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Abstract: Managing a large fleet of ageing assets has become a technical challenge faced by many
electricity utilities in developed countries. Asset managers are increasingly interested in techniques
that can help extend the useful lifetime of a transformer. Oil regeneration is one of such techniques.
In this paper, oil regeneration experiments were performed on a 6.4/0.4 kV retired distribution
transformer to investigate the effect of oil regeneration on improving paper conditions. Oil regeneration
was conducted in two stages, with the first stage aimed at ‘cleaning the oil’ and the second stage
targeted at ‘cleaning the paper’. Oil samples were collected at regular intervals throughout the
process and paper samples were obtained from the transformer before and after each oil regeneration
stage. It was found that oil regeneration restores oil parameters, including moisture and acidity,
similar to those of new oils at the end of stage 1. Analysis of paper samples indicated a reduction in
paper moisture at the end of stage 2 by nearly 40%, while low molecular weight acids (LMA) in paper
exhibited a reduction by around 30% on average. It is found that the extended oil regeneration period,
i.e., stage 2, is necessary to improve the paper condition and hence to reduce the paper ageing rate.
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1. Introduction

Most of transformers in service today are of the oil-immersed type, with mineral oil and cellulosic
paper/pressboard being used as the main liquid and solid insulation, respectively. As oil and paper
age, they generate ageing by-products such as acids and moisture, the accumulation of which further
accelerates the ageing process [1]. Thus, it is imperative that these ageing by-products are identified
and removed from the system at an appropriate stage in order to slow down the ageing process. This is
mainly achieved through oil regeneration, a process which removes the ageing by-products through
physical and/or chemical processes [2–4]. Factors such as the duration of the maintenance, on-line
and off-line preferences, effectiveness, investment and operating costs all have to be considered when
selecting an oil regeneration technique.

The terms regeneration, reclamation and recycling are somehow interchangeably used in the field
to describe the process which removes the ageing by-products from the oil and improves the quality of
the oil. BS EN 60422 [5] defines oil reconditioning as “a process that reduces physical contaminants by
means of physical processes” and oil reclamation as “a process that eliminates or reduces soluble and insoluble
polar contaminants from the oil by chemical and physical processing”. CIGRE brochure 413 [6] defines
reclamation as “the elimination of soluble and insoluble contaminants from an insulating liquid by chemical
absorption means, in addition to mechanical means, in order to restore the properties as close as possible to the
original values”. In this paper, the term ‘regeneration’ shall be used to describe the process involving
circulation of oil at elevated temperatures accompanied by adsorbent-based reclamation cycles.
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A typical oil regeneration process can be divided into two phases, a treatment phase and a reactivation
phase [6]. In the treatment phase, oil is reclaimed by forced percolation through the adsorbent system. It is
then filtered and degassed before being returned back into the tank. Depending upon the quality of oil,
the quantity of oil processed and the capacity of the regeneration unit, the duration of this process may
vary from case to case. Once the adsorbent is saturated, it needs to be ‘reactivated’ in order to restore its
adsorbent capabilities. This is done by backwashing the adsorbent with certain chemicals or by a burning
process. This process, termed as reactivation, could take more than ten hours, again depending on the
capacity of the unit.

The history of oil reconditioning/regeneration dates back to early 20th century, the time when mineral
oil was first used as an insulating liquid for transformers [7–9]. Lack of mineral oil resources in some
countries and degradation of available oil leading to sludge formation in transformers were the main
driving forces to consider oil reconditioning/regeneration [9]. For over a century various laboratory-based
and field studies/trials have been conducted on the advantages and possible improvements of oil
regeneration techniques [2–4,7,10–13].

With the rapid increase in aged transformer population in developed countries, asset managers
have been trying to use regeneration as a life extension measure in order to defer transformer
replacement investment costs. It has been suggested that the oil regeneration would not only remove
the impurities from oil but also the impurities in paper, including moisture and low molecular weight
acids (LMA), resulting in lifetime extension of the paper insulation [1,12,13].

