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Abstract

Transformers are critical components in electrical power systems that rely on
insulation oil and paper to ensure reliable and long-lasting operation. This study
aims to compare the performance of kraft insulation paper immersed in three types
of transformer oil, namely mineral oil, natural ester, and synthetic ester, through the
accelerated thermal aging method. Evaluation was carried out based on tensile
strength and water content testing in accordance with the IEEE C57.100-2011
standard, as well as breakdown voltage testing in accordance with the IEC 60156-
2018 standard. Tests were conducted with samples taken at intervals of 24, 240, 480,
and 720 hours at 150°C. The results showed that insulation paper soaked in mineral
oil experienced a 34% decrease in tensile strength, while natural ester and synthetic
ester oils showed tensile strengths of 66% and 52%, respectively. In the water content
test, natural ester showed the best performance with the lowest water content
(5.19%), followed by mineral oil (7.47%) and synthetic ester (46.70%). In the
breakdown voltage test, natural ester had the highest breakdown voltage of 66.26
kV, followed by mineral oil at 63.96 kV and synthetic ester at 41.14 kV. Estimated
insulation life based on lifetime regression showed that natural ester has a lifetime
of up to 37.9 years, synthetic ester 25.6 years, and mineral 0il 20.5 years. In addition,
in transformers operating at 130°C, natural ester insulation oil can increase loading
up to 20% higher than mineral oil and has a 15-20°C higher operating temperature.
This study recommends the use of kraft insulation paper impregnated with natural
ester and synthetic ester oils as an alternative to mineral oil, because both are

superior environmentally friendly alternatives compared to mineral oil. Both oils
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have better mechanical strength and insulation, lower water content, and can slow
down transformer aging. Furthermore, these ester oils are non-flammable,
biodegradable, and reduce the risk of failure due to excessive heat or discharge,
thereby increasing the reliability and lifespan of the transformer. With these
properties, ester oils support safer and more sustainable operations for the power

system.

Keywords: Mineral Oil, Natural Ester, Synthetic Ester, Tensile Strength, Water
Content, Breakdown Voltage

1. Introduction

Transformers are vital components in electrical power systems that are
increasingly needed as the demand for clean and environmentally friendly energy
grows [1]. Transformer oil functions as an insulation and cooling medium, absorbing
heat from the windings and transferring it to cooling fins, as well as extinguishing
arcs during electrical discharges [2]. Heat is generated by the current flowing
through the transformer windings [3]. There are two types of insulation oil: mineral
oil based on petroleum and ester oil based on plants [4]. Mineral oil has good
temperature stability but is less environmentally friendly and has a low flash point
[1]. Meanwhile, ester oil is divided into natural ester derived from plants and
synthetic ester resulting from the chemical reaction of alcohol with organic acids.
Both types of ester are biodegradable and have high flash points as well as humidity
tolerance [5], [6], [7].

The oil-paper insulation system greatly affects the reliability of power and
distribution transformers [8]. The lifespan of a transformer is primarily determined
by the quality of the oil-impregnated insulation paper [9]. This study, titled
“Comparison of Breakdown Voltage and Aging of Kraft Paper in Transformers
Immersed in Mineral Oil, Natural Ester, and Synthetic Ester,” aims to compare the
performance of kraft paper in three types of oil through an accelerated thermal aging
method to evaluate the lifetime of transformers using three different types of
insulating oils. This research uses kraft paper, which is widely used because it has
good impregnation capability, high electrical performance, is easy to form, and is
more resistant to oxidation compared to TUP (Thermally Upgraded Paper). Kraft
paper can withstand temperatures of 105°C —120°C, and during normal transformer
operation it can endure up to 98°C at the maximum hot-spot temperature of the
upper winding [10]. The laboratory experiment uses the accelerated thermal aging
method to compare the lifetime of transformers using three different types of
insulating oils —mineral oil, natural ester, and synthetic ester —and to conduct tests
on transformer insulation paper, including tensile strength and water content based
on IEEE C57.100-2011, as well as breakdown voltage according to IEC 60156-2018.
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The tests were carried out at 90°C for 24 hours (initial condition) and 150°C for 240,
480, and 720 hours. From the results of this study, it is expected that the comparison
of the quality of kraft insulation paper immersed in different types of transformer

insulating oils can be determined.

