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ABSTRACT

This paper presents the potential use of palm oil (PO) as a transformer insulator medium by exploring its dielectric 
properties. The study includes evaluating the ac breakdown, tan-δ test, and Raman measurement to assess the impact 
of doping various concentrations (0.01%, 0.1%, 0.2%, 0.4%, and 0.5%) of silicon (Si) and the influence of a magnetic 
field (0.01T) on PO’s electrical properties. The results indicate that the dielectric properties of PO can be enhanced to 
make it suitable for transformer oil applications with proper treatment such as filter and filtered dried process and 
proper tune the concentration of Si. This matter was proven when the doping of 0.1% Si particle with PO has the 
highest voltage breakdown value 45.73 kV/s compared to the mixture with other Si concentrations and pure PO. 
Furthermore, it has been observed that the voltage breakdown of all samples is higher when a magnetic field is 
present, in contrast to the samples without any magnetic field applied. For example, the doping of 0.1% Si particle 
with voltage breakdown value 45.73 kV/s increased to 50.92 kV/s when 0.01T magnetic field applied. It’s worth noting 
that the specific relationship between the magnetic field and voltage breakdown may vary depending on the material 
properties and experimental setup. 
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INTRODUCTION

The operational reliability and life expectancy of an 
electrical transformer are determined by the efficiency of 
insulation and the cooling behaviour of the insulator. The 
insulator ensures that the transformer functions properly 
by keeping the conductive components apart and protecting 
them from external factors, contributing to its overall 
performance and reliability (Suwarno et al. 2003; NS 
Suhaimi et al. 2020). Nowadays, the transformer industry 
is witnessing the era of shifting from petroleum-based 
Mineral Oil (MO) that is depleting, environmentally 
unfavourable and proven dangerous to vegetable oil (VO), 

also known as natural ester oil (NEO). Raising awareness 
of environmental issues has encouraged the development 
of renewable and biodegradable resources as a substitute 
for MO as insulation in transformers. One potential 
candidate is palm oil (PO), a renewable resource abundant 
in tropical regions and dielectric properties of PO open the 
positive impact in interest of research area to assess its 
suitability as a transformer insulator medium. The dielectric 
properties play a critical role in determining the electrical 
performance and reliability of insulating materials (C. 
Olmo Salas et al. 2018;  M. Rycroft  et al. 2014). 

The aim of the investigation is to focus on evaluating 
the ac breakdown, tan-δ, and Raman measurements to 
examine the effects of doping different concentrations of 
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silicon particles and the influence of a magnetic field on 
the electrical properties of PO. The potential enhancements 
in the dielectric properties of PO, addressing factors such 
as voltage breakdown strength, energy dissipation, and 
molecular structure also been systematically studied. 
However, it is important to consider additional aspects such 
as thermal stability, compatibility with transformer 
materials, and the oxidation factor of palm oil to ensure its 
suitability as a practical and efficient insulator medium. 
By investigating these parameters, this study aims to 
contribute to understanding PO’s potential as a transformer 
insulator and provide insights into further research and 
development in this field.

METHODOLOGY

Figure 1 illustrates the overall progress and detailed 
procedure conducted throughout the course of this study. 
The experimental procedure commenced with the 
meticulous and systematic preparation of the samples, a 
crucial step to ensure the reliability and accuracy of the 
results obtained. This stage involved the implementation 
of several key processes, including filtering, doping, 
sonication, and drying. These steps were carefully selected 
and executed to enhance the dielectric properties of palm 
oil by incorporating a specific concentration of 
semiconducting materials. The intention behind this 
modification was to improve the performance and stability 
of the oil, making it more suitable for use in high-voltage 
transformer applications.

