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Abstract: In order to ensure the long-term reliability and safety of power transformers, it is important
to continuously monitor the characteristics of insulating oil, which not only helps in understanding
its behavior over time but also ensures the safety of the equipment. The current study analyzes
in-service insulating oil with the aim of relating deterioration and changes in the oil with service aging.
Insulating oil samples were collected from three power transformers, with a voltage level of 220 kV
and 132 kV, installed at a 220 kV substation. Electrical and chemical characteristics were obtained, and
the impact of service aging and the relationships among load variation, oil, and winding temperatures
with the characteristics were evaluated. Variations in the dielectric dissipation factor and breakdown
voltage with service aging were recorded for all transformers, while the moisture content increased
with each service year. Among the concentrations of gases present in the insulating oil, carbon
monoxide, oxygen, and nitrogen concentrations increased after each service year. The impact of load
variation on the breakdown voltage of the 132 kV transformer oil was more prominent than for the
220 kV transformers. The analysis of gas ratios and moisture content identified the degradation of
cellulose insulation in all transformers, which was due to the presence of electrical faults.

Keywords: in-service transformer; insulating oil; dielectric dissipation factor; breakdown voltage;
dissolved gas analysis; load variation; cellulose insulation; condition monitoring

1. Introduction

Power transformers are critical components in electrical transmission and distribution
networks, ensuring efficient and stable energy delivery. Transformer oil, commonly a
mineral-based insulating fluid and natural ester, serves multiple functions, including cool-
ing, insulation, and arc suppression. However, transformer oil is subject to aging, a complex
process influenced by thermal, electrical, and chemical stresses inherent to prolonged op-
eration. This aging process degrades the oil’s insulating properties and accelerates the
breakdown of cellulose-based insulation, eventually compromising transformer reliability
and potentially leading to costly failures [1,2]. Thus, the study of transformer oil aging is
crucial for understanding the mechanisms that affect transformer health over time.

Transformer oil degradation is driven by thermal, electrical, and chemical stressors,
each contributing to molecular breakdown and structural alteration in both the oil and
cellulose insulation materials. Thermal stresses arise from high operating temperatures
that accelerate oxidation processes, resulting in acid formation and an increase in the oil’s
viscosity, which ultimately diminishes its insulating capacity [3–5]. Electrical stressors,
particularly partial discharge (PD) and arcing, generate localized high temperatures that
promote the breakdown of oil molecules and produce fault gases, such as hydrogen (H2),
methane (CH4), acetylene (C2H2), and ethylene (C2H4). These gases dissolve within the
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oil, and their concentrations are analyzed to assess fault severity and type [6–8]. The
concentration of hydrogen and hydrocarbon gases, such as methane, ethane, ethylene, and
acetylene, are markers of electrical faults, including PD, arcing, and overheating in oil [8,9].

Breakdown of oil due to chemical reactions within the oil is further accelerated by
contaminants, including moisture, oxygen, and metal particles, which catalyze oxidation
processes. The presence of moisture is particularly detrimental as it not only accelerates the
oil’s degradation but also promotes cellulose decomposition in paper insulation, leading
to a release of carbon monoxide (CO) and carbon dioxide (CO2) [10]. Also, the presence
of carbon monoxide and carbon dioxide is associated with the degradation of cellulose
insulation due to thermal and oxidative stresses [11,12]. Studies by Kachler and Hohlein
(2005) have demonstrated that increases in CO and CO2 levels correspond with accelerated
cellulose aging, particularly at elevated temperatures [13]. However, the studies conducted
by Baruah et al. (2020) and Ivanka and Frotscher (2010) emphasize that carbon monoxide
and carbon dioxide ratios serve as reliable indicators of thermal faults in the solid insulation
materials of transformers [7,14]. Furthermore, oxygen dissolved in the oil participates in
oxidation reactions, forming acidic byproducts that degrade both the oil and cellulose
insulation in a self-perpetuating cycle [15].

The aging of transformer oil exhibits both electrical and chemical alterations that can
signal the onset of insulation failure. Electrically, aging reduces the breakdown voltage of
the oil as impurities and dissolved gases weaken its dielectric strength [16]. Meanwhile,
dielectric strength is a key metric for transformer health, as a reduction in this property
can lead to dielectric breakdown under normal operating voltages. Thermally stressed oil
also shows an increase in dielectric dissipation factor (DDF), also known as dielectric loss,
a parameter that reflects energy dissipation and provides insight into the extent of thermal
degradation [17].

