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Abstract

The valorization of vegetable-oil biomass into bio-based functional fluids offers a sustain-
able route for replacing petroleum-derived insulating liquids in power equipment. In this
study, soybean and canola oils were used as renewable lipid feedstocks and converted
into biomass-derived ester fluids through acid-catalyzed transesterification with metha-
nol, ethanol, 1-propanol, and 1-butanol. The obtained ester-rich products were subjected
to a combined physicochemical, dielectric, and thermal screening workflow, including
kinematic viscosity at 40 °C (va), acid value, breakdown voltage (BDV), differential scan-
ning calorimetry (DSC; 2-8 °C min under N2), and oxygen bomb calorimetry. Transester-
ification effectively upgraded the vegetable oils into low-viscosity ester-rich product flu-
ids for most alcohol routes, with soybean methyl ester (SME) reaching 4.41 + 0.02 mm? s-!
and selected canola-derived esters showing viscosities of 5.81-6.81 mm? s1. However, the
functional performance of the biomass-derived fluids was strongly governed by the alco-
hol route. SME exhibited the most favorable balance between dielectric and physicochem-
ical properties, delivering the highest BDV of 64.90 + 9.74 kV, exceeding the IEC 60156
threshold of 30 kV, while maintaining a low acid value of 0.0103 + 0.0006 mg KOH g-'. In
contrast, propyl- and butyl-derived esters showed substantially lower BDV values of
<14.98 kV, whereas ethanol-derived products retained near-neat-oil viscosities and were
unsuitable for BDV testing under the applied conditions. Although propyl- and butyl-
derived ester-rich products reduced kinematic viscosity, their markedly lower BDV val-
ues were likely associated with route-dependent product heterogeneity, lower alcohol-
oil miscibility, possible residual polar impurities, and moisture sensitivity; therefore, they
were regarded as non-optimized screening outcomes rather than IEC-compliant trans-
former-fluid candidates. DSC analysis provided comparative thermal-response de-
scriptors under nitrogen, with methylation producing more coherent endothermic fea-
tures. The combustion heats of the ester-rich products were concentrated at approxi-
mately 39-41 MJ] kg, lower than that of the mineral-oil reference in this dataset, suggest-
ing combustion heat was used only as a preliminary energy-density descriptor and was
not interpreted as direct evidence of improved fire safety. From an engineering-safety
perspective, the lower combustion heat of the bio-esters may reduce the potential fire-
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load contribution during fault-related fire scenarios, although full fire-safety qualification
requires additional flash-point, fire-point, and aging evaluations. Overall, this work
demonstrates that alcohol route selection is a critical factor in converting vegetable oil
biomass into high-value bio-based insulating fluids. Among the tested formulations, soy-
bean methyl ester is the most promising baseline candidate for further development as a
biodegradable, sustainable transformer fluid.

Keywords: vegetable-oil biomass; biomass-derived ester fluid; soybean methyl ester;
transesterification; bio-based insulating liquid; breakdown voltage; transformer fluid;
sustainable functional fluid

1. Introduction

e  Soybean and canola oils were valorized into biomass-derived ester-rich products in-
sulating fluids.

e  Alcohol-route transesterification strongly governed viscosity, dielectric strength, and
thermal behavior.

e  Soybean methyl ester showed the best balance of low viscosity and high breakdown
voltage.

e  Propyl and butyl ester routes reduced viscosity but compromised dielectric reliabil-
ity.

e  Vegetable-oil biomass can serve as a renewable platform for sustainable transformer
fluids.

Transformers are critical assets in modern power systems, enabling voltage regula-
tion, reliable distribution, and continuous grid operation. The insulating liquid in trans-
formers serves multiple indispensable roles, including electrical insulation, heat dissipa-
tion, arc suppression, and gas absorption, all of which directly influence the stability and
safety of power delivery. Any disruption caused by transformer failure can lead to signif-
icant economic losses and even catastrophic safety incidents. Among these factors, the
reliability and durability of the insulating fluid are central to ensuring the long-term func-
tionality of transformers. When the dielectric strength of insulating fluids falls below the
IEC 60156 standard threshold of 30 kV, the risk of breakdown increases significantly, lead-
ing to higher maintenance costs and unexpected outages [1].

Conventional mineral oils, derived from petroleum fractions such as alkanes, naph-
thenes, and aromatics, remain the dominant insulating fluids because of their low kine-
matic viscosity and well-established performance [2]. Nevertheless, mineral oils are non-
biodegradable, flammable, and prone to generating toxic volatile compounds at high tem-
peratures or during faults, raising safety and environmental concerns [3-5]. Furthermore,
moisture accelerates transformer aging and shortens insulation life, ultimately compro-
mising grid reliability. These challenges underscore the urgency of developing sustaina-
ble, safer, and more resilient alternatives [2-5].

Vegetable oil-derived natural esters have attracted attention as sustainable alterna-
tives to mineral oils. Compared with petroleum-based counterparts, natural esters have
higher flash and fire points (nearly twice those of mineral oils), superior water solubility,
and dielectric constants that promote a more uniform electric field distribution [4,5]. They
are also compatible with cellulose insulation, which extends the thermal aging life of
transformer paper by absorbing moisture and lowering hot-spot temperatures [6-8]. Their
use extends beyond traditional power systems to offshore wind energy, underwater op-
erations, and environmentally sensitive areas, such as carbon-neutral smart cities [7,8].
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Despite these advantages, vegetable esters face practical limitations. Their higher kin-
ematic viscosity impedes convective cooling, leading to localized hot spots, and their low
pour-point temperatures hinder operation in cold climates [9-11]. Moreover, their high
content of unsaturated fatty acids results in poor oxidative stability, making them suscep-
tible to degradation and acid formation during service. These drawbacks limit their wide-
spread industrial deployment, underscoring the need for chemical modification strategies
to tailor their physicochemical and dielectric properties [4,5,12].

