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ABSTRACT 

This paper presents a study from EDP Distribuição and 

LABELEC, whose purpose was to develop a methodology 

to estimate the remaining useful lifetime (RUL) of 86 High 

Voltage (HV)/ Medium Voltage (MV) power transformers 

in service, based on data from the DPv (viscometric degree 

of polymerization) measurements of insulation paper of 9 

HV/MV power transformers intended for scrapping.  

 

We present the methodology developed during the study 

and the final results. 

INTRODUCTION 

The most accurate approach to estimate power 

transformers remaining useful lifetime is measuring the 

DPv of paper samples collected directly from the 

windings.  

Unfortunately, the opportunities to perform this kind of 

measurement during the transformer lifecycle are very rare 

and expensive and are restricted to large refurbishments or 

post-mortem analysis. 

 

Alternatively, the transformer RUL can be estimated 

indirectly by measuring the concentration of markers 

dissolved in the insulating oil, namely furanic compounds. 

Among these compounds, 2-furfural (2-FAL) is the most 

significant and is present in the insulating oil due to the 

decomposition of the insulating paper over time.  

2-FAL concentration can be obtained by HPLC (high-

performance liquid chromatography) from an oil sample 

[1]. 

The major advantage of this method is that the oil sampling 

is not intrusive and very easy to be carried out even when 

the transformer is in service [2]. 

The 2-FAL concentration can then be correlated with the 

DPv (based on experimental correlations between DPv 

versus 2-FAL) to estimate the RUL [3]. 

 

In this study, taking advantage of dismantling 41 HV/MV 

and MV/MV EDP Distribuição’s power transformers, a 

methodology was developed to establish a correlation, 

between DPv paper and 2-FAL oil measures, allowing the 

estimation of RUL of 86 selected transformers in service 

based only on its 2-FAL measures. 

METHODOLOGY 

The present study was divided into two steps: 

1. DPv measurements of windings insulation paper, 

during teardown, of a selected group of scrapped 

power transformers and establish a correlation 

between the DPv measures and the highest 2-

FAL concentration obtained for each power 

transformer during its lifetime; 

2. Estimate the RUL of a group of 86 transformers 

in service that are related to the scrapped 

transformers 

 

In the first step, the choice of the teardown transformers to 

be considered in the study was made upon the higher 

number of “relatives” (similar transformers in service), 

logistical constraints, the overall state of the transformer 

and budget. 

 

To select the “relatives” transformers from over 740 EDP 

Distribuição power transformers the following criteria 

were considered: 

- manufacturer; 

- age; 

- construction type; 

- voltage; 

- neutral regime; 

- location; 

- insulating oil condition. 

 

Applying these criteria, 9 transformers among the 41 

teardown transformers were selected for the study’s first 

step and 86 transformers in service were identified as 

relatives of at least one of the selected teardown 

transformers. It should be noted that 50% of the 

transformers identified as relative are related to more than 

one selected scrapped transformers. 

 

Once the scrapped transformers to include in the study 

were selected, insulating paper samples were taken from 
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12 pre-determined key points in order to evaluate the 

condition of the paper by measuring its DPv. 

 

The paper samples key-points, for each of the three 

transformers phase, were as follows: 

- cable zone between the bushings and the 

windings; 

- upper zone of the windings; 

- middle zone of the windings; 

- lower zone of the windings. 

 

The sampling of the paper of the 9 transformers was made 

during their dismantling, from staff not totally skilled for 

this kind of work and the tools used were not as precise as 

required for a meticulous work (as we can see in figure 1) 

[4]. 

 

 
 

Figure 1 Dismantling works and collection of 

paper samples 
 

Consequently, the detail level in the present post-mortem 

analysis is basic due to the absence of a formal protocol. 

[5].  

Nevertheless, in order to guarantee the best possible 

sampling conditions, all these sampling operations were 

supervised by technicians of LABELEC's laboratory of 

insulating materials. 

