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Abstract

A power transformer is a vital link for any electrical transmission and distribution network, used to raise the
voltage levels of the generators, and transformers at local substations to supply loads. However, an unexpected
failure of power transformers cause an electricity shortage to the consumer, involve the loss of millions of
dollars for utility companies, industrial failure costs, environmental hazard costs due to oil spillage and also
indirectly to the national security. Hence, predicting the lifespan of a power transformer has been considered an
important issue for energy companies in order to reduce the transformer failure. Power transformers that reach
the end of its life usually do so unexpectedly, causing power reliability problems, which cost a lot of money.
Therefore, knowing the factors that play part in the degrading process of a power transformer could help power
companies determine how long a power transformer have before breaking down and allow them to perform any
necessary action before the power transformer starts giving problems. This research paper therefore focuses on
the life assessment of the insulation for power transformers. In this paper, different approaches used for the
evaluation of lifespan of power transformers were reviewed. These approaches have become powerful tools to
overcome the problem of transformer failure and aging, because these tests are carried out more frequently by
utilities. This research paper therefore, will help utilities to monitor the major parameters, to determine the
remaining life and the lifespan of power transformers.
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L. Introduction.

Power transformers are vital assets in electric power systems, as they are essential in maintaining a reliable
supply and very high in cost. Nowadays, society has become more and more dependent on the availability of
power, putting pressure on the reliability, availability and cost efficiency of power supply [1, 3]. These
transformer operate under high electric stresses and this resulted in high heat dissipation thus limiting its factor
for the maximum loading. Moreover, the point at which a transformer must be replaced or its remaining lifespan,
are very important issues for power system managers. The life of a power transformer mainly depends on the
condition of the paper-oil insulation system. In fact, most of the power transformers use paper and oil as the
main insulation and the mineral oil play an important role of insulating and cooling of it [2, 6, 9].

There are few possible mechanisms that are subjected to the insulation degradation because of the ageing,
high temperature and chemical reactions such as the hydrolysis, oxidation and pyrolysis [2]. The insulating
medium must be capable of dealing with large electric stresses, strong electro-mechanical forces and high
temperatures. Also, the condition of oil has to be checked on regular basis. Failures of transformer can lead to
strong effect on security and reliability of power supply and cost. The temperature inside a power transformer
varies with the load. Due to that higher operating temperature, faster degradation of paper/oil insulation system
in transformer and (thermal ageing) leads to change of some insulation characteristics, consequently the
remaining life span of the power transformer is degraded [1, 10, 13, 25].

Power transformers play a vital role in maintaining reliable and efficient electricity supply. Manufacturers
often define the expected life of power transformers to be between 25 and 40 years [4]. Some transformers in
service are now approaching this age, and it is important to estimate their remaining lifetime in order to prevent
premature shutdown of transformers and to provide an uninterrupted power supply to consumers. Knowing the
condition of the transformers is an essential factor to make an economical decision for transformer replacement
and maintenance [5, 11, 27].

Nowadays, there are many condition monitoring techniques available for transformers and some measured
conditions such as temperature, moisture, Degree of Polymerization (DP), and furan content have a direct
relationship with transformer insulation paper which can be interpreted mathematically. Furan compounds are
generally recognized as the most practicably obtainable and reliable indicator of cellulose insulation and
degradation. Also applying IEEE transformer loading guide during a transformer operation could help to
understand the "health" condition of an operating transformer and assess the remaining life of the transformer [5,
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II. Transformer Ageing

Ageing is a critical issue many machines face. Most machines are designed with a specific life span, after which
it is expected that the machine is changed for optimum service delivery as the case may be. Some machines are
designed such that different components of it are expected to be changed at different times within the whole unit
still with the aim of quality service delivery [14]. Most operators pay less attention to the age/ageing factor in the
effectiveness of their machine/machine parts. It is usually of less concern until major breakdown occurs. This
could however lead to disruption in the delivery of quality service. The CIGRE working group 12.09 pioneered
the work on transformer lifespan evaluation and published its findings in 1993. The work gave an insight into the
failure rates and mechanisms and suggested the replacement strategy from a system operator/asset owner view
point [17, 20].

