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Abstract

This study aims to analyze the performance of a solar-powered hydrothermal reactor with a capacity of 1 liter,
utilizing a parabolic solar collector in the heating process of rice husk. The use of solar energy as an alternative heat
source is expected to reduce dependence on fossil fuels and support the development of environmentally friendly
technologies. This research employs an experimental method with a quantitative analysis approach. Two variations of
raw material mixing ratios were tested: a 1:1 ratio (1 kg of water: 1 kg of rice husk) and a 1:2 ratio (500 grams of rice
husk: 1 kg of water). Each ratio was tested three times, monitoring parameters such as material temperature, pressure,
ambient temperature, and solar light intensity over a period of 3 hours. The results indicate that the hydrothermal
device can achieve a maximum temperature of up to 135°C and a maximum pressure of 36 psi. The highest average
temperature was obtained at the 1:1 ratio, measuring 95.46°C, while the 1:2 ratio yielded 85.80°C, demonstrating a
significant difference in heating effectiveness. The effectiveness of the solar collector is highly dependent on solar light
intensity and weather conditions. This study concludes that the parabolic solar collector is effective as a heat source in
small-scale hydrothermal systems and has great potential for application in the processing of biomass waste based on
renewable energy in tropical regions.
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Introduction

Energy is one of the fundamental necessities for human life and technological development (Caineng et al., 2022; Dincer
& Temiz, 2024). It has become an integral part of societal needs in any country, including Indonesia. Indonesia, located in
the equatorial region, has significant solar energy potential throughout the year (Paundra & Nurdin, 2022; Silalahi et al.,
2021). One effective solution to address the energy crisis, particularly concerning fossil fuels such as petroleum, is solar
energy. The abundance of solar energy is predicted to be inexhaustible until the end of time. The condition of petroleum,
once highly sought after, is now gradually depleting. Therefore, an alternative energy source that can be effectively
utilized is solar energy (Arief et al., 2021; Hayat et al., 2019; Guangul & Chala, 2019).

Solar thermal energy refers to heat energy produced from the conversion of sunlight (Alexopoulos & Kalogirou,
2022; Romero et al., 2017). This energy is captured using solar collectors and can be applied directly in industrial
processes or stored for later use in heating water or air for residential and commercial purposes. Typically, process
heating systems include a heat source and a circulation system to distribute thermal energy to the final application
(Kumar et al., 2022). A solar collector is a device used to absorb solar energy and convert it into necessary energy forms,
such as thermal energy and electricity (Salvi et al., 2018). There are several types of solar collectors, including flat plate
collectors, concentrated solar collectors, and vacuum tube collectors. Among these types, concentrated solar collectors
are the most efficient in capturing solar energy. This type of solar collector is Parabolic dish collector (PDCs). The
inherent advantages of PDCs include a high geometric concentration factor, elevated energy intensity, and the ability to
achieve high temperatures due to the highly localized focal point of incoming solar radiation (Garc\\ia-Ferrero et al.,
2025; Hasibuan et al., 2021).

According to Wahyudi et al.,, (2020), the average solar intensity in Indonesia reaches 4.8 kWh/m?/day, with an
effective exposure time of about 5 hours within a 24-hour period. Solar energy is a renewable energy source that is
abundant and can be utilized for various applications, including in hydrothermal processes. Hydrothermal technology is
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a promising new technology that can convert organic waste into useful, environmentally friendly, and sustainable
products (Dewanti et al., 2020). The utilization of solar energy for hydrothermal processes offers an eco-friendly and
economical solution. By using solar energy as the primary heat source, this process reduces dependence on fossil fuels
and greenhouse gas emissions. To achieve maximum heat, a solar collector is required to capture sunlight. Further
research is essential to optimize and develop effective technologies for solar-powered hydrothermal systems (Nrartha et
al.,, 2024; Suwito & Dasopuspito, 2013).

This study focuses on the development of a solar-powered hydrothermal system for biomass conversion. The system
consists of a solar thermal collector integrated with a hydrothermal reactor, both of which were designed and fabricated
in this work. The system was subsequently used to hydrothermally treat rice husk biomass at varying biomass-to-water
ratios. The resulting hydrochar was characterized to determine the effectiveness and performance of the system.

Literature Review
Hydrothermal

Hydrothermal is a term used to describe a process or condition involving hot water. The hydrothermal technique is
a method employed to synthesize materials or alter the structure of materials using hot water under high pressure. Many
methods are used for the fabrication of these materials, one of which is the hydrothermal method. Hydrothermal is
derived from the words 'hydro,' meaning water, and 'thermal,' meaning heat. Thus, the hydrothermal method is one that
utilizes water and heat to transform solutions into crystals. Hydrothermal technology is a promising new technology
capable of converting waste into useful, environmentally friendly, and sustainable products (Dewanti et al., 2020).

