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Abstract: This paper reports the results of an experimental study that examines the impact
of thermal aging on the electrical and chemical properties of insulating oil used in power
transformers. Transformer-oil samples were thermally aged over a 5000 h period at different
temperatures varying between 80 °C and 140 °C, replicating both normal and extreme
operating conditions. Measurements of breakdown voltage, dielectric dissipation factor,
acidity, and water content were taken at 500 h intervals. A novel approach of this research
is the integration of these electrical and chemical characteristics into a comprehensive
exponential regression analysis model. The results indicate that breakdown voltage and
resistivity decrease with aging time, whereas the dielectric dissipation factor, acidity, and
water content increase with aging time. The degradation trends computed by the proposed
model show close correlation with both electrical and chemical properties, with correlation
coefficients generally equal to or exceeding 90%, which demonstrates its reliability in
predicting aging behavior of transformer oil. This integrated approach offers valuable
insights into the combined electrical and chemical degradation processes due to thermal
aging and assists in the condition assessment of power transformers.

Keywords: transformer oil; electrical properties; chemical properties; thermal aging;
correlation; regression approach

1. Introduction
Transformers play a vital role in power networks, with their reliability heavily depen-

dent on the condition of their insulation system. Typically, this insulation system comprises
oil-impregnated paper used for the windings, in conjunction with mineral insulating oils,
which serve both insulation and cooling functions. The regular monitoring of transformer
oils by evaluating their electrical, chemical, and physical properties is essential to maintain-
ing transformer performance. This monitoring not only helps reduce energy losses and
detect insulation deterioration but also provides early warnings for necessary maintenance.
Additionally, it offers insights into the condition of various transformer components, the
existence of impurities, and any electrical activity such as partial discharges [1–5].
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Over time, transformer oils are subjected to diverse stresses, such as electrical, thermal,
and chemical factors. These factors, whether acting independently or in combination,
lead to the progressive deterioration of transformer oils. Consequently, changes in the
molecular structure can occur, reducing the oil’s overall stability. In the case of transformer
oils, this loss of stability often results in decomposition and oxidation processes [6,7]. To
maintain the reliable and continuous operation of power transformers, regular monitoring is
essential. This involves detecting insulation deterioration, performing timely maintenance,
and reducing energy losses. The monitoring process focuses on assessing changes in
the electrical, chemical, and physical properties of transformer oils, which are critical for
evaluating the operational condition of the transformer [8,9].

Aging and environmental factors are the primary contributors to moisture ingress in
transformers, adversely affecting both the insulating liquid and solid, and hence degrading
the transformer’s electrical performance by diminishing its dielectric strength and reducing
the inception voltage for partial discharges [10–15].

Water and oxygen are widely recognized as key factors that significantly accelerate
the aging and deterioration of transformer oil, contributing to the deterioration of its
insulating properties and overall performance. It is widely recognized that cellulose
paper, commonly used in transformer insulation, can absorb and retain moisture, while
oxygen may exist in a dissolved state within the oil. Additionally, temperature variations
and electrical fields are critical elements that exacerbate the aging process of transformer
oil [16–18]. Temperature fluctuations can lead to the redistribution of moisture within
the paper–oil insulation system, which accelerates the deterioration of both the oil and
paper components. Moreover, temperature variations can influence the oil’s physical
and chemical characteristics. Several studies have explored how temperature affects the
dielectric properties of oil-impregnated paper insulation, often employing time-domain
diagnostic techniques to analyze these effects [19–22].

Thermal aging significantly impacts the characteristics of transformer oils, often
reducing the dielectric strength, breakdown voltage, and resistivity, while increasing the
dielectric dissipation factor. This aging also accelerates the formation of dissolved gases,
which further degrade the oil’s properties. Thermal stress impacts solid insulation by
reducing the polymerization degree (DP) and the tensile strength (TS) of the insulating
paper. Extensive researches have highlighted the interplay between thermal aging and these
properties, underlining its critical influence on transformer insulation reliability [23–35].

In order to elucidate the relationship between thermal aging and transformer-oil
properties, researchers have employed various numerical approaches [36–40]. Regression
models are commonly utilized to identify correlations between oil characteristics and
the thermal aging process. However, these analyses often fail to account for the impact
of aging temperature, which is a fundamental variable influencing the rate and severity
of oil deterioration. Similarly, numerical methods have offered valuable insights into
how thermal aging affects the electrical characteristics of transformer oils. While many
studies employ regression models to establish associations between oil degradation and
aging [41–44], they frequently overlook the role of temperature during the aging process—a
critical factor that directly affects the progression of oil degradation.

