
 23rd International Conference on Electricity Distribution Lyon, 15-18 June 2015 
 

Paper 1488 

 
 

CIRED 2015  1/5 

STRATEGY FOR ASSESSMENT OF DISTRIBUTION TRANSFORMER LIFETIME 

UNDER EV SCENARIOS 
 

 

                                         Yuan GAO                                                                     Bevan PATEL   

                          The University of Manchester                                          The University of Manchester   

                  yuan.gao-4@postgrad.manchester.ac.uk                                 bevan.patel@manchester.ac.uk  

 

 Qiang LIU Zhongdong WANG  Darren JONES 

    The University of Manchester The University of Manchester Electricity North West 

     qiang.liu@manchester.ac.uk              zhongdong.wang@manchester.ac.uk                  darren.jones@enwl.co.uk 

 

ABSTRACT 

The lifetime of distribution transformers is of concern due 

to the potential overloading and overheating caused by 

the uptake of more Electric Vehicles (EVs) in the low 

voltage electricity network. The lifetime of a transformer 

is predominately impacted by the hot-spot temperature, 

which can be obtained by thermal modelling. Thermal 

parameters are essential for implementing thermal 

modelling and, as explained in standards and literature, 

they can be derived from heat run test results. However, 

it is a common case that transformers already in 

operation do not have heat run test results. Therefore, in 

this paper, a method is proposed to assess the thermal 

performance and lifetime of a group of transformers with 

furan data obtained from the oil test and load data. 

Basically, parameters of the simplified IEC thermal 

model are estimated from hot-spot temperature and load 

data, whilst the hot-spot temperature is derived from the 

furan data. With this method, the transformer population 

can be grouped according to the rated hot-spot rise that 

best fits a transformer’s furan-load pattern, and those 

transformers with relatively poor thermal characteristics 

can be identified.          

INTRODUCTION 

As one of the most important schemes under the low 

carbon economy, a large implementation of EVs is 

expected in the near future. In essence, this would help 

reduce the CO2 emissions for the transportation sector 

which accounts for 22% of the total emissions in the UK 

[1, 2].  The instantaneous charging of EVs, however, 

would potentially affect loads in the low voltage network 

especially on peak loading. As a result, distribution 

transformers might be overloaded and overheated, which 

would lead to an increase in thermal ageing and early 

retirement of assets. Thus, the lifetime of a distribution 

transformer under EV scenarios is of prime concern.  

The lifetime of a transformer is reflected by the lifespan 

of its insulation system, which is predominately impacted 

by the hot-spot temperature. Ideally, the hot-spot 

temperature can be measured by optical fibres installed in 

the transformer. However, due to cost restrictions, many 

in-service transformers do not have optical fibres 

installed. An alternative way to obtain the hot-spot 

temperature is thermal modelling, which describes the 

thermal characteristics of a transformer by a set of 

thermal parameters. 

IEC 60076-7 [3] and IEEE Clause 7 [4] thermal models 

are the most widely utilised thermal models. It was 

reported in [5] that the IEC 60076-7 model has better 

accuracy when calculating the hot-spot temperature under 

overload conditions than the IEEE Clause 7 model. 

Thermal parameters defined by the IEC 60076-7 thermal 

model include the rated top-oil rise, rated average 

winding to oil gradient, average-oil time constant, 

winding time constant, oil exponent, winding exponent, 

hot-spot factor and three thermal constants. 

Thermal parameters can be derived from heat run test 

results as explained in IEC and IEEE standards [3, 4, 6]. 

The author‟s previous paper [7] summarizes the 

procedure of deriving thermal parameters based on heat 

run test results (as shown in TABLE 1). Consequently, 

with derived thermal parameters, the hot-spot 

temperature and loss-of-life under arbitrary loads can be 

calculated.  

