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Abstract: The article presents issues related to the aging behavior of oil-paper insulations in trans-
formers using different oil- and ester-based insulating fluids. Despite numerous conducted studies
on the subject of oil-paper aging, the use of new insulating fluids is creating open questions. In
addition, new liquids such as synthetic and natural esters, as well as oil of the newest generation, are
being used. Furthermore, there is still little research on the formation of aging markers with this form
of the dielectric. For this reason, in this contribution, oil-paper insulations with mineral oil-based
insulating fluids, natural and synthetic esters, as well as oil from natural gas, are aged thermally
accelerated at 130 ◦C over a duration of 15 weeks, by considering two cases of free-breathing and
hermetically sealed transformers. Therefore, various aging markers are investigated to allow a
condition assessment. The results show that differences exist between the fluids and design of the
transformer, as in the aging rate of the paper and the formation of aging markers in the insulating
liquid such as acids. These findings can be used to improve asset management strategies by a more
precise determination of the aging state depending on the transformer type as well as the type of
insulating fluid.

Keywords: transformer; oil-paper; degree of polymerization; mineral oil; natural ester; synthetic
ester; aging; thermal stress

1. Introduction

Transformers, and especially power transformers, are one of the most important
assets in the electrical power grid. In many countries around the world, the average
life of these devices already exceeds an age of 30 years, which means that the common
design life has already been surpassed. However, the experience of grid operators shows
that transformers can also be operated routinely for more than 50 years depending on
various parameters like load, temperatures, etc. [1]. Therefore, from an economic and
operational safety point of view, the importance of transformer condition assessment is
increasing. For years, attempts have been made to assess the condition of the transformer
through various investigation methods, such as partial discharge [2–4], vibration- [5,6],
FRA-measurements [7,8] and many other methods, in order to obtain an overall picture
of the condition of the transformer. With approx. 38%, the windings failures are the most
frequent root of a transformer problem, which explains why the condition assessment of
this part of the transformer is particularly important [9]. For oil-immersed transformers,
paper insulation is still the most economical form of insulation [1]. Therefore, one important
aspect for the availability of the transformer is the condition of the paper insulation, which
can be expressed by means of the degree of polymerization (DP value) [10]. New paper
has a DP value of about 1200–1000 and the end of life is expected to be around a value
of 200 [1,11]. The DP value is correlated with the mechanical strength and therefore
paper becomes brittle and fragile during aging [12,13]. In the event of a fault, this can
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lead to catastrophic failure of the transformer [1]. For the determination of the DP value,
however, a paper sample is required, which usually cannot be taken during the operation,
as this involves very high costs and efforts. Nevertheless, samples of the insulating liquid
are relatively simple to take. For this reason, there is an attempt to determine the DP
value via the determination of aging markers in the insulating liquid, such as with the
measurement of the furan concentration, whereby the DP value of the paper is indirectly
inferred via algorithms [14–16]. However, fluctuations in furan concentration may occur
during operation [17,18]. Furthermore, this is also influenced by the type of insulating
liquid, which can affect the accuracy of the DP value calculation [19]. For this reason,
there is still an attempt to achieve a more accurate estimate of the aging condition of the
transformer with new aging markers [1]. In the past, numerous studies have been carried
out dealing with the aging of the oil-paper insulation system with mineral oil [20–22].
However, for environmental reasons as well as the further development of insulating
liquids, alternatives such as natural and synthetic esters, as well as oil of the newest
generation, are used. For the esters, initial investigations have already been made in this
context, but there is still a need for further studies in this regard [19,23,24].

Therefore, this contribution compares three different oils and three different esters. The
oils are a non-inhibited and inhibited oils based on mineral oils and an oil based on natural
gas. Two natural esters and one synthetic ester are also used. Moreover, the influence
of different systems, which are free-breathing and hermetically sealed transformers, is
compared. The application areas of this investigation focus on the operation of free-
breathing transformers as well as hermetic transformers, as shown in Figure 1a,b, with
cellulose insulation, impregnated with an insulating liquid, for the assessment of the aging
condition of the paper insulation.
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Figure 1. Application of liquid-paper insulations in power transformers: (a) Free breathing power transformer [25];
(b) Hermetic transformer [26].

The comparison of the hermetic transformer takes place for all liquids, while the
one regarding the free-breathing system takes place for the mineral oils as well as the
natural gas oil. For esters, no aging was performed in the free-breathing system, since
esters, except for the synthetic ones, are not suitable for such systems due to the lack of
oxidation stability [27]. Thermal aging is accelerated by applying a temperature of 130 ◦C
over a period of 15 weeks. Here, 10 samples per liquid and system were prepared, so
that a total of 90 samples were examined. For this study, the degree of polymerization
(DP) was scrutinized as well as various aging markers of the liquids. The focus is on the
finding of alternatives for the furan content for the condition assessment of the transformer
and especially the insulating paper. Various physico-chemical, as well as electrical and
dielectric, tests were carried out. On the one hand, the comparison is made over time in
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order to be able to assess the changes in these variables concerning the aging of the liquid.
On the other hand, the correlation between the individual aging markers and the DP value
is investigated in order to determine the extent to which the markers differ depending
on the system and the type of liquid. The investigation shows that for the aging process
different threshold values regarding the type of insulating fluid as well as the type of the
transformer need to be applied. The block diagram in Figure 2 is intended to depict an
overview of the general procedure in this investigation for condition assessment of the
insulating paper.
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2. Materials and Methods
2.1. Samples

Commercially available kraft paper with a thickness of 0.1 mm, a common insulation
in transformers, was used for the aging test. They have a density of 0.75–0.85 g/cm3 and
are manufactured according to IEC 554-3-5 Typ 5A2.

In addition, six different insulating fluids are used. On the one hand, three oils and
on the other hand, three different esters are investigated. The oils are the non-inhibited
Oil A and the inhibited Oil B with a mineral oil base. Furthermore, the oil of the newest
generation Oil C is used, which is obtained from natural gas [28–30]. The used esters are
the synthetic ester Ester A and the natural esters Ester B and Ester C, which are based on
rapeseed oil and soybean oil [31]. This contribution provides a deeper study as well as a
detailed review of a first series of investigations in which aging behavior was performed
in a hermetic and free-breathing transformer using Oil A, B, and C [28,29] and a second
series of investigations in which a hermetic transformer was replicated using Ester A, B,
and C [31].