 

The paper samples were then sent to the LABELEC’s 

laboratory and unrolled from the copper windings, passing 

subsequently by a degreasing process using a suitable 

solvent (e.g. n-hexane) and subsequent drying. The dry 

paper was then subject to water content analysis according 

to IEC 60814 [6] and DPv analysis according to IEC 60450 

[7]. 
 

An example of the sample key points and the 

corresponding DPv values is shown in figure 2.  

 

 
Figure 2 Example of one scrapped transformer DPv measures  

 

It should be noted that in some of the 9 scrapped 

transformers it is the lower zone of the windings which 

appears to be in better condition, in others cases the cables 

are the ones that appear to be less degraded. There are still 

situations in which all zones appear to be in equivalent 

state. 

 

Thus, to define this correlation and to characterize the 

paper condition of each scrapped transformer, we used the 

global average of DPv values of the 12 samples taken from 

each transformer, since it was not evident that it was better 

to use the DPv measures of a specific part of the 

transformer (windings zones or cables). 

 

Regarding 2-FAL, since during the lifetime of each 

transformer there may have been regeneration or oil 

replacement actions that have influenced the measured 

value of 2-FAL, we have chosen to consider, for each 

transformer, the maximum value of 2-FAL among all the 

history of measurements of this compound. 

 

After these procedures, we have established nine 

correlations between oil condition (2-FAL maximum) and 

post mortem data (DPv average). 

These correlations were used to extrapolate RUL for the 

relatives transformers, but the results were unacceptable. 

 

In theoretical terms, to obtain a better correlation between 

the DPv measures and 2-FAL, the highest DPv was 1200, 

corresponding to the DPv of the pure cellulose molecule, 

and the minimum 2-FAL value was 0.01 mg / kg 

corresponding to the detection limit of the experimental 

technique. 
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Considering these assumptions, the experimental results 

are shown in Table 1. 

 
Table 1 – Experimental DPv and 2-FAL values 

 

Transformer Average DPv Maximum 2-FAL 

mg/kg 

New  1200 0,01 

Scrapped nº 1 776 0,20 

Scrapped nº 2 671 0,46 

Scrapped nº 3 701 0,54 

Scrapped nº 4 653 0,78 

Scrapped nº 5 546 0,91 

Scrapped nº 6 464 1,58 

Scrapped nº 7 569 1,81 

Scrapped nº 8 323 3,25 

Scrapped nº 9 287 4,08 

 

From the 9 selected teardown transformers average DPv 

and the maximum 2-FAL measures and considering a 

logarithmic adjustment, the following mathematical 

experimental correlation between DPv and 2-FAL was 

obtained: 

𝐷𝑃𝑣 =
(1,65 − 𝑙𝑜𝑔[2𝐹𝐴𝐿])

0,0030
 

 

 
Figure 3 Experimental correlation between DPv and 2-FAL 

The mathematical experimental correlation obtained was 

considered quite good, obtaining a correlation coefficient 

of 0.96. 

 

This experimental correlation was then compared with a 

theoretical correlation used by Labelec (obtained through 

accelerated aging studies in the laboratory previously 

performed at Labelec) [2]: 

 

 
Figure 4 Graphical comparison between experimental and 

theoretical correlations 

 

The deviation of the theoretical correlation was calculated 

against the average DPv measures. The results obtained 

are shown in table 2. 

 
Table 2 Deviation between the measured values of DPv and 

those obtained by the theoretical correlation 

 
Transformer Maximum 

2-FAL 

mg/kg 

Average 

DPv 

Measure 

Theoretical 

correlation 

DPv 

Deviation 

% 

New  0,01 1200 993 17 

Scrapped nº 1 0,20 776 711 8 

Scrapped nº 2 0,46 671 632 6 

Scrapped nº 3 0,54 701 617 12 

Scrapped nº 4 0,78 653 582 11 

Scrapped nº 5 0,91 546 568 -4 

Scrapped nº 6 1,58 464 516 -11 

Scrapped nº 7 1,81 569 503 -12 

Scrapped nº 8 3,25 323 447 -39 

Scrapped nº 9 4,08 287 426 -48 

 

Analyzing the two correlation curves, we can verify that, 

for higher values of 2-FAL, there is a greater deviation 

between the experimental data and the theoretical values. 