 
TABLE 1: DERIVATION OF THERMAL PARAMETERS 

BASED ON HEAT RUN TEST RESULTS [7] 

 
Thermal 

parameters 
Symbols Derivation method 

Rated top-oil 

rise 
or  

The difference between rated top-oil and 

ambient temperatures 

Rated average 

winding to oil 

gradient 

rg  
Difference between rated average winding and 

average-oil temperatures 

Average-oil 

time constant 
o  

Calculated with rated average-oil temperature 

and nameplate information by using an 

equation give in IEC loading guide 

Winding time 

constant 
w  

Derived from winding resistance drop curve 

measured at the end of the heat run test 

Oil exponent x  
Derived from top-oil rises of three tests under 

different loads 

Winding 

exponent 
y  

Derived from average winding to oil gradients 

of three tests under different loads 

Thermal 

constants 

11k  
Ratio between top-oil time constant and 

average-oil time constant 

21 22k ,k  Can only be derived from hot-spot temperature 

measurements by regression method  Hot-spot factor H  
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Ideally, individual-dependent thermal parameters can be 

obtained for each transformer as long as the heat run test 

results are available. Thus, the thermal performance and 

lifetime of individual transformers under arbitrary load 

scenarios can be assessed independently. However, there 

are a number of in-service transformers that do not have 

heat run data available. Therefore, an alternative method 

is proposed in this paper to assess the thermal 

performance and lifetime of a group of transformers only 

based on their furan data, obtained from oil tests, and the 

historical load data.  

DERIVATION OF THERMAL PARAMETERS 

BASED ON FURAN AND LOAD DATA 

The idea is to eventually obtain thermal parameters for 

the calculation of hot-spot temperature under arbitrary 

loads based on furan and load data. It has been verified 

by laboratory experiments that furans dissolved in oil 

have a strong correlation with a paper‟s DP value [8]. 

Therefore, an established model from the literature [8] 

can be used to derive the papers DP value from furan data. 

Subsequently, the DP value can be linked with the hot-

spot temperature by the well-known Arrhenius equation, 

and thus the hot-spot temperature can be derived from the 

DP value. Since furans accumulate during the transformer 

ageing process, the derived hot-spot temperature is an 

equivalent value reflecting the “average” hot-spot 

temperature that the transformer has experienced. Finally, 

with the corresponding equivalent load value, thermal 

parameters can be estimated. 

However, with only the “average” hot-spot temperature, 

it is impossible to estimate all the parameters of the IEC 

thermal model. Thus, a simplified relationship between 

the hot-spot rise and the load is applied as shown in 

equation (1), where h  is the hot-spot temperature, a is 

the ambient temperature, K  is the load factor, and the 

required two parameters are the rated hot-spot rise hr  
and the hot-spot exponent z . This relationship is 

suggested in the loading guide as a quick estimate of hot-

spot rise under non-rated loads when the rated hot-spot 

rise is known. For simplicity, this relationship is referred 

to as the „simplified IEC thermal model‟ in this paper.   

 
z

h a hr K                                  (1) 

 

The procedure for deriving parameters of the simplified 

IEC thermal model based on furan and load data is 

summarized in Fig. 1. Three steps are required, and each 

step is explained in the following parts.  

 

 
Fig. 1: Procedure for deriving thermal parameters based on 

furan and load data 

 

Step one: calculating DP value from furan data 

It has been confirmed by accelerated ageing experiments 

that as paper degrades in transformer oil, a variety of 

furanic compounds are produced as intermediate ageing 

by-products [8]. Among five main furanic compounds, it 

has been identified that 2-furural (2-FAL) has the highest 

generation rate and greatest stability in oil. Thus, 

concentrations of 2-FAL are most commonly determined 

in furan measurements.   

The correlation between the increase of 2-FAL and the 

reduction of paper‟s DP has been found in ageing 

experiments by different researchers [9, 10], who 

established different models to describe this correlation. 

In [8], Feng compared different models, and refined the 

model coefficients by fitting the model with measured 2-

FAL and DP values of 49 National Grid transformers. 

The refined model is presented as equation (2), and is 

applied in this paper. In the equation, DP  is the DP 

value, and Furan  is the 2-FAL value in ppm.  

 
1674

2.09
DP

Furan



                               (2) 

 

With equation (2), DP values can be calculated from 

measured 2-FAL values. Also, in the following part of 

the paper, 2-FAL is represented by the term “furan” for 

simplicity. 

 

Step two: calculating hot-spot temperature from 

DP 

The direct relationship between the reciprocal of DP and 

the ageing rate of paper insulation can be described by 

the well-known equation 

 
1 1

t 0

k t
DP DP

                                (3) 

 

Where t  is the thermal ageing time and k  is the ageing 

rate. Subscripts t  and 0  corresponds to DP values at 

time t  and 0  respectively. 