Nevertheless, there is a lack of evidence to support the estimated life extension achievable through
oil regeneration. It has been aware of that an improvement in the oil conditions alone is insufficient in
effectively reducing the ageing rate of the transformer, as the paper condition plays a more crucial
role in deciding the remaining life of the transformer [1]. This is highlighted by the existing ageing
and lifetime estimation models, which focus on the paper parameters such as moisture and degree of
polymerisation (DP) to estimate the transformer lifetime [11,14]. Therefore, it is necessary to investigate
the changes to paper parameters, particularly through measurements of moisture and LMA. This
could be made possible by subjecting a retired transformer to oil regeneration and measuring the
paper parameters directly through invasive sampling before and after the oil regeneration process.
This paper investigates the effect of oil regeneration on improving paper condition in terms of removal
of ageing accelerator such as moisture and LMA by performing optimised oil regeneration process on
a 6.4/0.4 kV retired distribution transformer. A pre-oil-regeneration inspection was first conducted
to obtain the insulation conditions before oil regeneration. Oil regeneration was then performed on
the transformer, with the oil conditions being constantly monitored. Paper samples were obtained
in between and after the oil regeneration process. Changes to key paper ageing parameters were
finally quantified.

2. Experimental Description

The oil regeneration experiment was conducted across three stages: pre-oil-regeneration inspection,
stage 1 of oil regeneration aimed at ‘cleaning the oil’, and stage 2 of oil regeneration aimed at ‘cleaning
the paper’.

2.1. Transformer under Test

The transformer under test was a 77-year-old, 6.4/0.4 kV, retired distribution transformer, the details
of which are presented in Table 1.
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Table 1. Details of transformer under test.

Year of Manufacture/Retirement 1936/2013

Rating (kVA) 750

HV/LV (V) 6400/405

Configuration, HV/LV ∆/Y

Total Oil Volume (Liter) 1273

Total weight including Oil (kg) 4600

2.2. Pre-Oil-Regeneration Inspection of the Transformer

Prior to conducting the oil regeneration experiment, multiple oil samples were taken from the
top and bottom of the transformer tank. As shown in Table 2, variations of moisture and total acid
number (TAN) among different sampling locations are small. This is because the transformer has
been de-energised for over one year before the present experiment, during which the moisture and
acid distributions within the transformer oil have reached quasi-/equilibrium. The average values of
moisture and TAN of the oil samples are 18.4 ppm and 0.74 mg KOH/g, respectively.

Table 2. Oil properties measured before post-mortem inspection.

Parameter Location
Values Average

Sample 1 Sample 2 Sample 3

Moisture in oil (ppm) Top 17 18.5 23.75
18.4

Bottom 19.15 14.25 17.45

TAN of oil (mg KOH/g) Top 0.77 0.77 0.71
0.74

Bottom 0.74 0.74 0.72

The transformer was then de-tanked in order to carry out further inspection, paper sampling and
sensor installation. The transformer was observed to be designed with a disc-type winding. The HV
winding contained 64 discs, each of which had four turns. A top-view inspection of the LV side
revealed that each LV disc contains three turns. The bottom discs of the HV winding exhibit a darker
colour in comparison with the top discs. Closer observation revealed particle and sludge deposits on
these bottom discs. Five tappings were observed on each phase near the centre of the HV winding.
A central band of two discs in the tapped area of the HV winding were observed to be darker than its
surrounding discs. The leads connecting to the tap changer were wrapped by crepe paper. No obvious
tracking and treeing signs were observed on the winding insulation. The front view of the core and
winding assembly is presented in Figure 1.

After the physical inspection, samples of the winding were collected in order to measure the
degradation state of paper insulation. The windings were observed to have two layers of wrapped
paper insulation, each with a thickness of 0.4 mm on average. Finally, eight K-type thermocouples and
a relative humidity sensor were installed on the windings as shown in Figure 2. Seven thermocouples
were installed at the front side of the windings and one at the centre of the back side which would
allow to obtain the temperature profile during the regeneration process. The Vaisala MMT330 solid
state relative humidity sensor was installed at the centre of the winding, with the aim of observing
moisture conditions inside the tank during oil regeneration.
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2.3. Oil Regeneration Procedure

