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Abstract

This study investigates the electrical performance of oil mixtures that
composed of palm oil and mineral oil for potential use as an alternative
transformer insulating fluid. The breakdown voltage of eleven oil
samples, prepared with varying ratios of palm oil and mineral oil, is
measured at temperatures of 50°C, 60°C, and 70°C. The results show
that the breakdown voltage generally decreases as the percentage of
palm oil decreases and the percentage of mineral oil increases.
However, beyond certain points, the breakdown voltage starts to
increase again. For example, at 50°C, the mixture with 60% palm oil and
40% mineral oil exhibited the lowest breakdown voltage, while the
mixture with 100% mineral oil had the highest breakdown voltage. At
60°C, the sample with 40% palm oil and 60% mineral oil had the
highest breakdown voltage, and at 70°C, the sample with 40% palm oil
and 60% mineral oil again exhibited the highest breakdown voltage.
The study also utilized Arrhenius plots to investigate the thermal
activation energy of the oil mixtures, which provides insights into their
thermal stability. The results demonstrate the potential of palm oil as a
cost-effective and environmentally friendly option for transformer
insulation, offering valuable implications for sustainable transformer
technology development. Further investigation into moisture content
in the oil mixtures and its correlation with thermal activation energy is
recommended for future work.

1. Introduction

This study focuses on the vital role of transformers in the transmission and distribution of electrical energy, where
they utilize oil as an insulation and cooling medium. Over time, the insulating oil can deteriorate due to aging, high
temperatures, and oxidation, making it crucial for this study to monitor its condition and perform maintenance if
necessary. This is essential to prevent sudden failure and ensure the dependable operation of the transformer [1].
The breakdown voltage measurement stands as a standard test for analyzing insulating oils, while the dissipation
factor (tan delta) plays a key role in determining the quality of insulation. The dielectric properties of oil are
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influenced by various factors such as temperature, polarity, frequency, voltage level, electrode shape, presence of
particles, and moisture [2-5]. Traditionally, mineral oil has been employed as a liquid insulator in high-voltage
transformers due to its favourable breakdown voltage, viscosity, and oxidation stability [6-8]. However, in this
study, we aim to investigate the potential of palm oil as an alternative to mineral oil, addressing concerns
surrounding its environmental impact and toxicity [9]. As a biodegradable, non-toxic, and renewable resource,
palm oil holds promise as a cost-effective replacement for mineral oil [2]. Its abundance in nature and status as a
natural product makes it a favourable option worthy of consideration.

One of the critical aspects of this study involves investigating the thermal stability of the mineral oil-palm oil
mixture. To accomplish this, an Arrhenius plot will be utilized to study the relationship between temperature and
the rate of oil degradation. The Arrhenius plot allows us to determine the thermal activation energy, which is a
crucial parameter in assessing the stability and breakdown characteristics of the insulating oil. By analyzing the
activation energy, this study can gain valuable insights into the long-term performance and reliability of the oil in
transformer applications. Previous research has shown that palm oil exhibits potential as a high-voltage insulating
fluid and is the most widely used vegetable oil globally, offering various beneficial properties such as long-term
stability and a semi-solid consistency. Moreover, its productivity surpasses that of other vegetable oils, yielding
higher quantities at a lower cost, and it has been rapidly gaining both production and demand on a global scale
[8]- This study contributes to the ongoing efforts to identify suitable alternative fluids for transformer oil, focusing
on the three different Palm-based oils: Palm Fatty Acid Ester Oil (PFAE), Refined, Bleached & Deodorized Palm Oil
(RBDPO), and FR3 [10]. Through a comparative analysis of their kinetic viscosity and flash points, this study seeks
to evaluate the viability of reducing the total cost of insulator oil by introducing a blend of mineral oil with the
more cost-effective palm oil.