In a recent investigation by the authors [45], regression models were employed to
explore the relationship between thermal aging and the electrical properties of transformer
oil. However, this work primarily focused on electrical characteristics, without addressing
the concurrent decline of chemical properties or the influence of varying aging temper-
atures on the oil’s overall condition. This paper advances this work by integrating both
electrical (breakdown voltage, dielectric dissipation factor, resistivity) and chemical (acidity,
water content) properties into a unified regression analysis framework. Furthermore, by
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systematically subjecting transformer-oil samples to accelerated aging at multiple temper-
atures (80 °C, 100 °C, 120 °C, and 140 °C), this research provides a more comprehensive
understanding of how temperature-induced thermal aging influences the degradation of
transformer oil.

A comprehensive set of experiments was conducted on various transformer-oil sam-
ples, subjected to accelerated thermal aging for a duration of 5000 h at specific temperatures
of 80 °C, 100 °C, 120 °C, and 140 °C. This approach was designed to systematically evaluate
how temperature influences the aging process of transformer oil. The experimental setup
included the following steps:

• After every aging period of 500 h, a sample of oil was taken from the oven.
• The following electrical and chemical properties were measured:

– Breakdown voltage;
– Dielectric dissipation factor;
– Relative permittivity;
– Resistivity;
– Acidity factor;
– Water content.

These measurements were carried out in accordance with the applicable standards.
In the subsequent phase, a regression analysis was conducted to establish a mathe-

matical model that correlates the experimental results across all measured electrical and
chemical characteristics with the oil’s thermal aging. The findings indicate that the tem-
perature at which aging occurs plays a crucial role in altering the electrical and chemical
properties of transformer oil, significantly influencing its degradation. Moreover, the re-
gression model demonstrates a robust correlation between thermal aging and all of the
electrical and chemical properties, evidenced by high correlation coefficients.

The contributions of the present paper consist of:

• Developing a systematic approach to evaluate the influence of temperature on the
aging of transformer oil by simulating normal and extreme operational scenarios;

• Providing a useful set of experimental data that can be used by other researchers/
engineers for comparison and validation purposes; and

• Proposing a mathematical model based on exponential regression that can be used
for a condition assessment of transformer-oil insulation, and for correlating both
electrical and chemical properties with temperature, an important factor influencing
oil degradation.

2. Experimental Tests
Tests of aging were carried out on inhibited transformer-oil samples (Borak 22, Nynas,

Graz, Austria) obtained from the Algerian Electricity and Gas Company (Sonelgaz, Algiers,
Algeria). The properties of the samples are outlined in Table 1.

The sampling methodology was implemented in accordance with IEC 60475 stan-
dard [46]. Initially, glass containers were thoroughly cleaned and dried, followed by
exposure to a temperature of 110◦C to eliminate any residual contaminants and moisture.
Once sterilized, these containers were filled with fresh transformer oil and sealed with
cork stoppers, which were further encased in aluminum foil to safeguard against external
contamination. The thermal aging experiments were carried out in four separate ovens,
and the samples were maintained at varying temperatures of 80 °C, 100 °C, 120 °C, and
140 °C over a total aging period of 5000 h.
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Table 1. The properties of the oil samples.

Property Standard Unit Value

Breakdown voltage IEC 60156 kV 79.8
tan δ (90 ◦C) IEC 60247 — 5 × 10−4

Resistivity (90 ◦C) IEC 60247 Ω·cm 7.66 × 1013

Permittivity IEC 60247 — 2.13
Acidity IEC 62021 mg KOH/g 1.17 × 10−2

Water content IEC 60814 ppm 8.2
Colour factor ISO 2049 — <0.5
Density (20 ◦C) ISO 3675 g/mL 0.680
Flash point ISO 2719 ◦C 140
Viscosity (40 ◦C) ISO 3104 mm2/s 6.998

These temperature conditions were deliberately selected to simulate a range of opera-
tional and stress-induced scenarios typically encountered by transformers. By testing at
temperatures covering normal operational conditions and more extreme thermal condi-
tions, a better picture of the degradation behavior of transformer oil is obtained, which
helps in assessing the impact of thermal stress on its electrical and chemical properties.

The breakdown voltage, dielectric dissipation factor, resistivity, acidity factor, and wa-
ter content are measured according to the applicable guidelines defined in IEC 60156,
60247, 62021, and 60814 standards [47–50] after every 500 h of aging at all specified
temperature conditions.

Breakdown voltage measurements were conducted in accordance with IEC 60156 [47],
ensuring that the temperature remained within 5 °C of the ambient air temperature. The
assessment was performed using the Automatic Oil Test Set OTS 100AF/2 device, which
is equipped with a test cell featuring a system of sphere–sphere electrodes to precisely
determine the AC breakdown voltage. The test was conducted using a voltage ramp rate
of 2 kV/s until breakdown occurred.