2. Methods

This study discusses the testing of insulation paper tensile strength, water
content, breakdown voltage, and the lifetime calculation of insulation paper
immersed in mineral insulating oil, natural ester, and synthetic ester under
accelerated aging conditions. The research process began with preparing samples of
mineral insulating oil, natural ester, synthetic ester, and kraft insulation paper in 12
Duran bottles of 500 ml (400 ml of oil per bottle) with an oil-to-paper ratio of 3:1
according to [11]. Pretreatment was performed by heating the oil at 110°C for 24
hours (with the bottles open) to remove dissolved air, and drying the paper at 70°C
for 7 hours until the moisture content reached 0.25%, as stated in [11]. The samples
then underwent accelerated thermal aging in an oven at 90°C for the initial condition
(Sample 1, 24 hours) and at 150°C for Samples 2, 3, and 4 with durations of 240, 480,
and 720 hours. After these four sampling stages, tests were conducted on the
insulation paper, including tensile strength and water content, as well as breakdown

voltage testing for the three types of oil.
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Figure 1. Transformer

2.1 Transformer

Transformers are electrical equipment consisting of an iron core and windings

based on the principle of electromagnetic induction and can increase voltage with
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the same frequency according to [12]. In voltage transformation, the transformer
uses the principle of electromagnetic induction through three main components: the
primary winding, secondary winding, and iron core, as seen in Figure 1. When
alternating current flows through the primary winding, it generates a magnetic flux
that flows through the iron core, which then induces the secondary winding. As a
result, the secondary winding experiences a potential difference at both ends [13].
Heat in the transformer is caused by the current flowing through the transformer
windings [3].

2.2 Accelerated Thermal Aging of Transformer

Accelerated Thermal Aging is an experimental method that accelerates time
and increases the temperature value. The purpose of Accelerated Thermal Aging is
to study the aging behavior of oil and insulation paper due to the influence of
temperature and time, as well as to observe changes in the physical, chemical, and

dielectric characteristics of the oil and insulation paper used [14].
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Figure 2. Minimum Expected Life Curve For Closed Tube Test On Cellulose
Insulation Material Immersed In Liquid (50% Reduction From Tensile Strength)
IEEE C57.100 2011

Based on Figure 2, the Minimum Expected Life Curve for Closed Tube Test on
Cellulose Insulation Material Immersed in Liquid (50% Reduction from Tensile
Strength) IEEE C57.100 2011, it can assess the thermal endurance of paper insulation
material against high temperatures until the tensile strength drops below 50%. The
causes of accelerated insulation aging are overload on the transformer and high
temperature due to the failure of the transformer cooling system [15]. There are
several options for temperature variations for aging, namely 150°C, 165°C, and
180°C according to the standard [11].

2.3 Insulation Paper Testing

In this insulation paper testing, it examines the physical and chemical changes
that occur in the insulation paper used. The main failure of transformers is caused

by the weak mechanical strength of the paper due to aging or stress. The strength of
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the paper depends on the fiber strength and, more importantly, the inter-fiber
bonding strength. This testing also includes the influence of temperature factors,
environmental conditions, and humidity that affect both the oil and the paper [16].
The insulation paper tests conducted include tensile strength and water content.
2.3.1 Tensile Strength

Tensile strength is the ability of a material to withstand tensile force until it
reaches the point of failure or breakage. Tensile testing using a universal tensile
tester as shown in Figure 3. In transformer insulation paper testing, tensile strength
is measured to understand the characteristics of the paper during the accelerated
thermal aging process [9]. According to the standard [17], if the tensile strength is
below 50% of the initial value, the transformer is considered to have reached the end

of its life. The tensile strength is given by the following equation [18]:

o=" (1)
Description:
o = Strain (N/m? atau Pa)
F =Force (N)
A = Surface Area (m?)
%TS = [f—o] x100% 2)

Description:

%TS :Tensile Strength (%)

t;: Tensile strength value after aging (KgF)
to : Initial tensile strength value (KgF)

Figure 3. Tensile Strength Testing

2.3.2 Water Content

Water content in insulation paper and oil is one of the main factors influencing
the aging process [20]. Water content testing using a universal water content test tool

as shown in Figure 4. The purpose of checking the water content is to measure the
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amount of moisture present in the transformer insulation paper. The sources of this
moisture can come from two main factors: the surrounding environment and the

degradation that occurs in the insulating oil and paper [21].

Figure 4. Water Content Testing

2.4 Breakdown Voltage

Breakdown voltage is the maximum voltage that a dielectric material can
withstand before insulation failure occurs, as seen in Figure 5. The main purpose of
this test is to detect electrically conductive contaminants in the oil, such as water,
dirt, fibers, or wet cellulose particles. The breakdown voltage testing is conducted in
accordance with the IEC 60156-2018 standard, where the minimum allowed limit is
>30 kV/2.5 mm [22].