An oil regeneration unit particularly designed for indoor laboratory use with a capacity of 300 L/h,
and with a single column of fuller’s earth was used for the study. Oil obtained from the bottom outlet
of the transformer is sent through three stages including fuller’s earth reclamation, filtering and drying
& degassing, before being sent back to the tank from the top of the transformer. A schematic diagram
of the oil regeneration process is presented in Figure 3.
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Normal industrial practice comprises of conducting the oil regeneration till satisfactory values
for the oil parameters are reached. Previous studies [6,15–19] have mainly focused on monitoring the
condition of the oil. In order to gain a deep understanding of the effect of this process on the paper
moisture and LMA, we chose to add an additional stage of processing beyond the ‘cleaning of the oil’.
Thus, the oil regeneration process was conducted over two stages, henceforth labelled Stage 1 and
Stage 2.

• Stage 1:

This stage would be targeted at bringing down the acidity of the oil to levels specified in BS
EN 60296. The aim of this stage would be to investigate the effectiveness of the process on the oil,
in reducing moisture and acidity. It was decided to execute this stage at a system temperature of about
60 ◦C within the transformer. The reduction of acidity in oil was used as the standard for determining
the end of stage 1.

• Stage 2:

The primary aim of this stage is to improve the condition of the paper through prolonged circulation.
The system temperature in this stage would also need to be higher than that of stage 1, and greater than
the aniline point of the oil in order to increase the solvency of the oil for the materials in contact with it.
It was decided to execute this stage at a temperature of around 70 ◦C within the transformer.

The duration of stage 2 was set to be longer than that of stage 1 in terms of processing through the
fuller’s earth columns, considering the fact that any migration of acids and moisture from the paper
into the oil would be slow, and therefore require longer periods of circulation. The capacity of the
equipment used in this study was extremely low in comparison with industrial standards—an example
would be the flow rate, which is in the range of thousands of L/h in commercial regeneration plants.
Since this plant was designed for indoor laboratory research use, the capacity is only at 300 L/h. The low
capacity of the equipment used in this study is further emphasised in explaining the perceivably longer
total duration of the experiment.

2.4. Sampling and Measurement

Paper samples were collected from the same location and along the same disc numbers prior to
the regeneration process, at the end of stage 1 and at the end of stage 2 of the regeneration experiment.

Oil samples were collected regularly throughout the regeneration process. The sampling interval
varied from one hour during the stage 1 to two hours during stage 2. Temperature at the time of sampling
was also noted. Measurements of moisture were carried out on all samples collected throughout the
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experiment, and measurements of TAN were carried out on samples specifically collected during the
operation of the fuller’s earth regeneration unit.

TAN of oil was measured according to BS EN 62021-1, while LMA in paper was measured through
an in-house developed water extraction method as in [20]. Moisture in oil and paper was measured by
Karl Fisher (KF) titration according to BS EN 60814. DP of paper was measured using an Ubbelohde
viscometer tube according to ASTM D4243.

3. Results

The oil regeneration experiment was conducted across three stages: pre-oil-regeneration inspection,
stage 1 of oil regeneration aimed at ‘cleaning the oil’, and stage 2 of oil regeneration aimed at ‘cleaning
the paper’.

3.1. An Overview of the Process

The initial volume of oil in the transformer was estimated to be 900 L. The flow rate for the
equipment was set at approximately 300 L/h. This would translate into a time period of 3 h for a single
pass of the entire volume of oil to be processed. The total duration of the regeneration experiment is
given in Table 3. Oil temperature profile obtained from the eight sensors installed on the windings is
shown in Figure 4.

Table 3. Operating time of the oil regeneration experiment.

Process
Duration (Hours) Number of Equivalent Passes

Stage 1 Stage 2 Total Stage 1 Stage 2 Total

Filtration, drying and degassing 201 177 378 67 59 126

Regeneration 29 60 89 10 20 30
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P1 refers to the initial preparation stage, during which the experimental setup and operational
performance were tested, and the oil was heated to required temperatures. Several mitigating factors
are to be noted for the extended timescale through the filtering, drying and degassing unit. During
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the initial stages of the experiment, it was impossible to maintain complete vacuum in the processor
due to excessive foaming. While this was expected, it resulted in the system operating at low vacuum
for a considerable period of time. In addition, it can be seen that initial temperature rise stabilises at
around 40 ◦C, despite setting the temperature of the heater unit at 65 ◦C. Thus, it was decided to wrap
an insulating jacket around the transformer, in order to reduce the heat dissipated to the environment.
The oil temperature then reached satisfactory levels within a day. Point ‘A’ represents the time at which
this jacket was installed, followed by a steady rise in temperature up to 60 ◦C. Region ‘B’ indicates
a period of non-operation of the equipment due to an oil leak. The oil temperature dropped to around
35 ◦C when this issue was fixed, following which the system was restarted.