The dielectric dissipation factor, relative permittivity, and resistivity were determined
using the Automatic Dissipation Factor and Resistivity Test Equipment Dieltest DTL system,
which operates on the Schering Bridge principle. In accordance with the guidelines set
forth in IEC 60247 [48], this apparatus is equipped with a 45 mL test cell and features an
automatic display panel for enhanced usability and accuracy in measurements. While the
dielectric dissipation factor and relative permittivity measurements were conducted at an
applied frequency of 50 Hz, the resistivity was measured under a DC voltage of 500 V.

Concerning the chemical properties, the acidity factor was assessed following the
IEC 62021 [49]. This evaluation utilized a Potentiometric Titration apparatus designed to
titrate to a specified end point, employing either variable or fixed increments of titrant for
precision. For the assessment of water content, a Coulometric Karl Fischer Titrator was
employed, adhering to the specifications outlined in IEC 60814 [50].

3. Regression Methods and Correlation
Regression analysis is used to establish the connection between the observed values

of the test samples and the random variables derived from the statistical samples. This
technique allows for a quantitative model to be constructed, revealing how the variables
are interrelated. By fitting the data to a regression model, the underlying patterns and
dependencies can be effectively captured, providing valuable insights into system’s dynam-
ics. The relationship between variables can be determined through correlation methods,
especially when the relationship is linear. A stronger correlation occurs when the random
variable values closely align with experimental data, and regression analysis can reveal
the functional relationship between these variables. Additionally, similar relationships
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can be established between the variables and experimental parameters. To address these
challenges, mathematical procedures are applied, often represented graphically, to better vi-
sualize and understand the relationships. This study focuses on investigating the presence
of nonlinear relationships between random variables and experimental values [51,52].

The relationship between values typically assumes a nonlinear equation when the
distribution of random variables follows a nonlinear trend. The graphical representation of
experimental data pairs is utilized to derive the corresponding mathematical expression.
Subsequently, the results are analyzed and fitted through nonlinear regression to capture
the complex relationships between the variables, particularly when their distribution is
nonlinear. A low coefficient of determination suggests a weak nonlinear relationship
between the variables. This indicates that the model’s explanatory power is limited, as
the experimental data points do not align well with the predicted values, implying the
existence of additional factors or a more complex relationship than the model captures.
However, when the results are concentrated at specific points, the relationship becomes
more evident [53,54].

In our investigation, an exponential regression model is developed to assess the impact
of thermal aging on transformer oil by estimating key properties, including breakdown
voltage, dielectric dissipation factor, resistivity, acidity factor, and water content. The
exponential regression model used in this study is presented in Equation (1):

yi = a ∗ exp(bxi) + c ∗ exp(dxi) (1)

where xi is the period of aging and yi is the oil characteristics. a, b, c, and d are the
regression’s parameters.

The Y vector, as shown in Equation (2), represents the random variables derived
from the regression analysis. It consists of the values of the oil’s electrical and chemical
characteristics under study, namely the breakdown voltage, dielectric dissipation factor,
resistivity, acidity factor, and water content.

Y = [y1, y2, y3, . . . , yn] (2)

Equation (3) expresses the X-vector, which represents the aging time of the transformer
oil at various temperatures.

X = [x1, x2, x3, . . . , xn] (3)

The variation reflects the differences between individual data points and the mean
value. The sum of squared variations, known as the sum of squares (SS), is calculated
by squaring the differences between each data point and the fitted trend line. This value
is crucial for evaluating how well the regression model represents the data, as shown in
Equation (4), by quantifying the dispersion of data points around the fitted model.

SS =
n

∑
i=1

[( f (d(i), x(i))− y(i))2] (4)

where
d(i) is the vector that comprises the parameters a, b, c, and d, which are defined by the
specific model applied.
x(i) is the period of aging.
y(i) is the value of each experimental property.
f(d(i),x(i)) is the function presented in Equation (1).

The coefficient of correlation, commonly referred to as R2 or the residual sum of
squares, is a metric used to assess the degree to which the regression model aligns with the
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experimental data. It indicates the proportion of variance explained by the model, with
a higher R2 signifying a stronger fit and a lower R2 reflecting a weaker fit [55,56]. This
coefficient is calculated using the sum of squares (SS) in Equation (5).

R2 = 1 − ∑n
i=1(yi − ŷi)2

∑n
i=1(yi − ȳi)2 (5)

where
yi is the experimental characteristic;
ŷi is the correlated characteristic obtained by the regression analysis;
ȳi is the mean value of the test.