One transformer insulation end-of-life criterion suggested 

in the loading guide is DP=200, and the normal life is 

17.12 years under a reference temperature of 110°C [3]. 
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Taking 1000 as the initial DP value for a newly built 

transformer [11], then the reference ageing rate under 

110°C can be obtained with equation (3) by setting 

17.12t   , 200tDP   and 10000DP  . On the other 

hand, set t  as the oil age when the furan data is measured, 

tDP  as the DP value calculated from furan data and 

10000DP  , the actual ageing rate for a transformer can 

be obtained.  

Equation (4) [4] can be applied to link the reference 

ageing rate and the actual ageing rate.  

 
15000 15000

373 273h
ac

ref

k
e

k



                               (4) 

 

Where ack is the ageing rate calculated with a DP value 

derived from furan data; refk is the ageing rate calculated 

under the 110°C reference temperature, and h is the hot-

spot temperature that reflects the “average” hot-spot 

temperature the transformer has experienced. 

With equation (3) and (4), the “average” hot-spot 

temperature that results in the accumulation of furan is 

calculated.  

 

Step three: estimate thermal parameters of the 

simplified IEC thermal model 

The hot-spot temperature derived from step two does not 

reflect any transient responses to load changes of a 

transformer, thus it is impossible to estimate transient 

thermal parameters in the IEC thermal model such as o  
and w . In addition, due to a lack of top-oil temperature 

measurements, thermal parameters such as or  are not 

obtainable. Therefore, the simplified IEC thermal model 

shown in equation (1) is used. This model only requires 

two parameters, which suit the situation that only an 

equivalent (“average”) hot-spot temperature is known.  

Corresponding to the hot-spot temperature, an equivalent 

load reflecting the historical load that the transformer has 

been experiencing should be used for estimation of 

thermal parameters. Ideally, as suggested in the loading 

guide, an RMS value should be used as the equivalent 

load. However, there are a few limitations in the load 

database used in this paper. First, single load points are 

given with the measured date and nothing else. It is 

unknown if the measured load is the peak or RMS value 

of the day. Also, the number of load measurements for 

each transformer is limited; a few transformers have two 

to five measurements, while others only have one. In this 

case, a simple numerical average of load data for each 

transformer is used as the equivalent load.  

Each transformer in the database now has one piece of 

hot-spot temperature data and one piece of load data. 

Then two parameters of the simplified IEC thermal model 

are estimated by curve fitting for a group of transformers. 

Transformers with similar thermal characteristics should 

appear in close proximity on the scatter plot of hot-spot 

rise and load. Thus, transformers are grouped, and 

thermal parameters are estimated for each group.     

CASE STUDY OF DERIVATION OF 

THERMAL PARAMETERS BASED ON 

FURAN AND LOAD DATA 

A database containing 246 distribution transformers is 

applied in this case study. The transformers are either 11 

kV or 6 kV distribution transformers with power ratings 

ranging from 100 to 1000 kVA. The furan value ranges 

from 0.04 to 6.6 ppm, and the transformer age when the 

furan is measured ranges from 1 to 60 years. The furan 

data is plotted against the transformer age in Fig. 2.   

 

 
Fig. 2: Furan plot against transformer age 

    

Thermal parameters are estimated for these 246 

distribution transformers according to the procedure 

introduced in the previous section.  

 

Calculating DP value from furan data 

DP values are calculated according to equation (2). The 

calculated DP values are plotted against furan data as 

shown in Fig. 3. It shows that most transformers are 

young in terms of DP value, even though their real ages 

may exceed 30 years. In addition, it indicates a hot-spot 

temperature much lower than the reference temperature 

110°C has been experienced by most transformers. This 

may be due to low loads and also excellent thermal 

design.  

  

 
Fig. 3: DP plot against furan value 

 

Calculating hot-spot temperature from DP and 

transformer age 

The hot-spot temperature is calculated according to 
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equation (3) and (4) in the previous section. The result is 

plotted against furan data as shown in Fig. 4. 

 

 
Fig. 4: Hot-spot temperature plot against furan data  

 

Estimate thermal parameters of the simplified 

IEC thermal model 

According to the previous section, the load data for each 

transformer is obtained by averaging all load 

measurements available for each transformer. The hot-

spot temperature of each transformer is plotted against its 

load data as shown in Fig. 5.  