Alcohol-based transesterification has emerged as a promising approach to enhancing
the insulating properties of vegetable oils. By converting triglycerides into short-chain
fatty acid esters, this process dramatically reduces kinematic viscosity, lowers acid value,
and improves flow properties. Importantly, the choice of alcohol dictates the outcome: a.
Methanol often yields high dielectric strength and stable kinematic viscosity. b. Under the
present acid-catalyzed conditions, ethanol-derived products may be limited by alcohol-
oil phase behavior, water sensitivity, and incomplete conversion, whereas propanol and
butanol can reduce kinematic viscosity but may compromise dielectric reliability if resid-
ual polar species or heterogeneous products remain. c. Propanol and butanol reduce kin-
ematic viscosity but may compromise breakdown voltage [13-15].

In the context of transformer fluids, calorimetric characterization offers a quantitative
approach. This study links the esterification route to key performance indicators, includ-
ing dielectric strength, kinematic viscosity, and oxidative stability. Previous studies have
shown that the practical development of vegetable oil-based insulating fluids depends on
achieving a suitable balance among electrical robustness, flow behavior, and service sta-
bility, while also addressing broader environmental and sustainability considerations [16—
18]. Accordingly, this study provides a direct, systematic comparison of soybean and can-
ola oils transesterified with methanol, ethanol, 1-propanol, and 1-butanol under standard-
ized laboratory conditions. The resulting fluids were evaluated for thermal behavior by
differential scanning calorimetry (DSC), combustion energy by oxygen bomb calorimetry,
physicochemical properties, including acid value and kinematic viscosity at 40 °C (v),
and dielectric performance by IEC 60156 breakdown-voltage testing.

The practical significance of this work lies in identifying natural ester formulations
that can simultaneously meet key performance requirements for transformer liquids, in-
cluding adequate dielectric strength, low kinematic viscosity, low acidity, and acceptable
thermal behavior. Moreover, bio-based insulating fluids have attracted increasing attention
for their biodegradability, environmental compatibility, and relevance to sustainable re-
source utilization and circular economy strategies [19-21]. By integrating dielectric, physi-
cochemical, and calorimetric analyses, this study establishes structure-property relation-
ships to screen bio-based insulating fluids and identifies soybean methyl ester as a particu-
larly promising formulation for further development of natural ester transformer liquids.

The overall experimental design is summarized in Figure 1. Soybean and canola oils
were selected as renewable vegetable-oil biomass feedstocks and converted into alkyl es-
ter fluids through acid-catalyzed transesterification using methanol, ethanol, 1-propanol,
and 1-butanol. The resulting ester-rich products were then subjected to an integrated
screening protocol, including acid value, kinematic viscosity at 40 °C (v), IEC 60156
breakdown voltage, DSC thermal analysis, and oxygen bomb calorimetry. This workflow
was designed to link alcohol-route-dependent conversion behavior with application-ori-
ented performance criteria for sustainable transformer insulating fluids.
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Figure 1. Schematic workflow for the route-specific synthesis of ester-rich products from soybean

and canola oil biomass and the preliminary screening of their physicochemical, dielectric, and ther-

mal properties as potential insulating fluid candidates.

2. Materials and Methods

2.1. Sample Sources

Four types of dielectric fluid samples were used in this study: a commercial Shell
dielectric fluid (purchased from Hemou Industrial Co., Taichung, Taiwan), a transformer
dielectric fluid (Formosa Plastics Corp., Yunlin County, Taiwan), refined soybean salad
oil (Taiwan Sugar Corp., Tainan, Taiwan), and refined canola oil (Delicious One Day Co.,
Taoyuan, Taiwan). All oils were obtained from commercial sources to ensure consistent
quality and reproducible results. Before experimental use, the oils were stored in sealed
containers under controlled laboratory conditions (25 °C, low humidity) to minimize
moisture uptake and oxidative degradation.

2.2. Acid-Catalyzed Transesterification and Product Preparation

Transesterification of refined soybean or canola oils was performed using sulfuric
acid-alcohol systems under controlled thermal and mixing conditions. Methanol, ethanol,
1-propanol, and 1-butanol (299.5%, anhydrous grade) served as both reactants and sol-
vents. Methanol was purchased from Merck (Taipei, Taiwan); ethanol from Chan Mao
Trading Co., Ltd. (Taichung, Taiwan); 1-propanol from Echo Chemical Co., Ltd. (Taipei,
Taiwan); and 1-butanol from Union Chemical Works Ltd. (Hsinchu, Taiwan). Sulfuric
acid (95-98%, analytical grade) served as the homogeneous catalyst. To minimize water-
induced catalyst deactivation and side reactions, all alcohols were pre-dried over acti-
vated 3 A molecular sieves for at least 24 h before use and were verified to contain less
than 0.10 wt% water by Karl Fischer titration. All glassware was oven-dried at 105 °C for
at least 2 h and cooled in a desiccator immediately before use.

For each alcohol system, the oil-to-alcohol molar ratio, sulfuric acid loading, reaction
temperature, and reaction time were selected based on intrinsic differences among the
alcohols, including polarity, boiling point, miscibility with triglyceride-rich oils, steric ef-
fects, and expected acid-catalyzed transesterification reactivity. Methanol generally pro-
vides better miscibility and faster transesterification than longer-chain alcohols. In con-
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trast, ethanol, 1-propanol, and 1-butanol require more severe or prolonged conditions be-
cause of their lower polarity, poorer miscibility with the oil phase, and greater steric hin-
drance. Accordingly, the reaction conditions were adjusted as follows: methanol, oil-to-
alcohol molar ratio of 1:6 with 1 wt% H2SOs; ethanol, 1:12 with 1.5 wt% H2SOs; 1-propanol,
1:9 with 3 wt% H2SO4; and 1-butanol, 1:9 with 5 wt% H2SO4. These conditions were not
intended to impose identical reaction severity across all alcohol systems, but rather to ob-
tain isolable ester-rich products from each alcohol under practical laboratory conditions.
Therefore, the potential influence of these synthesis conditions on the final physicochem-
ical and dielectric properties was taken into account when interpreting the results.

The temperature-time schedules were selected based on each alcohol’s boiling point,
the need to maintain sufficient alcohol—-oil contact, and preliminary laboratory trials con-
firming stable mixing, manageable evaporation, and visually acceptable phase behavior.
The methanol system was operated near reflux because of methanol’s low boiling point
and relatively high transesterification efficiency. For ethanol and 1-propanol, the selected
temperatures were below or near their boiling ranges to minimize excessive alcohol loss
while maintaining adequate reaction rates over an extended reaction period. For 1-buta-
nol, higher temperature and longer reaction time were required due to its lower polarity,
reduced miscibility with the oil phase, and slower reaction kinetics. The optimized tem-
perature—time schedules were therefore set as follows: 70 °C for 4 h for methanol; 70 °C
for 24 h for ethanol; 77 °C for 24 h for 1-propanol; and 110 °C for 48 h for 1-butanol.