By conducting this research, including the investigation of thermal stability and thermal activation energy
using the Arrhenius plot, this target is to advance the development of sustainable and efficient transformer
technology. The findings of this study can provide valuable insights into the performance of the mineral oil-palm
oil mixture as a transformer oil, with a focus on both cost-effectiveness and environmental considerations.
Ultimately, the aim is to contribute to the industry's efforts to ensure reliable, eco-friendly, and economically
viable solutions for insulation and cooling in high-voltage transformers

2. Methodology

Table 1 shows eleven types of samples that have been tested in this project. The eleven samples contained a
mixture of both palm and mineral oil. The mixture ratio started from 0% palm oil, i.e. 100% mineral oil and then
increased by 10% on every sample by volume ratio. The BDV test stands for breakdown voltage test. It can be
accomplished in two ways: DC breakdown voltage or AC breakdown voltage. It is a traditional test method for
analyzing insulating oils. The breakdown voltage is the lowest applied voltage that will cause an insulator or
electrode to break down. In this project, the Megger OTS100AF portable oil test set (Figure 1 and Figure 2) will be
used to measure the breakdown voltage. The mushroom electrode pairs recommended by the IEC 60156 Standard
will be used on the portable oil test. By measuring the oil's ability to withstand electric stress, the kit set will
perform a breakdown voltage test on the mixture of Palm Oil and Mineral Oil. The mixture samples will be tested
at three different temperatures, 50°C, 60°C, and 70°C. The BDV testing flow in detail as illustrated in Figure 3
below.

Table 1 Percentage and ratio of oil mixture prepared

Sample no % Palm Oil % Mineral Oil  Oil Ratio
Palm:Mineral

1 0 100 0:100
2 10 90 1:9
3 20 80 1:4
4 30 70 3:7
5 40 60 2:3
6 50 50 1:1
7 60 40 3:2
8 70 30 7:3
9 80 20 4:1
10 90 10 9:1
11 100 0 100:0
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Fig. 3 BDV testing process flow

3. Results

3.1 ACBreakdown Voltage for Palm Oil and Mineral Oil Mixture at 50°C

Table 2 provides a detailed breakdown of the breakdown voltage at 50°C for different oil mixtures. Sample
numbers 1 and 11 represent pure palm oil and pure mineral oil, respectively. Sample numbers 2 to 10 represent
varying ratios of palm oil to mineral oil. As the percentage of palm oil decreases and the percentage of mineral oil
increases, the breakdown voltage generally decreases. This trend is evident from sample numbers 2 to 7. The
mixture with 60% palm oil and 40% mineral oil (sample number 7) has the lowest breakdown voltage of 15.03
kV. The mixture with 100% mineral oil (zero percentage of palm oil, sample number 11) has the highest
breakdown voltage of 29.78 kV. The mixture with 60% palm oil and 60% mineral oil (sample number 7) exhibits
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the lowest standard deviation of 1.49, indicating more consistent results compared to other mixtures. The mixture
with 90% mineral oil (sample number 2) has the highest standard deviation of 7.39, suggesting more variability
in the breakdown voltage measurements.

At 50°C, as shown in Figure 4, the graph of breakdown voltage demonstrates a decreasing trend as the palm
oil percentage drops from 100% to 60% (29.78 kV-15.03 kV). The value of breakdown voltage increased steadily
after that up to 28.9 kV at 100% palm oil. The given results described an experiment that investigates the
breakdown voltage of oil mixtures at a temperature of 50°C. The breakdown voltage is a measure of the ability of
an insulating material to withstand electrical stress before it breaks down and allows current to flow. From Figure
3, it can be observed that as the percentage of palm oil decreases from 100% to 60%, the breakdown voltage
decreases from 29.78 kV to 15.03 kV. This indicates that a higher concentration of palm oil leads to a higher
breakdown voltage. The molecular structure of the oils can affect their electrical properties [11]. Palm oil contains
triglycerides, which are relatively large molecules [12]. These larger molecules may create more effective barriers
for electron movement, enhancing the insulating properties of the oil mixture and increasing the breakdown
voltage. However, beyond 60% palm oil, the breakdown voltage starts to increase again, reaching 28.9 kV at 100%
palm oil. This may be due to the presence of impurities or additives in the oil mixtures after heating that can
influence their electrical characteristics. Impurities or contaminants in the oils can introduce conductive particles
or ions that can reduce the breakdown voltage [13]. The results indicate that the sample with 100% mineral oil
(zero percentage of palm oil) has the highest breakdown voltage (29.78 kV) and the mixture with 60% palm oil
and 40% mineral oil has the lowest breakdown voltage (15.03 kV) at 50°C. As per Table 2, the mixture with 60%
palm oil and 60% mineral oil exhibits the lowest standard deviation (1.49), while the mixture with 90% mineral
oil has the highest standard deviation (7.39).