"

Figure 5. Breakdown Votage Testing

Energy: Jurnal Ilmiah Ilmu-ilmu Teknik, Vol. 15 No. 2 (2025) 314



Hanifiyah Darna Fidya Amaral, Galuh Prawestri Citra Handani, Rahman Azis Prasojo, Reyhan Fadhlur Rahman, Satria Lutfi
Hermawan, Ruwah Joto, Afidah Zuroida, Ahmad Hermawan, Irwan Heryanto/Eryk

2.5 End of Life Transformer

A transformer also has a service life or age, referred to as its Life. The
transformer's lifespan is influenced by changes or excessive increases in load, which
cause high temperatures. If the high temperature persists continuously and is not
promptly addressed, it can cause failure or damage to the transformer beyond its
tolerance limits. To prevent temperature increases in the transformer, appropriate
materials such as insulation inside the transformer should be selected. This
insulation needs to be verified through aging tests to estimate the transformer’s
lifespan. According to standard [17], the reduction in transformer life is caused by
certain temperatures over a specific period. The equation used to estimate the

transformer life is as follows:
15000
T+273

LIFE = EXP|

— 28,082] (3)
Description:
LIFE : Service life in hours

T : Heating temperature (°C)

The calculation of LIFE at each sample point during the aging duration uses
the equation:
%LIFE = i—ixlOO% (4)
Description:

t;: Effective life calculated at 150°C

t,: Duration of aging (hours)

The calculation of the life ratio of transformer (r) insulation paper uses the

following equations:
__ %LIFE Synthetic Ester (5)
" %LIFE Mineral

__ %WLIFE Natural Ester ©)
%LIFE Mineral

3.Results and Discussion

3.1 Comparison of Tensile Strength (TS) Results on Kraft Insulation Paper
Immersed in Mineral Oil, Natural Ester, and Synthetic Ester

Tensile strength testing was conducted on kraft insulation paper that had been
immersed in mineral oil, natural ester, and synthetic ester. The resulting tensile

strength values are shown in Figure 6.
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Results of the tensile strength test on kraft paper
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Figure 6. Tensile Strength Test Results of Kraft Paper

Based on Figure 6, which shows the tensile strength test results of kraft paper,
a decrease in tensile strength is observed during the aging period at 150°C for 720
hours. Paper immersed in mineral oil experienced a significant reduction from 100%
(at 24 hours) to 34% (at 720 hours), falling below the minimum threshold of 50%
according to IEEE Standard C57.100-2011, which indicates the end of insulation life.
According to [22], a tensile strength degradation below 50% is considered the
threshold for transformer failure. In contrast, kraft paper immersed in natural ester
showed a gradual decrease to 66%, and synthetic ester to 52%, both of which
remained above the standard limit. The results indicate that under high-temperature
and long-duration aging conditions, both ester oils are more resistant to thermal
degradation compared to mineral oil. Natural and synthetic esters demonstrate a
better ability to maintain the molecular structure and physical properties of kraft
paper than synthetic and mineral oils at high temperatures and long aging durations.
Thus, it can be concluded that natural ester and synthetic ester provide better
protection against the mechanical degradation of kraft paper compared to mineral
oil.
3.2 Comparison of Water Content (WC) Results on Kraft Insulation Paper
Immersed in Mineral Oil, Natural Ester, and Synthetic Ester

Water content testing was conducted on kraft insulation paper that had been
immersed in mineral oil, natural ester, and synthetic ester. The resulting water

content values are shown in Figure 7.
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Results of the water content test on kraft paper
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Figure 7. Water Content Test Results of Kraft Paper

Based on the moisture content test results for kraft paper immersed in three
types of insulating oils, there is a significant difference in the moisture trend during
the aging process at 150°C. The moisture content in kraft paper can accelerate
insulation degradation and reduce dielectric properties, potentially leading to
transformer failure. Paper immersed in mineral oil showed a drastic decrease in
moisture content from 46.69% (at 24 hours) to 7.47% (at 720 hours). Paper immersed
in natural ester maintained the most stable and lowest moisture level, decreasing
from 7.27% to 5.19%, making it the most effective at keeping moisture low. In
contrast, paper immersed in synthetic ester experienced a significant increase in
moisture content from 9.37% to 46.70%, which is considered an anomaly because
synthetic ester is generally expected to have lower water absorption than mineral
oil. According to [23], the moisture content of synthetic ester insulating oil should be
lower than that of mineral oil, following the order: natural ester < synthetic ester <
mineral oil. This anomaly is likely caused by non-optimal initial oil conditions or
inadequate paper pretreatment, resulting in higher initial moisture content. Overall,
natural ester demonstrated the best performance in maintaining moisture stability
in kraft insulation paper. Chemically, natural esters exhibit strong thermal stability,
allowing them to withstand extreme temperatures without significant degradation.
In addition, their resistance to oxidation is a major advantage, enabling insulation

performance to last longer than mineral oil [24].
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3.3 Comparison of Breakdown Voltage Results for Mineral Oil, Natural Ester, and
Synthetic Ester
Breakdown voltage testing was conducted on mineral oil, natural ester, and

synthetic ester insulating oils. The resulting breakdown voltage values are shown in