The hydrothermal technique is classified into carbonation, gasification, and liquefaction. Table 1 illustrates the
temperature ranges employed by hydrothermal techniques. A recent study investigated the feasibility of integrating
solar thermal energy into a hydrothermal liquefaction (HTL) system to supply heat while reducing greenhouse gas
emissions without affecting biofuel production (Bautista-Pefiuelas et al., 2026). A batch HTL reactor combined with a
parabolic dish solar concentrator was used to process a 10 wt% slurry of Pinus oocarpa sawdust at reaction times of 30,
45, and 60 minutes. The results showed that bio-oil yields ranged from 16.9% under low solar irradiance to 33.55% after
60 minutes under high solar irradiance. Based on the literature review, very few studies have investigated the utilization
of solar thermal energy for hydrothermal processes.

Table 1. Hydrothermal Techniques and Temperature Ranges

Technique Temperature (°C)
Hydrothermal Carbonization 180-250
Hydrothermal Liquefaction 280-380
Hydrothermal Gasification 400-700

Biomass

Biomass is material or substances derived from plants, vegetation, or agricultural waste used as a source of fuel.
Biomass can also include biodegradable waste that can be burned as fuel, such as straw, rice husks, coconut husks,
empty fruit bunches, and palm oil residues, as well as waste from wood.

Rice husk is the hard layer that covers the caryopsis, consisting of two parts called lemma and palea that interlock
with each other. During the rice milling process, the husk separates from the rice grains and becomes a byproduct of
milling waste. Rice husk is categorized as biomass that can be utilized for various needs, such as raw materials for
industry, animal feed, and renewable energy.

Figure 1. Rice Husk
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Parabolic Solar Collector

Parabolic solar collectors, often referred to as Parabolic Dish collectors (PDC), are an efficient technology for
harnessing solar energy to generate heat. According to Suwito & Dasopuspito, (2013), parabolic solar collectors can
concentrate sunlight at a single focal point, allowing thermal energy to accumulate more effectively (Nasution et al.,
2020). The operational efficiency of solar collectors depends on several factors, including the availability of solar
radiation, ambient temperature, energy demand characteristics, and the thermal properties of the solar collector system
(Lukman et al., 2020).
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Figure 2. Hydrothermal Experimental Set Up

Analysis Proximate

Proximate analysis is a simple test used to determine the composition of biomass in terms of impurities such as
moisture (M), volatile matter (VM), ash (Ash), and fixed carbon (FC). Proximate analysis was conducted on rice husk
biochar samples. The proximate analysis refers to the Indonesian National Standard (SNI 1683:2021) for Wood Charcoal.

Materials and Method

This research utilizes an experimental method, a quantitative approach commonly employed in engineering studies to
address research problems. The purpose of the experiment is to determine the effects of independent variables
(treatments) on dependent variables (responses) under uncontrolled conditions. The independent variables considered
in this study are the ratio of rice husk to water, while the dependent variables consist of temperature variations,
including raw material temperature, ambient temperature, solar irradiance, and pressure.
The materials used in this research are rice husk and water, with variations in ratios of 1:1 (1 kg rice husk : 1 kg
water) and 1:2 (500 grams rice husk : 1 kg water). The equipment used in this study includes:
1. Thermometer: used to measure the temperature of the raw materials and the ambient temperature.
Barometer: used to measure pressure during testing.
Solar Power Meter: used to measure solar irradiance.
Parabolic Solar Collector: used to capture sunlight and reflect it onto the hydrothermal device.
Hydrothermal Device: used as a medium to contain the rice husk and water.
Furnace: used to heat the hydrochar for proximate analysis.
Scale: used to weigh the raw materials and water.
. Oven: used to heat the hydrochar during proximate testing.
Research Procedure
To conduct the testing, preparation and procedural steps are required. The stages of testing to be performed are as
follows:
(1) Modify the solar collector and hydrothermal device by adding a thermometer and barometer.
) Prepare all measuring instruments and ensure that all research materials are complete.
) Adjust the reflection of sunlight onto the hydrothermal device.
(4) Insert the mixture of water and rice husk into the hydrothermal device.
)
)

PN LN

Activate the stopwatch as a time recording tool.