4. Results and Discussion
4.1. Breakdown Voltage

The results showing the breakdown voltage with aging duration for the four different
aging temperatures are illustrated in Figure 1a, 1b, 1c and 1d, respectively.
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(b) T = 100 °C
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(c) T = 120 °C
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Figure 1. Breakdown voltage variations with aging duration: (a) T = 80 °C, (b) T = 100 °C,
(c) T = 120 °C, and (d) T = 140 °C.

The breakdown voltage continuously decreases with aging time at all four aging
temperatures, demonstrating a similar trend related to thermal aging. For temperatures of
80 ° C and 100 ° C, the reduction in the breakdown voltage is quite comparable. However,
at the highest aging temperature of 140 °C, the decline occurs at a significantly faster
rate. This pattern illustrates how elevated temperatures can intensify the degradation of
transformer-oil properties over time.

At 80 °C and 100 °C, the breakdown voltage of transformer oil after aging declines
significantly, dropping from 79.8 kV to 27.4 kV and 25.2 kV, representing reductions of
65% and 68%, respectively, over a 5000 h aging period. A similar pattern is observed at
120 °C, where the breakdown voltage decreases to 16.3 kV at the end of the same duration,
indicating a substantial reduction of 79%. In contrast, at the elevated temperature of 140 °C,
the breakdown voltage experiences a rapid decline, plummeting to 14.1 kV after just 3000 h
of aging, which corresponds to a staggering 82% decrease within the shorter aging periods.
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This highlights the accelerating impact of higher temperatures on the deterioration of
transformer-oil properties.

The extended thermal aging of transformer oil leads to significant contamination,
particularly with water, which accumulates over time. This rise in water content heightens
the occurrence of partial discharges in the oil, and hence, reduces its dielectric strength.
Consequently, this deterioration manifests as a decrease in the breakdown voltage of
the transformer oil. However, the decrease in breakdown voltage after thermal aging
was significantly lower in nanofluid-based insulating liquids compared to conventional
insulating liquid. This can be attributed to the trapping of electrons by nanoparticles,
which reduces their streaming velocity and increases their propagation time, as observed
in [57]. The combined impact of moisture buildup and increased partial discharge activity
highlights the significant role of thermal aging in reducing the insulating efficiency of
transformer oil [58].

The evaluation of the breakdown voltage for all transformer-oil samples shows a
distinct nonlinear relationship in relation to thermal aging. The correlation between the
regression model and the experimental findings, displayed in Figure 1, demonstrates a
strong alignment for each of the thermal aging scenarios examined. This close correspon-
dence between the predicted and observed values further validates the regression analysis
as an effective tool for characterizing the impact of thermal aging on breakdown voltage.

The analysis of correlation coefficients indicates a robust relationship among the
samples studied. The coefficient for the oil aged at 80 °C was measured at 89.92%. In
comparison, the samples aged at higher temperatures of 100 °C, 120 °C, and 140 °C ex-
hibited even greater coefficients, recorded at 97.34%, 96.82%, and 97.53%, respectively.
This suggests a high level of consistency in the parameters of the regression model across
different thermal aging conditions.

The regression coefficients a, b, c, and d, which correspond to the breakdown voltage,
are detailed in Table 2.

Table 2. Breakdown voltage regression parameters.

T = 80 °C T = 100 °C T = 120 °C T = 140 °C

a 41.62 38 38.03 43.66
b −18.79 × 10−5 −21.81 × 10−5 −86.75 × 10−5 −11.53 × 10−4

c 43.99 44.23 44.51 37.07
d −18.79 × 10−5 −21.81 × 10−5 −17.70 × 10−5 −27.17 × 10−5

4.2. Dielectric Dissipation Factor

Figure 2a–d show the variation in the dielectric dissipation factor over aging time at
temperatures of 80 °C, 100 °C, 120 °C, and 140 °C.

The dielectric dissipation factor consistently increases throughout the thermal aging
process at all four temperatures. For aging temperatures of 80 °C and 100 °C, this increase in
the dielectric dissipation factor follows a comparable trend. However, at 120 °C, the factor
rises more sharply, and at 140 °C, the rate of increase is even more rapid, underscoring a
substantial acceleration in degradation at higher temperatures.