Figure 8.
Breakdown Voltage Test Results (kV)
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Figure 8. Breakdown Voltage Test Results

Based on the breakdown voltage test results for the three types of insulating
oils, there were clear differences in both increases and decreases, as shown in Figure
8. The breakdown voltage of mineral oil increased from 54.91 kV (at 24 hours) to
63.96 kV (at 720 hours). Natural ester oil showed a higher breakdown voltage than
mineral oil, increasing slightly from 60.24 kV to 61.49 kV over the same aging period.
In contrast, synthetic ester oil experienced a significant decrease in breakdown
voltage, from 64.71 kV (at 24 hours) to 12.23 kV (at 720 hours), which is below the
IEC 60156-2018 standard of 30 kV. This is considered an anomaly because synthetic
ester is generally expected to have a higher breakdown voltage than mineral oil.
According to [25], synthetic ester insulating oil should have a higher breakdown
voltage than mineral oil, following the order: natural ester < synthetic ester < mineral
oil. This anomaly may have occurred because the oil condition could not be fully
verified, and the initial pretreatment stage was too short, resulting in high moisture
content in the oil. Overall, natural ester demonstrated the highest and most stable
breakdown voltage. These results indicate that natural ester oil excels in resistance
to thermal aging and high temperatures, thereby maintaining its insulating
capability better than both mineral oil and synthetic ester.
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3.4 Analysis of the Lifetime of Kraft Insulation Paper Based on Tensile Strength
(TS) Testing During Accelerated Aging Immersed in Mineral Oil, Natural Ester,
and Synthetic Ester

Based on the lifetime calculation results, the estimated remaining life of the
transformer can be determined using accelerated thermal aging. However, this
calculation requires several data points, such as the temperature used, as well as the
strength of the transformer insulation paper, which is assessed through tensile

strength testing. The following are the calculation steps that need to be performed.
3.4.1 Determining the End of Life Calculation According to IEEE C57.100 2011

Based on Equation (3) with a temperature of 150 °C, the End of Life calculation
results according to IEEE C57.100 2011 are 1601.975 hours. The estimated effective
life until failure of the transformer insulation paper after accelerated aging is
1601.975 hours (approximately 66 days) at a temperature of 150 °C. However, in this
research, a shorter duration of 720 hours (approximately 30 days) is used with the
same temperature. The 720-hour duration is taken from a journal on transformer
insulation experiments conducted by [17], which used 720 hours (30 days) with
insulation paper sample collection at 24 hours, 240 hours, 480 hours, and 720 hours
at 160 °C, as well as 720 hours at 150 °C conducted by [22].

3.4.2 Determining the Calculation of %LIFE per Sample (240 hours, 480 hours, 720

hours)

Based on Equation (4), the calculation results for %LIFE for each sample are
obtained, and Tabel 1. Calculation of %Life Per Sample shows the %LIFE values and
Tensile Strength Retention for the three insulation papers that have been immersed
in oil with different aging durations. At 240 hours, the percentage of life per sample
is 14.981%, at 480 hours it is 29.963%, and at 720 hours it is 44.944%. From these
%LIFE values, it can be seen that there is an increase in the percentage of life per
insulation paper sample as the aging time increases; this increase indicates a
decrease in the quality of the insulation paper used. Therefore, the %LIFE value is
not merely a statistical figure, but rather an important piece of data that supports
decision-making in transformer maintenance and operational planning based on

predictions of the paper insulation degradation level.

Tabel 1. Calculation Of %Life Per Sample
Tensile Strength Retention (%)

Aging — :
Mineral Natural  Synthetic = %LIFE
(Hour) )
Oil Ester Ester
0 100 100 100 0
240 83 88 84 14,981
480 60 77 62 29,963
720 34 66 52 44,944
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3.4.3 Determining the Regression Calculation for Delta Lifetime from Tensile
Strength Retention Results and %LIFE Calculations

The delta lifetime regression calculation is used to determine the difference in
service life of kraft insulation paper that has been immersed in mineral insulating
oil, natural ester, and synthetic ester, and to estimate the tensile strength retention
results and service life (lifetime) of the kraft insulation paper after accelerated aging.
This allows for a more accurate estimation of the transformer's age based on the
condition of the insulation. This calculation uses the Minitab application; the
following shows the calculation results and display from the Minitab application by
inputting data on tensile strength retention results and %LIFE from the types of
mineral insulating oil, natural ester, and synthetic ester.