During the testing process, observe and record data such as:

a. Temperature of the raw materials.

b. Ambient temperature.

c.  Solar irradiance.

d. Pressure.

(7) After the hydrothermal process, dry the raw materials under sunlight.
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Once the drying of the raw materials is complete, they are ready for proximate analysis, including moisture content,
ash content, volatile matter, and fixed carbon.

Results and Discussion
Observations were conducted using a 1:1 ratio with rice husk as the raw material and a water ratio of 1:1 (1 kg water : 1
kg rice husk). Heating of the raw materials was performed using a parabolic collector, with the reactor pot positioned 62

cm above the surface of the parabolic collector. The testing was carried out for 3 hours with an accumulation time of five
minutes. as shown in Figure 4
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Figure 3. Reactor Temperature and Solar Light Intensity as a Function of Time for Hydrothermal Testing with a 1:1 Ratio

The testing began at 11:20 AM, with the initial temperature of the raw materials recorded at 30°C and solar
irradiance at 999.5 W/m?, along with an ambient temperature of 27.7°C. During the first fifteen minutes, the temperature
of the raw materials gradually increased, reaching 70°C by 11:45 AM. This temperature rise was influenced by relatively
stable solar irradiance, ranging from 921.9 to 972 W/m?2 At 11:55 AM, pressure began to build up, recorded at 14 psi,
indicating that the temperature had reached the boiling point of water and evaporation was occurring.

As time progressed, the temperature of the raw materials continued to rise, peaking at 130°C at 12:55 PM and 1:00
PM. The pressure also increased, reaching a maximum of 32 psi at the same time. Solar irradiance varied, with a
maximum value of 1255 W/m? recorded at 1:20 PM. The increase in pressure reflects the heating efficiency of the solar
collector system on the rice husk raw materials. After reaching its peak, both the temperature of the raw materials and
the pressure showed a gradual decline; from 1:35 PM to 1:50 PM, the temperature decreased from 119°C to 105°C, while
the pressure dropped from 24 psi to 16 psi. This decline was due to a significant reduction in solar irradiance, recorded at
only 449.6 W/m? at 1:40 PM and 498.4 W/m? at 1:45 PM. This reduction directly impacted the heating process of the raw
materials.

Interestingly, at 1:55 PM, there was a spike in solar irradiance reaching 1417 W/m?, yet the temperature of the raw
materials decreased to 100°C with a pressure of 14 psi. This indicates that the system required time to respond to
fluctuations in solar intensity. By 2:20 PM, the temperature of the raw materials had increased again to 110°C with a
pressure of 19 psi, indicating that the system was becoming active in response to the increase in solar irradiance.

The testing with a 1:2 ratio (500 grams of rice husk : 1 kg of water) was conducted using a solar collector-based
heating system, starting at 10:45 AM and continuing until 1:45 PM. Throughout the process, several important
parameters were recorded, including the temperature of the raw materials, solar intensity, ambient temperature, and

pressure within the system. The height of the reactor pot from the surface of the solar collector was 62 cm, as shown in
Figure 4.
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Figure 4. Reactor Temperature and Solar Light Intensity as a Function of Time for Hydrothermal Testing with a 1:2 Ratio

At the beginning of the testing, the temperature of the raw materials was recorded at 35°C with solar irradiance at
1109 W/m? and an ambient temperature of 29.5°C. As time progressed, there was a gradual increase in temperature. By
11:30 AM, the temperature reached 90°C and continued to rise, reaching 115°C by 11:55 AM. This increase in the
temperature of the raw materials coincided with a peak in solar irradiance at approximately 1299 W/m? at 11:55 AM.

The temperature of the raw materials remained stable within the range of 113-115°C for approximately 30 minutes,
from 12:00 PM to 12:25 PM. During this phase, pressure began to be detected and experienced a significant increase,
rising from 18 psi at 11:40 AM to 36 psi at 1:15 PM. The maximum pressure of 36 psi was recorded between 1:05 PM and
1:15 PM, coinciding with the system temperature reaching 135°C. Conversely, solar irradiance showed a gradual decline
after reaching its peak value. By the end of the testing, the irradiance had decreased to 878 W/m?2 Nevertheless, the
temperature of the materials remained high and stable in the range of 130-135°C, indicating that the mechanisms of heat
absorption and storage were functioning optimally.

The ambient temperature during the testing was relatively stable, ranging from 28.6°C to 30.4°C, with slight
fluctuations. This suggests that the increase in the temperature of the raw materials was more influenced by solar
irradiance and the efficiency of the parabolic collector's reflection than by the surrounding environmental conditions.
Overall, the solar collector system was able to generate sufficiently high temperatures for the heating process of the rice
husk raw materials.