Transesterification was performed in a dry three-neck round-bottom flask with a
working volume of 250-500 mL, equipped with a reflux condenser, thermometer or ther-
mocouple, and mechanical or magnetic stirring. The reaction mixture was heated in a
thermostatically controlled bath and stirred at 400-600 rpm. After completion of the reac-
tion, the mixture was cooled to approximately 40 °C under continuous stirring and then
transferred to a separatory funnel. The mixture was allowed to stand for 24 h to promote
phase separation. The alcohol- and catalyst-containing phase was removed, and the ester-
rich phase was collected for purification. The crude ester-rich products was washed re-
peatedly with small portions of deionized water preheated to approximately 70 °C (about
10 mL per wash) until the wash water reached neutral pH. Warm water was used to re-
duce the viscosity of the ester-rich phase, enhance the removal of residual sulfuric acid,
alcohol, glycerol, and other polar by-products, and facilitate cleaner phase separation.
This step was particularly important for the higher-viscosity 1-propyl and 1-butyl ester
systems. The use of 70 °C water was limited to the purification step and was not applied
as an additional reaction treatment. The washed ester-rich product was then concentrated
by rotary evaporation under reduced pressure to remove residual alcohol and volatile
impurities. The product was dried at 70 °C for 1 h to remove residual moisture introduced
during washing. Finally, the purified ester-rich product samples were stored over 1 wt%
activated 3 A molecular sieves prior to thermal, physicochemical, and dielectric charac-
terization.

2.3. Acid Value (ASTM D974)— Consolidated Procedure

The acid value of the esterified and reference oils was determined by color-indicator
titration with a standardized alcoholic potassium hydroxide (KOH) solution. In this study,
standardized alcoholic KOH refers to an approximately 0.01 N KOH solution prepared in
ethanol or isopropanol, protected from atmospheric CO2, and standardized against a pri-
mary standard, such as potassium hydrogen phthalate, before use to determine its exact
normality. The measured normality and correction factor were recorded and used to cal-
culate the acid value [22-24].

A neutral solvent composed of ethanol and diethyl ether at a 1:1 volume ratio was
used to ensure complete dissolution of the oil- and ester-rich product samples and to pro-
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vide a clear phenolphthalein endpoint. Although ASTM D974 commonly uses an alcoholic
titration medium, the ethanol/diethyl ether mixture was adopted as a practical solvent
system because esterified oils and reference vegetable oils were more miscible in this
mixed solvent than in ethanol alone. The solvent mixture was pre-neutralized with KOH
to a faint, persistent pink color in the presence of phenolphthalein indicator. If necessary,
a trace amount of acid was added to return the solvent to a colorless state before sample
titration. Phenolphthalein solution (1% w v~ in ethanol) was used as the indicator.

For each analysis, approximately 10.0 g of the oil sample was weighed on an analyt-
ical balance to the nearest 0.1 mg. The sample was dissolved in the pre-neutralized etha-
nol/diethyl ether solvent and titrated with the standardized alcoholic KOH solution to a
faint pink endpoint that persisted for at least 30 s. Titrations were performed in 50-100 mL
stoppered Erlenmeyer flasks using a class-A burette or an autotitrator. Deionized water was
used only for rinsing when necessary. For samples with very low or very high acidity, the
sample mass was adjusted to keep titrant consumption within 0.2-10.0 mL [23-25].

2.4. Breakdown Voltage (BDV) Testing

The dielectric breakdown strength of the esterified oil samples was measured using
a portable automatic oil ester-rich products (BA75, BAUR GmbH, Sulz, Austria) rated at
75 kV. The procedure followed the manufacturer’s standard method for insulating liquids.
Freshly prepared dielectric fluids, free of visible water contamination or particulates, were
used for each test. However, visual inspection alone cannot confirm transformer-grade
dryness or the absence of trace polar impurities. In the present study, the final water con-
tent of each purified ester-rich product was not quantified by Karl Fischer titration imme-
diately before BDV testing. Therefore, the BDV results should be interpreted as prelimi-
nary screening data rather than full transformer-fluid qualification results. Before meas-
urement, the clean, dry test vessel was rinsed with a small portion of the same sample,
then filled with 100 mL of the test liquid. The filled vessel was allowed to stand for at least
30 min to allow entrained air bubbles to escape before testing. Electrodes were inspected,
cleaned with lint-free wipes (using a mild solvent if necessary), and spaced at 2.5 + 0.05
mm, as verified with a calibrated gauge. The electrodes were fully immersed and in stable
contact with the sample. The instrument was programmed to apply a linearly increasing
voltage from 0 kV at a rate of 2-3 kV s until electrical breakdown occurred. Breakdown
voltage values were automatically recorded by the device. If any external flashover or
abnormal discharge trace was visually detected, that trial was discarded and repeated af-
ter re-equilibration of the sample. Six independent breakdown measurements were per-
formed for each oil sample under identical test conditions. The dielectric strength of each
specimen was expressed as the mean + standard deviation of the six recorded breakdown
voltages [1].

2.5. Kinematic Viscosity at 40 °C (va) (ASTM D445) — Consolidated Procedure

The kinematic viscosity of the raw vegetable oils and acid-catalyzed esterified prod-
ucts was determined at 40 °C in accordance with ASTM D445 [26]. All measurements were
performed using calibrated Cannon-Fenske glass capillary viscometers with traceable
certification. The viscometers used, and their respective calibration constants (C), were as
follows: U289 (C = 0.008456 mm? s2), U452 (C = 0.007629 mm? s-2), and U540 (C = 0.008106
mm?2 s2).

Samples were introduced into the viscometer tubes after gentle homogenization to
ensure representative composition and avoid air entrapment. All glassware was rinsed
with volatile, water-free solvents (hexane and isopropanol) and dried prior to use. Anal-
yses were conducted in a constant-temperature water bath maintained at 40.00 + 0.05 °C,
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monitored using a Class A thermometer or a calibrated temperature probe. Efflux time
was recorded with a stopwatch of 0.01 s resolution or an automated viscometer timer [26].