Table 2 Breakdown voltage at 50°C

Sample no % Palm % Mineral 0Oil Ratio Breakdown Standard
0il Palm:Mineral  Voltage Deviation
1 (Mineral oil) 0 100 0:100 29.78 1.51
2 10 90 1:9 27.37 7.39
3 20 80 1:4 32.05 4.1
4 30 70 3:7 27.18 3.97
5 40 60 2:3 25.17 4,99
6 50 50 1:1 19.37 2.15
7 60 40 3:2 15.03 1.49
8 70 30 7:3 16.33 1.58
9 80 20 4:1 17.78 1.62
10 90 10 9:1 16.72 2.67
11 (Palm oil) 100 0 100:0 28.9 3.77
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Fig. 4 Oil mixture breakdown voltage at 50°C
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3.2 ACBreakdown Voltage for Palm Oil and Mineral Oil Mixture at 60°C

Table 3 shows that the sample with 40% palm oil and 60% mineral oil has the highest breakdown voltage (46.45
kV) at 60°C, while the mixture with 80% palm oil and 20% mineral oil gives another spike at 37.9 kV. The mixture
of 20% palm oil gives the lowest breakdown voltage at 22.67 kV. Table 3 shows that the lowest standard deviation
is found in the mixture with 90% palm oil and 10% mineral oil (2.65), while the sample with 80% palm oil has the
highest standard deviation (6.66).

Figure 5 displays the graph of the breakdown voltage of samples at 60°C, the graph shows the decreasing
pattern when the percentage of palm oil increased from 0-20% but increased back from 20% - 40% with 46.45
kV as the peak value. The breakdown voltage decreased again after that and showed another spike at 80% palm
oil at 37.9 kV. The voltage at 100% palm oil is 26 kV).

3.3 ACBreakdown Voltage for Palm Oil and Mineral Oil Mixture at 70°C

The highest breakdown voltage at 70°C is 47.87 kV in the sample with 40% palm oil and 60% mineral oil. The
lowest breakdown voltage is 28.75 kV in the sample with 50% palm oil and 50% mineral oil. Table 4 shows the
lowest standard deviation of 2.4 in the sample with 50% palm oil and 50% mineral oil. The highest standard
deviation of 6.77 found are in the sample with 80% palm oil and 20% mineral oil. As seen from Figure 6, the
breakdown voltage of the samples decreases as the percentage of palm oil decreases from 100% to 90% (38.15
kV and 37.57 kV respectively) at 70°C. However, a sudden increase to 47.87 kV is observed when the mixture
contains 20% palm oil. The breakdown voltage suddenly dropped to 32.37 kV at 30% palm oil portion and
suddenly spike to 49.37 kV at the mixture of 40:60 ratio. The breakdown voltage dropped to 28.75 kV at 50% palm
oil then increased steadily to 44.42 kV at 80% palm oil dan decreased to 41.65 kV for 100% palm oil.

Table 3 Breakdown voltage at 60°C

Sample no % Palm % Mineral Oil  Ratio Breakdown Standard
0il Palm:Mineral Voltage Deviation
1 (Mineral oil) 0 100 0:100 35.33 2.99
2 10 90 1:9 30.92 3.00
3 20 80 1:4 22.67 3.86
4 30 70 3:7 25.82 3.47
5 40 60 2:3 46.45 3.75
6 50 50 1:1 25.82 3.66
7 60 40 3:2 28.97 3.79
8 70 30 7:3 27.32 4.19
9 80 20 4:1 379 6.66
10 90 10 9:1 26.97 2.65
11 (Palm oil) 100 0 100:0 26.00 3.07
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Fig. 5 Oil mixture breakdown voltage at 60°C
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Table 4 Breakdown voltage at 70°C

Sample no % Palm % Mineral Oil Ratio Breakdown Standard
0il Palm:Mineral Voltage Deviation
1 (Mineraloil) 0 100 0:100 38.15 6.19
2 10 90 1:9 37.57 4,94
3 20 80 1:4 47.87 5.67
4 30 70 3:7 32.37 5.34
5 40 60 2:3 49.37 5.02
6 50 50 1:1 28.75 2.4
7 60 40 3:2 33.08 6.71
8 70 30 7:3 40.78 5.35
9 80 20 4:1 4442 6.77
10 90 10 9:1 41.8 5.42
11 (Palm oil) 100 0 100:0 41.65 5.86
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Fig. 6 Oil mixture breakdown voltage at 70°C