For the test, 30 Erlenmeyer flasks were each filled with 1.6 kg of liquid and 160 g of
paper. The paper was cut into 100 mm long strips with a width of 25 mm. The aim of the
experiment was to model the corresponding real operating conditions within a transformer.
The ratio of liquid to paper is 10:1, as this corresponds to the ratio of a real transformer,
where this value is typically between 1:13.3 for distribution transformers and 1:7.6 for
core-type power transformers [32]. However, these values may vary, depending on the
manufacturer, voltage level and type of the transformer [18].

2.2. Preparation

In order to simulate the real conditions of a new transformer, the liquids are first
prepared in a heat vacuum process by removing impurities, drying, and degassing. Ac-
cording to empirical data, the insulating paper used has a water content of 6–8% by weight
on delivery [33]. To reduce the moisture the paper is also subjected to additional drying.
Therefore, paper strips are placed in a stainless-steel container comprising a stainless steel
grid. The grid consists of 28 chambers and separates the paper from each other. Subse-
quently, the container and paper strips are placed in a vacuum heating oven for drying
over 48 h. During this period, the paper strips are dried at a constant temperature of 80 ◦C
and a pressure of 0.03 mbar.

After drying the paper strips, 20 L of the insulating liquid is filled in under vacuum
via a ball valve. Hereafter, the valve is then closed and after a waiting time of 10 min, the
vacuum chamber is ventilated with dried air. In this regard, a needle valve on the side of
the chamber is opened to ventilate with dry air. It remains open until an ambient pressure
reaches approx. 1013 mbar. The whole process should ensure that the voids in the paper
are filled with the insulating liquid for good impregnation. To complete the impregnation,
the paper strips must remain in the vacuum furnace for 48 h at a temperature of 80 ◦C.
In this way, 10 samples per liquid and system are generated, and this process is repeated
accordingly for each system and liquid.

To protect the liquid-paper-insulation from external influences, such as moisture or
oxygen ingress, the flasks are sealed immediately with a silicone plug for transport to the
heating oven for thermally accelerated aging. The sealing of the flasks ensures a hermetic
system that is protected from environmental influences.

2.3. Aging Process

In this study, thermally accelerated aging is performed to simulate the aging of the
transformer insulation. The arrangement of the samples in Erlenmeyer flasks for different
systems is shown in Figure 3.
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system; (b) Closed system.

For the aging, a temperature of 130 ◦C is selected in order, on the one hand, not
to exceed the flash point of the liquids and, on the other hand, to simulate the aging of
about 30–50 years in a reasonable time. It has already been empirically determined that a
temperature increase of approx. 6–8 K halves the service life [1].

Chemically inert borosilicate glass Erlenmeyer flasks were used for the simulation
of free-breathing or hermetic transformers, which hereinafter are designated as the open
and closed systems, respectively. For the open system, the flasks were open and thus had
contact with the ambient air, while for the closed system a hermetic seal was achieved
utilizing silicone rubber plugs. Since the windings inside a transformer are made of copper
wrapped with the insulating paper, a copper tube of 150 mm long, weighing 66 g with a
surface of 160 cm2 was added as a catalyst inside each Erlenmeyer flask to simulate the
real environmental conditions inside a transformer.

2.4. Sampling

Samples were always taken according to the same procedure in order to avoid external
influences on the measurement results. The Erlenmeyer flasks with the liquid-paper-
samples were plugged immediately (for the open system) after removing from the oven
and time was given to cool down for 24 h. The flasks of the closed system remained sealed,
as they were closed with a silicon rubber plug throughout the aging process. These samples
are also allowed to cool for a period of 24 h, followed by removal of the insulating liquid
and paper. Afterward, samples of the liquid were transferred into hermetically sealed
aluminum bottles without any air space to prevent the samples from absorbing moisture
and gases from the ambient air as well as releasing further gases from the liquid.

The filling process is carried out in accordance with IEC 60475, avoiding the formation
of gas bubbles and minimizing oil circulation [34]. The times for taking the samples were
determined in advance. The first sample was taken before aging, following the drying
and impregnation process. Four further samples were taken at intervals of one week each.
Another four samples were then taken at two-week intervals, and the last sample was
taken after 15 weeks, as shown in Table 1. In general, it can be seen that the insulating
material becomes darker with time. The visual change is more pronounced in the open
system than in the closed system, due to increased oxidation processes. Furthermore, the
formation of soot and oil sludge can be observed in the non-inhibited Oil A.



Energies 2021, 14, 3036 6 of 28

Table 1. Sampling times in weeks and hours.

Sample Number
(per Oil and System) Aging Time (Weeks) Aging Time (Hours)

1 0 0
2 1 168
3 2 336
4 3 504
5 4 672
6 6 1008
7 8 1344
8 10 1680
9 12 2016

10 15 2520

2.5. Measurement Methods

This section is intended to provide an overview of the measurement methods used in
this work to determine different aging markers. Table 2 lists the aging markers studied in
this work, as well as the measuring devices used for this investigation and the standards
by which measurements were performed accordingly. The examination of only the DP
value, as well as the inhibitor content, were carried out in the external accredited analytical
laboratory Analysen Service GmbH Umwelt- und Öllabor Leipzig in Leipzig, Germany.
Since esters are still relatively new in their use as insulating fluids, there are in some cases
no independent standards for these esters. In this case, existing standards for mineral oils
are used.

Table 2. Studied aging markers and related measurement devices and standards.

Aging Marker Measuring Device/Laboratory Standard

Degree of polymerization (DP value) Analysen Service GmbH Umwelt- und Öllabor Leipzig IEC 60450
Moisture wabs TitroLine 7500 KF (SI Analytics GmbH) DIN 51777

CO and CO2 (DGA) TOGA GC (Energy Support GmbH) IEC 60475/IEC 60599
Dissipation factor tan δ BAUR DTL C (BAUR GmbH) IEC 60247
Relative permittivity εr BAUR DTL C (BAUR GmbH) IEC 60247
Breakdown voltage UD Breakdown Analyzer BA100 (b2 electronics GmbH) IEC 60156

Interfacial tension σ Sigma 702ET (Biolin Scientific Ab) ASTM D971
Acidity TitroLine 7000 (SI Analytics GmbH) IEC 62021-1/IEC 62021-3

Dynamic viscosity η Brookfield DV2Textra (AMETEK Brookfield) ASTM D2983
Inhibitor content Analysen Service GmbH Umwelt- und Öllabor Leipzig IEC 60666

All measurements were made according to the mentioned standards, so the accuracy
of the measurements is within the limits of the mentioned standards as well as the accuracy
of the presented measuring instruments.