For each measurement, the sample flow time was recorded in triplicate, and the kin-
ematic viscosity was calculated as

v=Cxt 1)

where v is the kinematic viscosity (mm? s™) and t is the measured flow time (s). The aver-
age of three consecutive readings, with a relative deviation of +0.2%, was reported. Before
measurement, any sample containing visible particulates was filtered through a dry, inert
membrane, and samples were tightly capped to minimize moisture absorption and sol-
vent loss [25].

2.6. Oxygen Bomb Calorimetry —Heat of Combustion

Heat of combustion was measured with an oxygen bomb calorimeter (Parr Instru-
ment Co. IL, USA) in accordance with ASTM E711 [26]. The calorimeter was first cali-
brated with certified benzoic acid standards to determine the system energy equivalent
(W, J °C). For each test, ~1.000 + 0.005 g of well-mixed sample was weighed into a clean
crucible, and a 10 cm iron ignition wire was mounted across the bomb electrodes, contact-
ing the sample but not the crucible. The sealed bomb was flushed and then charged to 25
atm of Oz. It was placed in a bucket containing 2.0 L of deionized water and equilibrated
until the baseline drift stabilized.

Ignition was initiated electrically, and temperature was continuously recorded from
the pre-ignition baseline through the post-peak period. The corrected temperature rise
was calculated using ASTM E711 drift corrections (pre- and post-ignition) [26]. After cool-
ing, the bomb was vented, and the residual wire length was measured to determine the
wire correction. The bomb and crucible were thoroughly rinsed, and all washings were
combined to a final volume of 100 mL. The solution was then titrated with standardized
sodium carbonate, using methyl orange to quantify the acid produced (mainly HNOs) [21].

The heat of combustion for each run was calculated as [26]

T.=T;—T; 2)
T-XW —e; —e; —e3

= 3

: ” ®3)

Hg = 4.184T, (4)

where Ti is the initial temperature at ignition, Ttis the final temperature after complete
combustion, and T¢is the net temperature rise. W (cal °C") is the calorimeter energy equiv-
alent, determined by standardization with benzoic acid and representing the heat re-
quired to raise the system temperature by 1 °C. e1 (cal) is the ignition-wire heat correction;
ez (cal) is the correction for heat released by oxidation of residual nitrogen in the bomb
(nitric acid formation); es (cal) is the correction for heat released by oxidation of sulfur
species in the oil (sulfuric acid formation). M (g) is the test-oil mass. Hg (J g') denotes the
heat of combustion, expressed in calories per gram; conversion to SI units in ] g™ (divide
by 4.184), and then to MJ kg-1.All measurements were performed in triplicate (n = 3) and
are presented as the mean + SD. Runs were repeated if incomplete combustion, leakage,
or atypical drift was observed; daily checks included verification that benzoic acid re-
mained within established control limits. All operations were conducted in a fume hood
behind the calorimeter shield, in accordance with manufacturer and institutional safety
procedures.
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2.7. Differential Scanning Calorimetry Analysis

Differential scanning calorimetry (DSC) was performed using a TA Instruments Q20
DSC system (TA Instruments, DE, USA) to obtain comparative thermal-response de-
scriptors of the reference oils, neat vegetable oils, and route-derived ester-rich products.
Approximately 1.1-1.5 mg of each sample was hermetically sealed in aluminum pans. A
nitrogen purge of 50 mL min~! was maintained throughout the analysis. Heating scans
were conducted from 30 °C to 500 °C at heating rates of 2, 4, 6, and 8 °C min™".

Because the DSC measurements were conducted under nitrogen, the observed ther-
mal events were interpreted primarily as volatilization-related transitions, phase/struc-
tural transitions, and thermal decomposition under inert conditions, rather than as direct
evidence of oxidative stability. Onset temperature, peak temperature, and enthalpy were
extracted from the thermograms for comparative screening. Although the heating-rate
program was consistent with the general framework of ASTM E698, activation energy and
full kinetic parameters were not calculated in this study; therefore, the DSC results were
not interpreted as a complete ASTM E698 kinetic analysis [27-29].

2.8. Statistical Analysis

All quantitative data are presented as the mean + standard deviation (SD). Break-
down voltage (BDV) was measured with six replicate determinations for each sample
tested, whereas kinematic viscosity, acid value, and heat of combustion were measured in
triplicate. Because this study was designed as a preliminary screening investigation and
no statistical grouping letters or p-values are reported in the tables, the statistical analysis
was limited to descriptive statistics. No inferential comparisons, including ANOVA (Ver-
sion 9.4, SAS Institute Inc., Cary, NC, USA), Duncan’s multiple range test, data transfor-
mation, or nonparametric post hoc testing, were applied in the revised manuscript. This
simplified presentation is intended to avoid unsupported statistical interpretation and to
maintain consistency between the Section 2 and the reported tabulated results [28,29].

3. Results and Discussion
3.1. Physicochemical Quality: Acid Value and Kinematic Viscosity at 40 °C

Acid-catalyzed alcohol transesterification markedly altered the physicochemical pro-
files of both soybean- and canola-based fluids by converting triglycerides into lower-mo-
lecular-weight fatty acid alkyl esters. As summarized in Table 1, neat soybean and canola
oils exhibited high kinematic viscosities at 40 °C (32.78 + 0.87 and 35.09 + 1.35 mm? s,
respectively), consistent with their triglyceride-dominant structures. After transesterifica-
tion, kinematic viscosity was substantially reduced across most alcohol routes, reaching
4.41 £ 0.02 mm? s! for soybean methyl ester (SME) and 5.81-6.81 mm? s for the principal
canola-derived ester-rich products (Table 1).