 

Figure 4 shows that there is a point of intersection between 

the two curves, and from this point, the deviations become 

larger and larger. This is due to the fact that the equation 

defined by Labelec has a slower decrease of the DPv 

compared to higher values of 2-FAL, when in comparison 

with the values obtained in real transformers in this work. 

 

In the second phase of this study, for each transformer 

identified as "relative", the higher value of 2-FAL was 

collected from the oil monitoring history. 

 

From this value, we estimated, based on both experimental 

and theoretical correlations between DPv and 2-FAL, the 

corresponding values of DPv. These two calculation 

methods allowed to obtain two values of DPv that were 

later compared and that allowed to estimate a remaining 

useful lifetime interval for each transformer. 

 

The DPv values extrapolated from the 2-FAL have been 

further converted into remaining useful lifetime (RUL): 

using DPv = 120 as the end-of-life criterion and assuming 
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a constant temperature of 90ºC (363.15 K) during the 

whole remaining operating life of the transformers. The 

other ageing parameters - Activation Energy (E) and the 

Frequency Factor (A) - have been chosen according to 

previous accuracy assessments from 2011 with Pracana 

Case Study and reported in [3]. 

This is a light approach to determine the remaining useful 

lifetime of a transformer using DPv, taking into 

consideration the following statements: 

- New Paper DPv = 1200 

- Lowest DPv for in service transformers = 120 

 

The remaining useful lifetime is estimated taking into 

account that the operating regime does not change. 

 

RESULTS 

 
Based on the DPv obtained with the experimental and 

theoretical correlations, a remaining useful lifetime 

interval was calculated for each one of the 86 relative 

transformers: 

 

 
 Figure 4 Relative transformers estimated remaining useful 

lifetime (Experimental and Theoretical) 

CONCLUSIONS 

This work showed in practice that the grouping of 

transformers into families, taking into account some 

specific characteristics in common, often fails, with 

respect to the prediction of remaining useful lifetime 

(RUL). 

 

It is concluded that the best approximation is to consider 

the overall behavior of the analyzed scrapped transformers 

(9 transformers) to estimate the RUL of the transformers 

in service. 

 Most likely, this is due to the fact that lead to groupings 

in families (age, manufacturer, constructive mode, power, 

neutral status, transformer location, oil state, etc ...) are 

very different origins; this is; are characteristic of the asset 

in different aspects, ignoring the contribution of each of 

them in the aging of the insulation paper of the 

transformer.  

In this way, it seems better to approximate the 

extrapolation of the behavior of the transformers in service 

from the characteristics of the 9 transformers analyzed, to 

the detriment of the initial idea of extrapolating the 

behavior of a family of transformers from only one 

analyzed transformer. 

 

The RUL estimation of the 86 selected transformers 

(representing 11% of EDP Distribuição’s power 

transformer fleet) is extremely valuable for EDP 

Distribuição as it will be taken into account in the 

management of these transformers, making it possible to 

act before the end of the transformer life, in particular as 

regards: 

- Changes in operating conditions or perform 

rehabilitation actions that may extend the 

estimated remaining useful lifetime; 

- transformer replacement forecast, improving 

budget and risk management. 

 

Thus, this study concluded that the measurement of DPv 

in transformers destined for teardown that have relative 

transformers in service, generates value, allowing better-

optimized management of the latter. 

 

On the other hand, the very positive results of this study 

and its potential will trigger new research approaches 

between EDP Distribuição and Labelec to develop other 

methodologies to estimate the remaining lifetime of EDP 

Distribuição's entire fleet of transformers based on 

historical data of paper and oil analysis of transformers in 

service or intended for teardown. 
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