In Supplementary Materials the individual measuring devices are presented as well
as the optical change of the insulating material.

3. Results and Discussion

This section presents and discusses the results. First, the aging of the kraft paper in
the various insulating fluids and systems is discussed. It is followed by an evaluation of
different aging markers, which are determined from the insulating oil. They are plotted
against the aging time as well as their corresponding insulating paper DP value in order
to investigate whether correlations exist, and with which one a condition assessment of
the insulating paper is possible. This determination will be discussed in more detail using
correlation analysis. Based on the results, newly defined threshold values regarding the
end of life of the paper insulation for each of the aging markers will be discussed.
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3.1. Degree of Polymerization

The DP value indicates the average amount of glucose molecules in a chain that
are linked by oxygen atoms [35]. The following measurement results were performed
according to IEC 60450 in an external accredited analytical laboratory. Figure 4a shows
the change in DP values over the aging time. At the beginning of aging, the papers after
impregnation have an approximately similar DP value of 1000. Nevertheless, for improving
the comparability of data related to the different systems as well as the insulating liquid,
the change in the DP value is also shown in Figure 4b as a percentage of this initial value.
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Firstly, it can be stated that the paper ages more slowly in the closed systems, as
hydrolysis and oxidation are driving factors of aging [36,37]. In the closed systems, no
further oxygen can be taken from the ambient air for ongoing oxidation processes. The
development of moisture from the ambient air should have a subordinate influence in this
respect, since aging takes place at a temperature of 130 ◦C and thus the relative humidity
should be very low. For this reason, there is no developed moisture from the ambient air.

In the open system, the DP value decreases faster in the inhibited Oil B and C. Ac-
cording to [1], even nowadays the influence of the inhibitor on the aging of the oil-paper
insulation has not been sufficiently studied. One difference here is mainly the formation of
oil sludge and soot in Oil A, which indicates increased aging of the insulating oil. Oil B and
C, on the other hand, age visually much more slowly, which behaves inversely to the paper
aging. According to [38], inhibitors reduces the influence of acids and polar compounds on
the cellulose and thus reduces the hydrolytic and oxidative degradation. The formation
of soot particles and oil sludge in Oil A could lead to the increased absorption of both
water and low molecular weight acids, which otherwise diffuse more into the paper and
are responsible for accelerated aging of the insulating oil.

In addition, aged insulating oil has a higher water solubility than new insulating oil,
which can also reduce the water content in the paper [39]. This might explain why the
DP value with the non-inhibited Oil A does not decrease as much over aging as with the
inhibited Oil B and C. The formation of soot and oil sludge was lower in Oil A in the closed
system, which would explain the smaller difference to Oil C in the closed system.

In the closed system, on the other hand, no clear difference can be seen between the
insulating oils and the esters as well as no clear influence of the inhibitor. What is noticeable
here is the slower aging of the paper in Oil B. In the case of the esters, on the other hand,
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there seems to be a slight difference between the natural esters and the synthetic ester in
the course of aging. Up to the last measuring point, the paper with the synthetic ester ages
faster, but this seems to slow down towards the end of the aging process.

The largest differences between esters and oils are in the range between 400–200 DP.
In the studies [19,40–42] it was shown that the paper ages more slowly in esters than in
insulating oils. The reason for this is the assumption that esters dry out the paper due to
their higher water solubility and thus reduce the hydrolysis processes of the paper. In [1],
however, it is already pointed out that this phenomenon is much less pronounced at real
operating temperatures of transformers due to its lower temperatures in comparison to
130 ◦C. The test results related to week 15 also show that the values for the esters are higher
than those of Oil A and C, which means that a general positive influence of the esters in
comparison to the insulating oils can also be observed here especially in the area of end of
life of the paper insulation.

In the following, the influence of the systems and fluids will be scrutinized by exam-
ining the rate of depolymerization in 1/DP in Figure 5, since this ratio is proportional to
the aging rate (k) of the paper [1]. It is expected that its values behave relatively linearly
over the aging time, up to a certain DP value, and then deviate from this straight line [1,43].
This phenomenon can also be observed here for Oil B and C in the open system after about
2000 h. Compared to all other systems and fluids, these two oils also have the lowest values
with a DP value of just over 200. The amorphous regions or locations in the cellulose
structure where chain scissions may occur reduce with time, which is why the rate and
thus the slope change [1]. In general, it can also be stated that aging proceeds faster in
the open system. The aging in the closed system only shows smaller differences between
oil and ester at the end of the aging process, so that it can generally be assumed that the
increased water absorption of the esters has a bigger influence at the end of the service life
of the paper.
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3.2. Oil Aging Marker

The following aging marker values are determined from samples of the insulating
liquids and their changes are presented as a function of the aging time as well as of the DP
value. The goal is the investigation of the correlation between the aging markers and the
DP value of the insulating paper to avoid direct sampling of the paper during operation.
Here, the focus is on alternatives to furan and methanol, to improve asset management by
knowing the influence of the type of liquid as well as the breathing system on the formation
of such markers.

With regard to the scope of the article, the differences between the markers are mainly
discussed, while the progression over the DP value is essentially used to investigate the
correlation of the markers with the aging condition of the insulating paper. Since a more
detailed analysis of the correlation with the DP value is carried out in Section 3.4, the
progressions over the DP value will not be discussed in this section.

3.2.1. Moisture

In many studies, such as [37,44], the negative influence of water on the aging of the
insulating paper has been demonstrated. The change of water content in the insulating
liquid shown in Figure 6 is discussed below. The measurements were made using Karl
Fischer titration at room temperature. It can be seen that the water content increases
during aging, which is due to hydrolysis processes, as this is an autocatalytic process in
which water is consumed and generated from the breaking of the cellulose molecules.
Furthermore, water is an end product of the oxidation of the paper as well as the liquid [45].
In [45], it was shown that the amount of water formed is related to the number of chain
scissions of the paper. There are clear differences here between the open and closed systems.
In the open system, the water content is higher due to the higher rate of chain scissions as
the DP value in this system is lower. In the case of the esters, their higher water solubility
is readily apparent. The water content here is about 10 times higher compared to the oils in
the closed system, which indicates that more water diffuses from the paper into the ester,
thus reducing hydrolysis processes in the paper.
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For sake of clarity, the valid legends are shown for all the following graphs of this
chapter just in Figure 6a, indicating the type of sealing system as well as the insulating
liquid. In the following, this scheme is repeated steadily, which allows an easy assignment
of the graphs.

