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Abstract — Mineral electrical insulating oil, which is widely used in transformers, exhibits excellent cooling per-
formance and transformer efficiency. However, given that it is composed of petroleum-based components, it is
weak in terms of biodegradability. This causes environmental problems in case of leakage and a low flash point,
which is a factor that would cause great damage in the event of a fire in a substation. In this context, the use
of eco-friendly electric insulating oil composed of bio-based vegetable oil and synthetic ester, which has excellent
biodegradability and flame retardancy performance, has recently been expanded to the field of electric power,
and various research and development (R&D) studies are in progress. According to different research results,
vegetable oil and synthetic ester manufacturing technology, thermal stability, oxidation stability, property change,
and quality control, which are characteristics of eco-friendly electrical insulating oils, are major factors affecting
the maintenance of insulating oil properties. In addition, power companies have established and operated quality
control standards according to the use of eco-friendly electrical insulating oil as they expand the exploitatoin of
renewable energy in electricity production. In particular, deterioration and oxidation characteristics were jointly
identified in R&D as an important influencing factor according to the content of saturated and unsaturated fatty
acids present in vegetable oils and synthetic esters in power transformer applications.
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Table 1. Different types of transformer oils and applications

Applications

Nature of oil Source of oils Type of oils
- Drying
. Natural esters - Semi-drying
Vegetable oils i racted from crops
- Non-drying

- Frying

- Lubricants

- Thermal and insulating fluids

- Paints, varnish, etc.

- Diphenyl-biphenyl oxide -

Lubricants

- Hydrocarbons - Alkylated aromatics

- Thermal and insulating fluids

- Hydraulic fluids, etc.

- Polyalphaolefins, etc.

Synthetic oils Synthesized from

- Polyol esters

chemical compounds

- Esters - Diesters
- Phosphate esters
- Silicones - Polydimethylsiloxane, etc. - Thermal and insulating fluids, etc.
- Polyglycols - Lubricants
Hydrocarbon mixture - Aromatic - Lubricants
Mineral oils  produced from the - Naphthenic - Thermal and insulating fluids, etc.
distillation Paraffinic

- Paints, varnish, etc.
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~

R=Cs ~ Cyy fatty acid

Fig. 1. Triglyceride formation.
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Fig. 2. General structure of vegetable oil transformer.
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Fig. 3. General structure of synthetic ester transformer.
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Table 2. Chemical structures and physical properties of some fatty acids

};ititg Structure Designation® pI:)/Iiiltt(l? (%) plziolitlégg)

Caproic H;C—~(CH,),~COOH C6:0 =3 202

Caprylic H;C—~CH,)—COOH C8:0 16-17 237

Capric H;C—CH,);—COOH C10:0 31-32 269

Lauric H;C—~CH,),—COOH C12:0 44-46 299

Myristic H;C—~CH,),—~COOH C14:0 58.8 250

Saturated Palmitic H;C—~CH,),,—~COOH C16:0 63-64 351

Heptadecanoic H;C—~CH,),;s—COOH C17:0 59-61 227
Stearic H;C—~(CH.),s—COOH C18:0 66-70 365-370

Arachidic H;C—~(CH.),s—COOH C20:0 74-76 328

Behenic H;C—~(CH.),—COOH C22:0 75-80 306

Lignoceric H;C—~(CH.),COOH C24:0 74-78 306

Palmitoleic H;C—HCH,)s—CH=CH—CH,)—~COOH Cleé:1 33 162

Unsaturat Oleic H;C—HCH,)~CH=CH—CH,)—~COOH C18:1 13-14 360

ed Linoleic H;C—~(CH,);«(CH>—CH=CH),-(CH,)—COOH C18:2 =5 229
Linolenic H;C—~(CH,—CH=CH);-(CH,)—COOH C18:3 -11 230-232

a Ca:x: a= carbon number; x = double bonds number.
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Table 3. Typical fatty acid composition of various vegetable
oils