Meanwhile, moisture and oxygen play critical roles in exacerbating both electrical
and chemical degradation. Sifeddine et al. (2019) showed that the insulating properties
of transformer oil strengthen with the decrease in moisture content [18]. Furthermore, the
authors in [19,20] have shown that the aging rate of paper insulation increases with a high
level of moisture content. These studies have shown the detrimental effect of moisture
content on both oil and paper insulation, as moisture not only accelerates hydrolysis
but also diminishes the oil’s dielectric strength, making transformers more susceptible to
electrical failures. Consequently, controlling oxygen and moisture ingress is essential for
extending transformer life.

While different stressors contribute to the degradation of the oil in general, the degra-
dation behavior of the two widely used types of transformer oils, i.e., mineral oil and
natural esters, differ significantly. Natural esters have a higher ability to absorb moisture as
compared to mineral oil, hence affecting the moisture dynamics inside the transformer [21].
However, natural esters have better aging resistance and thermal conductivity than mineral
oil [22,23]. Nonetheless, due to the presence of more carbon–carbon double bonds in natu-
ral esters, they are more vulnerable to oxidation as compared to oxidation [24]. In terms of
their electrical characteristics, natural esters as compared to mineral oils maintain higher
breakdown voltage [7,25]. Mineral oil has been the preferred option for transformer oil in
spite of the fact that natural esters provide several advantages This preference is primarily
due to the lower cost, better thermal performance, and long-term reliability across various
operating conditions of mineral oil [21,26].

For in-service transformer oils, irrespective of the type, as degradation is multifactorial,
it is necessary to continuously monitor them to assess both the electrical and chemical
integrity of the oil and insulation materials over time, which requires diagnostic tools
capable of identifying degradation trends early, before severe faults develop. Dissolved
gas analysis (DGA) is the most prevalent diagnostic method, providing insights into the
types and concentrations of fault gases generated during oil aging [27]. By analyzing the
ratios of gases, such as hydrogen to methane or acetylene to ethylene, DGA allows for
the categorization of fault types. The Dornenburg and Rogers ratio methods are estab-
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lished approaches within DGA, used to differentiate between PD, arcing, and overheating
faults [12,28,29]. These methods, however, have limitations, particularly when gas levels
are below diagnostic thresholds or when multiple fault types occur simultaneously.

While significant research has been conducted on transformer oil aging, a comprehen-
sive study that correlates both electrical and chemical characteristics over extended service
periods remains limited [30–32]. Much of the existing literature focuses either on DGA
interpretation or on isolated chemical and electrical properties, often without longitudinal
analysis [33–35]. Additionally, studies rarely account for the combined effects of moisture,
dissolved gases, electrical properties, and thermal stress in real-world operational condi-
tions. Therefore, this study aims to provide a systematic analysis of both electrical and
chemical indicators of aging in oil samples collected from in-service transformers over a
period of service.

This research analyzes the dielectric dissipation factor (DDF) at 90 ◦C, breakdown
voltage, moisture content, and dissolved gas concentrations to offer insights into the
degradation process in operational transformers installed in a 220 kV substation in Pakistan.
By examining these parameters in tandem, this study seeks to identify early aging markers
and contribute to the development of refined diagnostic methods, enabling more effective
condition monitoring and predictive maintenance strategies.

The paper is organized as follows. Section 2 outlines the characteristics of transformers
under consideration and test methods adapted for oil degradation analysis. Section 3
discusses the results of the measurement, while the discussion is carried out in Section 4.
The Discussion section includes the correlation of the electrical and chemical characteristics
and discusses the impact of different variables on the electrical and chemical characteristics
of oil, followed by a discussion of the DGA results. The concluding remarks are given in
Section 5.

2. Analysis Method

Table 1 lists the specifications of the in-service transformers considered in the current
study. A total of three transformers, namely T1, T2, and T3, were considered, which
were installed at a 220 kV substation in Dera Ismail Khan, Pakistan, while oil samples
were collected for these transformers during the service years 2020–21, 2021–22, 2022–23,
and 2023–24. All three transformers were commissioned in the same year, i.e., 2019.
Transformers T1 and T2 had a voltage ratio of 220/132 kV, whereas T3 had a voltage ratio
of 132/11.5 kV.