3.2.2. CO and CO2

Carbon monoxide (CO) and carbon dioxide (CO2) are also among the end products of
paper aging, although these gases are also produced to a lesser extent by oil oxidation [1,46].
Figure 7 first shows the course of the concentration of CO, which reveals an increase over
the aging time. There are clear differences between the open and closed systems. In the
open system, gases that have already been formed can be released into the environment,
since the aim is always to achieve equilibrium with the surrounding medium. In the closed
system, the gases formed cannot escape, which is why the gas concentration is two to seven
times higher than in the open system. In the comparison between the esters, the natural
Ester B and C show higher concentrations than the synthetic Ester A. On the other hand,
their comparison with the oils in the closed system reveals no clear differences, which can
be concluded that CO is mainly caused by the aging of the paper and only to a very small
extent by the oxidation of the liquid.
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The trend of the CO2 concentration in Figure 8 also shows an increase over the aging
time. The difference between the open and closed systems is more conspicuous than for
the CO concentration. The concentration in the closed system can be up to ten times higher.
Furthermore, differences between the natural Ester B and C and the synthetic Ester A can
be observed in this case.
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The final values in the closed system with esters and oils differ only slightly, as is the
case with CO, where the concentration of CO is about one-tenth that of CO2. Thus, it can be
assumed that the gas concentration is mainly caused by the aging of the insulating paper
and thus the gas concentration depends mainly on the amount of paper as well as the type
of the system. In the case of the esters, however, it appears to be a greater increase in the
concentration during the first four weeks.

Usually, the CO2/CO ratio, which is supposed to be less sensitive to oil oxidation
than the individual concentrations, is used to evaluate paper insulation. The curves of
this ratio are presented in Figure 9. According to IEC 60599, the ratio for normal paper
aging should be 3 < CO2/CO < 10 [47]. Values below 3 indicate above-average aging of
the insulating paper, while values above 10 allow conclusions to be drawn about mild
overheating of the insulation (>160 ◦C) [48]. In [46], an increasing ratio between 6–9.5 of
CO2/CO for a decreasing DP value between 1100–200 for transformers with normal aging
is reported. Unfortunately, no information is available about the type of fluid, the operating
time and the type of transformer (open or closed). However, in both [46] and [48] and IEC
60599 [47], a decrease of the ratio over the aging time as well as with decreasing DP value is
addressed. Values below CO2/CO < 3 are only achieved for the open system in this study.
The influence of the inhibitor can also be clearly seen here.
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In the case of the inhibited Oil B and C, the ratio falls below this value at later times
compared to Oil A, although the DP value of the paper in Oil A is higher. Nevertheless,
a clear decrease in the ratio over the aging time can be observed in all oils. In the closed
system, however, different behavior is observed. For the oil-fluids Oil A and B, in the
beginning, there is a slight decrease in the ratio in the first or second week, only to return
to the initial level, while it remains at a level of about 10 for the rest of the aging. A
similar value can be observed for Oil C, reaching an approximately constant level after
only one week.

At the beginning of aging, there are still very few gas concentrations present, and major
deviations in the ratio can occur; therefore, it should only be interpreted after sufficient
time has elapsed for gases to dissolve in the liquid. For the esters, an adaptation of the
ratios from IEC 60599 should be made. Higher values are achieved with the natural esters
than with the synthetic ester, accompanied by a decrease over time and values below 10
being achieved at the end of the aging process. The ratio for the synthetic ester tends to
behave constant and the values remain above 10.

3.2.3. Dissipation Factor tan δ and Relative Permittivity εr

In this section, the results related to the dissipation factor (tan δ) of the liquid at
a measurement temperature of 25 ◦C and 50 Hz 2000 VAC, shown in Figure 10, will
be discussed. The research work [27] showed that the dissipation factor of natural and
synthetic ester is higher than that of mineral oils, which can also be confirmed in this study.
This is due to the higher absolute water content in esters as well as the basic nature of
the fluids [49]. Vegetable oils form weakly polar liquids, while mineral oils are non-polar
liquids [50]. The dissipation factor increases due to the formation of aging products that
dissolve in the insulating liquid, such as water, carbon black and other conductive products.
The studies [27] and [51] showed that the dissipation factor in closed systems is higher
compared to open systems. However, the aging times were 1440 h at 130 ◦C in [27] and
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21 days at 115 ◦C in [51], which are shorter when compared to this investigation. In this
study, it can be observed that for later aging times, there are higher tan δ values achieved in
the open system. The increase is more delayed in the inhibited Oil B and C. This increase in
tan δ is due to the formation of conductive aging products, since the formation of soot and
oil sludge occurs rapidly in Oil A. Thus, the open and closed systems appear to behave
oppositely toward the end of the insulating paper’s life.
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In addition to the dissipation factor, the relative permittivity εr was also measured at
a temperature of 25 ◦C and a frequency of 50 Hz and presented in Figure 11. According
to [52], there is only a small influence on the relative permittivity due to aging and water.
The investigation [51] found out that for mineral oil there is also a small effect of the relative
humidity on the relative permittivity. Regarding the current study, it is clear that almost
no change is observed for the closed system. When comparing Oil A and B, as well as
Oil C, with the esters, it can be recognized that the value is more constant over the aging
time, while the change seems to be greater for the esters. No clear difference is observed
between the synthetic Ester A and the natural Ester B and C. The larger variation for the
esters could be caused by the larger absolute water content, as well as with the larger acid
concentrations in the liquid, which will be discussed in more detail in the section for acid.
Thus, more polar substances are present in the liquid, causing a stronger change in relative
permittivity. For the oils, no difference between inhibited and non-inhibited oils can be
observed for the closed system either.
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In contrast, clear correlations can be observed for the open system. For the mineral
oil-based Oil A and B, an almost linear increase can be seen over the aging time. For
the inhibited Oil C, the value remains practically constant and only increases at the last
measuring point after 15 weeks. There is no clear difference between Oil A and B, thus a
general influence of the inhibitor cannot be assumed. This continuous increase is probably
due to the continuous increase of polar substances in the liquid such as water and acids.

