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When an oil-immersed transformer fails because of a short circuit, fire can occur
because of the relatively low flash point of the mineral insulating oil. One of the ways
to overcome this problem is to replace mineral insulating oil with vegetable-based
insulating oils of higher flash points. This study explores the potential of waste cooking
oil as a transformer dielectric liquid. The waste cooking oil used in this study is a
vegetable-based oil with a high flash point. However, its acidity is above the
permissible limit, which hinders its use in transformers. Therefore, the waste cooking
oil was neutralized with caustic soda (normality: 1.0, 2.0, 3.0, 4.0, and 5.0 N) at a
temperature of 70°C and stirring speed of 400 rpm for 5 min. The physical, chemical,
and electrical properties of the neutralized waste cooking oil samples were
determined. The results showed that the waste cooking oil neutralized with caustic
soda (normality: 2.0 N) had the lowest acidity (0.2825 mg KOH/g). The breakdown
voltage and viscosity of this oil sample were 29 kV and 40.92 mm?2/s, respectively,
which fulfilled the specifications of the IEEE C57.147 standard. In addition, this oil
sample had a flash point of 260°C, which fulfilled the requirement of the IEC 62770
standard. Based on these results, it can be concluded that the neutralized waste
cooking oil sample (normality: 2.0 N) has potential as a transformer dielectric liquid.

Copyright © 2020 PENERBIT AKADEMIA BARU - All rights reserved

1. Introduction

In the early days of transformer insulating oil development, two types of oil were considered,
namely: (1) petroleum-based mineral insulating (Ml) oil and (2) vegetable-based natural ester
insulating (NEI) oil. Ml oils were the de facto standard at the time owing to the poor oxidation stability
and unfavourable properties of NEI oils [1-3]. In addition, NEI oils were costly and incompatible for
use in free-breathing transformers. By contrast, Ml oils have higher oxidation stability and these oils
are relatively inexpensive compared with NEI oils. Ml oils are relatively inexpensive because they can
be mass-produced owing to the availability of petroleum reserves worldwide, resulting in a boost of
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petroleum production. However, Ml oils also have their own disadvantages. First, Ml oils have
relatively low flash points, which can lead to combustion when the oil-immersed transformer fails
because of short circuits. In addition, Ml oils are non-biodegradable, which can cause soil pollution
in the event of spillage [1,3,4]. The International Energy Agency had forecasted a shortfall in
conventional oil supply by 2010 [5]. In particular, the offshore conventional oil production in Malaysia
reached its peak in 2004 and it is expected that the oil production will decline in the future at a rate
of 4% annually [5]. This indicates that the ‘Conventional Qil Era’ days are numbered, which is
estimated to be around 2050, according to Hubert’s curve [6].

Owing to concerns of the following issues (fire hazards associated with the low flash points of Ml
oils, detrimental impact of Ml oils on the environment, and gradual depletion of fossil fuel reserves
over the years), much effort has been made to explore, develop, and improve NEI oils in order to
replace Ml oils. NEI oils are composed of triglycerides, where each triglyceride molecule consists of
three fatty acids attached to the glycerol backbone. There are two types of fatty acids, namely: (i)
saturated fatty acids (SFAs) and (ii) unsaturated fatty acids (UFAs). SFAs contain carbon chains
without double bonds whereas UFAs contain carbon chains with one, two, or three double bonds.
UFAs can be classified as mono-unsaturated (MUFAs), di-unsaturated, and tri-unsaturated fatty acids,
depending on the number of double bonds. The latter two are also known as poly-unsaturated fatty
acids (PUFAs). Table 1 shows the fatty acid compositions of various vegetable oils. It can be seen that
the carbon chains vary from one oil to another, where the sunflower, coconut, and palm oils have
16-24, 8-18, and 12-20 carbon chains, respectively. This indicates that the carbon chains are
dependent on the part of the plant from which the oil is extracted. In this case, the sunflower,
coconut, and palm oils are extracted from the seeds, kernels, and husks of the respective plants.