Table 1. Characteristics of the under-consideration transformers.

Transformer
Characteristics

Make Rated Power
(MVA)

Rated Primary
Voltage (kV)

Rated Secondary
Voltage (kV) Taps

T1 Shandong Dachi China 250 220 132 27
T2 Shandong Dachi China 250 220 132 27
T3 PEL 13/10 132 11.5 23

The test methods used in the current study for the collected oil samples are tabulated
in Table 2. The methods are categorized as electrical and chemical, and they conform to the
International Electrotechnical Commission (IEC) and the American Society for Testing and
Materials (ASTM). The table also describes the test conditions and acceptance values of
the characteristics.

In a transformer, electrical stress, turn-to-turn and section-to-section short circuits,
thermal stress, operating temperature, and the presence of foreign objects are associated
with the degradation of insulating oil. These conditions lead to the weakening of dielectric
strength; as such, DDF and breakdown voltage can be used as an index to directly evaluate
the electrical characteristics of insulating oil.
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Table 2. Test methods used in the current study according to defined standards with accepted values
and test conditions.

Test Methods Test Standard Acceptance Values Test Conditions

Electrical
characteristics

Dielectric dissipation factor at 90 ◦C IEC-60422:13 <0.10
25.0 ± 05 ◦C

&
50% ± 15%

Breakdown voltage (kV) IEC-60422:13 >60

Chemical
characteristics

Moisture Content (mg/kg) IEC-60422:13 <15

DGA IEC-60599:15 and
ASTM D-3612 ----

The moisture content of the oil is also generally recognized as an effective diagnostic
index that can be used to identify the status of degradation of insulating oil, as the presence
of moisture significantly affects the breakdown strength of the oil. With the decline in
the dielectric strength of insulating oil and cellulose materials, combustible gases are
generated inside the transformer. The identity of the gases being generated can be very
useful information in any preventive maintenance program. The sum of all combustible
gases with a rise in individual or ratio gas-generated rates indicates a transformer fault
and can also indicate the fault level. As such, DGA is used in evaluating the heath of
transformers and is considered the most advanced and technically acknowledged method.

3. Results

In the current study, electrical and chemical characteristics were used for the analysis
of aging of in-service transformer oil samples. The analysis was carried out with reference
to the year of service.

3.1. Electrical Characteristics

Figure 1 shows the variation in DDF with each service year for all three transformers.
It was observed that the DDF values decreased after the second service year for all trans-
formers. After the third year, the DDF values increased and then decreased after the fourth
year, except for in the T3 transformer, where a slight increase was noticed. Although the
values of DDF were below the acceptance values, variation in DDF was observed with each
service year.
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The breakdown voltage values of the three transformers are plotted in Figure 2. The
breakdown voltage of T1 and T2 increased after the second and third service years. A
decrease after the second and increase after the third service years in the breakdown
voltages was noticed for T3. The fourth-year measurement results showed a decreasing
trend for T1 and T3, while an increase in the breakdown voltage value was observed for T2.
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3.2. Chemical Characteristics

The impact of aging on the moisture content of transformers T1, T2, and T3 is plotted
in Figure 3. For transformer T1, an increasing trend in the moisture content was observed
throughout the service years. However, for transformers T2 and T3, except for a decreasing
trend in the moisture content values during the second service year, an increasing behavior
was noticed with each service year that passed.
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The DGA analysis specified nine (9) key gases for the analysis of the oil samples.
The gases included acetylene (C2H2), ethylene (C2H4), ethane (C2H6), methane (CH4),
hydrogen (H2), carbon monoxide (CO), carbon dioxide (CO2), oxygen (O2), and nitrogen
(N2). Acetylene, ethylene, ethane, methane, and hydrogen are considered to be produced
due to the decomposition of oil, whereas carbon monoxide, carbon dioxide, and oxygen
are generated due to cellulose insulation degradation. The concentration of the gases for
each transformer is plotted for the service years in Figure 4. For all transformers under
study, similar behavior for acetylene, ethylene, ethane, oxygen, and nitrogen was observed,
where the values of the gas concentration increased in the oil samples with each service
year. However, the values of methane increased for T1, T2, and T3 after the first two years
of service, but then decreased after the third service year for T1 and T3. However, for T2,
the DGA analysis of the oil samples taken after the third service year showed no traces of
methane. Nonetheless, a significant increase in methane concentration was noticed after
the fourth service year.
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For transformers T1 and T2, the carbon monoxide concentration increased after the first
three years of service, which then decreased after the fourth year. However, for transformer
T3, an increase in the concentration of carbon monoxide after the first and second service
years was recorded, which then decreased after the third service year. However, after
the fourth service year, the concentration of carbon monoxide increased again. In the
case of carbon dioxide, its concentration increased for the first two service years for all
transformers. However, the DGA results obtained after the third and fourth years showed
a decrease in its concentration for transformers T2 and T3. For T1, the carbon dioxide
concentration decreased in the third service year and then increased after the fourth year.