Stage 1 was initiated once the oil had reached satisfactory temperatures, and lasted a total of
201 h, as detailed in Table 3. The average oil temperature during this period was maintained at
59 ◦C. A total of 6 regeneration cycles were performed during Stage 1, which lasted a total of 29 h
equivalent to approximately 10 passes of the entire volume of the oil through the fuller’s earth column.
As the reactivation process of the fuller’s earth took between 7 and 10 h, the oil regeneration was
conducted only for several hours a day. However, the oil processor unit had to be operated continuously
throughout the day in order to maintain the oil temperature within the transformer.

P2 refers to the intermediate preparation stage. This stage started with the sampling of winding
paper (represented by ‘C’ in Figure 4). During the sampling, the equipment was switched off completely
and the temperature fell gradually to around 30 ◦C. After sampling, the oil was circulated through the
heater to raise the oil temperature to around 70 ◦C for stage 2–10 ◦C higher than stage 1. The missing
temperature data during ‘D’ was due to an instrument error. It was observed that the temperature
saturated at 60 ◦C, the same temperature as stage 1. Since it was aimed to increase the oil temperature
to 70 ◦C, the temperature setting on the heater was increased to 85 ◦C at ‘E’. This helped increasing the
oil temperature to an average of 70 ◦C.

Stage 2 of the oil regeneration experiment was conducted for a period of 177 h, as detailed
in Table 3. This stage included 6 cycles of regeneration which are 60 h of circulation through the
fuller’s earth column. The oil temperature was at an average of 67 ◦C during stage 2. The fluctuating
temperature pattern in both stage 1 and stage 2 is attributed to heat loss during circulation through the
Fuller’s earth column. The reduced duration of filtering, drying and degassing in stage 2 in comparison
with stage 1 is attributed to the low value of acidity of the oil during stage 2, enabling extended
circulation through the fuller’s earth without everyday reactivation.

3.2. Oil Parameters

3.2.1. Acidity in Oil

The trend for oil acidity during stage 1 and stage 2 of oil regeneration is presented in Figure 5.
Oil acidity was measured for the samples collected during the period which the circulation was routed
through the fuller’s earth unit (regeneration periods shown in Figure 4). The reduction in acidity levels
of the oil formed the basis for deciding the end of stage 1 of the oil regeneration experiment. It was
anticipated that the oil acidity would reduce to low levels of around 0.05 mg KOH/g by the end of stage
one, as this value represents the expected acidity range of new mineral oils. This value was reached
within 29 h (approximately 10 passes) of circulation through the fuller’s earth regeneration unit.

It can be observed from Figure 5 that the reduction trend for TAN follows a negative exponential
relationship with duration. The fluctuations of the TAN during stage 2 could be further indication
of the removal of the acidic components from the paper. These results conform to previous studies,
which indicated similar fluctuations of TAN values [21]. TAN trend during stage 2 of regeneration
indicates that the final TAN value for oil was near 0.005 mg KOH/g. This value is extremely low, even
in comparison with new oils.
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3.2.2. Moisture in Oil