In Figure 2a, the dissipation factor increases from an initial value of 5 × 10−4 to
1.72 × 10−2 after a prolonged aging period of 5000 h. Similarly, Figure 2b indicates a
decrease in the dielectric dissipation factor to 2.25 × 10−2 over the same duration. Cru-
cially, these variations maintain values within industry-accepted limits, underscoring the
reliability of the transformer oil’s dielectric characteristics despite moderate effects of
aging [48].
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(c) T = 120 °C
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(d) T = 140 °C

Figure 2. Dielectric dissipation factor variations with aging duration: (a) T = 80 °C, (b) T = 100 °C,
(c) T = 120 °C, and (d) T = 140 °C.

For the higher thermal aging temperatures of 120 °C and 140 °C, shown in Figure 2c,d,
the dielectric dissipation factor rises markedly, reaching significant values of 6.15 × 10−2

and 24.98 × 10−2 by the end of the aging period, respectively. Such elevated values reflect
considerable thermal degradation, with the dissipation factor exceeding acceptable levels
specified in industry standards [48]. Notably, due to the rapid deterioration observed at
140 °C, testing was concluded after 3000 h to prevent further degradation.

The observed increase in the dielectric dissipation factor can be attributed to a rise in
oxidation products formed due to prolonged overheating during thermal aging. Elevated
temperatures enhance ionic mobility, which intensifies ionic conduction losses and results
in an increased dissipation factor [59]. This effect is further influenced by the elevated
ion concentration in the liquid, oxidation reactions, and a reduction in viscosity, all of
which are typical consequences of long-term aging under high-temperature conditions [60].
Furthermore, as reported in [61], variations in the dielectric dissipation factor as a function
of frequency indicate differences in conductivity and nanoparticle distribution within the
insulating liquid. This supports the observed increase in the dielectric dissipation factor at
90 °C across all insulating liquids, which reflects the enhanced mobility of charge carriers,
likely due to impurities in the oil matrix.

The regression analysis of the dielectric dissipation factor across all samples reveals a
nonlinear relationship attributable to thermal aging. This relationship is effectively repre-
sented in Figure 2a–d, wherein the regression model aligns closely with the experimental
data obtained from the four different tests. The correlation coefficients computed for the
samples exhibit a strong agreement, with values of 99.54%, 97.01%, 99.42%, and 99.56% for
samples aged at 80 °C, 100 °C, 120 °C, and 140 °C, respectively. These findings highlight
the robustness and predictive precision of the regression model in delineating the intri-
cate interactions between thermal aging conditions and the dielectric dissipation factor,
thus affirming its validity in characterizing the performance of dielectric materials under
prolonged thermal stress.

The regression parameters a, b, c, and d for the different aging temperatures are
detailed in Table 3.
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Table 3. Dielectric Dissipation Factor Regression Parameters.

T = 80 °C T = 100 °C T = 120 °C T = 140 °C

a 0.08 0.08 0.11 0.01
b 44.26 × 10−5 43.51 × 10−5 67.06 × 10−5 22.89 × 10−4

c 1.14 × 10−12 0.03 0.1 0.01
d 54.83 × 10−4 74.05 × 10−5 67.06 × 10−5 22.89 × 10−4

4.3. Resistivity

The relationship between aging time and resistivity across the four different aging
temperatures 80, 100, 120, and 140 °C is presented in Figure 3a–d.
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(c) T = 120 °C
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Figure 3. Resistivity variations with aging duration: (a) T = 80 °C, (b) T = 100 °C, (c) T = 120 °C, and
(d) T = 140 °C.

The analysis demonstrates a significant reduction in resistivity throughout the ther-
mal aging process across all four temperature conditions, indicating a pronounced in-
verse correlation between aging duration and resistivity. Initially, the resistivity mea-
sures at 7.66 × 1013, declining to 1.022 × 1013 Ω·cm at 80 °C, 1.02 × 1013 Ω·cm at 100 °C,
9.85 × 1011 Ω·cm at 120 °C, and finally reaching 8.75 × 1011 Ω·cm at 140 °C. This pattern
underscores the impact of elevated temperatures on the electrical resistivity of transformer
oil over time.

The observed reduction in resistivity at thermal aging temperatures of 80 °C and
100 °C does not raise significant concerns, as the values remain within the acceptable
limits, even after a 5000 h duration. This stability in resistivity aligns with the standard
requirements and indicates that the insulation properties of the transformer oil are still
adequate under these conditions [48]. In contrast, at thermal aging temperatures of 120 °C
and 140 °C, resistivity exhibits a marked decline at an accelerated pace, deteriorating
significantly by 98% and 99% within just 2500 h and 2000 h of aging, respectively. This
rapid degradation can be primarily linked to increased ionic mobility, a phenomenon that
becomes particularly pronounced at higher temperatures [30]. Moreover, the reduction
in resistivity observed during thermal aging can be attributed to the mechanisms that
promote moisture accumulation in the oil at elevated temperatures. Overheating facilitates
the ingress of water, which subsequently triggers the generation of partial discharges. This
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increase in partial discharge activity enhances ionic conduction within the oil, leading to a
significant decline in resistivity [62].