[34] described natural ageing or deterioration of insulation as a time function of temperature, moisture
content and oxygen content. Hence insulation used in transformers is based on how long it is be expected to last
by limiting operating temperatures. The temperature that insulation is allowed to attain under standard operating
conditions essentially determines the output rating of the transformer, otherwise referred to as the kVA rating
[18]. Standardization has led to temperatures within a transformer being expressed in terms of the rise above
ambient temperature, since the ambient temperature can vary under operating or test conditions. Transformers
are designed to limit the temperature based on the desired load, including the average temperature rise of a
winding, the hottest spot temperature rise of a winding, and, in the case of liquid-filled units, the top liquid
temperature rise [15, 16, 19].

Power transformer ageing is one of the critical issues utilities are facing, since a large number of units
across many utility companies usually approach the end of their designed lifespan while many even exceed their
designed lifespan. A substantial number of these units are also observed to fail or begin to fail before proper
attention is given.. Failure rate is one of the parametric indices used for assessment of electrical power system. It
is defined as the inability of the system to perform its designated function adequately without interruption over a
period of time [4, 5, 22].

Failure of any machine, unit and by extension transformers interrupts service delivery which in turn results
in a loss in revenue of the utility companies and discomfort to consumers. Failures not only reduce reliability of
the power system, but also have significant effects on power quality since one of the important components of
any system quality is reliability of that system [28]. Hence, in order to avoid failure, a good end-of-life model is
required to optimize asset replacement investment while still maintaining system reliability. Analysis of failures
of HV assets and end-of-life analysis, particularly of power transformers, has been carried out since the 1990s
[47].

II1. Power Transformer Life Expectancy

The life expectancy of the power transformer is principally dependent on the design parameters of the
transformer. Every transformer has a nameplate on which the design parameters are clearly stated. The design
parameter primarily determines how long the manufacturer has in mind that the transformer may last in useful
life, subject to the condition of usage of the transformer [5, 21, 25].

The normal life expectancy of power transformers is generally assumed to be about 30 years of service
when operated within their ratings. However, they may be operated beyond their ratings, overloaded, under
certain conditions with moderately predictable “loss of life” [29]. Situations that may involve operation beyond
rating are emergency re-routing of load or through-faults prior to clearing. When transformers are operated
beyond their normal rating, it could lessen the lifespan or life expectancy of the transformer. On the other hand,
effective usage on the transformer below the rating may attract more life [21, 23, 41, 47].

The expected life of a 65°C rise transformer is based on a continuous hot-spot temperature of 110°C. That
is, for each hour that the transformer is operated at a hot-spot temperature of 110°C, the life is reduced by 1 hour.
The IEEE Guide assumes a normal life of 180,000 hours which is about 20years [24, 34].

Many utility companies and academic researchers have predicted and pegged the life expectancy of power
transformers at different number of years. Most life expectancy (years) adopted by the researchers has been used
as reference to validate their models. This to a large extent is dependent on the parameters and metrics involved
in their models (since the power transformer is a complex unit) [24, 27, 37].

[29] mentioned a life span of about 20 years for a power transformer. The study however took the position
which it described as common belief that an oil-filled transformer is designed for a life expectancy of 30 to 40
years. The study explained that keeping transformers cool will extend their normal life and utilities prefer to
retire a transformer just before it reaches the end of its useful life. [9] reviewed degradation and life modelling of
paper and illustrated different approaches, showing their advantages and applicability limits as well as problems
relevant to practical applications of degradation indicators and degradation rate models as well as evaluation of
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paper durability. The study dealt with the fundamentals of paper degradation rate theory and life modelling. It
sought to develop the degradation rate equations of paper that will closely track real degradation experimental
results over extended period under practical service conditions towards a more reliable prediction of rate and life
of paper degradation over a long time period under real in-service conditions.

[34] defined the end of life of a transformer as the state of an insulation system where dielectric stress or
short circuit stress or mechanical movement which could occur in normal service, would cause an electrical
failure. The study asserted that most power transformers should last approximately 40 years while distribution
class transformers are slightly less. The study also stated that the ageing of paper is a cumulative effect and
operating above these temperatures will increase normal ageing, while operating below these temperatures will
decrease normal ageing.

[20] discussed the different types of insulations system and the ageing process of insulation system used in
power transformers such as solid insulation and liquid insulation. The estimated load factor and ambient
temperature of transformer are input and used to find out hotspot temperature using hotspot temperature. Using
IEC (international electro technical commission), the study easily find out ageing rate and loss of life of
insulation. The result showed that the relative ageing rate of the insulation system increased rapidly, as the
temperature increased. It was shown that the method could be used to predict loss of insulation life in power
transformer due to ageing.