1.  Acid values remained low across the esterified products, indicating limited hydroly-
sis during reaction and effective purification. For soybean-derived fluids, acid value
decreased from 0.0174 + 0.0008 mg KOH g' in the neat oil to 0.0103 + 0.0006 mg KOH
g for SME, while canola butyl ester (CBE) reached an especially low value of 0.0015
+0.0008 mg KOH g (Table 1). Although canola methyl ester (CME) showed a higher
acid value than the other canola-derived ester-rich products, it remained lower than
that of the neat canola oil. This result suggests that methyl transesterification reduced
the feedstock’s initial acidity, but that CME may have retained more residual acidic
species or hydrolysis-derived free fatty acids than CEE, CPE, and CBE after purifica-
tion. Because methyl esterification was carried out under a shorter reaction time and
lower catalyst loading than the longer-chain alcohol systems, small differences in re-
sidual catalyst removal, ester-rich products hydrolysis, or free fatty acid partitioning
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during washing may have contributed to the relatively higher acid value of CME.

Nevertheless, the measured acid value of CME remained within the low-acidity

range considered acceptable for preliminary screening.

In contrast, ethanol-derived products (SEE and CEE) retained viscosities comparable
to those of the parent oils, strongly suggesting incomplete conversion or persistent multi-
phase structures under the applied conditions (Table 1). The ethyl ester samples were re-
tained in Table 1 as transparent evidence of an unsuccessful conversion route, but they
were classified as conversion-limited outliers and excluded from application-oriented di-
electric interpretation. Therefore, the unusually high kinematic viscosities of the ethanol-
derived products should not be interpreted as a normal alcohol-chain-length trend. Both
SEE and CEE retained kinematic viscosities close to those of the parent soybean and can-
ola oils, indicating incomplete transesterification or the persistence of triglyceride-
rich/multiphase structures under the present ethanol reaction conditions. In contrast, the
methyl, propyl, and butyl ester routes produced substantially lower viscosities, consistent
with more effective conversion of triglycerides into lower-molecular-weight alkyl esters.
Thus, the ethyl ester samples were treated as conversion-limited outliers rather than as
evidence of a monotonic relationship between alcohol chain length and kinematic viscos-
ity. Because direct compositional characterization was not performed for all route-derived
products in the present study, the sample names should be regarded as operational labels
for the ester-rich phases obtained from each alcohol route rather than as confirmation of
chemically pure alkyl esters. In particular, the ethanol-derived products retained kine-
matic viscosities close to those of the parent soybean and canola oils, indicating incom-
plete conversion or the persistence of triglyceride-rich and/or multiphase structures under
the applied conditions. Therefore, SEE and CEE should be interpreted as conversion-lim-
ited products rather than well-defined ethyl ester fluids. Overall, methyl esterification
proved the most robust route, simultaneously achieving low viscosity and low acidity
across both feedstocks (Table 1).

Table 1. Acid value and kinematic viscosity at 40 °C of reference insulating oils, neat vegetable oils,

and acid-catalyzed transesterified products (mean + SD).

Fluid Acid Value KV
(mg KOH g 40 °C (mm? s™)

Shell transformer fluid 0.0142 + 0.0005 8.73+0.04
Dielectric fluid 0.0176 + 0.0002 10.15+0.02
Soybean oil 0.0174 + 0.0008 32.78 £0.87
Soybean methyl ester (SME) 0.0103 + 0.0006 4.41 +0.02
Soybean ethyl ester (SEE) 0.0127 + 0.0011 32.77 £ 0.09
Soybean propyl ester (SPE) 0.0066 + 0.0008 8.42 +0.06
Soybean butyl ester (SBE) 0.0096 + 0.0005 4.98 +0.02
Canola oil 0.0539 +0.0014 35.09 +1.35

Canola methyl ester (CME) 0.0228 + 0.0008 6.81 +0.02
Canola ethyl ester (CEE) 0.0022 + 0.0010 31.86 £ 0.21
Canola propyl ester (CPE) 0.0063 + 0.0007 5.81+£0.01
Canola butyl ester (CBE) 0.0015 + 0.0008 6.06 + 0.06

Remarks: Transformer dielectric fluid (provided by Formosa Plastics Corporation, Yunlin County,

Taiwan).

3.2. Dielectric Strength: Breakdown Voltage and Formulation Dependence

Despite broadly similar reductions in kinematic viscosity, breakdown voltage was
highly sensitive to alcohol type and feedstock (Table 2). Soybean methyl ester exhibited
the highest dielectric strength, with a breakdown voltage of 64.90 £ 9.74 kV, exceeding the
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IEC 60156 minimum requirement of 30 kV by more than a factor of two (Table 2). In con-
trast, propyl- and butyl-derived ester-rich products exhibited markedly lower breakdown
voltages, and the soybean and canola butyl esters approached non-insulating behavior
under the present test conditions (Table 2). The very low BDV values of SBE and CBE
indicate that these samples approached non-insulating behavior. This behavior may be
associated with residual moisture, residual acid or catalyst, residual alcohol or glycerol,
sulfur-containing species, incomplete purification, and product heterogeneity, as well as
route-specific compositional effects. Because final Karl Fischer water content and residual
polar-impurity analyses were not performed for each purified product, these factors are
discussed as plausible explanations rather than confirmed mechanisms. Although several
esterified products exhibited reduced kinematic viscosity, most breakdown voltage val-
ues in Table 2 did not meet the IEC 60156 minimum requirement for insulating liquids.
Therefore, these formulations should not be considered acceptable transformer-fluid can-
didates under the present preparation conditions. Rather, they represent unsuccessful or
non-optimized esterification routes within the scope of this screening study. Only soybean
methyl ester satisfied the IEC 60156 criterion, indicating that it was the only formulation
in this dataset that combined sufficiently low kinematic viscosity with acceptable dielec-
tric strength.

The correlation plots further indicate that low kinematic viscosity alone is insufficient
to ensure high dielectric strength. Although breakdown voltage generally decreased with
increasing kinematic viscosity, soybean methyl ester was a clear positive outlier, achiev-
ing both low kinematic viscosity and high breakdown voltage (Figure 2). Similarly, break-
down voltage showed only a weak association with acid value, suggesting that acid value
alone is not a reliable predictor of dielectric breakdown in these ester-rich product systems
(Figure 3). Collectively, these results highlight that dielectric reliability is governed not
only by bulk rheological properties but also by chemistry-specific and microstructural fac-
tors, including the esterification route, moisture control, removal of residual polar impu-
rities, and product homogeneity.
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Figure 2. Relationship between breakdown voltage (BDV) and kinematic viscosity at 40 °C (v4o) for
transesterified soybean/canola ester-rich products and reference fluids.
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Figure 3. Relationship between breakdown voltage (BDV) and acid value for transesterified soy-

bean/canola ester-rich products and reference fluids.