The investigation into resistivity through regression analysis reveals a clear non-
linear relationship influenced by thermal aging processes as illustrated in Figure 3a–d,
where the regression model aligns closely with the experimental findings across all
aging temperatures.

The calculated correlation coefficients reveal a significant relationship between re-
sistivity and aging temperature, demonstrating the reliability of the regression model.
Specifically, samples subjected to thermal aging at 80 °C, 100 °C, 120 °C, and 140 °C show
correlation coefficients of 98.62%, 97.71%, 99.97%, and 99.97%, respectively. These results
underscore the model’s robustness across varying thermal conditions, emphasizing the
pronounced influence of temperature on the behavior of resistivity.

The regression parameters for resistivity, labeled as a, b, c, and d, are presented
in Table 4.

Table 4. Resistivity regression parameters.

T = 80 °C T = 100 °C T = 120 °C T = 140 °C

a 1.72 4.05 5.8 2.08
b −15.84 × 10−4 −76.29 × 10−5 −49.84 × 10−3 −14.1 × 10−4

c 6.02 4.02 1.85 5.51
d −30.69 × 10−5 −76.28 × 10−5 −11.43 × 10−4 −53.39 × 10−3

4.4. Acidity Factor

Figure 4a–d present the variation in the acidity factor as a function of aging time for
temperatures of 80 °C, 100 °C, 120 °C, and 140 °C, respectively.
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Figure 4. Acidity factor variations with aging duration: (a) T = 80 °C, (b) T = 100 °C, (c) T = 120 °C,
and (d) T = 140 °C.

The figures demonstrate that the acidity factor consistently rises with thermal aging
across all tested temperatures. For aging temperatures of 80 °C and 100 °C, this increase in
acidity follows a similar pattern. However, at 120 °C, the increase becomes more substantial,
and at 140 °C, the acidity factor rises even more sharply, signaling a markedly accelerated
degradation rate at the highest aging temperature.
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Figure 4a,b illustrate the progression of the acidity factor over aging time at thermal
aging temperatures of 80 °C and 100 °C. Despite the difference in temperatures, both
graphs reveal a similar upward trend. In Figure 4a, the acidity factor increases from an
initial value of 1.17 × 10−2 mg KOH/g to 24.9 × 10−2 mg KOH/g after an aging period of
5000 h. Similarly, Figure 4b shows a rise to 25 × 10−2 mg KOH/g over the same duration.
These values remain within industry standards, indicating reliable acidity stability of the
transformer oil under moderate thermal aging conditions [49].

For the elevated thermal aging temperatures of 120 °C and 140 °C, as depicted in
Figure 4c,d, the acidity factor exhibits a significant increase, reaching substantial levels of
91.8 × 10−2 mgKOH/g and 301.9 × 10−2 mgKOH/g, respectively, by the end of the aging
period. Notably, at 120 °C, the acidity factor escalates to a critical level, surpassing the
acceptable standard limit after just 2000 h of aging. Similarly, at 140 °C, the threshold is
exceeded even sooner, after only 1500 h. These elevated acidity values reflect considerable
thermal degradation and highlight the urgent need for monitoring and control, as they
exceed the permissible limits defined by industry standards [49].

The increase in the acidity factor can be linked to the accumulation of oxidation
products resulting from extended overheating during thermal aging. Higher temperatures
promote ionic mobility, leading to increased ionic conduction losses that contribute to a
rise in the acidity factor. Additionally, this phenomenon is exacerbated by the elevated
concentration of ions in the liquid, ongoing oxidation reactions, and a decrease in viscosity,
all of which are common outcomes of prolonged exposure to elevated temperatures during
aging. These interactions highlight the complex relationship between thermal conditions
and the oil’s chemical stability [59].

The regression analysis conducted on the acidity factor for all samples demonstrates
a significant nonlinear relationship associated with thermal aging. This relationship is
effectively illustrated in Figure 4a–d, where the regression model closely aligns with the
experimental data. The correlation coefficients obtained for the samples indicate a strong
reliability, showing values of 98.53%, 96.64%, 97.35%, and 93.96% for samples subjected
to aging at 80 °C, 100 °C, 120 °C, and 140 °C, respectively. These results underscore
the robustness and predictive power of the regression model in elucidating the complex
interactions between thermal aging conditions and the acidity factor, thereby validating
its effectiveness in characterizing the behavior of dielectric materials under sustained
thermal stress.