3.2.4. Breakdown Voltage UD

As a further parameter, the breakdown voltage UD was investigated, which is shown
in Figure 12. The measurement was carried out according to IEC 60156 standard using
VDE spherical caps with a spacing of 2.5 mm and a voltage rise of 2 kV/s, with six values
recorded per measuring point [53]. Overall, the values show volatile behavior, regardless
of the system and insulating fluid used. In the comparison between the open and closed
system, the change in the closed system seems to be larger for the mineral oil-based Oil A
and B with a difference of about 60 kV between the minimum and maximum value, while
the difference for the closed system is about 40 kV. In the closed system, on the other hand,
there is no clear difference between the oils and esters. Likewise, no clear influence of
the inhibitor can be seen. At the end of aging, the breakdown voltage of esters is slightly
higher than that of oils, which is due to its property. The investigation [52] found out that
the formation of bubbles in esters is reduced due to the formation of peroxide during a
temperature increase, because of the high affinity to hydrogen gas. The study [54] showed
that the breakdown voltage of natural ester and insulating oil decrease over the aging time,
after aging together with kraft paper. At an aging temperature of 140 ◦C, the breakdown
voltage after 1500 h is about 20% lower than the initial value, and for mineral oil, the value
is about 30% lower than the initial value [54].
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In this study, the closed system basically also shows a decrease up to an aging time
of between 1000 and 1500 h, although an increase can be observed in the further course,
hence a general decrease over the aging time cannot be assumed. Similarly, [27] showed
that the breakdown voltage for aged natural and synthetic ester can even be higher due
to the chemical change of the ester. The volatile behavior of the breakdown voltage is
due to the superposition of various effects [49]. Water and thus the relative humidity
have a negative influence on the breakdown voltage of an insulating liquid. Therefore,
the autocatalytic process of hydrolysis, whereby water is produced and consumed, also
causes fluctuations in the relative humidity of the liquids. This is one reason for the
fluctuations in breakdown voltage. On the other hand, more acids are formed, which can
also have a negative effect on the breakdown voltage. In the case of esters, the overall
acid concentration is higher, where predominantly mild long-chain fatty acids are formed,
which are non-corrosive [54]. Furthermore dissolved gases can have a negative influence on
the breakdown voltage, since electrical breakdown is often triggered by gas bubbles. In the
previous section, however, it was shown that the concentration of CO and CO2 increases;
hence, a further effect must be assumed overall for the increase in breakdown voltage at
the end of the service life. According to [55], by-products such as radicals, alcohols, water,
aldehydes, ketones, carboxylic acids, and finally esters can be formed during the aging of
the insulating fluid, with some by-products significantly increase the water solubility of
the fluid. Therefore, this could be a reason for the increase in breakdown voltage at the end
of the aging period, since it is well known that the breakdown voltage is a function of the
relative water content [35].
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3.2.5. Interfacial Tension σ

Figure 13 shows the course of the interfacial tension (IFT) for the different systems
and fluids. The measurements were made according to ASTM D971-99A using a Du Noüy
ring [56]. The formation of oxidation products reduces the IFT value over the aging time, as
this value is reduced by low quantities of polar groups. These are precursors of sludge [57].
Moreover, the IFT is reduced by the formation of insoluble polar substances, which are, for
example, oil sludge or carbon particles [58].
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It can be seen that the IFT of the esters at the beginning are only half of the ones for
the oils. In the open system, there is an exponential decrease over the aging time. For the
non-inhibited Oil A, this decrease occurs more rapidly than for the inhibited Oil B and C.
This is due to the greater formation of polar insoluble aging products, while the formation
has been reduced by inhibitors. It can be assumed that these substances are formed mainly
by oxidation processes since the decrease in the closed system is much slower and after
aging for 15 weeks the values are almost twice as high.

For the esters, it can be seen that over the aging time, the interfacial tension remains
practically constant, which can be observed for both the synthetic Ester A and the natural
Ester B and C. As can be seen in the section for acid, there is a strong correlation with the
acid number and IFT. However, this only applies to insulating oils. In the open system,
more acid is formed in Oil A, B and C than in the closed system, which is also consistent
with the decrease in IFT. In the esters, the acid number is ten times higher in some cases,
but this does not affect the IFT. The formation of long-chain fatty acids in both natural and
synthetic esters seems to not influence the IFT as those acids are different from those in the
mineral oil where the correlation is higher [1].
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3.2.6. Acidity

Another important aging product for assessing the condition of the insulation is the
acid number of the insulating liquid, as shown in Figure 14. Aging of the liquid-paper
insulation results in the formation of various acids. In this work, the measurements with
respect to IEC 62021 were made using a potentiometric method for mineral oil-based
and non-mineral oil-based liquids [59,60]. This is a common method for determining the
acid number. However, the disadvantage is that the total amount of acid in the liquid is
determined, but it is not possible to distinguish the types of acid [61]. During aging, high
(HMA) and low molecular weight (LMA) acids are formed by hydrolysis and oxidation
processes. Due to thousands of different molecules of mineral insulating oil, the theoretical
number of different acids that can be formed is even larger. Acid is formed mainly by
hydrolysis processes and also to a lesser extent by oxidation processes [1]. The HMA acids
in mineral oil are, for example, stearic and naphthenic acids. The LMA acids are formic,
acetic and levulinic acids [62]. The research [62] has shown that the types of acids have
different influences on the aging process of the insulation. For example, it is known that
LMA acids are mainly absorbed by the paper insulation. This is due to their solubility in
water. In the case of HMA acids the majority remain in the insulating liquid and thus have
no negative effect on the paper aging [63].
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In natural esters, numerous acids can be formed by hydrolysis and oxidation. The
majority of the acids are stearic, palmitic, oleic, linoleic and α-linolenic acids [64]. The
study [65] showed that water is consumed in natural esters, resulting in the formation of
high molecular weight (HMW) free fatty acids in the ester. This phenomenon can also be
observed with the natural Ester B and C in Figure 6. Especially for Ester C, the decrease in
the water content after 1000 h can be detected, with a disproportionate increase in the acid
number. With an acid number of about 1.6 mgKOH/g, this is about twice as large as that
of the natural Ester B with 0.8 mgKOH/g. However, even the synthetic Ester A, with an
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acid number of 0.5 mgKOH/g, has a value about four times higher than that of the oils in
the closed system. The investigation [19] expresses the suggestion that a similar behavior
of formation of high molecular weight (HMW) free fatty acids occurs for synthetic esters,
under the consumption of water. However, in this study, no decrease in water content
was recognized for the synthetic Ester A. However, also for Ester A, the acid number is
about four times higher than for the oils in the closed system. The splitting of the ester
bond in the molecule results in long-chain fatty acids, which are caused by hydrolysis in
both natural and synthetic esters but have only a minor effect on paper aging [1]. Thus,
both systems (open and closed) and all insulating fluids used show an increase in acidity
as a function of aging, making the acid value a good parameter for assessing the aging
condition of both the insulating fluid and the insulating paper.