Table 2. Breakdown voltage (IEC 60156) and heat of combustion (ASTM E711) for transesterified

ester-rich products and reference fluids (mean + SD where applicable).

Fluid BDV (kV) Heat of Combustion (M] kg?)
Shell transformer fluid N/A 4493 +0.12
Dielectric fluid N/A 43.73 +0.80
Soybean oil N/A 39.06 = 0.03
Soybean methyl ester (SME) 64.90 £9.74 39.18 £0.13
Soybean ethyl ester (SEE) N/A 38.86 £ 0.33
Soybean propyl ester (SPE) 10.73 £0.22 38.83+0.09
Soybean butyl ester (SBE) 0.80 +0.00 39.86 +0.15
Canola oil N/A 39.52+0.23
Canola methyl ester (CME) 1290 +2.14 39.33+£0.04
Canola ethyl ester (CEE) N/A 39.20 £ 0.41
Canola propyl ester (CPE) 14.98 + 0.50 40.66 = 0.23
Canola butyl ester (CBE) 1.10+0.00 39.94 £ 0.23

Remarks: Dielectric fluid (provided by Formosa Plastics Corporation, Yunlin County, Taiwan).

3.3. Heat of Combustion and Implications for Fire Load

Bomb calorimetry showed that the ester-rich products clustered around 39-41 M]
kg, whereas the mineral-oil reference exhibited a higher heat of combustion in this da-
taset (Table 2). These results provide useful preliminary information on stored chemical
energy per unit mass. However, the heat of combustion alone is insufficient to assess the
fire safety of transformer fluids. Fire behavior also depends on flash point, fire point, ig-
nition temperature, vapor pressure, heat-release rate, combustion dynamics, and fault-
condition behavior. Therefore, the lower heat of combustion observed for the ester-rich
products should be interpreted only as a complementary energy-density descriptor, not
as direct evidence of improved fire safety. No meaningful correlation was observed be-
tween BDV and heat of combustion, indicating that combustion energetics were not pre-
dictive of dielectric performance within this screening dataset (Figure 4).
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Figure 4. Relationship between breakdown voltage (BDV) and heat of combustion for transesterified

soybean/canola ester-rich products and reference fluids.

3.4. DSC Analyses of Reference Transformer Oils and Neat Vegetable Oils (Benchmark Behavior)

DSC thermal analyses of the reference transformer oils and neat vegetable oils show
distinct endothermic features across heating rates of 2-8 °C min™ (Figure 5). Under an
inert nitrogen purge, these endothermic events primarily reflect volatilization-related
transitions and thermally induced decomposition rather than oxidative reactions. Shifts
in onset and peak temperatures with heating rate are consistent with kinetic and transport
limitations typical of complex hydrocarbon and triglyceride mixtures. The corresponding
endothermic descriptors (To, Tp, and AH) for the reference transformer oils are summa-
rized in Table 3, providing a benchmark for interpreting how transesterification alters
thermal-response signatures.

o wo see a0 eoo 100 200 300 400 500 100 % 300 00 500
[F—Transformer oil_§]
00
-02
04 30 -0
’ Sayb — Canala_g
0.15 Saybean_6/ o0 [ X| ’
000 — 00 ~
= a0 gy
= s = 04 = \
z g z 08
Z -3 g -0s Z
= — T —— [ Soybean 4 N [ Canola_4) ~
= — — I\ -
3 = L I\ ] |
T s/ T o[ T——e | S ooopl /
‘ = — | T \ /
03 1 -02 Vo 02 \
Transformer al_{] Al \ /
00 | = VY \/
3 04
03 [—Trmsformer oil 3] 045 [— Canola 2] f
02 0.30 f'\f \\,
015 {
01 —
0.00
0o 100 200 300 400 20 00 200 300 00 S0 100 200 300 400 500
T'emperature (°C o o0
! Q) Temperature (°C) Temperature (°C)

Figure 5. DSC thermograms of reference transformer oils and neat vegetable oils measured at heat-

ing rates of 2-8 °C min™! under N2 (comparative overlays).
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Table 3. DSC endothermic descriptors (1IEndo/2Endo onset temperature To, peak temperature Tj,

and enthalpy AH) of reference transformer oils measured at heating rates of 2-8 °C min~! under No.

Fluid Heating Rate SK/In;Is’sle 1Endo To 1Endo T, 1Endo AH 2Endo To 2Endo T, 2Endo AH
(°C min™) O °0) Jgm °C) Q) Jgm
(mg)
2 1.49 95.77 201.36 266.50 N/A N/A N/A
Shell trans- 4 1.52 54.55 160.16 213.20 N/A N/A N/A
former fluid 6 1.51 49.81 155.07 164.70 N/A N/A N/A
8 1.48 63.08 242.34 338.00 N/A N/A N/A
2 1.52 97.19 195.82 241.30 N/A N/A N/A
Dielectric fluid 4 1.52 112.83 218.97 243.50 N/A N/A N/A
6 1.45 38.91 223.37 404.70 N/A N/A N/A
8 1.51 41.28 270.75 395.80 N/A N/A N/A
3.5. DSC Signatures of Soybean-Derived Ester-Rich Products: Effect of Alcohol Selection

Soybean-derived alkyl esters exhibited route-dependent DSC responses across 2—
8 °C min™ (Figure 6), with quantitative endothermic descriptors summarized in Table 4.
Neat soybean oil displayed high-temperature endothermic transitions consistent with the
broad decomposition behavior of unsaturated triglyceride mixtures (Table 4; Figure 5).
After methylation, SME showed a well-defined first endothermic event at lower onset and
peak temperatures with moderate enthalpy values across heating rates, consistent with
reduced molecular weight and a narrower compositional distribution following trans-
esterification (Table 4; Figure 6).