Table 5 presents the regression parameters a, b, c, and d associated with the acidity
factor for the different aging temperatures.

Table 5. Acidity factor regression parameters.

T = 80 °C T = 100 °C T = 120 °C T = 140 °C

a −41.33 −93.74 −52.80 72.37 × 10−3

b 33.49 × 10−5 18.63 × 10−5 7.30 × 10−5 0.62 × 10−3

c 41.34 93.75 52.74 69.51 × 10−3

d 33.51 × 10−5 18.65 × 10−5 7.58 × 10−5 0.62 × 10−3

4.5. Water Content

The changes in water content due to thermal aging at the temperatures of 80 °C, 100 °C,
120 °C, and 140 °C, respectively, comparing results from both experimental and numerical
methods, are shown in Figure 5a, 5b, 5c and 5d, respectively.
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Figure 5. Water-content variations with aging duration: (a) T = 80 °C, (b) T = 100 °C, (c) T = 120 °C,
and (d) T = 140 °C.

The figures indicate that water content progressively increases with thermal aging
across all temperatures tested. At 80 °C and 100 °C, this increase follows a relatively
consistent pattern. In contrast, for the higher aging temperatures of 120 °C and 140 °C, the
water content shows a more accelerated rise, reflecting intensified aging effects common at
elevated temperatures.

Figure 5a,b depict the increase in water content over time for thermal aging at 80 °C
and 100 °C. Both figures display a similar upward trajectory in water levels as aging
progresses. In Figure 5a, water content rises from an initial 8.2 ppm to 29.2 ppm over 5000 h,
while Figure 5b shows a similar rise to 29.4 ppm within the same period. These values
align with industry thresholds, suggesting that the oil remains within acceptable stability
limits under these moderate thermal aging conditions [50].

At thermal aging temperatures of 120 °C and 140 °C, as depicted in Figure 5c,d, the
water content shows a significant increase, reaching levels of 32.5 ppm and 36.8 ppm,
respectively, after 3000 h. These concentrations exceed the critical values established by
industry standards [50].

The observed rise in water content is linked to the production of oxidation products
due to prolonged overheating during thermal aging. Increased temperatures facilitate ionic
mobility, which in turn exacerbates ionic conduction losses and leads to a subsequent rise
in water content [60].

The relationship depicted in Figure 5a–d illustrates the regression analysis of water
content across all samples, revealing a notable nonlinear correlation with thermal aging.
The regression model aligns closely with the experimental data obtained from the various
thermal aging conditions, demonstrating its accuracy in reflecting the underlying trends.
The computed correlation coefficients further reinforce the model’s reliability, with values
of 99.16%, 90.12%, 99.96%, and 97.02% for samples subjected to aging at 80 °C, 100 °C,
120 °C, and 140 °C, respectively, indicating the model’s strong predictive capability.

The regression parameters for water content, denoted as a, b, c, and d, are detailed
in Table 6.
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Table 6. Water-content regression parameters.

T = 80 °C T = 100 °C T = 120 °C T = 140 °C

a 77.33 × 10−5 5.08 3.2 2.87
b 18.06 × 10−4 21.82 × 10−5 45.83 × 10−5 43.82 × 10−5

c 8.73 4.81 5.02 7.06
d 19.19 × 10−5 21.82 × 10−5 45.83 × 10−5 43.83 × 10−5

5. Conclusions
This research explored the impact of long-term thermal stress on transformer oil’s elec-

trical and chemical characteristics. The measured quantities describing these characteristics
are used as key indicators of oil degradation, and include breakdown voltage, dielectric
dissipation factor, resistivity, acidity factor, and water content. A mathematical model
based on exponential regression was developed and used successfully to establish the link
between the thermal aging duration and the measured electrical and chemical quantities.
The thermal aging consists of subjecting oil samples to temperatures of 80 °C, 100 °C, 120 °C,
and 140 °C for a total duration of 5000 h. The results show that the model characterizes
effectively the oil’s degradation trends by accurately reproducing the time variations of the
combined electrical and chemical characteristics using the same exponential formulation.
This constitutes a notable novel approach compared to traditional methodologies that
typically concentrate on individual characteristics.

The results show that the breakdown voltage and resistivity exhibit a progressive
decline with extended thermal exposure, and the dielectric dissipation factor, acidity factor,
and water content increase for all tested oil samples. At aging temperatures of 80 °C
and 100 °C, the observed degradation remains within the acceptable limits established by
relevant industry standards. However, at elevated aging temperatures of 120 °C and 140 °C,
the rate of deterioration accelerates significantly, exceeding critical thresholds defined in
established guidelines, with significant declines occurring after only 2500 h and 2000 h of
exposure, respectively.