3.2.7. Dynamic Viscosity η

The viscosity is an indicator of the cooling capacity of the insulating liquid. Therefore,
as a further parameter, the dynamic viscosity according to ASTM D2983 at a temperature
of 10 ◦C was determined in this study, as shown in Figure 15 [66]. This temperature was
chosen because it was discovered in previous investigations that changes in viscosity due
to the aging processes are best observed at low temperatures. At higher temperatures, the
viscosity is reduced to such an extent that any aging influences that may occur cannot be
adequately detected.
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The results show that the most significant changes are observed in the open system,
where there is an almost linear increase in viscosity over the aging time. This is more
pronounced for the mineral oil-based Oil A and B than for Oil C. This increase can also be
recognized in the closed system for Oil A and B. For Oil C, however, the viscosity remains
constant over the aging time. There is an increase in viscosity due to the oxidation of
the oil-paper insulation material as well as the associated formation of aging products
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such as furfural as well as acids. Furthermore, sludge is formed in mineral oils due to the
polymerization of degradation products. This leads to a deterioration of heat transfer in
the transformer, which in turn leads to accelerated aging of the insulating material and an
associated increase in viscosity [49].

The significantly higher viscosity of the esters compared to the insulating oils is also
noticeable here. The relative change in the viscosity for the esters is smaller compared to
the oils in the closed system, with the viscosity remaining practically constant. This is due
to the low influence of oxidation processes on account of the closed system, which is also
consistent with the results from the investigation [67]. In this case, the viscosity of ester
is nearly five times higher, due to its chemical properties. Ester mainly consists of triglyc-
eride while mineral oil is mainly made up of hydrocarbon [49]. Oxidation processes in
natural esters attack predominantly unsaturated parts of the carbon chain in the molecular
structure, leading to an increase in viscosity. For this reason, natural esters are only suitable
for use in hermetically sealed transformers. However, this process of increasing viscosity
needs to not be accompanied by acid formation [1].

3.3. Inhibitor Content

In order to investigate the change in the inhibitor content, the 2,6-dibutyl-4-methylphenol
(DBPC) content of Oil C was measured according to IEC 60666 [68]. The course of the
inhibitor concentration in mass percent (mass-%) for the open and closed system is shown
in Figure 16.
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It can be assumed that the curves are qualitatively representative for Oil B too, which
is also inhibited. Initially, Oil C has a concentration of about 0.2 mass-% in both systems,
with the concentration decreasing exponentially over the aging time. The decrease is
much more pronounced in the open system than in the closed system due to oxidation
processes. After aging for 15 weeks, the concentration in the closed system is 16 times
higher than in the open system, with 0.16 mass-%. The research [69] found out that DBPC
reduces the generation of acids and other by-products to a greater extent compared to
other antioxidants, which is expressed in lower acid number and higher IFT. The study [70]
showed that DBPC in new oil has very little effect on the dissipation factor as well as on
the gas components produced during aging.
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This shows that the design of the transformer has a major influence on the decrease in
inhibitor content, which, however, is not reflected to the same extent in the aging rate of
the paper, since the difference in DP value with Oil C after 15 weeks is only about 1.6 times
as big.

3.4. Correlation Analysis

In this section, the correlations among the aging markers will be examined. The
aim is to investigate the correlation between the variables for improving the condition
assessment of transformers. Parameters that show a strong correlation, e.g., to the DP value
need to be more considered if the quality of the paper should be assessed. Therefore, the
correlation is determined according to Pearson, whereby the Pearson correlation coefficient
r is calculated. The meaning of the coefficient is shown in Table 3. For a better overview,
only strong correlations with a value of |r| ≥ 0.8 are shown in the following.

Table 3. Classification of the correlation coefficient r according to Pearson [71].

Correlation Coefficient Description

|r| < 0.2 Very weak correlation
0.2 ≤ |r| < 0.5 Weak correlation
0.5 ≤ |r| < 0.8 Mean correlation
0.8 ≤ |r| < 1.0 Strong correlation

Figure 17a presents different markers with strong correlations for the open and closed
systems in the insulating Oil A, B and C. The figure tries to show that the correlation
between which two markers are strong as well as whether the strong correlation occurs
for all three Oils A, B and C at the same time or only for two or only one liquid. If the
correlation does not occur for all three liquids at the same time, the oils in which this
correlation occurs are marked in brackets. It can be seen that the number of cases with
strong correlations is larger in the open system than in the closed system.
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For a better understanding of the principle, an example from Figure 17a is discussed
in more detail. The inhibited insulating Oil B shows a strong correlation between its
dynamic viscosity (η) and the dissipation factor tan (δ) in both systems (open and closed).
Corresponding correlations are further visually highlighted by means of a grey background,
with the matching oil type, written in brackets. For the open system, a dependence on the
type of oil can be seen. Some correlations, such as acid and IFT are apparently independent
of the oil type (inhibited or non-inhibited), as these correlations occur for all three oils. For
many of the correlations that occur for two oils, the correlations are for inhibited Oil B and C.
Thus, there is obviously an influence of the inhibitor. In the case of the strong correlations for
one oil, Oil A is most frequently represented, which means that these correlations probably
occur predominantly for uninhibited oils. The higher number of strong correlations in the
open system is probably caused by the greater relative change in the aging markers due to
increased oxidation processes. The overall relative change of markers in the closed system
is smaller, which means that a larger number of markers would have to be investigated in
the closed system to achieve a general condition assessment of the oil-paper insulation.