The profile of moisture in oil during stage 1 and stage 2 of oil regeneration are presented in
Figure 6. Moisture in oil was below 10 ppm at the end of stage 1, and remained in the same level till
the end of stage 2. During the first 75 h of the regeneration process, the moisture in oil was observed to
fluctuate between 15 ppm and 35 ppm. This fluctuation is possibly due to moisture migration from
paper to oil at increasing temperatures and also mixing of water content distributed in the transformer
tank. From 75 h onwards, the oil moisture gradually reduced to around 10 ppm by the end of stage 1.
During stage 2, the oil moisture was again observed to fluctuate between 6 ppm and 14 ppm, which
could indicate further removal of moisture from the paper.Energies 2019, 12, x FOR PEER REVIEW 8 of 13 
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A comparison of the moisture measured using KF titration and the moisture values calculated
by the solid state sensor based on relative humidity (RH) is provided in Figure 7. RH values and
subsequent moisture calculations, along with the oil temperatures, are represented in intervals of
30 min, whereas the values of moisture measured through KF are based on samples collected during the
day in intervals of every 2 h on average. Figure 7 indicates a reasonable positive correlation between
the values recorded by the RH sensor and those measured by KF titration. The gradual reduction of
the RH value is a clear indication of the continuous drying of the oil throughout the process.
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Figure 7. Comparison of moisture in oil measured by KF titration and moisture in oil calculated by
solid state sensor, along with oil relative humidity and temperature.

3.3. Paper Parameters

3.3.1. Moisture in Paper

Moisture in paper profiles for samples collected before oil regeneration, at the end of stage 1 and
the end of stage 2 are presented in Figure 8. Initial moisture level in the paper before oil regeneration
was 3.5% on average, exhibiting a flat trend from the bottom to the top of the winding. However, at the
end of stage 1 a non-uniform moisture reduction in paper was observed. Moisture in the bottom one
fifth of the winding reduced by an average of 50% whereas moisture in the rest of the winding reduced
by only about 17%. Given that the temperature inside transformer was close to uniform, it is highly
likely that a non-uniformity in the oil flow in the transformer could have resulted in the different
moisture reduction rate along the winding. The bottom part winding is likely in contact with the main
oil stream and hence more refreshed oil results in the more effective reduction of moisture.
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During the second stage of the oil regeneration process moisture in the bottom part of the discs
reduced by further 10% whereas the remaining part of the winding had further 22% reduction in the
moisture. As the oil condition throughout the transformer has been improved in the second stage,
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non-uniformity of the moisture reduction along the winding becomes less significant. When considering
the whole winding, stage 1 of the regeneration reduced the moisture content in paper by an average of
23% while the stage 2 reduced the moisture by a further 23% resulting in a nearly 40% reduction in total.

Interpreting this reduction along with the various experimental and simulation-based drying
curves and models proposed in the literature [15,17,22–27], it is possible that the moisture could
reduce further with prolonged circulation. However, several factors could affect this, including the
limitation of the off-line hot oil circulation process which does not heat the insulation from inside (i.e.,
affecting mainly the outer layers of insulation), and the thickness of the paper which directly affects the
penetration of the drying.

3.3.2. LMA in Paper

Figure 9 illustrates the profile for LMA in the paper for samples collected before regeneration,
at the end of stage 1, and the end of stage 2 of the regeneration experiment. Initial LMA in paper before
oil regeneration was found to be at an average of 10 mg KOH/g. The LMA in paper remained fairly
unchanged at the end of stage 1. However, at the end of stage 2, this value reduced to an average of
7 mg KOH/g. This is a positive indication of the effectiveness of stage 2 on improving the condition
of the paper insulation. Similar to water, LMA due to their polar nature prefer the paper insulation.
Furthermore, with increase of temperature some of these LMA move into oil [28]. From the results
it can be seen that LMA require more effort to move from paper into oil which could be due to their
larger molecular structure compared to water.
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In an investigation of the acid removal during low frequency heating drying process [12], it was
observed that LMA in paper dropped by approximately 20–30%, which was measured in paper samples
collected before and after the drying process. This value conforms to the reductions observed in the
present study, which were approximately at 30%.

3.3.3. DP of Paper

Figure 10 shows the DP profile of paper samples obtained before the oil regeneration process and
after the regeneration process. The paper samples had DP values between 99 and 242 with an average
DP of about 187. It can be seen that the DP profile along the winding follows the expected temperature
gradient in the transformer when it is in operation. Having the lowest DP in the top part of the winding
confirms that the hot spot was located in the top part of the winding. In order to verify that the DP
values are not affected by the extended circulation of hot oil through the transformer, samples of paper
from five different locations along the winding were tested post-regeneration. No noticeable changes
to the DP values were observed, as seen in Figure 10.