The results in Figure 7 indicate a dependence of the breakdown voltage on the mixture of palm oil and mineral oil
for temperatures of 50, 60, and 70 °C. Temperature plays a crucial role in the breakdown voltage of insulating
materials. As the temperature increases, the breakdown voltage may decrease due to increased molecular
mobility and thermal effects [14-16]. Higher temperatures can cause thermal effects within the insulating
material, such as thermal expansion and chemical reactions [16]. Thermal expansion can create microscopic voids
or gaps in the material, reducing its overall dielectric strength and increasing the likelihood of breakdown [15-
16]. Additionally, elevated temperatures can induce chemical reactions or degradation processes in the insulating
material, which can alter its electrical properties and contribute to a decrease in breakdown voltage. However,
the highest breakdown voltages were observed for the temperature of 70 °C, with most values higher than those
for temperatures of 50 °C and 60 °C. The distribution of data for temperatures 60 °C and 70 °C was almost similar,
while the data for 50 °C had a different distribution. From all the data shown, the highest breakdown voltage in
the experiment was found to be in the sample containing 20% palm oil which was tested at 50 °C. As the
percentage of palm oil decreases to 90%, the breakdown voltage also decreases, with the highest breakdown
voltage found at 70 °C, followed by 60 °C and 50 °C. At the temperature of 60°C and 70 °C are mixture with 40%
palm oil and 60% mineral oil gives the highest breakdown voltages. At this temperature, the breakdown voltages
are on the higher side 37.9 kV and 44.42 kV respectively.

It's important to note that the relationship between temperature and breakdown voltage may not be linear
for 3, 4 and 11 as observed in Figure 8. Different insulating materials exhibit varying responses to temperature
changes. Those samples experience a more significant decrease in breakdown voltage after 50 °C and a significant
increase from 60-70 °C, while others may be less affected. The relationship between temperature and breakdown
voltage can be attributed to two main factors: increased molecular mobility and thermal effects. As the
temperature rises, the kinetic energy of molecules within the insulating material increases. This increased energy
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leads to greater molecular mobility, which can facilitate the movement of charge carriers within the material.
When charge carriers gain greater mobility, they can more easily initiate and sustain electric currents, leading to
areduction in breakdown voltage [17-18]. Essentially, the increased molecular mobility enhances the oil mixture's

conductivity, making it easier for electrical breakdown to occur.

3.4 Arrhenius Study of AC Breakdown Voltage for Palm Oil and Mineral Oil Mixture

This study initiates the break down analysis of oil mixture using an Arrhenius plot as shown in figure 9 that replot
from data breakdown voltage versus temperature in Figure 6, to provide several insights and discussions
regarding the behaviour of the composite mixture of dielectric material in term of thermal activation energy. The

Arrhenius equation is given by:

(1)
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Fig. 7 Comparison of oil mixture breakdown voltage at different temperatures of 50°C, 60°C, and 70°C
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Where Vgp is the breakdown voltage, Vap_o is a reference voltage, Ea is the thermal activation energy, k is the
Boltzmann constant, and T is the temperature in Kelvin. The slope of the linear portion of the plot is determined
by fitting a linear regression line to the data points within the linear range to calculate the activation energy. The
slope of the linear portion of the Arrhenius plot represents the activation energy associated with the dielectric
breakdown process activated by thermal. The higher the thermal activation energy, the stronger the thermal
energy barrier for breakdown. The discussion focuses on the magnitude of the thermal activation energy and its
behaviour relationship with the oil mixture's breakdown voltage in function of temperature.