In contrast, ethanol- and propyl-derived soybean ester-rich products showed
broader, higher-temperature endothermic features, suggesting greater heterogeneity and
multiple thermal pathways (Table 4; Figure 6). The ethanol-derived product also retained
near-neat-oil kinematic viscosity, supporting the interpretation that incomplete conver-
sion contributed to both rheological and thermal complexity (Tables 1 and 4). Although
SBE exhibited a discernible endothermic feature, its dielectric strength was negligible, un-
derscoring that DSC coherence alone does not ensure electrical reliability (Tables 2 and 4;
Figure 6).

Table 4. DSC endothermic descriptors of soybean oil and soybean-derived alkyl esters (SME, SEE,
SPE, SBE) measured at heating rates of 2-8 °C min™ under N2.
Heating Sample
. 1Endo To 1Endo T, 1Endo AH 2Endo To 2Endo T, 2Endo AH
Fluid RaeCC Mass ey e ggy €O cO  (gY
min-) (mg)
2 1.49 N/A N/A N/A 336.02 401.90 568.70
Soybean oil 4 1.52 N/A N/A N/A 384.35 449.34 357.00
6 1.51 N/A N/A N/A 377.24 465.70 486.20
8 1.48 N/A N/A N/A 378.19 428.86 223.30
2 1.52 190.07 265.21 146.6 N/A N/A N/A
Soybean methyl ester 4 1.52 154.06 277.76 2942 N/A N/A N/A
(SME) 6 1.45 176.80 306.32 238.4 N/A N/A N/A
8 1.51 152.63 299.87 285.3 N/A N/A N/A
2 1.52 N/A N/A N/A 384.35 404.34 632.00
Soybean ethyl ester 4 1.52 N/A N/A N/A 387.67 429.64 324.10
(SEE) 6 1.45 N/A N/A N/A 39241 438.27 550.30
8 1.51 N/A N/A N/A 410.41 445.71 454.80
2 1.52 N/A N/A N/A 388.61 407.85 183.10
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Figure 6. DSC thermograms of soybean-derived ester-rich products (SME, SEE, SPE, SBE) measured

at heating rates of 2-8 °C min™ under N2 (comparative overlays).

3.6. DSC Signatures of Canola-Derived Ester-Rich Products and Feedstock Effects

Canola-derived alkyl esters also exhibited alcohol-dependent DSC thermograms
across 2-8 °C min™' (Figure 7), with endothermic descriptors summarized in Table 5. Neat
canola oil exhibited dominant high-temperature endothermic transitions broadly compa-
rable to those of soybean oil (Table 5; Figure 5). Transesterification altered the profiles,
and CME exhibited lower-temperature transitions and reduced enthalpy relative to the
neat oil across several heating rates, consistent with molecular simplification (Table 5; Fig-
ure 7). However, propyl- and ethyl-derived canola ester-rich products exhibited broader
and higher-temperature features at several heating rates (Table 5; Figure 7).

Despite comparable viscosities among CME, CPE, and CBE, their BDV values dif-
fered substantially (Tables 1 and 2; Figure 2), indicating that feedstock-specific fatty acid
distributions and minor components modulate dielectric behavior even when bulk rheol-
ogy is similar. These results suggest that optimal alcohol selection may be feedstock-de-
pendent rather than universal.

Table 5. DSC endothermic descriptors of canola oil and canola-derived alkyl esters (CME, CEE, CPE,
CBE) measured at heating rates of 2-8 °C min™ under No.

Fluid

Heating
Rate
(°C min)

Sample Mass 1Endo To 1Endo Ty 1Endo AH 2Endo To 2Endo T, 2Endo AH
(mg) O O Jgm (°O) (°O) Jsgm

Canola oil

2
4
6

1.49 N/A N/A N/A 336.96 392.78 401.60
1.52 N/A N/A N/A 343.60 412.11 449.00
1.51 N/A N/A N/A 349.76 415.32 530.90
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8 1.48 N/A N/A N/A 353.55 420.16 340.20
2 1.52 174.91 250.82 365.50 N/A N/A N/A
Canola methyl es- 4 1.52 208.55 359.40 415.80 N/A N/A N/A
ter (CME) 6 1.45 188.65 365.03 438.10 N/A N/A N/A
8 1.51 241.72 383.16 307.90 N/A N/A N/A
2 1.52 N/A N/A N/A 388.61 412.34 319.00
Canola ethyl ester 4 1.52 N/A N/A N/A 396.20 427.85 594.90
(CEE) 6 1.45 N/A N/A N/A 422.26 424.39 671.30
8 1.51 N/A N/A N/A 408.04 44261 271.20
2 1.52 N/A N/A N/A 273.94 371.79 294.00
Canola propyl es- 4 1.52 N/A N/A N/A 271.10 413.78 614.40
ter (CPE) 6 1.45 N/A N/A N/A 272.52 406.01 472.40
8 1.51 N/A N/A N/A 277.73 411.81 392.60
2 1.52 N/A N/A N/A 246.46 326.68 297.50
Canola butyl es- 4 1.52 N/A N/A N/A 272.52 343.00 466.40
ter (CBE) 6 1.45 N/A N/A N/A 273.94 407.14 407.50
8 1.51 N/A N/A N/A 279.15 426.24 293.50
Remarks: N/A, The observed differences are not interpreted quantitatively in this work and are
therefore omitted from further discussion.
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Figure 7. DSC thermograms of canola-derived ester-rich products (CME, CEE, CPE, CBE) measured
at heating rates of 2-8 °C min™' under N2 (comparative overlays).

3.7. Integrated Endothermic Characteristic at 4 °C min™

At a heating rate of 4 °C min-, the first endothermic event (1Endo) provides a com-
pact descriptor set for cross-comparing thermal response with physicochemical and die-
lectric metrics (Tables 3-5). SME exhibited a clearly resolved mid-temperature endother-
mic window, a low acid value, and the highest BDV in the dataset (Tables 1, 2 and 4;
Figure 2). While this does not establish causality, the co-occurrence of a coherent 1Endo
signature and favorable dielectric behavior supports the use of DSC descriptors as com-
plementary screening indicators when protocols are standardized (Tables 3-5). By con-
trast, fluids such as SBE and CME exhibited higher onset and/or peak temperatures and/or
larger enthalpies without corresponding improvements in BDV, indicating that the asso-
ciation is conditional rather than deterministic (Tables 2, 4 and 5). The coherent SME en-
dothermic window may indicate lower compositional heterogeneity after methyl esterifi-
cation, but DSC cannot directly predict BDV; dielectric reliability must be interpreted
alongside moisture control, residual polar impurities, and product cleanliness.
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3.8. Structure—Property Relationships and Application-Oriented Performance Window

The effect of alcohol chain length on the desired transformer-fluid properties was not
strictly monotonic; however, a clear structure-dependent trend was observed. In principle,
increasing the alkyl chain length from methyl to butyl esters may reduce molecular polar-
ity and alter intermolecular packing, thereby improving flow behavior after triglyceride
conversion. However, longer-chain alcohols also introduce greater steric hindrance and
lower miscibility with the oil phase during transesterification. These factors may reduce
conversion efficiency and increase compositional heterogeneity or residual polar impurities,
which can adversely affect dielectric reliability even when kinematic viscosity is reduced.