Table 1
Fatty acid compositions of various vegetable oils
Fatty acid Structure Sunflower oil [7] Coconut oil [8] Palm oil [9]
(wt%) (wt%) (Wt%)
Caprylic C8:0 — 6.21 -
Capric C10:0 — 6.15 —
Lauric C12:0 — 51.02 0.2
Myristic C14:0 — 18.94 1.1
Palmitic C16:0 5.7 8.62 44.0
Stearic C18:0 4.0 1.94 4.5
Oleic Cc18:1 35.2 5.84 39.2
Linoleic C18:2 53.5 1.28 10.1
Linolenic C18:3 0.1 - 0.4
Arachidic C20:0 0.3 — 0.1
Eicosenoic C20:1 0.2 — —
Eicosadienoic  C20:2 0.1 — —
Behenic C22:0 0.7 — —
Docosadienoic  C22:2 0.1 — —
Lignoceric C24:0 0.2 - -
Total SFAs 10.9 92.88 49.9
Total MUFAs 354 5.84 39.2
Total PUFAs 53.8 1.28 10.5

The source of triglycerides for NEI oils is crude vegetable oil. The crude vegetable oil is extracted
from the seeds, kernels, husks, or fruits of the plants, which can be edible or non-edible. The oil is
extracted through different methods such as mechanical press, cold press, and hot extraction
methods. The extracted crude vegetable oil is then refined, where the process involves degumming,
neutralization, and bleaching [10]. Degumming is performed to reduce phospholipids. Neutralization
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is carried out to reduce the amount of free fatty acids in the oil because the high content of free fatty
acids will accelerate the hydrolysis process, an aging mechanism of vegetable oil [11]. In addition,
acids play a role in the deterioration of cellulosic materials as well as responsible for the corrosion of
metal parts of a transformer [12]. Figure 1 shows neutralization reaction. The free fatty acids
(RCOOH) of the crude vegetable oil react with caustic soda (NaOH), producing soap or sodium
carboxylate (RCOONa) and water (H20). The neutralized oil is then bleached to decolorize the oil.
Following this, the refined oil is deodorized to remove odour or directly reconditioned to ensure that
the oil is suitable for transformer applications.

RCOOH + NaOH === RCOONa + H,0
free fatty sodium

acids carboxylate
Fig. 1. Neutralization reaction of the free
fatty acids in the crude vegetable oil [13]

To date, vegetable oils have been studied for various applications [14—16]. Yet, there is a lack of
studies concerning the use of waste cooking oil (WCO) as a transformer dielectric liquid z [17,18].
Interestingly, many studies have been carried out on the potential of WCO as biodiesels [19-21] and
biolubricants [22—24]. Hence, this study is carried out to explore the potential of WCO neutralized
with caustic soda as a transformer dielectric liquid.

2. Waste Cooking Oil

WCO is available in abundance owing to the increase in cooking oil production for food
preparation and consumption. It is estimated that European countries generates up to 10 million
tonnes of WCO annually [25]. Unlike petroleum-derived oils (which are expected to decrease owing
to the increase in energy demands and gradual decrease in petroleum reserves), it can be expected
that WCO will increase in parallel with human population growth. Hence, waste management
becomes a major problem because significant amounts of WCO are discarded into drains, which will
clog sewage systems and pollute water. Hence, recycling WCO is desirable in order to reduce sewage
maintenance costs [26] and water pollution [27], as well as open up a new and profitable market by
the development of useful products.

3. Methodology
3.1 Neutralization

Figure 2 shows the methodology adopted in this study. Prior to the neutralization process, 1 L of
filtered WCO was heated at 110°C for 10 min to reduce its water content and then the WCO was
cooled down to 70°C. Next, the WCO was neutralized with caustic soda (normality: 1.0, 2.0, 3.0, 4.0,
and 5.0 N). Each sample was prepared by mixing caustic soda (each with a different normality) with
WCO in a 2-L beaker. The samples were mixed thoroughly at a temperature of 70°C and stirring speed
of 400 rpm for 5 min. Next, the samples were left to rest to separate the oil phase from the soap.
After 24 h, it was observed that there were layers of liquid formed in each beaker, where the top
layer was the neutralized WCO. The top layer of each sample was collected and then washed using
hot water (> 90°C) to remove soap and the washing process was repeated several times. Next, the
neutralized WCO samples were heated at 110°C for 10 min to reduce their water content and the
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samples were then cooled down to room temperature. The properties of each neutralized WCO

sample were then measured.