Saturated fatty Saturated fatty acids(s)

Vegetable oil

acids (%9)  Mono-  Di- Tri-
Palm oil 494 39.6 10.6 -
Palm Kernel oil 80.3 16.8 2.8 -
Soybean oil 15.0 21.8 56.0 6.2
Canola oil 7.9 55.9 22.1 11.1
Corn oil 12.7 24.2 58.0 0.7
Cottonseed oil 25.8 17.8 51.8 0.2
Peanut oil 13.6 17.8 51.8 0.2
Olive oil 132 733 7.9 0.6
Sunflower oil 10.5 19.6 65.7 -
Sunflower ofl 61 753 142 -
hig oleic
Rapeseed oil 6.3 74.0 19.6 1.2
Coconut oil 834 6.2 1.6 -
Caster bean oil 2.5 89.7 7.3 0.5
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Table 4. Oxidation mechanism of vegetable oils LA UIFS 1o} ¢l ol =& AFE B F 9
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Propagation R 0:— ROO: ABA 900] A5l AHE-LS Table 49} 72 w7

ROO- + RH = ROOH * Re =628 Wk BskA) 1A AsA RS B

ROOH = RO- + -OH 93, 15 A8 AR we Fu, VIS, A

Branching RO+ + RH + O, = ROH + ROO-

‘Ol + RH + O, — HO + ROO- o B A e 23} A8 ARES Bl |

ROO- + ROO- — ROOR 1 O, TH29]. B3 7] Well sle 4 5 TEle ol

Termination RQOQOs + R» — ROOR A8kE FXleke she AEE 3tk Table 52 2184 @
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Polymerisation ROOR: various higher molecular phytosterols®} 7+ 34F31A] (anti-oxidant) S A3}
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Table 5. Oxidative product and analytical methods of identification

Stage Compounds Analytical techniques

- Chemiluminescence

- Electron spin-resonance spectroscopy

Primary Hydroperoxide - Infrared Spectroscopy

- Combined techniques
- Titration

- Gas chromatography
- Gas chromatography mass spectrometry

Volatile -
- Fourier transform Infrared Spectroscopy
- Ultra-fast gas chromatography
. - High-performance liquid chromatography mass spectrometry
Non-volatile

- Atmospheric pressure chemical ionisation mass spectrometry

Secondary . . - Gel permeation high-performance liquid chromatography
High molecular weight

- High-performance size-exclusion chromatography

- Titration

- Capillary gas chromatography

Free fatty acid - High-performance liquid chromatography
- Supercritical fluid chromatography
- Nuclear magnetic resonance spectroscopy

Vol. 38, No. 2, April 2022



46 A2 - AGA - A= - A

Fe EAS AU t34]. ALE W
]

A2 92o] o AL WA 9l

22 QU2 Fig. 4ollx] 3ol shha] 7274 oll2=E
2 I 7HAL 7] wiiell R4S 7RI Eoluvt

Zu7h o™ A EaiElo] Meb7lel F4 f8S

(acidyS AT = Q7] wiel] 7kl FgAde] 4
23TH6,35-36]. Wb 284 2Yo] Alx Al FEa AL
ol ek A0l we R w7 e st
o oA SHREAHS S FEAATE 87HAL o6

7]

4792 g3t s
-2l

AHg-S SRl wet 99l

[e)
4

A= 1A

82

st 71, s, B

e

HAHA 7] AARZE ARG A] olol] tigk Ak} <

RUEY & dart sk A< =
RSOl W7ol e o 7] dafrel
S/dRstel] e ®2uE
ZFsk3taL Atk Table 62 S<JolA 7dE o] ARg-

Y= 135 2124 0 7] AAfe| 23
FoE4S Bof 3 Yrk32838]. 2 T,

5 T A9 484 @

[e]
T
D& ARESIT 300°C A -5 = Qlskdst vhe At

= O
o=

3-2.