In the present study, methyl esterification provided the most favorable balance, par-
ticularly for soybean oil, because soybean methyl ester combined low kinematic viscosity
with the highest breakdown voltage. In contrast, the propyl and butyl esters exhibited
reduced kinematic viscosity but substantially lower breakdown voltage, indicating that
increasing the alkyl chain length did not necessarily improve transformer-fluid perfor-
mance. Therefore, the alcohol-chain-length effect should be interpreted as a balance
among conversion efficiency, viscosity reduction, molecular polarity, and dielectric clean-
liness rather than as a simple linear relationship.

Across the dataset, three consistent structure—property trends emerged. First, trans-
esterification effectively reduced kinematic viscosity, but dielectric strength remained
highly chemistry-sensitive (Tables 1 and 2; Figures 2 and 3). Second, soybean methyl ester
uniquely combined low kinematic viscosity, low acid value, and IEC-compliant break-
down voltage (Tables 1 and 2; Figures 2 and 3). Third, feedstock effects persisted even at
similar viscosity levels, indicating that compositional details beyond bulk rheology also
modulated dielectric behavior (Tables 1 and 2; Figure 2). From an application perspective,
soybean methyl ester was the most direct drop-in candidate among the formulations
tested. Based on the present results, a conservative preliminary target range would em-
phasize a breakdown voltage > 30 kV, a kinematic viscosity at 40 °C in the low single-digit
mm? s~ range, an acid value < 0.02 mg KOH g1, stable DSC behavior, and rigorous mois-
ture control (Tables 1-5). Long-term oil-paper aging studies remain essential for service-
relevant qualification.

3.9. Limitations and Outlook

This limitation should be considered when interpreting the relationship between
synthesis route, physicochemical properties, dielectric behavior, and DSC response. Alt-
hough viscosity, acid value, BDV, and DSC descriptors provide useful preliminary screen-
ing information, they cannot fully substitute for direct compositional confirmation. Future
work should include GC-FID/GC-MS, HPLC, FTIR, or NMR analysis; ester content deter-
mination; mono-, di-, and triglyceride profiling; residual alcohol and free glycerol meas-
urement; residual catalyst/sulfur species analysis; and yield/conversion assessment. These
analyses will be necessary to establish more robust structure—property relationships and
to support practical qualification of transformer fluids. A further limitation of this study
is that the final water content, residual catalyst/sulfur species, residual alcohol, and free
glycerol were not quantified for each purified ester-rich product prior to BDV testing. In
addition, the commercial reference transformer fluids were not tested for BDV under the
same protocol. These missing measurements limit direct dielectric comparison and pre-
vent full transformer-fluid qualification. Future work should include Karl Fischer water-
content analysis, residual polar-impurity determination, BDV testing of reference fluids
using the same instrument and electrode protocol, dielectric dissipation factor, relative
permittivity, volume resistivity, flash/fire point, pour point, oxidative stability, and long-
term oil-paper aging evaluation, ignition temperature, vapor pressure, heat-release rate,
and realistic fault-condition combustion behavior.
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4. Conclusions

This study provides a preliminary process—property screening framework for bio-
mass-derived ester-rich insulating-fluid candidates prepared from soybean and canola
oils under route-specific acid-catalyzed transesterification conditions. Because methanol,
ethanol, 1-propanol, and 1-butanol required different oil/alcohol ratios, catalyst loadings,
reaction temperatures, and reaction times, the observed performance differences should
be interpreted as outcomes of the combined effects of alcohol identity, reaction severity,
conversion efficiency, purification behavior, residual polar species, and product homoge-
neity, rather than alcohol chain length alone. Among the route-derived products evalu-
ated in this study, soybean methyl ester (SME) showed the most favorable preliminary
balance of properties, with an IEC 60156-compliant breakdown voltage (BDV = 64.90 +
9.74 kV), low kinematic viscosity at 40 °C (v = 4.41 + 0.02 mm? s), and low acid value
(0.0103 £ 0.0006 mg KOH g™). In contrast, propyl- and butyl-route products reduced kin-
ematic viscosity but exhibited substantially lower BDV values, while ethanol-derived
products retained near-neat-oil viscosities and were therefore regarded as conversion-lim-
ited products under the present conditions. The DSC results obtained under nitrogen pro-
vided useful comparative thermal-response descriptors, including onset temperature,
peak temperature, and enthalpy. Methylation produced more coherent endothermic fea-
tures than several higher-alcohol routes, which may reflect lower product heterogeneity.
However, DSC descriptors should be interpreted only as complementary screening indi-
cators and not as deterministic predictors of dielectric performance or oxidative stability.
Similarly, combustion calorimetry showed that the ester-rich products had lower heats of
combustion than the mineral-oil reference in this dataset, but this result should be re-
garded only as preliminary energy-density information and not as sufficient evidence of
improved fire safety. Overall, SME is identified as the most promising baseline candidate
among the tested route-derived products, but it should not be considered a fully qualified
commercial transformer fluid at this stage. Further validation is required, including de-
tailed compositional analysis, determination of ester content, residual alcohol/glycerol
and catalyst analysis, final Karl Fischer water content measurement, additional dielectric
characterization, flash/fire point testing, pour point evaluation, oxidative stability assess-
ment, cellulose compatibility, and long-term oil-paper aging tests. These future studies
are essential to confirm the practical feasibility, service reliability, and engineering ap-
plicability of biomass-derived ester-rich insulating fluids.
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