Samino reported the Calophyllum
inophyllum cake seed produced were capable of generating large amounts of waste, which is yet to be utilized
[21]. However, the proper method application is capable of developing zero-waste. The protein content of the
seed cake is 22.76%, through the hydrolysis process, the total is 18.64%, where the dissolved variety was
16.44%. Therefore, the exploitation of this material is highly limited since it is only used as livestock
feed, and in fertilizers.

HTC is an appropriate technology used to improve the quality and economic value of Calophyllum
inophylllum as a solid fuel. This raw material possesses environmentally friendly characteristics, with
heating value equivalent to coal.

2 Experimental Method

The Calophyllum inophyllum tree is an Indonesian forest plant consisting of evergreen trees
characterized by very high seed productivity, with oil content of above 50%, which is often used as a
source of bioenergy. This experiment involves the preparation of waste, where the initial stage entails the
provision of a hydrothermal process for the material, followed by data retrieval and analysis.

Figure 2: Calophyllum inophyllum oil design scheme
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In this study, Calophyllum inophyllum waste used was still in wet conditions. Waste is weighed with a
weight of 200 grams, then water is added with a weight ratio of 1:4 and 1:5. The HTC parameters used in this
study include: temperatures of 160°C (minimum), 190°C, and 220°C (maximum), holding times of 30 and
60 minutes and the ratios of biomass to water 1:4 and 1:5 at a temperature of 190°C. Meanwhile, the selection
of 190°C was conducted based on Eriska’s research which showed that it was the best in providing the
highest heat value [12].

Hydrothermal equipment include autoclave reactor (the maximum capacity of the reactor is 1200 liters),
equipped with an electric motor, which serves as a drive for the agigator, as well as a biomass and water
stirrer (Fig. 3). The heater is carried out to heat the reactor according to the input given to HTC, while
the Stirrer mixes the mixture in the reactor. Furthermore, steam, liquid and the hydrochar mixture were
taken on completion of the process, which are possibly adopted as organic fertilizers. These were,
therefore, separated through the use of a filter, and the liquid part possessed the potential of being used as
an organic fertilizer, while the other was dried for application as solid fuel.

The wet hydrochar is separated from liquid, and dried with oven machine for 1 hour. After the hydrochar
is completely dry, calorific value and proximate are determined using a bomb calorimeter and furnace.
Furthermore, proximate evaluation involved the use of ASTM and ISO standards, while heat testing
standard required ASTM D5865-13. In addition, ash content involved ASTM D3174, while moisture
content uses ASTM D-3173, and volatile levels needed the ISO 562 standards.

3 Result and Discussion

3.1 Calorific Value
Calorific value with temperatures of 160°C, 190°C, and 220°C, and a holding time of 30 and 60 minutes

are shown in Fig. 4. Meanwhile, the highest data was obtained at 220°C, using a holding time of 60 minutes,
at a 4149 Kcal/Kg. In addition, the graph shows a higher temperature used affects the length of holding time,
and subsequently elevate the hydrochar calorific value. This is a standard energy parameter on solid fuel,
which is also dependent on water, ash and carbon content of a material.

Figure 3: Calophyllum inophyllum HTC process
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The calorific value increases with a rise in temperature and length of holding time. However, an increase
in temperature decreases the water content which is directly related to a rise in the calorific value. This is
because, assuming the water content in a material is low, the amount of smoke produced decreases and
the combustion reaction increases [22].

3.2 Proximate Analysis
3.2.1 Moisture Content

Fig. 5a shows the moisture content, where the lowest (1.87%) was observed at a temperature of 220°C,
and holding time of 60 minutes, as shown in the graph.

Based on the theory of thermal decomposition, an elevation in the value for temperature causes
fracturing of the material and water structure, which are exhibited as an initial product of the process
[23]. The water content decreases with a rise in temperature and length of holding time. The strong
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quality of a fuel is greatly influenced by the water content, this is because the lower the water content, the
better fuel quality [24]. Furthermore, high water content is also due to the existence of more pores on a
product, further, decreases calorific value, reducing the efficiency and performance of the fuel, and also
prevent subsequent combustion. Conversely, the low moisture content value tends to increase efficiency
and performance, thus, accelerating the combustion process [22].