Results of Proximate Analysis Testing

Proximate analysis testing was conducted to determine the chemical composition of the raw materials after the
hydrothermal process. From this testing, values for physical properties such as moisture content, ash content, volatile
matter, and fixed carbon were obtained. This analysis was performed on the biochar products derived from rice husk for
each testing ratio, as shown in Table 2.

Table 2. Results of Proximate Analysis.

Sampel Moisture (%) Ash (%) Volatile Matter (%) Fixed Carbon (%)
SSP 1.6 19.90 70.62 8.06

SK1:1 8 20.31 4244 29.56

SK 1:2 8.67 19.09 48.76 23.94

Table 2 presents the results of moisture content testing of hydrochar produced from the hydrothermal process with
ratios of 1:1 and 1:2. The results indicate that the moisture content of sample SK (1:2) is higher, at 8.67%, compared to
sample SK (1:1), which has a lower moisture content of 8%. Meanwhile, sample SSP, which did not undergo the
hydrothermal process, has a moisture content of only 1.6%. The varying moisture content is attributed to the uneven
drying of the raw materials. Moisture content significantly affects quality, with the ideal moisture level being as low as
possible. As moisture content decreases, calorific value and combustion efficiency increase.

Table 2 also shows the results of ash content testing of hydrochar produced from the hydrothermal process with
ratios of 1:1 and 1:2. The test results reveal a notable difference in ash content between the two ratios. Sample SK (1:2)
has a low ash content of 19.09%, while sample SK (1:1) recorded an ash content of 20.3%. Sample SSP shows an ash
content of 19.9%. This ash content is influenced by the presence of air during the hydrothermal process, which prevents
further oxidation reactions.

Furthermore, Table 2 displays the results of volatile matter testing of hydrochar produced from the hydrothermal
process using solar energy, with ratios of 1:1 and 1:2. The results indicate that the low volatile matter content is found in
sample SK (1:1) at 42.44%, while sample SK (1:2) shows a volatile matter content of 48.76%. Sample SSP, which did not
undergo treatment, has a volatile matter content of 70.62%. Higher temperatures and longer durations in the
hydrothermal process result in greater loss of volatile substances.
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Lastly, Table 2 illustrates the results of fixed carbon testing of hydrochar produced through the hydrothermal
process using solar energy. The results indicate that sample SK (1:1) has a fixed carbon value of 29.56%, while sample SK
(1:2) has a fixed carbon value of 23.94%. Sample SSP has a fixed carbon value of 8.06%, which is attributed to the fact that
the rice husk raw material was not washed prior to testing.

The maximum temperature achieved in this study was only 135°C, which is below the typical temperature range
required for Hydrothermal Carbonization (HTC), namely 180-250°C. At this lower temperature, the hydrothermal
carbonization process could not proceed effectively, resulting in incomplete decomposition of biomass components.
Critical reactions such as dehydration, decarboxylation, and aromatization, which are essential for hydrochar formation,
were not fully achieved. Consequently, a significant portion of volatile compounds remained in the product, leading to
relatively high volatile matter content and limited fixed carbon formation. This is reflected in the proximate analysis
results, where the hydrochar samples exhibited high volatile matter content (42.44-48.76%) and low fixed carbon content
(23.94-29.56%). As a result, although the moisture content met the requirements of SNI 1683:2021, the ash content,
volatile matter, and fixed carbon values did not comply with the standard. Therefore, the inability of the solar-powered
hydrothermal system to reach the HTC temperature range directly contributed to the failure of the hydrochar product to
satisfy the quality requirements specified in SNI 1683:2021.

Conclusions

The effectiveness of heat transfer from the solar collector to the hydrothermal reactor has been studied to generate
sufficiently temperature and pressure for the hydrothermal process. The maximum temperature achieved was 135°C,
with pressures reaching up to 36 psi, proving that thermal energy from solar radiation can be efficiently transferred into
the reaction chamber. Variations in the mixing ratio of rice husk and water also affect the heat transfer process. The 1:1
ratio exhibits a higher average heating temperature and better temperature stability compared to the 1:2 ratio, indicating
more optimal heat transfer efficiency under those conditions. The results of the proximate analysis for moisture content,
ash content, volatile matter, and fixed carbon indicate that the hydrochar product meets the standards for moisture
content. However, the ash content, volatile matter, and carbon do not meet the requirements stipulated in SNI 1683:2021.
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