The purification process began with the filtering of 
palm oil (PO), which was conducted at least three times 
using a Nalgene Rapid-Flow disposable filter featuring a 
pore size of 0.2 μm. This level of filtration was chosen to 
effectively eliminate even the smallest solid impurities that 
might be present in the oil. Filtering is considered a vital 
step in this process, as the presence of particulate 
contaminants can significantly impact the efficiency and 
safety of transformers. If these particles are not properly 
removed, they can cause severe issues such as electrical 
arcing, localized overheating, corona discharges, and other 
operational malfunctions. These complications can 
compromise the performance of the transformer and reduce 
its operational lifespan. Therefore, great care was taken to 
ensure the thorough filtration of the palm oil as a 
foundational step in the experimental procedure aimed at 
developing improved dielectric fluids for advanced 
electrical insulation systems.

This stage of the study involved the implementation 
of a series of methodical steps, including filtering, doping, 
sonication, and drying, each of which played a crucial role 

in enhancing the dielectric properties of palm oil. These 
enhancements were achieved by incorporating a specific 
concentration of semiconductor materials into the oil, 
creating a modified nanofluid with improved performance 
characteristics. A total of eight distinct samples were 
carefully prepared for the experiment, each subjected to 
the same rigorous procedures to ensure consistency and 
repeatability in the results. After the sample preparation 
phase was completed, the experimental focus shifted 
toward evaluating the dielectric performance of the 
modified palm oil through a series of electrical and 
analytical tests.

The first major test conducted was the AC breakdown 
test, which served as a critical assessment of the oil’s 
dielectric strength. This test was performed on all nanofluid 
samples, both with and without the influence of a magnetic 
field, to investigate the impact of magnetic enhancement 
on dielectric behavior. The procedure adhered strictly to 
the International Electrotechnical Commission (IEC) 
standard, with tests repeated when necessary to ensure 
accuracy and reliability. Once acceptable results were 
obtained, additional measurements were conducted to 
evaluate other important electrical properties of the 
samples. Specifically, the resistivity and permittivity of the 
nanofluid solutions were measured under controlled 
conditions. These measurements provided valuable insight 
into the material’s insulating capabilities. Following the 
completion of these electrical assessments, Raman 
spectroscopy was carried out to analyze the molecular 
structure of the samples, thereby completing the 
comprehensive testing phase of the study.

FIGURE 1. Illustrate the flowchart of the experiment.
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With the completion of all the experiments, meticulous 
organization, interpretation, and analysis of the collected 
data and test results were carried out. Each dataset was 
carefully reviewed to ensure consistency, reliability, and 
relevance to the study’s objectives. Statistical methods and 
comparative evaluations were applied where necessary to 
draw meaningful insights from the results. This thorough 
analysis ultimately led to the formulation of well-supported 
conclusions regarding the impact of semiconductor 
incorporation on the dielectric properties of palm oil. Based 
on these findings, relevant recommendations were 
proposed to guide future research and potential industrial 
applications in transformer oil enhancement.

SAMPLES PREPARATION

There are many different types of samples which are related 
to proper proses treatment and effect of different 
concentrations are used in this experiment. Therefore, many 
processes are required to be implemented to get the 
samples. The easiest way to understand the process for the 
sample’s preparation can be done by referring to Figure 2. 
A total of eight samples are used in this experiment which 
consists of Pure Palm oil (P PO), Filtered Palm oil (F PO), 
Filtered Dried Palm oil (FD PO), and a mixture of five 
(0.01%, 0.1%, 0.2%, 0.4%, 0.5%) different concentrations 
of Silicon (Si) with PO. Meanwhile, for the two-step 
method, the nanoparticles used will be in powder and can 
be obtained at any dealer that sells nanoparticle. Dispersing 
the nanoparticles into the liquid based is the first process 
that must be taken while preparing the nanofluids. The 
PO-Si mixture was swirled for 30 min at room temperature 
with 520 rpm agitation using a magnetic stirrer. Next, 
ultrasonic vibration is applied to improve the behavior of 
dispersion and minimizing the nanoparticle accumulation 
by put in a Q700 sonicator with 40% rated power, 20 kHz 
capability, and a power rating of 700 W for 120 min. Then, 
to make sure that there is no or nominal moisture in the 
nanofluids, the nanofluids should be heated and degassed 
for 24 h in a vacuum drying oven adjusted to 60° C 10 
Mbar after the sonication process. This is because moisture 
can distract the insulator strength of dielectric fluid. In this 
study, the two-step method will be chosen in order to 
prepare the nanofluids. 400ml will be used in volume of 
each oil throughout this experiment. 