Neutralization of the WCO with NaOH
(normality: 1.0N, 2.0N, 3.0N, 4.0N, and 5.0N)

]

Acidity measurements of the neutralized WCO

]

Physical and chemical property measurements of the
neutralized WCO: density, flash point, and viscosity

{

Moisture removal treatment of the neutralized WCO

]

Water content measurements of the neutralized WCO

NO

<200

YES

Breakdown voltage measurements of the neutralized WCO

Fig. 2. Flow chart of the methodology adopted in this study

3.2 Physical, Chemical, and Electrical Property Measurements

The relative density, flash point, and viscosity of the WCO samples were measured in an ISO/IEC
17025-accredited laboratory according to the ISO 12185, ISO 2719, and ASTM D7042 standards,
respectively. The acidity of the WCO samples was measured based on the amount of potassium
hydroxide (KOH) in milligrams (mg) required to neutralize hydrogen ions (H*) in 1 g of oil sample. The
acidity was measured using a compact titrator (Model: 848 Titrino plus, Metrohm AG, Switzerland)
according to the ASTM D974 standard.

The water content of the neutralized WCO samples was determined via oxidation of sulphur
dioxide by iodine in methanolic hydroxide solution using Karl Fischer coulometer (Model: 899,
Metrohm AG, Switzerland) according to the ASTM D1533 standard. The breakdown voltage of the
neutralized WCO samples was measured using a portable dielectric strength oil tester (Model:
OTS60PB, Megger Ltd., UK) according to the ASTM D1816 standard. Two semi-spherically capped
Verband der Elektrotechnik (VDE) electrodes with a gap distance of 1.0 mm were used for the
breakdown voltage tests. The voltage was increased gradually at a rate of 0.5 kV/s until breakdown
occurred. The minimum volume of each oil sample was 350 mL.
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3.3 Moisture Removal Treatment

The breakdown voltage is sensitive to the presence of impurities (i.e. moisture, particles, air, and
gas bubbles) in the transformer insulating oil. For this reason, moisture removal treatment was
carried out to ensure that the neutralized WCO samples were free from moisture, which would affect
the ability of the oil samples to withstand electric stresses. The moisture removal treatment was
performed by flowing nitrogen gas [28] through the neutralized WCO samples for 30 min.

4. Results and Discussion

The effects of neutralization on the physical appearance (colour) and acidity of the WCO samples
are first presented and discussed in this section. The best neutralized WCO sample was then chosen
based on the lowest acidity and its physical, chemical, and electrical properties were assessed
according to the IEEE C57.147 and IEC 62770 standards, as described in this section.

4.1 Effect of Neutralization

Figure 3 shows the colour of the WCO and neutralized WCO samples. It can be observed that the
WCO sample was dark brown whereas the neutralized WCO samples were clear yellowish, regardless
of the normality of the caustic soda. The dark colour of the WCO sample is indeed expected because
of the by-products present in the sample as a result of repeated frying and oxidation processes, which
produce free fatty acids, among other by-products. Thus, the WCO becomes clearer by neutralizing
the free fatty acids in the oil with caustic soda, as evidenced from the results.

Fig. 3. Colour of the WCO and neutralized WCO
samples (normality of caustic soda: 1.0, 2.0, 3.0,
4.0,and 5.0N)

Acidity indicates the total acidic components of an oil sample. The initial acidity of the WCO
sample was found to be 5.4644 mg KOH/g. After the WCO was neutralized with caustic soda, its
acidity reduced, depending on the normality of the caustic soda, as shown in Figure 4. It is apparent
that the WCO neutralized with caustic soda (normality: 2.0 N, hereinafter WCO2.on) had the lowest
acidity (0.2825 mg KOH/g). The difference in acidity between the WCO and WCO,.0n samples was
5.1819 mg KOH/g, which corresponds to a reduction in acidity of 94.83% relative to the acidity of the
WCO sample. The acidity of the WCO,.on sample (0.2825 mg KOH/g) was higher than the prescribed
limit for “new natural ester fluids”, which should be less than or equal to 0.06 mg KOH/g according
to the IEEE C57.147 standard. However, the acidity of the WCO2.on sample was within the stipulated
limits for “continued use of in-service natural ester fluids” in oil-immersed transformer, which should
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be less than or equal to 0.30 mg KOH/g. Thus, multi-filtration process [29]; an additional treatment
in reducing the acidity of WCO2.on sample; will be performed.