 

 
Fig. 5: Hot-spot temperature plot against load data  

 

As previously mentioned, transformers with similar 

thermal characteristics, or thermal parameters, should be 

found in a close area of the plot. Thus, three groups are 

formed for estimation; Poor, Average and Good. A 

simple numerical indicator is established to help group 

the data. The ratio of the hot-spot temperature to the load 

is applied as the indicator. Calculation shows that the 

indicator ranges from 60 to 420. Apparently, for 

individual transformers, the larger the value, the poorer 

the thermal characteristics should be. Also in Fig. 5, it is 

found that transformers with larger values of the ratio 

tend to distribute in the left side, and lower values in the 

right.  After a few trials of grouping and estimation, three 

groups are defined. The Poor group (red circle) has an 

indicator value larger than 250; Average group (blue 

square) an indicator value between 100 and 250; and 

Good group (green triangle) an indicator value less than 

100.  

An ambient temperature is assumed in order to estimate 

the hot-spot rise. In this paper, 15°C is assumed. Then the 

rated hot-spot rise hr  and the hot-spot exponent z  are 

determined by curve-fitting the hot-spot rise and load 

data with equation (1) for each group of transformers 

separately. The fitted curves are displayed in Fig. 6 and 

the results are presented in TABLE 2. 

 
TABLE 2: ESTIMATION RESULTS FOR EACH GROUP 

 

Groups 
Estimated results 

hr  (K) z  

Group Poor 119.68 0.42 

Group Average 87.68 0.44 

Group Good 67.84 0.40 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 6: Estimation of thermal parameters for each group of 

transformers (a) Poor (b) Average (c) Good 

 

The estimation is conducted for the averaged data, which 

is shown as blue triangle in Fig. 6 (b) and (c). The data is 

averaged within each 0.05 p.u. load step. As an 

exception, estimation for the Poor group (Fig. 6 (a)) is 

conducted on original data due to the limited number of 

data points.  

Results in TABLE 2 show similar values of the hot-spot 

exponent for three groups, but significantly varied values 

of the rated hot-spot rise. The rated hot-spot rise in the 

Poor group is more than 50 K larger than that in the Good 

group. 



 23rd International Conference on Electricity Distribution Lyon, 15-18 June 2015 
 

Paper 1488 

 
 

CIRED 2015  5/5 

COMPARISON WITH DERIVING THERMAL 

PARAMETERS BASED ON HEAT RUN TEST 

RESULTS  

The purpose of deriving thermal parameters, whether 

based on heat run test results or furan and load data, is to 

calculate the hot-spot temperature under arbitrary loads, 

especially EV scenarios.  The derivation based on heat 

run test results has obvious advantages. Firstly, it gives 

individual-dependent results which reflect differences in 

thermal characteristics of individual transformers. In 

addition, its results are more accurate when calculating 

hot-spot temperatures. However, heat run tests are not 

routinely conducted on transformers when they are sent 

for commission. Also, even for those that have been 

tested, the heat run test data might have misplaced or lost 

during a transformer‟s long commission life. Thus the 

heat run test data are often unavailable for transformers 

in-service.  

Derivation based on furan and load data avoids using heat 

run test results. Furans are routinely measured as part of 

normal oil tests, and load data is also recorded as part of 

the normal monitoring of operational transformers. 

Another important feature of this method is that it is 

applied on transformer groups instead of individuals. A 

large number of transformers can be grouped according 

to their furan-load (hot-spot temperature and load) pattern, 

or in other words, the rated hot-spot rise that fits the 

pattern best. This grouping reflects the diversity of 

thermal characteristics in the transformer population. It 

also indicates those which have relatively poor thermal 

designs, and are more likely to require more monitoring 

and maintenance in the future, especially under the 

anticipated EV scenarios.  

CONCLUSION 

Derivation of the IEC thermal model parameters based on 

heat run test results is first reviewed in the paper. In case 

heat run test results are unavailable, an alternative 

method is proposed to derive the thermal parameters for 

the simplified IEC thermal model based on furan and 

load data. 

In the proposed method, thermal parameters are estimated 

with equivalent hot-spot temperatures and loads of a 

group of transformers by curve-fitting. The equivalent 

hot-spot temperature is calculated from the DP value, 

which is derived by measured furan data. Two key 

advantages of the methods are, first, using heat run test 

results is avoided. Second, the transformer population is 

grouped, which helps to identify groups of transformers 

that have relatively poor thermal design and needs more 

monitoring and maintenance.     

 

 

 

 

 

Future work would investigate the effects of different 

ambient temperatures and transformer end-of-life criteria 

on the estimation results.  
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