[43] identified the key factors influencing transformer normal operating conditions and predicted the asset
management lifespan of transformer utilizing the data source from a Remote Terminal Unit (RTU) system for
sensor-data driven analysis. This paper therefore, developed an innovative real-time lifespan forecasting
approach applying logistic regression based on the Weibull distribution. The methodology and the
implementation prototype were verified using a data series from 161 kV transformers to evaluate the efficiency
and accuracy for energy sector applications. The asset stakeholders and suppliers significantly benefit from the
real-time power transformer lifespan evaluation for maintenance and replacement decision support.

[3] implemented prognostic models for generator step-up transformers in the Fleet-Wide Prognostic and
Health Management (FW-PHM) Suite. The prognostic model discussed was based on the functional relationship
between degree of polymerization, the most commonly used metric to assess the health of the winding insulation
in a transformer and fural concentration in the insulating oil. The other model was based on thermally induced
degradation of the transformer insulation. By utilizing transformer loading information, established thermal
models are used to estimate the hot spot temperature inside the transformer winding. Both models are
implemented in the remaining useful life database of the FW-PHM suite. The remaining useful life advisor
utilizes the implemented prognostic models to estimate the remaining useful life of the paper winding insulation
in the transformer based on actual oil testing and operational data.

[32] reviewed degree of polymerization equations which relate one or more properties of the insulating
system with the life expectancy of the power transformer. These equations were used in a fleet of transformers in
order to estimate the accuracy of these mathematical models. Results showed that the methods achieved the most
reliable estimation when the transformers have operated less than 8 years. Nevertheless, when the transformers
are older, the estimation of lifetime based on furanic compounds is quite erratic and should be improved.

[30] presented a novel Adaptie Neuro Fuzzy Inference System (ANFIS) approach to estimate the paper
degree of polymerization based on dissolved gas analysis and oil characteristic. In this context, data of oil
insulation characteristic, DGA, and furan compounds of 200 150/20 kV and 42 500/150 kV operating
transformers are collected from PT. PLN. The Calculated degree of polymerization from furan data of each
investigated transformer was analyzed using the corresponding oil insulation characteristic and DGA data. The
results showed that carbon oxide compounds, acidity number, interfacial tension, and colour of the oil are
statistically correlated with the degree of polymerization of the insulation paper. The results of the developed
ANFIS model revealed an overall accuracy more than 86% for the two investigated transformers’ data.

[31] developed a two-stage hybridized model for determining the lifespan of power transformers using the
furan content and the Degree of Polymerization (DP) of transformer. 2-Furaldehyde (2FAL) content values of
0.01ppm and 10ppm corresponding to DP values of approximately 1200 and 250, respectively were used in
developing a DP model using Jacobi and Gauss Seidel numerical analysis iterative techniques. The techniques
were implemented in Matrix environment. The second stage involved the hybridization of the developed DP
model with another rate constant model adopted from Arrhenius. This stage was also implemented in Matrix
environment. The life span of the transformer was determined by adding the service age at any point in time to
the remaining lifetime at that point. Factors such as the hotspot temperature, activation energy and pre-
exponential factor were useful for the determination of lifespan.

IV. Transformer Winding Insulation

The insulation system of a power transformer consists of hydrocarbon oil and cellulose paper [29]. Insulation
systems consist of paper insulation and mineral oil [34]. Both oil and paper have been in use as insulating
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materials in oil-filled transformers for more than a century. They have been found to be very effective insulators
more especially in their combination as it is revealed in their observed synergy. There are several factors that
contribute to transformer winding insulation ageing. Among all factors, temperature is generally accepted as the
most important factor. Temperature influences not only the ageing of the paper, but also ageing of the oil. It is
commonly accepted that mineral oil impregnated cellulose in insulation ages with time and the ageing doubles
for every 6-8°C increase in temperature [26, 32, 45].

Electric load losses occur primarily in the transformer windings, causing thermal stress in multiple
transformer components. This leads to ageing and decomposition of paper insulation material and cellulose [5].
As the paper insulation ages, its mechanical strength depletes, making it to become more susceptible to tearing
and ultimately bursting under stress caused by faults or vibrations of the operating transformer. Once mechanical
damage of the insulation has occurred, movement of the conductors is likely, resulting in changing voltage
stresses and electrical discharge. These eventually lead to catastrophic failure in the transformer [40, 44, 46].