Holw, 2% =2 FA54S 7KL

2y Ol2aHZ F7| HAR

W olzEE A7) AL GE e TRA 484

2 A7) AAFe] Bt F3 KA, AbsePgA
314 4EY 2Ys| 54 L NN 5 93, FHA 2] Afel s 4
28 29 Ak fol wE Aksle] {5 LA Hado] 2o} 21873 HAG ARRo] oTET Q= =
glo] @ 2Edlel =EHw =2)F B sl 540 2 7] Foll 2857 flsl FH2oll A Sl 9
SRRtk e e B A7) AfEg A8 g3,10). o2 @4 clzElE A7) "dge] 218737
Table 6. Summary of some properties of vegetable oil based transformer oils
Bi High oleic
Properties 0 Bio Temp FR3  Bivolt A Bivolt HW Palm oil Midel eN Sunflower oil
Electra 90 Plus
Dielectric
breakdown(kV)/2.5 mm 65 45-65 48-88 50 50 ~33 68 76
Viscosity at 40°C - 1981 33367 366 40.1 345 37 40
(mm” s7)
Flash point (°C) 330 314-330 314 308 308 ~310 - 280
Fire point (°C) - 347-360 347 342 338 ~395 - -
Pour point (°C) 26 —15 to 25 - - - - - -
. 3 091 at
Density (g cm™) - 20°C - - - - - 0911
Total acid value
(mgKOH-¢") - 0.05 0.02 - - - 0.06 0.16
Moisture content
150 150-163 - - - - - -
(mg/kg)
Coeflicient of 6.88 104 - - - - - -
expansion(°C")
Specific heat
capacity (J g' K™ - 1.96 1.88 - - - - -
Thermal conductivity
(W-m'K") - 0.17 0.167 - - - - -
Basic component Sunﬂp wer Sunﬂp wer Soybean Corn oil Sunﬂp Ve Palm oil Rap gseed Sunflower oil
oil oil oil oil oil
Reference 36 6,37,38 28,38 3 3,38 3 6,28 28
manufacturing company - Bio Temp  Cargill - - - Midel Cargill
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Fig. 6. Example of synthesis reaction for general synthetic
ester transformer.

CH,OH CH,OCOR’ CH,OCOR’

HOH>C-C - CH20H + 4 R’COOR «> HOH>C ~C - CH20H + HOH2C — C -CH,OCOR”

CH2OH
(Pentaerythritol) ~ (Palm Oil Methyl Ester)

CH>OH
(Mono ester)

CH>OH
(Di ester)

CH20COR” CH>OCOR’

+ HOH,C — C - CH;OCOR’™ + R’OCOH,C ~ C - CH;OCOR” +  4CH30H

CH,OCOR®
(Tri ester)

CH,OCOR?

(Tetra ester) (Methanol)

Fig. 7. Synthesis of pentaerythritol ester(PEE) for
synthetic ester transformer.
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Table 7. Water saturation coefficients for synthetic ester
Midel 7131

Water A 542 5320 54166 5.6614 7.1790
Saturation
Coefficients 629 60828 581.95 695.74 1191
Water  20°C 1881 1758 2700 1941 1307
Saturation
Limit,  50°C 2975 2739 2739 3224 3115

mg/kg

Table 8. Limits of water content (mg/kg) of synthetic
ester transformer

Conventional
mineral oil

<30 for bulk oil

Permissible limit

Synthetic Ester
as per

IEC standard supply <40 for 50
small oil
ASTM standard <35
IEEE standard <25
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Table 9. Major product and impurities in thermal
tested samples of synthetic ester transformer(PEC7)

No. Compounds

1 Butane, n-C,H,,

2 Pentanal, C;H,—CHO

3 Methyl pentanoate, C,Hy—C(O)O—CHjs
4 Pentanoic acid, C;H,—COOH

5 5-nonanone, C,;H,—CO—C,H,

Trimethylol ethane tripentanoate,
(CsHsC(O)OCH,);C—CH;