4.2 Physical and Chemical Properties

Density is a property that determines the suitability of insulating oil for use in cold climates
because ice may form in oil-immersed transformers exposed to sub-zero temperatures. Flash point
is related to fire safety and it is of great importance if the service transformer is located in a densely
populated area. Viscosity is defined as the resistance of a fluid to flow, which will affect the ability of
insulating oil to conduct heat, which is the primary heat removal mechanism in oil-immersed
transformers. In this study, the WCO,.0on sample had the lowest acidity and therefore, the physical
and chemical properties of this oil sample were measured. The density, flash point, and viscosity of
the WCO2.0n sample were determined to be 0.913 g/cm?3, 260°C, and 40.84 mm?/s, respectively. Both
the density and viscosity fulfilled the specifications stipulated in the IEEE C57.147 and IEC 62770
standards. However, the flash point of WCO2.on sample only fulfilled the specification of the IEC 62770
standard, where the flash point of the insulating oil should be at least 250°C.

0.5 7 04472
0.45 -

0.3921
0-364 0.3347
0.35 :
0.2825
0.25 -
0.15 -
0.05 -
0
1 2 3 4 5

Normality of caustic soda (N)
Fig. 4. Acidity of the neutralized WCO samples (normality of caustic soda:
1.0, 2.0, 3.0, 4.0, and 5.0 N)

o
>
1
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o o
o w

o
=
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4.3 Electrical Property

Breakdown voltage is defined as the applied AC voltage at which disruptive discharge begins. The
breakdown voltage of the WCO, on sample after moisture removal treatment was found to be 29 kV,
which was 45% higher than the minimum dielectric breakdown voltage required for new natural ester
fluids (20 kV).

The physical, chemical, and electrical properties of the WCO;.0n sample measured in this study
are summarized in Table 2.
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Table 2

Comparison of the physical, chemical, and electrical properties of
the WCO,on sample with those specified in the IEC 62770 and IEEE
C57.147 standards

Property Unit IEC62770 IEEE C57.147 WCO2.0n
Density g/cm?3 <1 <0.96 0.913
Flash point °C > 250 > 275 260
Viscosity mm?/s <50 <50 40.92
Acidity mg KOH/g  <0.06 <0.06 0.2825
Water content mg/kg <200 <200 136.6°
Breakdown voltage kV >35° >20° 293¢

2 After moisture removal treatment, ® IEC 60156 (2.5 mm gap), ¢ ASTM
D1816 (1 mm gap)

5. Conclusion

In this study, WCO was neutralized with caustic soda (normality: 1.0, 2.0, 3.0, 4.0, and 5.0 N). The
neutralization process resulted in WCO with a clear, yellowish colour. In addition, the neutralization
process reduced the acidity of the WCO, where the lowest acidity (0.2825 mg KOH/g) was achieved
for the WCO;.0n sample (i.e. WCO neutralized with caustic soda having a normality of 2.0 N). The
density, flash point, and viscosity of the WCO,.on sample were determined to be 0.913 g/cm?, 260°C,
and 40.84 mm?/s, respectively. Moisture removal treatment was carried out on the WCO.0n sample
and the results showed that the water content was 136.6 ppm while the breakdown voltage was 29
kV. In general, most of the properties of WCO2.0n sample investigated in this study fulfilled the
specifications of the IEC 62770 and IEEE C57.147 standards, except for the acidity. The acidity of the
WCO;.0n sample was within the recommended limit for “continued use of in-service natural ester
fluids” in oil-immersed transformers specified in the IEEE C57.147 standard, where the acidity should
be less than or equal to 0.30 mg KOH/g. Based on the results, it can be concluded that the WCO2.0n
sample has potential to be used as a transformer dielectric liquid.
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