The concentrations of oxygen and nitrogen increased during the service years for all
transformers. The hydrogen gas concentration showed a distinct behavior from the rest
of the gases. It was observed that the concentration of hydrogen increased in the first
two service years for transformers T1 and T2, whereas for the subsequent years, no traces
were found of it. For transformer T3, no traces of hydrogen were noticed throughout the
service years.

It is important to mention here that the values of the moisture content and gas con-
centration were well below the acceptance values, as was the case for the DDF and break-
down voltage.

4. Discussion
4.1. Relationship Between Different Characteristics

In the previous section, the impact of aging time (in terms of service years) on the
electrical and chemical characteristics was obtained. However, it is imperative to study
the relationships between the DDF, breakdown voltage, and moisture content, since the
DDF and breakdown voltage vary with the charging mode of the insulation oil, whereas
the moisture content in the insulation is considered to influence the electrical characteris-
tics [21,36].

4.1.1. Dielectric Dissipation Factor and Breakdown Voltage Relationship

The electrical characteristics, namely breakdown voltage and DDF, both have ten-
dencies to vary according to the presence of foreign objects and charged particles in the
insulating oil; hence, the two electrical characteristics are plotted in Figure 5 to understand
the relationship. The high values of breakdown voltage relate to the higher resistivity of
the oil insulation, which is reflected as low values in the DDF. However, from the DDF and
breakdown voltage results, a weak correlation was found between them. As transformers
age, the concentration of by-products and foreign particles increases. These by-products
include acids, sludge, and polar compounds, while foreign objects contain particles and
moisture [37,38]. The high levels of these substances significantly affect the breakdown volt-
age and DDF. In the current study, the transformers being examined exhibited breakdown
voltage and DDF values below the acceptable range. Consequently, there was minimal
impact of aging on the transformer oils, resulting in a weak correlation between breakdown
voltage and DDF, which led to an ineffective control trend.



Appl. Sci. 2024, 14, 11767 8 of 16

Appl. Sci. 2024, 14, x FOR PEER REVIEW 9 of 18 
 

It is important to mention here that the values of the moisture content and gas 
concentration were well below the acceptance values, as was the case for the DDF and 
breakdown voltage. 

4. Discussion 
4.1. Relationship Between Different Characteristics  

In the previous section, the impact of aging time (in terms of service years) on the 
electrical and chemical characteristics was obtained. However, it is imperative to study 
the relationships between the DDF, breakdown voltage, and moisture content, since the 
DDF and breakdown voltage vary with the charging mode of the insulation oil, whereas 
the moisture content in the insulation is considered to influence the electrical 
characteristics [21,36]. 

4.1.1. Dielectric Dissipation Factor and Breakdown Voltage Relationship 
The electrical characteristics, namely breakdown voltage and DDF, both have 

tendencies to vary according to the presence of foreign objects and charged particles in 
the insulating oil; hence, the two electrical characteristics are plotted in Figure 5 to 
understand the relationship. The high values of breakdown voltage relate to the higher 
resistivity of the oil insulation, which is reflected as low values in the DDF. However, from 
the DDF and breakdown voltage results, a weak correlation was found between them. As 
transformers age, the concentration of by-products and foreign particles increases. These 
by-products include acids, sludge, and polar compounds, while foreign objects contain 
particles and moisture [37,38]. The high levels of these substances significantly affect the 
breakdown voltage and DDF. In the current study, the transformers being examined 
exhibited breakdown voltage and DDF values below the acceptable range. Consequently, 
there was minimal impact of aging on the transformer oils, resulting in a weak correlation 
between breakdown voltage and DDF, which led to an ineffective control trend. 