The three mechanisms that lead to transformer winding insulation degradation are oxidation, hydrolysis and
thermolysis (pyrolysis) [39]. Thermolysis is predominant at temperatures above 120°C, which are usually
limited to local defects (e.g., winding hot spot). The mechanisms weaken and break cellulose molecules in paper
insulation, leading to reduction of its Degree of Polymerization (DP). Based on the analysis of dissolved gas in
oil, the concentration of furan derivatives, DP, tensile strength of the insulation paper and other characteristic
parameters affect the life of oil-paper insulation [45]. Each split in the cellulose chain liberates a glucose
monomer, which undergoes further chemical reaction and becomes one of several furan compounds [8].

When moisture or oxygen are present in the insulation, the activation energy of the chemical reaction in
hydrolysis is reduced, causing degradation leading to accelerated insulation decomposition [19]. Degradation
also releases larger molecules such as 2FAL, which can be detected in the oil and could give a more specific
indication of the condition of the paper. The formation of 2FAL content in the insulating oil lowers the average
DP of the paper which in turn leads to loss of tensile strength of the paper, making transformer insulation more
susceptible to physical damage. Paper insulation reaches its end of life when the paper has lost 50% of its tensile
strength [34, 36].

V. Different Approaches used for Assessment of Life Span of Power Transformer

Different approaches have been proposed to estimate the life assessment of the insulation for power transformers.
Various methods, such as Furaldehydes (Furans), Degree of Polymerization (DP), Carbon Oxides Concentration
(CO and CO2) and Ageing Acceleration Factor (AAF) have been used for the estimation. These approaches have
become powerful tools to overcome the problem of transformer failure and ageing, because these tests are
carried out more frequently by utilities [33, 39, 43].

a. Furaldehydes

Furaldehydes (Furans) are chemicals formed when cellulose paper degrade due to overheating. They are the
major degradation products of insulating paper in transformer oil [2].The status of Solid insulation can be
measured using liquid oil insulation. This is an alternative method for estimating the Degree of Polymerisation
(DP) value of the paper insulation. Furans are one of the most important age-related by-products of cellulose
paper ageing dated back to 1980. It has been shown by ageing experiments that no furan is produced in a blank
oil sample (i.e. oil with no paper insulation). When a cellulose chain breaks down during paper ageing, the chain
liberates a glucose monomer, which undergoes a further chemical reaction to form furan compounds [8, 42].
Therefore, furan concentration is directly related to insulation paper degradation.

Furans are rapidly produced during paper pyrolysis at very high temperatures. At typical transformer
operating temperatures, the primary mechanism of furan formation is paper hydrolysis. Five main furan
compounds have been identified in transformer insulating oil, namely 2-Furaldehyde (2FAL), 2-Acetylfuran
(2ACF), 5-Methyl-2-Furaldehyde (SMEF), 2-Furfurol (2FOL), and 5-hydroxymethyl-2-furaldehyde (SHMF) [19,
35, 38]. However, the stability of the Furan compounds is very essential. Compounds which are not stable for a
long period of time will lead to inaccurate conclusions drawn from the analysis. Some of the above mentioned
Furan compounds are formed during ageing but are very unstable under a number of conditions. These therefore,
cannot be used or are not useful for diagnostics [1. 20, 31, 45].

Studies by [15] have shown that Furan compounds are generated also if the cellulose is subjected to
electrical discharges, but in very small quantities. During thermal ageing, large quantities of Furan compounds
can be generated when cellulosic materials are exposed to very high temperatures (typically above 120°C). Once
formed, the Furan compounds can still survive for prolonged periods of time in bulk oil, which is at a much
lower temperature than the hottest spot in the insulation (winding) [7].