The proposed exponential model demonstrates a strong alignment with the experi-
mental data, characterized by high correlation coefficients, typically equal to or exceeding
90%, emphasizing the effectiveness of the exponential model in predicting the oil’s aging
trends and accurately capturing the impact of thermal aging on both its electrical and
chemical properties. It should be noted that the model was validated using the exper-
imental data obtained in this experimental study, and that its validity is limited to the
range of temperatures considered. Further validation could be made using additional or
published datasets to strengthen the model’s generalizability. The model can be validated
in practice on operating transformers if the historical data measured as part of a monitoring
programme is available. For example, measurements from sensors regularly measuring
the environmental parameters influencing oil degradation, mainly temperature, can be
correlated with the monitored electrical and chemical parameters and used to validate
the model. Nevertheless, the practical implication of this approach is to provide an un-
derstanding of transformer-oil degradation under thermal stress, making it potentially
applicable for transformer monitoring and diagnostics, and to support predictive mainte-
nance strategies. To extend its applicability, future work should additionally consider other
external factors such as moisture ingress, electrical stress, oil contamination, the impact
of alternative insulating liquids, and the integration of machine learning for improved
predictive accuracy.
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56. Jakšić, U.G.; Arsić, N.B.; Fetahović, I.S.; Stanković, K.Ð. Analysis of correlation and regression between particle ionizing radiation
parameters and the stability characteristics of irradiated monocrystalline Si film. Nucl. Technol. Radiat. Prot. 2014, 29, 123–127.
[CrossRef]

57. Amalanathan, R.; Harid, N. Impact of adding activated bentonite to thermally aged ester-based TiO2 nanofluids on insulation
performance. IET Nanodielectr. 2021, 4, 61–71. [CrossRef]

58. Sha, Y.; Zhou, Y.; Nie, D.; Wu, Z.; Deng, J. A study on electric conduction of transformer oil. IEEE Trans. Dielectr. Electr. Insul.
2014, 21, 1061–1069. [CrossRef]

59. Pompili, M.; Mazzetti, C. Effect of reduced viscosity on the electrical characteristics of transformer and switchgear
oils. In Proceedings of the Conference Record of the the 2002 IEEE International Symposium on Electrical Insulation (Cat.
No.02CH37316), Boston, MA, USA, 7–10 April 2002; pp. 363–366. [CrossRef]

60. Kang, B.P. Thermal Dependency of Viscosity, Power Factor, and Ion Content of Electrical Insulating Oils-III Predictions of Power
Factor of Oil Blends Through the Concept of Ion Content. IEEE Trans. Electr. Insul. 1967, EI-2, 121–128. [CrossRef]

61. Koutras, K.N.; Peppas, G.D.; Tegopoulos, S.N.; Kyritsis, A.; Yiotis, A.G.; Tsovilis, T.E.; Gonos, I.F.; Pyrgioti, E.C. Ageing Impact
on Relative Permittivity, Thermal Properties and Lightning Impulse Voltage Performance of Natural Ester Oil Filled with
Semi-conducting Nanoparticles. IEEE Trans. Dielectr. Electr. Insul. 2023, 30, 1598–1607. [CrossRef]

62. Beroual, A.; Tobazeon, R. Prebreakdown Phenomena in Liquid Dielectrics. IEEE Trans. Electr. Insul. 1986, EI-21, 613–627.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1109/ICSD.2004.1350496
http://dx.doi.org/10.1109/pesgm.2012.6345203
http://dx.doi.org/10.1109/TDEI.2022.3171175
http://dx.doi.org/10.1148/radiol.2273011499
http://dx.doi.org/10.1016/j.elstat.2013.01.007
http://dx.doi.org/10.1109/TPAMI.2019.2943860
http://dx.doi.org/10.1016/j.powtec.2017.04.034
http://dx.doi.org/10.1109/IPMHVC.2014.7287290
http://dx.doi.org/10.2298/NTRP1402123J
http://dx.doi.org/10.1049/nde2.12010
http://dx.doi.org/10.1109/TDEI.2014.6832249
http://dx.doi.org/10.1109/ELINSL.2002.995951
http://dx.doi.org/10.1109/TEI.1967.298840
http://dx.doi.org/10.1109/TDEI.2023.3285524
http://dx.doi.org/10.1109/TEI.1986.348967

	Introduction
	Experimental Tests
	Regression Methods and Correlation
	Results and Discussion
	Breakdown Voltage
	Dielectric Dissipation Factor
	Resistivity
	Acidity Factor
	Water Content

	Conclusions
	References