AC BREAKDOWN VOLTAGE TEST

The AC breakdown voltage test will be carried out 
according to IEC 60156 standard at ambient temperature, 
by using BAUR DTA 100C tester. The testing data will be 
collected by six cycles for each of the electrode gap. The 
distance between the electrodes in the test vessels is set to 
be 2.5mm and the voltage increasing rate is 2.0k/V. To 
measure the gap of the electrode, the thickness gauges NO 
15SM is used. In addition, the test will be carried out by 
using mushroom shape electrodes and the applied 
frequency is at 50Hz. The volume of nanofluids for this 
test is 400ml and will be stir after each breakdown for two 
minutes. The magnetic stirrer is used because to make sure 
the oils have equal distribution between the electrodes 
during the process of breakdown.

DIELECTRIC DISSIPATION FACTOR (TAN 
Δ), RELATIVE PERMITTIVITY AND 

RESISTIVITY TEST

Dielectric dissipation factor (Tan δ), relative permittivity 
and resistivity measurement play the important role to 
identify electrical properties in this study. To measure the 
dielectric constant, tan delta and the resistivity of the 
nanofluids, the Eltel Model ADTR-2K Plus is used. The 
ADTR-2K Plus cannot be used as an individual equipment 
and must be used with the oil test cell. The cell electrode 
is created with a spherical bottom design. 

FIGURE 2. The step of samples preparation

RESULTS AND DISCUSSION

The analysis of the experimental data yields critical insights 
into the dielectric performance of palm oil (PO) as an 
insulating medium, with particular emphasis on AC 
breakdown voltage and the modulatory effects of an applied 
magnetic field. The results demonstrate that PO, when 
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modified with semiconductor nanoparticles, exhibits 
enhanced dielectric strength, attributed to the improved 
charge trapping, scattering mechanisms, and suppression 
of streamer propagation under high electric stress. The 
observed enhancements in breakdown voltage under 
magnetic influence suggest that Lorentz force interactions 
may contribute to the stabilization of charge carrier 
movement, further supporting PO’s potential in high-
voltage insulation systems.

These findings contribute to the growing body of 
knowledge regarding the use of bio-based insulating fluids 
in power equipment. The incorporation of nanomaterials 
and external magnetic fields presents a viable strategy for 
tailoring the dielectric properties of PO, thereby extending 
its applicability in transformer and switchgear insulation. 
From a materials science perspective, the study offers a 
framework for understanding the interplay between 
nanoparticle dispersion, interfacial polarization, and 
magnetic field-induced dielectric behavior.

Moreover, this research provides valuable input for 
the formulation of advanced testing protocols, performance 
benchmarks, and industry standards related to bio-based 
transformer oils. The positive correlation between PO 
modification and improved dielectric response reinforces 
its feasibility as a sustainable replacement for mineral-
based oils, aligning with current environmental directives 
and regulatory pressures to adopt greener alternatives. 
Overall, the study supports a technical pathway for the 
practical deployment of PO-based nanofluids in modern 
power systems while contributing to the advancement of 

eco-efficient insulation technologies.
According to the findings presented in Table 1, the 

sample Si PO (0.1%) exhibited the highest voltage 
breakdown value of 50.92 kV/s when a magnetic field was 
applied, while the lowest value of 3.33 kV/s was observed 
for Si PO (0.5%) without a magnetic field. The results, as 
illustrated in Table 1 and Figure 3, indicate that the 
dielectric properties of PO can be improved through various 
treatments such as filtering, drying, and sonicating with 
nanoparticles. Notably, the pattern shows a progressive 
increase in voltage breakdown values, starting from 17.27 
kV/s for P PO, 22.3 kV/s for F PO, and reaching 37.95 
kV/s for FD PO. This suggests that the removal of moisture 
and unwanted substances from the oil contributes to 
enhanced electrical properties (NS Suhaimi et al. 2020; M. 
Seghir et al. 2021; V. Baeten et al. 1998). 