[24] identified the following as affecting the generation, stability, and accumulation of furan compounds:

i.  Effects of oil degassing by partial vacuum

ii.  Effects of mechanical filtration (reconditioning)
iii.  Effects of oil reclamation
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iv.  Effects of oil change-out
v. Stability of furan compounds in oil
vi.  Kraft, thermally-upgraded (TU) Kraft, varnish and epoxy coatings and insulation systems
vii. The Generation of 2-Furfural in Kraft, TU and mixed insulation including the effects of dicyandiamide
(DICY) and “Cross Pollination”
viii. Partition coefficients
ix. Effects of electrical discharge and high temperatures

x. The role of the transformer preservation system

Studies have revealed, through laboratory tests, that 2 furfural also referred to as the 2-furaldehyde (2FAL)
is the most stable by-product of cellulose ageing as it is stable for years. It is therefore widely used as an
indicator in order to predict the paper DP value [15]. However, there is still debate on the issue of furan
compound accumulation from thermally upgraded paper and from normal Kraft paper. Some researchers have
shown that the behaviour is different if using thermally upgraded paper while there are a few who state that there
is no difference in furan compound behaviour between the thermally upgraded paper and normal Kraft paper.

b. The Degree of Polymerisation (DP)

Degree of polymerization (DP) is average number of Cellulose molecules in the Cellulose chain. It is a direct
technique applied to assess the condition of insulating paper in power transformer and best indication value to
predict the actual transformer age [33]. Degree of polymerization value reveals a strong correlation between the
insulation paper deterioration and formation of ageing products. For a new transformer DP is around 1200 and
when transformer insulation paper reaches its end of life it falls below 200 [2]. It can be measured accurately by
performing chemical tests for insulation paper sample. However, measuring this parameter is a challenging
process due to the difficulty in acquiring paper samples from hot spot locations of operating transformers.
Insulation oil characteristics and Dissolved Gas Analysis (DGA) of power transformers have become powerful
tools to overcome this limitation, because these tests are regularly performed by utilities [40].

However, the solid insulation in a transformer is cellulose based, consisting of long chains of glucose rings.
When degradation of the cellulose occurs, these chains get shorter. The Degree of polymerization (DP) is the
average number of these rings in the chain and it indicates the condition of the paper [9]. The Degree of
Polymerization (DP) is a test done on the paper to reveal its mechanical strength. According to [22], new paper
has an average DP number of 1200-1400. A DP less than 200 means that the paper has reached a poor
mechanical strength that it can no longer fulfill its function.

An inverse relationship exists between the DP (paper test) and the Furans (oil test); the higher the Furans in
the oil, the lower the DP of the cellulose paper. This relationship holds however, only when paper or oil is
degrading evenly. The DP of the paper usually varies with the solid insulation. Furan analysis in the insulating
oil can indirectly reveal the status of the solid insulation. During ageing, some by-products are formed. These get
dissolved in oil and hence the oil can therefore be analysed for furan content [7, 12, 36]. Although the
measurement of Furan compounds from an oil sample is relatively simple, the interpretation is complex and
more than one mechanism is involved in the ageing process. At low temperatures, moisture and carbon-oxide
gasses are the more dominant products of the ageing process. The Furan compounds are dominant at
intermediate temperatures and are unstable at high temperatures [12, 26, 39].

One way of determining the DP value without taking the transformer out of service, involved analysing the
insulating oil for furan compounds, which are produced during the ageing of the cellulose insulation [38]. This
method is referred to as the indirect method. Several researchers have worked on relationship between the DP
value and the Furan compound (2FAL) concentration. However, few of the researchers came up with some
models, while others justified the models. The DP value indicated the number of monomer units in the polymer
as the cellulose is a linear polymer composed of individual anhydrous glucose units linked by glucosidic bonds.
The DP value is currently used by utilities as a diagnostic tool to determine the condition of the solid material
(particularly paper) [2, 40, 45].

Furan content has an exponential relationship with DP value and this relationship can be predicted by using
different methods [9, 19].

[36] calculated the DP value as a function of the amount of CO, CO; and furfurals in the oil for the elapsed
life in years where it assumed that un-aged transformer cellulose insulation has a DP value of about 1100 as:

ElapsedLife = 20.5xIn (———) (1)

DPValue
[29] developed Arrhenius transformer loss of life model based on the concept that temperature is the only

ageing parameter. According to this model, transformer ageing is dictated by the ageing of the most thermally
stressed location i.e. the hottest spot usually referred to as just the hot spot as:

B
LoL% = 100=xAt=10 [A+ ¢+273] @)

where:
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LoL% = Loss of life
A,B = ANSI standard parameters
0] = Hot spot temperature in degrees Celsius
At = Transformer operating time in hours, with hot spot temperature of @

In addition, some of the developed mathematical models showing this correlation between furan content
with DP value are [10, 13, 17, 19, 20]:
i. The Chendong Model: This equation was developed based on the data collected from transformers
that have normal Kraft paper and free breathing conservators [10, 13] as:

PP - log(2FAL )-1.51
~0.0035

where the concentration of 2FAL is in ppm

ii. Stebbins Model: This model is a modification of Chendong model which is to be used for thermally
upgraded paper. Stebbins’s equation is given by [13]:

DP - log(2FAL x 0.08)—4.51

—-0.0035
The concentration of 2FAL here is expressed in parts per billion (ppb).