 
Figure 5. The relationship between breakdown voltage and dielectric dissipation factor at 90 °C. 

  

Figure 5. The relationship between breakdown voltage and dielectric dissipation factor at 90 ◦C.

4.1.2. Impact of Moisture Contents

Figure 6 represents the relationships between the moisture content and DDF. Since the
precipitation of moisture is considered to deteriorate the dielectric characteristics, moisture
content can be used as an index to evaluate electrical characteristics. In Figure 6, however,
no clear correlation was found between moisture content and DDF for T1 and T2. However,
the correlation results for T3 showed that with the increase in the moisture content, the
dielectric dissipation factor also increased.
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The impact of moisture content on the breakdown voltage of the three transformers
was also analyzed, Figure 7. As with the DDF, no clear correlation was found between the
moisture content and breakdown voltage for all transformers. These results are believed to
be due to the fact that the moisture content values were well below the threshold values
and, hence, the moisture content had little influence on the electrical characteristics.
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4.1.3. Impact of Load Variation, Oil Temperature, and Winding Temperature

To enhance the understanding of the variation in DDF, breakdown voltage, and mois-
ture content with service years, other variables of the transformers, i.e., LV side load and
oil and winding temperatures were taken into account, as the operating temperature influ-
ences the transformer insulation. The results of the electrical and chemical characteristics
along with the recorded values of LV side currents and oil and winding temperatures are
summarized in Table 3 for each transformer.

The correlation matrices were generated considering the LV side load, oil temperature,
winding temperature, DDF, breakdown voltage, and moisture content for each transformer
(Figure 8). It was observed that for transformers T1 and T2, the correlation of LV side load
with oil temperature and winding temperature was either weak or negatively moderate.
This was because T1 and T2 are connected to the transmission side of the network, i.e.,
at 220 kV; hence, the load variation had little effect on the oil and winding temperatures.
Similar behavior was also observed for the values of the correlation coefficients of LV side
load, DDF, and moisture content.

For transformer T3, a positive moderate correlation was established for LV side load,
oil temperature, and winding temperature. This impact of the load variation on the
temperatures was due to the fact that transformer T3 is connected to the distribution section
of the network, where the impact of the load variation is high.
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Table 3. Different recorded variables of in-service transformers for each service year and oil test result.

Transformers Service
Years

Parameters

LV Side
Load (A)

Oil Temp.
(◦C)

Winding
Temp. (◦C)

DDF 1 at
90 ◦C

BDV 2

(kV)
MC 3

(mg/kg)

DGA

C2H2 C2H4 C2H6 CH4 H2 CO CO2 O2 N2

T1

2020–21 348.65 35.78 37.69 0.00365 73 6.5 0 0 0.027 3.45 21.65 243.45 290.54 6712.44 32,153.66
2021–22 245.00 44.43 46.01 0.00106 80.3 6.51 0 0.007 0.027 3.76 29.94 278.8 372.38 9600.41 53,852.77
2022–23 185.65 43.76 45.28 0.00326 81.7 9.22 0.02 0.014 0 0.053 0 418.88 70.09 12,116.43 65,917.27
2023–24 112.87 34.87 36.31 0.00163 68.4 13.41 0.39 0.313 0.317 0.344 0 317.485 89.271 19,609.125 93,377.5

T2

2020–21 348.65 35.78 37.69 0.00235 67.7 9.85 0.01 0.021 0 3.56 21.34 178.66 156.44 10,921.44 54,321.89
2021–22 245.00 44.43 46.01 0.00082 74.1 6.86 0.012 0.037 0.066 5.032 30.16 270 390.26 13,165.35 73,891.7
2022–23 202.97 44.01 44.86 0.00454 81.7 8.01 0.009 0.014 0.019 0 0 356.57 80.123 11,561.19 67,582.65
2023–24 152.70 36.68 38.18 0.0018 86.7 11.24 0.109 0.126 0.358 5.009 0 297.265 54.493 18,829.215 93,958.1