Results of the delta lifetime regression calculation per oil based on Minitab

calculation results:

Mineral Oil: %TS= 102,40 — 1,4752 x %LIFE (7)
Natural Ester: %TS=99,700 — 0,7543 x %LIFE 8)
Synthetic Ester: %TS= 99,400 — 1,108 x %LIFE )

The criterion for the end of life of insulation paper is the reduction of tensile
strength to 50% of the initial condition [16]. The results of the regression calculation
for delta lifetime per oil, based on Minitab calculations, are then used to calculate the
regression of delta lifetime in the transformer using equations (7), (8), and (9). The
result of %LIFE for kraft paper immersed in mineral oil is 35.52% of the effective age
(66.7 days) until it is considered end of life. Therefore, kraft paper immersed in
mineral oil is considered to reach end of life at 23.69 days. Meanwhile, the result of
%LIFE for kraft paper immersed in natural ester oil is 65.88% of the effective age
(66.7 days) until it is considered end of life. Therefore, kraft paper immersed in
natural ester oil is considered to reach end of life at 43.94 days. Additionally, the
result of %LIFE for kraft paper immersed in synthetic ester oil is 44.58% of the
effective age (66.7 days) until it is considered end of life. Therefore, kraft paper
immersed in synthetic ester oil is considered to reach end of life at 29.73 days.

3.4.4 Comparison of Lifetime Ratios from Mineral Insulation Oil, Natural Ester,
and Synthetic Ester

Normal operation in transformers with thermally upgraded insulation paper,
Kraft paper, cellulose pressboard, and mineral oil shows that the minimum service
life is at least 20.5 years (180,000 hours) according to standard [17]. Based on this

standard, the calculation results of the percentage ratio comparison between mineral
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insulating oil, natural ester, and synthetic ester using delta regression data from
tensile strength results and %LIFE must be determined using Equations (5) and (6).
The results show that the service life of Kraft paper immersed in synthetic ester oil
is 1.25 times longer compared to mineral oil. Meanwhile, the service life of Kraft
paper immersed in natural ester oil is 1.85 times longer than that in mineral oil.

The results of the percentage ratio comparison for the three types of oils based
on service life indicate that natural ester insulating oil has the advantage, with an
estimated service life of up to 37.9 years, followed by synthetic ester insulating oil
with an estimated service life of up to 25.6 years. For mineral insulating oil, the
service life can reach 20.5 years according to [17]. This higher service-life ratio
typically leads to reduced maintenance costs and a lower need for transformer
replacement in the long term. Current trends encourage the use of environmentally
friendly insulating fluids in transformers, requiring electro-thermal studies,
engineering evaluations, and real-time monitoring for the implementation of ester
oils. Many older transformers are projected to be retrofilled from mineral oil to ester
oil to improve fire security, consistency, and the remaining useful life [26]. However,
it should be noted that other factors, such as actual load conditions and ambient
temperature, also influence the implementation of ester oils. Additionally, the initial
cost of insulating materials such as synthetic esters—which are relatively more
expensive—must be considered, making further studies on the comparison of

operational costs among the three types of oils essential.

4. Conclusion

Based on the results of the 720-hour aging experiment at 150°C, the kraft
insulation paper of transformers immersed in mineral oil, natural ester, and
synthetic ester demonstrates that natural ester and synthetic ester oils are superior
in maintaining tensile strength retention at 66% and 52% respectively, while mineral
oil only achieves 34%, which exceeds the IEEE C57.100 2011 standard limit. The
water content in the paper immersed in natural ester is the best, whereas synthetic
ester shows an anomaly with high water content due to a short pretreatment stage.
The breakdown voltage of natural ester oil is also higher, but synthetic ester is low
below the IEC 60156-2018 standard, likely due to oil conditions and initial processes.
The highest estimated service life for the insulation paper is with natural ester at
around 37.9 years, followed by synthetic ester at 25.6 years, and mineral oil at 20.5
years. At an operating temperature of 130°C, natural ester allows for 20% higher
loading and an operating temperature 15-20°C higher compared to mineral oil.
Therefore, the use of kraft paper immersed in natural ester and synthetic ester is
recommended as an alternative to mineral oil to extend the transformer's service life

and improve long-term durability.
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