Figure 9 shows there is a linear relationship at a temperature range of 50 -70 °C, and it suggests that the
breakdown process follows an Arrhenius-type behaviour for a specific sample. Table 5 shows that all samples
except sample 2, 3, 4 and 11 are following Arrhenius-type behaviour with goodness fit near to 1. Those samples
that do not follow Arrhenius-type behaviour are inferred to have thermal instability and high chemical reactivity
with moisture content. If comparing mixed oil mixtures, the Arrhenius plot shows differences in thermal activation
energy among the samples. It can be highlighted that the mixture of palm and mineral oil has the potential to
increase the oil breakdown voltage at high temperatures due to an increase of thermal activation energy [19-20].
This may be due to solvent reorganisation energy that increases the oil resistance at high temperatures.
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Fig. 8 Arrhenius plot of oil mixtures breakdown voltage

Figure 10 shows that, the thermal activation energy values range from 21.38 meV to 222.04 meV. Sample 9
has the highest activation energy of 222.04 meV, indicating a relatively high energy barrier for the breakdown
process. This trend shows good agreement with the corresponding significant increase of breakdown voltage of
sample 9 with an increase of temperature. Sample 4 has the lowest activation energy of 21.38 meV and the lowest
breakdown voltage of 28.75 kV, suggesting a relatively lower energy barrier for breakdown compared to the other
samples. This supported by the breakdown voltage trend when sample 4 is heated to high temperature where the
breakdown voltage is not increase significantly.

Palm oil and mineral oil are both hydrophobic substances and are generally immiscible with water. However,
they can be miscible with each other to some extent, depending on the composition and conditions of the mixture.
The solubility behaviour of the oils can affect their overall stability and performance as a mixture. Thus, this study
aware that factor such moisture absorption of the oil mixture also need to be considered to ensure the correlation
between thermal activation energy with breakdown voltage trend become more promising. This is shown by the
trend of Sample 5 which has the highest breakdown voltage of 49.37 kV even the thermal activation energy is not
the optimum. Thus, moisture content in the new oil mixture relation with the thermal activation energy
investigation will be highlighted as future work to shows strong correlation between the moisture content of oil
mixture that can lowering the actual thermal activation energy towards designing the optimum oil mixture
thermal activation energy condition.
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Table 5 Arrhenius coefficient extracted from Arrhenius plot in figure 8

Sample no —(ﬂj In (VBDio) E, t%lg%dness of fit
(meV)

1 (Mineral oil) -0.6549  12.68 0.06 0.9586
2 -0.7173  5.5658 0.06 0.7243
3 -0.2855  11.369 0.02 0.0209
4 -0.2481 111 0.02 0.1575
5 -1.9653  17.281 0.17 0.9996
6 -1.0628  13.732 0.09 0.9735
7 -2.2251  17.706 0.19 0.997
8 -2.2744  17.953 0.20 0.8831
9 -2.5766  19.152 0.22 0.9964
10 -2.231 17.816 0.19 0.8514
11 (Palm oil) -0.5209 12.139 0.04 0.1595

4. Conclusions

The study aims to analyze the breakdown voltage of oil mixtures consisting of palm oil and mineral oil at different
temperatures. Eleven oil samples are prepared with varying ratios of palm oil and mineral oil. The mixture ratios
range from 0% palm oil (100% mineral oil) to 100% palm oil (0% mineral oil). The breakdown voltage of each
sample is measured at three different temperatures: 50°C, 60°C, and 70°C. The results indicate that the breakdown
voltage generally decreases as the percentage of palm oil decreases and the percentage of mineral oil increases.
However, beyond a certain point, the breakdown voltage starts to increase again. For example, at 50°C, the mixture
with 60% palm oil and 40% mineral oil exhibits the lowest breakdown voltage, while the mixture with 100%
mineral oil has the highest breakdown voltage. At 60°C, the sample with 40% palm oil and 60% mineral oil has
the highest breakdown voltage, while the mixture with 20% palm oil shows another spike in breakdown voltage.
At 70°C, the sample with 40% palm oil and 60% mineral oil again has the highest breakdown voltage, while the
mixture with 50% palm oil has the lowest breakdown voltage. The results also show that the breakdown voltage
is influenced by temperature.

As the temperature increases, the breakdown voltage may decrease due to increased molecular mobility and
thermal effects. Additionally, the molecular structure of the oils can affect their electrical properties. Palm oil,
which contains triglycerides with relatively large molecules, may enhance the insulating properties of the oil
mixture and increase the breakdown voltage. The study provides insights into the electrical performance of oil
mixtures containing palm oil and mineral oil in transformer applications. By understanding the breakdown
voltage characteristics, researchers and industry professionals can assess the suitability of palm oil as a potential
alternative to mineral oil, considering both cost and environmental considerations.
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