3.2.2 Volatile Matter
Volatile levels are shown in Fig. 5b, where the lowest occurred at a temperature of 220°C, and holding

time of 60 minutes, exhibiting a percentage of 54.03%. The higher the temperature and the longer the holding
time, the lower the volatile matter which affects the flame and fuel combustion rate. Fuels with high volatile
matter releases the calorific value as combustion vapor, and this jeopardizes combustion efficiency.

Obernberger & Thek reported on the incidence of fuel released as vapors at high temperature [22]. Thus,
the reduced content is as a result of the constituent breakdown, which was due to an elevation in temperature.
Therefore, high levels of volatile compounds are caused by the incomplete decomposition of carbon
compounds and H2.

3.2.3 Ash Content
Fig. 5c shows the ash content, where the lowest amount (12.35%) was found at a temperature of 220°C and at

a holding time of 60 minutes, as seen in the graph. The decrease in ash content occurs with increase in temperature
and holding time. A decrease in ash content shows a higher calorific value in solid fuels and vice versa.

Meanwhile, high ash content was due to the low density of raw materials, with higher percentage in fuel,
which reduces the calorific value. Conversely, a decline in this percentage leads to more significant calorific
values, consequently causing greater carbon content in a product. This phenomenon was influenced by the
reduction in water content, and volatile substances, while carbon content was elevated, hence higher quantity
of water is needed.

Furthermore, a higher pressure in the autoclave reactor during the hydrothermal process, subsequently
reduces the ash content of the material.

3.2.4 Fixed Carbon
The carbon content shown in Fig. 5d is obtained after conducting the hydrothermal process on

Calophyllum inophyllum waste, at temperatures of 160°C, 190°C, and 220°C, and also the holding time
of 30 and 60 minutes. Fig. 5d shows the most significant carbon content at 220°C, at 31.75%, during a
holding time of 60 minutes. In addition, the graph also demonstrates a positive correlation with the
carbon content of hydrochar obtained from Calophyllum inophyllum waste.

Table 1: Coal Calorific Value Standards according to the American Standard Testing and Material (ASTM) [26]

Coal Type Calorific Value (Kcal/Kg)

Antaristic ≥7777

Bitominous 5833–7777

Sub-bituminous 4611–5833

Lignite 3500–4611

Calophyllum inophyllum HTC 4148.85

Peat ≤3500
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An increase in fixed carbon was inversely proportional to the biomass moisture content, resulting from
the ability of the reduced moisture to increase fixed carbon. This is also affected by lower composition of
volatile matter, being a result of chemical decomposition, followed by the formation of solid fuels from
complex mixtures. Therefore, higher temperatures are affiliated with greater extents of decomposition,
alongside a reduction in volatile compounds present in the fuel molecules, leading to an increase in fixed
carbon content [25].

4 Conclusions

According to the research, the HTC treatment at 220°C and holding time of 60 minutes had the
highest calorific value, at 4148.85 Kcal/Kg. The calorific value of Calophyllum inophyllum waste has
been shown to increase through the HTC process. The value of this solid fuel is in accordance with
American Standard Testing and Materials (ASTM) standards for lignite A type of coal, which is 3500–
4611 Kcal/Kg (see Tab. 1).

Proximate analysis showed the following characteristics of the best outcomes: a decline in moisture
content, volatile matter, and ash content to 1.89%, 54.03% and 12.35%, respectively, as well as an
increase in the amount of fixed carbon to 31.75%.

Increase in temperature and holding time, decreases the water, ash content and volatile matter, with a rise
in fixed carbon of solid fuels. These results indicate that the HTC process can significantly improve the
quality of solid fuels from Calophyllum inophyllum waste. In addition, hydrochar produced from this
waste can also be used as an alternative material to replace coal (lignite).

Therefore, the results of hydrochar from Calophyllum inophyllum waste is recommended as an
alternative solid fuel to replace coal. Further studies need to be carried out on the use of pressure
variations to determine the effect of pressure on the HTC process.
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