However, both the Chendong's and Stebbins's models are limited to certain transformers. This
is dependent on the type of paper used for insulation. The models calculate the prevailing DP value by
considering the concentration of the furans in oil [11].

iii. De Pablo Model: The De Pablo model was also modified by Pahlavanpour et al. (2002) [33] in order to
take into consideration that paper ageing is not uniform and the assumption that 20% of the inner paper
layers in the winding degrade twice as fast as the rest of the insulation paper. This model is given as:

7100
= (5)
8.8+2FAL

where; 2FAL is in ppm, and the equation is linear.
[12] and [23] also gave another modified De-Pablo Model which was referred to as Leibfried

3

“

model as:
1850
= (6)
2FAL +2.3
iv.  Vuarchex Method: Relationship expressed by the Vuarchex method is given as:
p_26- log[2 FAL | o
0.0049
V. Heisler and Banzer Method: The Heisler and Banzer method was given by [23] as:
DP =325x (% —log(2FAL )} ®)
i Burton method: This method was developed by [12] as:
pp o 25— log[2 FAL | ©

0.005

The Chengdong and Depablo methods are widely used in the power industry to calculate the DP values of
transformer paper insulation using Furan analysis [18]. However, one major setback common to these models is
where the oil has been replaced or regenerated, which may vary the concentration of the furans. However, with
the assumption that the mineral oil would not be changed, the second setback is based on the range of the values
based on the 2FAL content range of 0.01ppm (for a virgin transformer/oil) and 10ppm (for a transformer/oil at
end of its useful life). Typically, values of 1200 and 250 may be chosen for virgin transformers and for
transformers with the end of useful lifespan respectively for simulations and analysis [38].
¢. Carbon Oxides Concentration (CO and CO2)
An indirect technique for paper insulation assessment is by using a Dissolved Gas Analysis (DGA). As opposed
to the Degree of Polymerization method, DGA can be easily applied to an operating transformer [15, 34]. By
analyzing the insulating oil of a transformer for specific gas concentrations, its generation rates and total
combustible gases can be detected using DGA approaches [44]. Gases dissolved in transformer oil can be
extracted using ASTM D3612 — Test Method for Analysis of Gases Dissolved in Electrical Insulating Oil by Gas
Chromatography [15] or the IEC Standard 567- Guide for the Sampling of Gases and Qil from Oil-Filled
Electrical Equipment and for the Analysis of Free and Dissolved Gases [47].

[36] studied the remaining life of power transformer using the theory of stochastic processes. The work
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compared the amount of CO, CO2 and furfurals dissolved in oil where the use of furfurals was preferred for
content analysis. Carbon monoxide and Carbon dioxide were mainly produced by the oxidation of paper under
normal operation.

[18] reported a strong relationship between the amount of carbon oxides, CO and CO2, dissolved in
transformer oil and the degree of polymerization of insulating paper exist. However, the amount of carbon
oxides in insulating oil may also originate from oil decomposition due to long-term oxidation process.

[38] reported that water and carbon dioxide are the main by-products of the thermal degradation of cellulose.
Hence, the ratio of CO2/CO is normally used as an indicator of thermal decomposition of cellulose. According to
the IEEE Standard C57.104, the ratio of CO2/CO is normally around seven, while the respective values of CO2
and CO should be greater than 5000 parts per million (ppm) and 500 ppm respectively in order to improve the
certainty factor.