Energies 2019, 12, 1665 11 of 13

Energies 2019, 12, x FOR PEER REVIEW 10 of 13 

 

the results it can be seen that LMA require more effort to move from paper into oil which could be 
due to their larger molecular structure compared to water. 

 
Figure 9. Profile of LMA in paper before regeneration, at the end of stage 1, and the end of stage 2. 

In an investigation of the acid removal during low frequency heating drying process [12], it was 
observed that LMA in paper dropped by approximately 20-30%, which was measured in paper 
samples collected before and after the drying process. This value conforms to the reductions 
observed in the present study, which were approximately at 30%.  

3.3.3. DP of paper 

Figure 10 shows the DP profile of paper samples obtained before the oil regeneration process 
and after the regeneration process. The paper samples had DP values between 99 and 242 with an 
average DP of about 187. It can be seen that the DP profile along the winding follows the expected 
temperature gradient in the transformer when it is in operation. Having the lowest DP in the top 
part of the winding confirms that the hot spot was located in the top part of the winding. In order to 
verify that the DP values are not affected by the extended circulation of hot oil through the 
transformer, samples of paper from five different locations along the winding were tested 
post-regeneration. No noticeable changes to the DP values were observed, as seen in Figure 10. 

 
Figure 10. Profile of DP of paper before regeneration, and at the end of stage 2. 

 

Figure 10. Profile of DP of paper before regeneration, and at the end of stage 2.

4. Discussion

The regeneration studies conducted with the 77-year-old transformer confirmed that this process
can be used to remove moisture and LMA from paper insulation, which could slow down the further
degradation process of paper insulation. According to the Arrhenius reaction proposed by Dakin in
1948 [29] the rate of the insulation deterioration could be modelled as (1):

k = A× e[−
EA

R(T+273) ] (1)

where A is the pre-exponential factor, EA is the activation energy, R is the gas constant (8.314 J /K/mol),
and T is the temperature of the paper in degree Celsius.

Activation energy values varying from about 96 to 125 kJ/mol has been proposed for the degradation
of cellulosic paper insulation [1,30–32]. Activation energy describes the temperature dependency of
the ageing process and it depends on the ageing mechanism. It is generally accepted that every 6 to
7 ◦C increase in temperature could nearly double the rate of paper ageing through hydrolysis [33].
On the other hand, A represents the influence of other environmental factors such as moisture and
LMA that affect the paper ageing rate. It was suggested that a relationship as shown in (2), could be
used for assessing the combination effect of water and LMA on the pre-exponential factor [34]:

A ∝ CW ×CLMA (2)

where, CW is the concentration of water in paper and CLMA is the concentration of LMA in oil or paper.
The A factor calculated based on Equation (2) shows an average of 54.8% reduction due to the oil

regeneration through both stage 1 and stage 2 compared to just a 25.9% reduction by regenerating oil
through only the stage 1. This suggests that oil regeneration through both stages reduces the ageing
rate to half of the initial value which could potentially double the remaining lifetime.

Although it is evident that extended oil regeneration is indeed effective to improve paper conditions,
implementation of the process in practice requires fine tuning depending on various factors including
transformer insulation structure, material ratio, off-line/on-line regeneration mode, etc. In addition,
selection of transformers to be treated also requires a cost-benefit analysis. If the transformer insulation
condition is too bad, potential life extension from the oil regeneration might be minimal; if the insulation
condition is too good, oil regeneration can be a waste of resource.

5. Conclusions

The possibility of improving the condition of the oil together with the retardation of the ageing of
paper insulation through oil regeneration was demonstrated using a retired distribution transformer.
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In addition to the expected reductions of moisture and TAN in oil, reductions of LMA and moisture
in paper were observed though paper sampling during the process. The need for an extended stage
(stage 2) of the oil regeneration in addition to the conventional stage (stage 1) was stressed upon,
in order to further retard the ageing of paper insulation. Measurements obtained before and after the
oil regeneration confirmed that circulation of hot oil (60–70 ◦C) during the extended oil regeneration
has negligible effect on the DP of paper. Overall, strong evidence has been provided to support the
premise that oil regeneration can indeed positively affect the health conditions of the transformer
oil-paper insulation system.
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