Additionally, it is observed that the voltage breakdown 
values of Si PO (26.6 kV/s) are lower 

than those of FD PO. The highest value is achieved at 
a specific concentration of nanoparticles before a decline 
is observed with further increases in Si concentration, 
indicating the importance of nanoparticle dosage for 
enhancing the dielectric properties of PO. Furthermore, 
the impact of a magnetic field (0.01T) on the dielectric 
properties of PO is evident in Figure 3, where all samples 
subjected to a magnetic field (orange) exhibit higher 
voltage breakdown values compared to samples without a 
magnetic field (blue). These findings provide valuable 
insights into the optimization of PO’s dielectric properties 
for practical applications.

FIGURE 3. Graph pattern of the average AC Breakdown test.
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TABLE 1. The average AC Voltage Breakdown test of each sample.

P PO F PO FD PO Si PO 
(0.01%)

Si PO 
(0.1%)

Si PO 
(0.2%)

Si PO 
(0.4%)

Si PO 
(0.5%)

No Magnet 17.27 22.3 37.95 25.6 45.73 16.27 4.52 3.33
With 

Magnet 24.02 28.67 41.1 27.03 50.95 21.92 4.77 3.58

By measuring the tan-δ, it is possible to detect changes 
in the dielectric properties of the material over time. An 
increase in the tan-δ value suggests a decrease in the 
insulation quality, indicating the presence of factors that 
contribute to energy loss, such as moisture, contaminants, 
or degradation products. Conversely, a low tan-δ value 
indicates good insulation performance, with minimal 
energy dissipation. The relative resistivity and permittivity 
of all oil samples can be determined from this test. Table 
2 shows the range value of permittivity, resistivity, and 
tan-δ for commonly used transformer oils.

Transformer oil undergoes various electrical tests to 
assess its insulation properties and ensure its suitability for 

use in transformers. Three important parameters tested are 
resistivity, permittivity, and tan-δ (dissipation factor). 
Resistivity refers to the oil’s ability to resist the flow of 
electrical current and maintain its insulating properties. 
Typical standard values for resistivity range from 300 to 
350 mega ohm-m (MΩm) at 25°C.

Permittivity, which measures the oil’s ability to store 
electrical energy, typically falls within the range of 2.2 to 
2.5 at 25°C. A lower Tan-δ value, which    indicates lower 
energy loss in the oil, is desired. A typical tan-δ value for 
transformer oil is below 0.005 at 25°C(V. Baeten et al. 
1998).

TABLE 2. Range of transformer oil permittivity, tan-δ, and resistivity
Temperature (°C) 25
Permittivity (ε) 2.2 - 2.5

Tan-δ  (σ) 0.005
Resistivity (MΩm) 300 - 350

These standard values help determine the electrical 
performance and insulating capability of transformer oil. 
They serve as reference points for assessing the quality 
and reliability of the oil. By meeting or exceeding these 

standard values, transformer oil ensures effective electrical 
insulation, reduces power losses, and maintains the overall 
efficiency of the transformer. 

TABLE 3. The result of resistivity, permittivity, and tan-δ test for P PO, F PO, and FD PO.