According to [6], when this ratio of CO2/CO is less than 3, it indicates a severe paper degradation. When
the ratio exceeds 10, it indicates a fault of temperature less than 150°C. [47] explained that faults start to arise
when the CO2/CO ratio is less than 6. In addition, [1] maintained that it arose at a higher CO2/CO ratio after
considering the absorption phenomenon of CO2 and CO into paper insulation. Therefore, diagnosing the
condition of paper insulation using CO2/CO is not reliable since carbon oxides may be generated from the long-
term oxidation of oil components or could present as a result of an atmospheric leak.

d. Ageing Acceleration Factor
Another model which researchers have used to assess and predict the lifespan of power transformers involves the
use of the hotspot temperature and the ageing acceleration factor to predict the percentage loss of life. The

equation that relates the hot spot temperature and ageing acceleration factor is given as [45, 47]:
15000 15000 ]

Faa = [ 383 @p+273 (10)
where Faa has a value greater than 1 for winding hottest-spot temperatures greater than the reference
temperature 110°C and less than 1 for temperatures below 110°C.
To estimate insulation heating effect, the loss of life factor is integrated over a given period of time. Since
insulation ageing is a cumulative effect, the percent loss of life per day is the summation of the percentage loss
of life as [3, 19]:

Percentage —_ Of life _ 0.0000285 % agein‘?facrorki 100% (an
baselife

The limitation of this model is on the basis of considering the hotspot temperature as the factor determining
the lifespan of the transformer. This is a valid but insufficient premise again to determine the lifespan of power
transformers.

For a given hot spot temperature, the rate at which transformer insulation ageing is accelerated can be
compared with the ageing rate at a reference hot spot temperature [44]. The per unit transformer insulation life
function can be used as a basis for calculating an ageing acceleration factor (Fa4) for a given load and
temperature, or for a varying load and temperature profile. The reference value of hotspot temperature is 110°C

for 65°C winding rise. The Ageing Accelerating Factor (Faa) is calculated as [44, 46]:
15000 15000
Fop = |—— ] (12)
383 Op+ 273

The per unit life equation is the basis for calculating the ageing accelerating factor curve. Table 1 displays
per unit life and ageing acceleration factor values for different hot spot temperatures. It shows that these values
are very sensitive to hot spot temperature. It also indicates the degree to which the rate of ageing is accelerated
beyond normal for temperature above a reference temperature of 110°C and is reduced below normal for

temperature below 110°C [36, 40].

Table 1: Per unit life and ageing acceleration factor at various winding hotspot temperatures

Winding Hotspot Temperature (Tn) Per Unit Life Ageing Acceleration Factor
100 2.859 0.350
105 1.679 0.596
110 1.000 1.000
115 0.604 1.656
120 0.369 2.709

Source: [44]
In addition, the equivalent ageing factor is given as [40]:

To 1 Fady, XAty
F - n—1 n (13)
aa Tn-14tn

where:
Feoa = Equivalent ageing factor for the total time period
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N = Total number of intervals
n = Index of time interval
Faan = Ageing accelerating factor at index n
Atn = Time interval

[14] presented an approach of choosing end of life criteria for transformer based on their requirement which
was most applicable to their needs. From the normal insulation life definition, if the unit is run for 20.55 years at
110°C hotspot temperature, the life of the insulation will expire. If it runs hotter, the life will expire much sooner
and if it runs cooler, the life extends.

[11] discussed the ambient temperature of 30°C, the average winding temperature rise limit of 65°C and the
hot spot temperature rise of 15°C. The study also suggested the transformer’s life to be 30 years if the power
transformer is continuously operated at the hot spot temperature of 95°C. The standards that define the power
transformer’s life is absolutely subjected to the hot spot temperature; thus, the identification of the power
transformer’s life requires a clear and exact hot spot temperature. The hot spot temperature is calculated by the
winding resistance for reference which was detected during the heat run test. If the hot spot temperature
calculated by the winding resistance is different from the actual hot spot temperature, the life of transformer will
be estimated as a big error.

VI. IEEE Standards and Temperatures

Operating a power transformer comes with a number of basic limitations. The temperature produced by the
transformer losses for instance can affect the life span of the insulation. To ensure the longevity and optimum
performance of the transformer, transformer manufactures must guarantee that their designs are capable of
operating within specified standards. The operating limits for instance are bounded by the ambient temperature,
the average winding temperature and the maximum winding hottest-spot temperature [2, 10, 23, 30].

According to the IEEE C57.12.00-2000 standard, power transformers are rated on a maximum ambient
temperature of 40°C and the average ambient temperature shall not exceed 30° C in a 24-hour period [34]. In
other words, based on the ambient temperature criteria, the average temperature of the winding cannot exceed
65° C above ambient, when operated at rated conditions.