7 PE tripentanoate, (C;H,C(O)OCH,);C—CH,OH

PE acetate tripentanoate,

§ (CHsC(O)OCH,);C—CH.OC(O)CH;
9 Impurity PE with C,, Cs esters
10 Impurity PE with branched-Cs esters
Pentaerythritol tetrapentanoate, PEC5
11 Product PE with Cs, Cs esters
12 Impurity PE with Cs, C; esters
13 Impurity PE with Cs, Cy esters

14 Impurity unknown structure with Cs esters

log S = A-B/T’ (1)

4 ClZEHE H7] AAfE W] Uil o] &
A = A HETF TR o] M)
o] SE5E7] wjZel] =A1H o2 Jo] gk A
= mgkg 9YE AF-S AFIEIT Utk Table 8= &
g == A7) HAFe] i Aol gk S+
< Ho] F3L QUTH10].

3-2-3. dorydat MsiorEy

T4 olzEEE 484 093t Po] Agshs E3

'"H NMR: aldehyde & acid

heptanal

other
aldehydes

heptanoic acid
(broad band)

thermally stressed
unheated PEC7
T e T T T T T T
12 11 10 9
Chemical Shift (ppm)

Fig. 8. '"H NMR spectra of unheated and thermally
stressed pentaerythritol tetraheptanoate(PEC7).
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Table 10. Summary of some properties of synthetic
ester transformer

MIDEL 7131
Property Typical Values
Physical
Colour 125
Clear, free from water
Appearance and suspended matter
and sediment
Density at 20°C (kg/dm?®) 0.97
Kinematic Viscosity(mm®/sec)
at 40°C 29
at 20°C 1440
Flash point PMCC (°C) 260
Fire Point (°C) 316
Pour Point (°C) -56
Crystallization No crystals
Biodegradation Readily Biodegradable
Electrical
Dielectric Breakdown (kV) >75
Power Factor at 90°C <0.008
DC Resistivity at 90°C
(GL.m) ? -0
Chemical
Water Content (mg/kg) 50
Acidity (mg KOH/g) <0.03
Oxidation Stability (164hr)
Total Acidity (mg KOH/g) 0.02
Total Sludge (% mass) <0.01
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Table 12. Standard specification of bio-based environ-
mental transformer oils

Vegetable oils. Synthetic Ester
Korea standard KSC IEC 62770 KS C IEC 61099
IEC standard IEC 62770 IEC 61099
ASTM standard ASTM D6871 -

Table 11. Overview of electrical transformer insulating oils properties

Name Mineral oils Synthetic esters Vegetable oils
Type Refined (;1;:1(11; tgﬂ based Synthetic Refined vegetable oil
Biodegradability Slow to biodegrade Readily biodegradable Readily biodegradable
Oxidation stability Good stability Excellent stability =~ Generally oxidation stability
Water saturation at ambient (ppm) 55 2600 1100
Dielectric breakdown (kV) 30-85 45-70 82-97
Total acidity (mgKOH-g") 0.015-1.2 0.3 0.015-0.6
Viscosity at 0°C (mm” s™) 76 26-50 143-77

at 40°C 3-16 14-29 16-37

at 100°C 2-2.5 4-6 4-8
Pour point (°C) —30 to —60 —40 to =50 =19 to 33
Flash point (°C) 100-170 250-270 275-328
Fire point (°C) 110-185 300-310 300-360
Density at 20°C (kg dm) 0.83-0.89 0.90-1.00 0.87-0.92
Specific heat capacity(J g'K™") 1.6-2.0 1.8-23 1.5-2.1
Thermal conductivity (W-m'K") 0.11-0.16 0.15 0.16-0.17
Expansion coefficient (10*K™) 7-9 6.5-10 5.5-5.9
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