PURE PALM OIL (P PO)
Temperature 

(°C) 25 45 65 85

Permittivity () 2.155 2.067 2.046 1.993
Tan Delta ( 0.003 0.00949 0.01359 0.02671

Resistivity (Ω) 7.180T 2.042T 1.147T 632.9G

FILTERED PALM OIL (F PO)
Temperature (°C) 25 45 65 85

Permittivity () 2.055 1.839 1.492 1.880
Tan Delta ( 0.0031 0.00532 0.00672 0.0478

Resistivity (Ω) 75.36G 62.90G 62.66G 909.8G

FILTERED DRIED PALM OIL (FD PO)
Temperature (°C) 25 45 65 85

Permittivity () 1.557 1.532 1.522 1.473
Tan Delta ( 0.005 0.0043 0.0077 0.0265

Resistivity (Ω) 12.26T 70.41T 33.14T 20.18T
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However, it’s important to note that specific standards 
of resistivity, permittivity or even tan-δ may vary depending 
on one organization of countries. Therefore, as guidelines 
or references to determine which values are the most 
suitable to be used, it is recommended to refer to applicable 
industry standards such as IEC and ASTM.

The dielectric properties of P PO, F PO, and FD PO 
were evaluated by examining the values of permittivity 
(ε), tan-δ (σ), and resistivity (ρ) at different temperatures. 
Based on Table 3, the permittivity values ranged from 2.155 
ε for 25°C P PO to 1.473 ε for 85°C FD PO. A higher 
relative permittivity indicates a greater ability to withstand 
higher voltages, making it desirable for efficient and 
compact insulation systems (NS Suhaimi et al. 2020; SAA 
Felix et al. 2023).

Moreover, the tan-δ  values, of 25°C P PO had the 
lowest value (0.003 σ) and 85°C F PO had the highest value 
(0.0478 σ). A lower Tan-δ value indicates efficient 
insulation performance with minimal energy losses. It 
signifies that the insulation material is effectively 
preventing the leakage of electrical energy. On the other 
hand, higher Tan-δ values suggest insulation degradation 
or issues that can compromise the effectiveness of the 
insulation. It implies that the insulation material is 
experiencing increased energy losses and may not be 
providing optimal electrical insulation (NS Suhaimi et al. 
2022).

Regarding resistivity, as shown in Table 3, for 45°C 
FD PO exhibited the highest value of 70.41 T Ωm, 
indicating its superior ability to resist electrical current 
flow compared to other samples. High resistivity is 
desirable for insulating materials as it ensures effective 
electrical isolation and prevents current leakage (Z. Zhang 
et al. 2023; NS Suhaimi et al. 2022).

CONCLUSION

In conclusion, pure palm oil without proper treatment is 
not suitable for use as a transformer insulator due to its 
poor insulating properties. However, studies have shown 
that through appropriate experimentation, its dielectric 
properties can be enhanced, making it a potential substitute 
for mineral oil in transformer applications. Insulating 
materials used in transformers require high dielectric 
strength, thermal stability, and chemical resistance to 
withstand high voltage and temperature conditions and 
prevent breakdown. The addition of filtering, drying, and 
other treatments to palm oil has been found to improve its 
AC breakdown strength, making it a promising option for 
insulation purposes.	

Furthermore, the application of a magnetic field to the 
insulating medium can further enhance its AC breakdown 
strength. The magnetic field helps restrict the formation 
and growth of discharge channels called streamers, which 
can lead to electrical breakdown. By confining the charged 
particles involved in the streamer process, the magnetic 
field makes it more challenging for the discharge to 
propagate, requiring a higher electric field strength for 
breakdown to occur. This finding highlights the potential 
of magnetic fields as a means to improve the dielectric 
properties of insulating materials and enhance their 
performance in electrical applications.

 Additionally, it is crucial to consider the 
concentration of nanoparticles when doping the oil sample 
to enhance its dielectric properties. In the case of our study, 
a silicon concentration of 0.1% in palm oil yielded 
satisfactory voltage breakdown values, while other 
concentrations resulted in a degradation of breakdown 
strength. Exceeding a certain threshold of nanoparticle 
concentration, such as silicon, can increase the oil’s 
conductivity, transitioning it from an insulator to a 
conductor. This transition is undesirable as it can lead to 
electrical leakage. Therefore, careful control of the 
nanoparticle concentration is necessary to achieve optimal 
enhancement of dielectric properties without compromising 
insulation performance.
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