T3

2020–21 64.14 36.19 38.18 0.00268 71.5 8.45 0 0 0.021 1.232 0 260.32 330.77 19,345.55 54,321.44
2021–22 87.65 40.13 42.52 0.00062 68.7 7.08 0 0 0.039 1.391 0 270.6 338.71 20,754.62 67,546.71
2022–23 99.44 39.94 42.32 0.00122 81.8 9.2 0.03 0.011 0.014 0.93 0 57.64 79.74 22,751.94 83,194.28
2023–24 82.00 29.02 30.39 0.0015 78.3 10.86 0.009 0.068 0.209 4.876 0 67.694 60.408 24,559.199 92,462.49

1 Dielectric dissipation factor, 2 breakdown voltage, 3 moisture content.
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From the correlation matrix, a prominent impact of oil and winding temperatures on
the moisture content of T1, T2, and T3 was observed. With the increase in temperature,
the moisture content decreased. This correlation of the oil and winding temperatures and
moisture is because the moisture in transformers exists in both the oil and the cellulose insu-
lation, with the latter holding the majority due to its hygroscopic nature. As the temperature
of the oil and windings increases, moisture migrates from the cellulose insulation to the oil
as a result of the shifting equilibrium [39,40]. However, due to the elevated temperatures,
combined with moisture removal systems, oil circulation, and degassing processes, the
moisture content is effectively removed. For T1 and T2, the oil and winding temperatures
had a weak correlation with the DDF, whereas a strong positive correlation between the
breakdown voltage and oil and winding temperatures was noticed for T1, showing that the
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breakdown voltage increased as both temperatures increased. This behavior was possible
considering that the moisture and any foreign objects at these temperatures are dissolved
in oil, whose impact is limited by the increase in the temperatures. The increase in oil and
winding temperatures decreased the breakdown voltage of T3, while the impact of the
moisture content was also noticed.

4.2. Assessment of the DGA Results

Transformer oil aging is a complex process accelerated by several operational stressors,
particularly thermal and electrical faults. The degradation of oil over time is further
influenced by contaminants, such as metallic particles, moisture, and cellulose fibers from
insulation breakdown. These factors contribute to the chemical decomposition of both
transformer oil- and cellulose-based insulation, generating various low-molecular-weight
gases that dissolve within the oil. DGA enables the identification of specific fault types by
quantifying these gases and interpreting their ratios.

In this study, the concentration of dissolved gases across three transformers was
observed to remain below critical diagnostic thresholds during successive service years,
which precluded the application of conventional DGA fault identification techniques, such
as the Dornenburg ratio and Roger ratio methods [6]. Instead, our analysis was directed
towards understanding the implications of trace gas concentrations on the degradation
patterns of transformer insulation materials according to Table 4 [41].

Table 4. Fault types associated with different gases [41].

Fault Gas

Indication

Cellulose
Aging

Mineral Oil
Decomposition

Leaks in Oil
Expansion

Systems

Thermal
Fault—

Cellulose

Thermal
Fault—Oil

(150–300 ◦C)

Thermal
Fault—Oil

(300–700 ◦C)

Thermal
Fault—Oil >

700 ◦C
PD 1 Arcing

CO Y 2 ---- ---- Y ---- ---- ---- ---- ----
CO2 Y ---- Y Y ---- ---- ---- ---- ----
CH4 ---- Y ---- Y Y Y Y Y Y
C2H2 ---- Y ---- ---- ---- T 3 Y T Y
C2H4 ---- Y ---- ---- T Y Y ---- Y
C2H6 ---- Y ---- ---- Y Y ---- ---- ----

O2 ---- ---- Y Y ---- ---- ---- ---- ----
H2 Y Y ---- Y Y Y Y Y Y

H2O ---- ---- Y ---- ---- ---- ---- ---- ----

1 Partial discharge, 2 yes, 3 traces.

As observed from the results of DGA, the initial presence of gases, such as methane,
acetylene, ethylene, ethane, and hydrogen, during the first two years of service for trans-
formers T1 and T2, is indicative of the initial stages of insulation oil decomposition, likely
resulting from fault activities. Notably, an increasing trend in hydrogen concentration was
observed over these initial years, suggesting active degradation. In subsequent service
years, the near absence of these gases indicates a significant reduction in the decomposition
rate, which aligns with a decrease in LV side currents, oil temperature, and winding tem-
perature, as mentioned in Table 3. This stabilization implies mitigation of the fault activity.