[34] explained that maximum hottest-spot winding temperature cannot exceed a value of 80°C above
ambient. The IEEE C57.91-1995 stated that under a continuous ambient temperature of 30° C, the maximum
hottest-spot winding temperature should not exceed 110° C. If the transformer is operated continuously at this
temperature, the normal life expectancy of the transformer is 20.55 years. For many years, the maximum
temperature of power transformer insulation would be able to withstand fixed temperature. This is used as the
basis of standard kVA ratings and of overload calculations. It was however discovered that the life of the
insulation is a thermal-ageing process; so the maximum permissible temperature now became a variable with
time.

The classical approach has been to consider the hot-spot temperature as the sum of the ambient temperature,
the top-oil temperature rise in tank and the hot-spot-to-top-oil (in tank) temperature gradient. There are two
possible methods for hotspot temperature determination [42]. The first method is to measure the hotspot
temperature using a fiber optic temperature sensors positioned at the predicted hotspot of the windings [10]. The
thermal sensors attached to the end optical fiber are usually placed between the insulated conductor and spacer
and their signals transmitted out of the tank via optical fibre. However, due to the cost which may be difficult to
justify in terms of cost for every new transformer, it is not practical for the existing transformers. The main
difficulty with direct measurement technique is how to accurately locate the hotspot and possibly the sensors [4,
17].

Another method to identify the hotspot temperature is by using transformer thermal model or calculation
method [10]. The calculation of the internal transformer temperature (Hotspot temperature) is a very complicated
and difficult task. However, simplifying assumptions have been made on the generally accepted methods for
calculating the temperature of power transformers as reported in the 1995 IEEE Standard C57.19 and 1991 1IEC
Standard. The thermal model of the power transformer using thermal electrical analogy based on heat transfer
theory is a more accurate method to calculate the transformer hot spot temperature [11, 14].

a. The Winding Hottest-Spot Temperature Calculations

The insulation’s mechanical and dielectric properties are deteriorated at temperatures above normal limits. This
shows that if the hottest-spot temperature is allowed to go beyond 110°C, the insulation deteriorates at a faster
rate than normal. Therefore, the highest temperatures in the transformer aid in calculating insulation integrity.
The hot spot temperature is calculated by adding the ambient temperature to the top oil temperature rise and to
the hot spot temperature rise using [16]:

WindingHotspotTemperature = 6A + A6TO + A6GH (14)
where: 0A is Ambient temperature
According to the IEC guide, the ageing of the paper insulation system is such that the stated transformer life
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can be achieved for a continuous maximum hotspot temperature of 98°C. Beyond this temperature, it is assumed
that the rate of ageing doubles for every increase of 6°C. At temperatures of the order of 150°C, accelerated
ageing tests in the laboratory demonstrate that the useful life of the paper may only be a few days [17].

b. Ambient Temperature and its Influence on Loading

Ambient temperature is an important factor in determining the load capability of a transformer since the
temperature rises for any load must be added to determine operating temperature [46]. Temperature ratings are
based on a 24 hours ambient of 30°C. Whenever the actual ambient can be measured, such ambient should be
averaged over 24 hours and then used in determining the transformer’s temperature and loading capability. The
ambient temperature seen by a transformer is the air in contact with its radiators or heat exchangers. To predict
an overload for a 24-hour period, discrete 1-hour ambient temperature increments are necessary. The
temperature used should be the maximum daily temperature for the month of interest averaged over several years
[4, 10].

Furthermore, the temperature of the insulation depends upon the ambient temperature and the heat
generated due to the power losses in the transformer [7]. The power losses consist of iron losses and copper
losses. The iron losses are almost constant for the normal operation whereas the copper losses increase with the
increase in the current (loading) of the transformer. The loading of the transformer can vary on a daily, weekly,
and seasonal basis [12].

Different models have been proposed to estimate the hottest spot winding temperature in transformers.
Various measurements, such as the top-oil temperature and the bottom-oil temperature, are also used for the
estimation [39].

VII. Conclusion

This research paper has reviewed different approaches used for assessment of lifespan of the insulation for
power transformers. In addition, some of the numerous inherent problems associated with determination of rates
of insulation, degradation, accelerated ageing degradation, the Degree of Polymerization (DP) degradation and
rate equations employed has been reviewed. The study also presented alternative methodology and recent trends
of Degree of Polymerization (DP) towards a more reliable insulation degradation rate and life expectancy
prediction of power transformer. This research paper will therefore help utilities to monitor the major parameters
to determine the remaining life and the lifespan of power transformers as well as its performance.
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