In Figure 17b, the strong correlations of markers in the closed system have been
investigated using different insulating fluids. In general, this can be understood as a
comparison between esters and insulating oils when used in a hermetic transformer. For
this purpose, the insulating oils (Oil A, B and C) and the synthetic and natural esters (Ester
A, B and C) are compared and illustrated. It can be observed that for the esters there is a
very good correlation between the DP value, and thus the aging condition of the insulating
paper, and the gas concentration CO. Nevertheless, the number of the case with strong
correlations is smaller than those of the open system.

For esters, it appears to be strong correlations between aging markers and the forma-
tion of CO and CO2, which can be recognized in the "For two different liquids" property.
Nevertheless, it does not seem to be dependent on the type of ester, as this can be observed
for both the synthetic Ester A and the natural Ester C. The esters have significantly more
strong correlation cases in the part of "For one liquid" compared to the insulating oils. Here
it is noticeable that the natural Ester C has the most correlations compared to the Ester
A and B. Overall, the number of correlations in the closed system is lower compared to
the open system. Therefore, considering the type of insulating fluid is more important for
oils than the type of system (open or closed). Obviously, a distinction must also be made
between the natural esters, since they do not show strong correlations to the same extent.

Regarding the indirect determination of paper aging by measuring aging markers in
the insulating liquid, the CO2/CO ratio seems to be particularly well suited for the open
system, since it shows a strong correlation for all three insulating oils. Likewise, the acid
number, IFT and concentration of CO are well suited for the mineral oil-based Oil A and
B. For the non-inhibited Oil A, the dissipation factor tan δ and the relative permittivity
εr are also suitable. In the closed system with the insulating Oil A, B and C, the acid
number, as well as the dynamic viscosity for the mineral oil-based Oil A and B, show a
very strong correlation with the DP value. For the inhibited Oil C, the IFT seems to be
a good parameter for drawing conclusions about the paper condition. Furthermore, the
gas concentration CO shows a strong correlation with the DP value for all three esters.
Correspondingly the CO2 concentration for the Ester A and C. For the synthetic Ester A,
there is also a strong correlation with the moisture content and for the natural Ester B with
the acid number. Based on such an analysis, suitable parameters can be chosen for the
creation of an algorithm, which can be based, for example, on fuzzy logic. By means of
such an algorithm, different parameters can be used for different transformer types and
fluids, which enable the indirect determination of the DP value, which was carried out in
the investigations [72,73].

In Supplementary Materials, Pearson’s correlation values r are shown for the different
systems as well as liquids.
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3.5. Threshold Values for Paper Aging

Based on the results obtained, it can be seen that oil-paper insulation ages differently
in various systems, with differences also depending on the insulating fluid. For this
reason, differences are determined, whereby a distinction is to be made between inhibited
and non-inhibited oil as well as synthetic and natural esters. This form of subdivision is
suitable because it classifies commonly used insulating fluids that are offered by different
manufacturers. In this section, threshold values are proposed for different aging markers
in the different systems as well as liquids as presented in Tables 4 and 5. According to
IEC 60450, an insulating paper is considered "average" when the DP value falls below
650 (Table 4) and "aged" below 350 (Table 5); therefore, an assessment of threshold values
concerning this variable is given below [74]. Reaching these limits is intended to provide
information at which the DP value is likely to be significantly reduced. Since some paper
samples had not yet reached the DP value of 350, the aging markers were considered
according to the lowest DP value of the samples. Nevertheless, all paper samples with a
DP value of approx. 400 are within the range of this end of life. These values, which are
resulted from the tests, are thus used to assess the condition of the paper insulation. For
a few parameters, a more precise subdivision was necessary for the inhibited Oil B and
C, since no single value could be defined here. For this reason, two values are defined
for individual parameters, with the upper value representing Oil B and the lower value
representing Oil C. Although this is simulated aging under laboratory conditions, it was
shown that the results can be transferred to real transformers [75,76].

Table 4. Definition of threshold values for different transformers and liquids for 650 DP (In case of two threshold values per
parameter, the upper value stands for Oil B and the lower for Oil C).

Parameter Unit

Uninhibited Oil Inhibited Oil Synthetic
Ester

Natural
Ester

Open
(≈700 h)

Closed
(≈700 h)

Open
(≈250 h)

Closed
(≈250–700

h)

Closed
(≈300 h)

Closed
(≈700 h)

Acid value mg KOH/g 0.2 0.07 0.02 0.03–0.06 0.03 0.1
40 37 - -IFT mN/m 21 35 42 44

8 × 10−5 3 × 10−4
tan δ (25 ◦C) 0.016 0.002 4 × 10−6 1 × 10−6 0.002 0.005

2.18 2.18Rel. Permittivity
(25 ◦C) 2.2 2.18 - 2.08 3.18 3.11

700 2900
CO ppm 1000 3000 500 600 1800 1800

4000–5000 26,000
CO2 ppm 2000 30,000 2500–3500 4000–8000 30,000 22,000

CO2/CO 3.25 12–15 7.00 7–12 12–14 14.00
Dyn. Viscosity

(10 ◦C) mNs/m2 30 - - - - -
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Table 5. Definition of threshold values for different transformers and liquids for 350 DP (In case of two threshold values per
parameter, the upper value stands for Oil B and the lower for Oil C).

Parameter Unit
Uninhibited Oil Inhibited Oil Synthetic

Ester
Natural

Ester

Open
(>2500 h)

Closed
(>2500 h)

Open
(≈ 1000 h)

Closed
(>2500 h)

Closed
(>2500 h)

Closed
(>2500 h)

0.15 0.15
Acid value mg KOH/g 0.35 0.15 0.03–0.06 0.09–0.13 0.37 0.8

27.5 27.5 – –IFT mN/m 17.5 32 40 40
0.04 0.06

tan δ (25 ◦C) - -
0.001 0.001

- -

Rel.
Permittivity

(25 ◦C)
2.24 2.19 - - 3.2 -

CO ppm 1250 3500 850 3250 3000 5000
CO2 ppm 5000 50,000 2400–4000 (2–4) × 104 40,000 (2–4) × 104

CO2/CO 2–4 3–15 6–12.5 5–15 14–19 8–22
Dyn. Viscosity

(10 ◦C) mNs/m2 31.6 29 - - - -

Based on the tables below, it can be assumed that the more parameters match the
transformer condition to be estimated, the higher is the probability of aged paper. For a
better classification, time values are additionally given in the table, after which time the DP
values of 650 and 350 are reached in this investigation. The time is given in brackets and
assigned to the corresponding insulating liquid types.