4.2.1. CO2/CO Ratio

The presence of carbon monoxide, carbon dioxide, methane, and moisture content
across all transformers signifies cellulose insulation degradation. It was observed that the
degradation rate was most pronounced in T1 and T2, as shown by consistently elevated
carbon monoxide and moisture levels with each service year, in contrast to the T3 profile,
where carbon monoxide levels decreased while moisture content continued to rise. Accord-
ing to the IEC 60599 standard, a carbon dioxide to carbon monoxide ratio of less than 3 is
associated with cellulose insulation due to electric faults [14,28]. The ratio was evaluated
for each transformer for every service year (Table 5) and was found to be well below 3,
hence, representing the degradation of cellulose insulation.
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Table 5. Gas ratios of in-service transformers for each service year.

Gas Ratios

Transformer and Service Years

T1 T2 T3

2020–21 2021–22 2022–23 2023–24 2020–21 2021–22 2022–23 2023–24 2020–21 2021–22 2022–23 2023–24

CO2/CO 1.193 1.336 0.167 0.281 0.876 1.445 0.225 0.183 1.271 1.252 1.383 0.892
O2/N2 0.209 0.178 0.184 0.210 0.201 0.178 0.171 0.200 0.356 0.307 0.273 0.266

4.2.2. O2/N2 Ratio

The oxygen to nitrogen (O2/N2) ratio, which was close to 0.5, is used to represent air
composition in the oil. With the oxidation of oil and/or degradation of cellulose insulation,
the ratio may decrease in the case of an in-service transformer [42]. In the current study, it
was observed that the ingression of these gases with air in the transformers was high. The
oxygen to nitrogen ratio, which remained below 0.5 across all samples, showed an overall
progressive decrease over the time (Table 5). As mentioned earlier, the observed declining
trend in the ratio is attributed to the ongoing consumption of oxygen and correlates with
the aging of cellulose insulation, a critical factor in transformer longevity.

The DDF, breakdown voltage, and DGA results indicated that no significant degra-
dation of the insulating oil occurred during the service years; however, the moisture
content and DGA analysis revealed the deterioration of the cellulose insulation with each
service year.

5. Conclusions

Insulating oil samples from three in-service power transformers were collected annu-
ally for 4 years, and the impact of different variables on the degradation of the oil were
studied. The electrical and chemical characteristics of the oil were analyzed and, based
on the results, the characteristics that indicated deterioration tendencies with each service
year were explained, and characteristics that can be used as indicators of insulating oil
degradation were found. A summary of the study’s findings is provided as follows:

1. All three transformer oil samples showed good electrical characteristics after each
service year. However, the DDF and breakdown voltage showed variation with
service age for all three transformers.

2. Moisture content showed an increasing trend with each service year for all transform-
ers. The DGA results revealed that the concentrations of carbon monoxide, oxygen,
and nitrogen increased after each service year.

3. The LV side load variation in the transformer connected to the distribution side of the
network decreased the breakdown voltage of the insulation oil, whereas the oil and
winding temperatures increased. However, for the two power transformers connected
to the transmission network, the breakdown voltage of the insulating oil increased
with the increase in oil and winding temperatures.

4. The degradation of cellulose insulation in the transformers was revealed by the
concentrations of carbon monoxide, carbon dioxide, methane, oxygen, and moisture
content. The carbon dioxide to carbon monoxide and oxygen to nitrogen ratios
identified the presence of electrical faults in the transformers, leading to cellulose
insulation degradation.

For the current study, all of the samples had characteristic values that met the accep-
tance values on the whole, and none of them were significantly degraded with increasing
age. Owing to the fact that the in-service transformers considered in the current study were
in the early years of commissioning, the findings of this study have significant implica-
tions for the operational plans, condition-based monitoring, predictive maintenance, and
lifecycle management of transformers. As transformers age, the degradation rate of their
insulation tends to increase, particularly in the later stages of their service life. Henceforth,
the key indicators of degradation identified in this study, such as dissolved gas analysis
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(DGA), breakdown voltage, moisture content, specific dissolved gases, and gas ratios, can
help mitigate operational risks and provide a foundation for early fault detection.

Furthermore, the differences observed between the power and distribution transform-
ers underscore the impact of load and thermal conditions on the health of oil and insulation.
This understanding allows for the development of tailored operational guidelines that
can enhance the performance and reliability of the transformers. In the future, more con-
trolled experimental studies will be conducted by accelerating the aging of oil samples and
studying the impact of single variables on the characteristics of the oil.
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