Table 4 also explains how these limits are to be interpreted. It also determines whether
the transformer should be examined when the value falls below or exceeds the limit.
Ranges are also given which indicate healthy paper insulation as well as ranges which
indicate aged paper insulation since no clear threshold value can be defined.

Thus, as an example in Table 4, it can be assumed that, for example, in the case of an
uninhibited oil in a free-breathing transformer, when the acid value of 0.2 mgKOH/g is
exceeded, the DP value of the paper can be assumed to be in the range of about 650 on
average. The same also applies when the IFT falls below a value of 21 mN/m. Furthermore,
with an inhibited oil in a closed system, for example, it can be assumed that a range of
650 DP is reached at a CO2 concentration in the liquid of 4000–8000 ppm. Concerning the
synthetic ester in a hermetic transformer, the DP value of 650 can be assumed to be reached
when the CO2/CO ratio exceeds or falls below the range 12–14. It cannot be assumed that
all limits will be reached at the same time. Nevertheless, the assumption of reaching the DP
value can be strengthened the more limit values are exceeded or fallen short of. The same
principle applies to Table 5 and thus to an average DP value of 350 of the insulating paper.

4. Conclusions

In this study, the replication of liquid-paper insulation, as found mainly in power
transformers, was performed. Therefore, the conditions in free-breathing transformers, as
well as hermetic transformers, were simulated. The aging of the insulation was thermally
accelerated over 15 weeks in order to simulate the lifetime of a transformer in a reasonable
period of time. To simulate the different types of real transformers, inhibited oils were
used in addition to an uninhibited mineral oil, which belongs to the newer generation
of insulating oils. Moreover, the investigation was carried out with esters, which are
increasingly being used in transformers, but knowledge of their aging in the transformer is
not yet as profound as for mineral oils. Therefore, a synthetic ester, as well as two natural
esters, were used in this investigation.
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This study reveals that the assessment of aging markers in insulating liquids to
evaluate the condition of a transformer and especially the indirect assessment of the paper
insulation is depending on the type of sealing system, as well as on the insulating liquid.
Thus, it was confirmed that in free-breathing transformers (open system) the influence
of oxidation is more pronounced than in hermetic transformers (closed system). This
also has the consequence that the relative change of oil parameters is stronger in open
systems. Concerning the DP value, the change is not the same. Thus, for the same DP
value, the values of acidity in a fluid can be different depending on the system (open
or closed). Furthermore, it should be distinguished whether oil is inhibited or not. For
example, variables such as viscosity, acid number or IFT showed stronger changes for the
non-inhibited oil. For the inhibited oils, the change in the oil markers is less pronounced,
whereas the DP value decreases faster in the open system for inhibited oils.

Furthermore, the closed system comparison also unfolded significant differences
between esters and insulating oils. For example, the acid concentration is much higher
for esters, but this has no negative effect on the aging rate. Similarly, some markers for
esters are not suitable for evaluation, such as interfacial tension and viscosity under normal
aging, since these quantities practically do not change over the aging time.

There are also stronger correlations among the aging variables in the open system
compared to the closed system, thus more parameters are needed overall to assess the
closed system. Likewise, a differentiation of the system is important especially for the
evaluation of gases, such as the CO2/CO ratio. The ratio is markedly higher for esters
compared to insulating oils, which has to be considered when using esters in transformers.
From the correlations of the DP value with the aging markers, it can be concluded that
some parameters such as the acid number, IFT or the ratio CO2/CO can be good indicators
to achieve an indirect condition analysis of the paper insulation.

This comparative study of the different insulating fluids and systems of transformers
offers the possibility for transformer operators to compare measured values of their assets
with the values from this study. With these results, conclusions can be drawn independently,
while the DP value should be determined more precisely, which the determined threshold
values can be used for. For this purpose, parameters determined by means of correlation
analysis can be used. Therefore, these results can be used to improve the condition
assessment of transformers. They allow transformer operators to perform a more targeted
analysis depending on the system as well as the insulation fluid, which overall increases
the operational reliability of the high voltage network.

In addition, the results can also be used to estimate the performance of the various
insulating fluids in service and what factors, such as oxidation, affect the electrical and
dielectric properties of the insulating fluid. Likewise, the results serve for sound knowledge
in the use of novel fluids in transformers such as synthetic and natural esters.

Future work will investigate other factors influencing the formation of aging markers.
The influence of the liquid-paper weight ratio and the influence of different water concen-
trations in the liquid will be determined. Furthermore, the influence of different mixing
ratios of mineral oil and ester can be investigated as well as investigations using Fourier
transform infrared spectroscopy (FTIR) to investigate correlations with aging markers as
well as to determine characteristic areas in the spectrum that allow a condition assessment
of the paper insulation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/en14113036/s1, Figure S1: Measuring device for determining the water content, the detail
of titration cell, weighing of the insulating liquid sample and a measurement curve., Figure S1:
Measuring device for determining the water content, the detail of titration cell, weighing of the
insulating liquid sample and a measurement curve., Figure S2: 50 mL glass syringe with a connected
PTFE hose via a two-way valve., Figure S3: DGA system for the detection of dissolved gases in
the insulating liquid., Figure S4: Device for determining the dissipation factor tan δ and relative
permittivity εr., Figure S5: Device for determining the breakdown voltage UD of the insulating
liquid., Figure S6: Device for determining the interfacial tension σ of the insulating liquid., Figure
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S7: Device for determining the acid value of the insulating liquid., Figure S8: Rotational viscometer
for determining the dynamic viscosity η of the insulating fluid., Figure S9: Pearson correlation
coefficients r for the open system with Oil A, B and C., Figure S10: Pearson correlation coefficients
r for the closed system with Oil A, B and C., Figure S11: Pearson correlation coefficients r for the
closed system with Ester A, B and C., Table S1: Optical appearance of the insulating materials
during thermally accelerated aging for 15 weeks at 130 ◦C. In the Supplementary Materials section,
information about the measuring devices, as well as the optical change of the insulating material, is
presented. Furthermore, the correlation of the aging markers for the different systems and fluids is
presented in figures. Source [77–86].
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