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Abstract—This paper analyses the impact of the penetration 
of electric vehicles (EVs) charging loads on thermal ageing of a 
distribution transformer of a private industrial client that allows 
EVs to charge while their owners are at work and at three 
different working shifts during a day. Furthermore, the system is 
part of an isolated electric grid in a Portuguese Island. In this 
paper, a transformer thermal model is used to estimate the hot-
spot temperature given the load ratio. Real data were used for 
the main inputs of the model, i.e. private industrial client load, 
transformer parameters, the characteristics of the factory and 
electric vehicle parameters. 

Keywords—distribution transformer; EV charging; loss-of-life; 
battery SOC; transformer ageing 

I.  INTRODUCTION 
Generalized concerns regarding urban air pollution, climate 

change, and dependence on expensive and unstable supplies of 
fossil fuels have lead researchers and policy makers to 
investigate alternatives to conventional petroleum-fueled 
internal combustion engine vehicles, such as EVs. 

The employment of EVs is more challenging than hybrid 
vehicles since the main source of energy is electricity. Even 
though the EVs would be largely used for transportation, from 
the point of view of a System Operator they could be 
essentially viewed as a distributed storage resource. Thus, 
when EVs are not used to satisfy their primordial role, they 
could provide a range of ancillary services to the power system 
such as back-up power, regulation, operating reserves, etc. By 
applying such services also peak shifting could be supported by 
the use of EVs [1]. 

With a growing number of EVs connected to power 
systems for charging, there is a concern that existing 
distribution networks may become extra loaded than 
anticipated when they were planned. Low penetration levels 
could result in a reduced impact but, as the number of EVs 
increases, it may occur a real possibility of the local 
distribution networks being congested [2]. 

A simultaneous charging of a large number of vehicles can 
induce to grid inadequacy concerning available capacity and 
security. Such events can be avoided, if the EVs are 
appropriately integrated within the grid. Integrating the EV 
within the grid could be a significant opportunity, if they are 
controlled properly. In this way simultaneous charging of a 
large number of vehicles becomes practical [3].  

Without the integration, the grid could suffer excessive 
voltage drops, feeder congestions, line overloads, etc. 
Consequently, insular networks that have weaker structures 
than the mainland ones could be more seriously affected. 

Implementation of smart grid technologies in insular areas 
has been increasing with the installation of diverse test systems 
in other islands around the world. Even if the interconnected 
power system structure is considered to be more rigid in terms 
of stability, insular areas that can also offer an essential basis 
for potential islanding operation requirements may be seen as 
perfect test beds for the pre-evaluation of the smart grid 
concept before adopting it in for wider areas such as largely 
populated cities, entire regions composed of several cities, or 
even to an entire country [4]. 

Distribution networks are designed to deliver electricity to 
the final customers and their planning is usually based on the 
estimated electricity demand. As a consequence, there is a 
general need to develop modelling techniques to help quantify 
the impact that high penetration level of EV charging loads 
may have on distribution networks and thus guarantee that this 
environmentally positive technology is not unnecessarily 
constrained. Distribution transformers are essential links in 
distribution networks which will begin to experience 
exceptional loads from EV charging. A number of different 
studies have been carried out to assess whether the existing 
electricity network and mainly the transformer insulation 
temperature could withstand the widespread adoption of EVs 
[1-2][5-7]. 

Oil-immersed distribution transformers are one of the most 
common equipment that is found in distribution networks. For 
example, distribution system of Azores uses almost exclusively 
oil-immersed distribution transformers with some of them 
upgraded not long ago [8]. Thus, transformers in their current 
form are expected to continue to be in service for many years 
to come due to its widespread use intrinsic high reliability and 
simplicity. Therefore, the influence of characteristic smart grid 
operations such as EV charging on transformer life and 
performance considerations must be properly evaluated.  

This paper presents a model based on real data that allows 
the evaluation of the effect of EVs charging loads on the 
thermal ageing of an industrial client power distribution 
transformer which in turn is a part of an isolated electrical grid 
of São Miguel Island, Azores, Portugal.  



The model takes into account the uncertainty of EV battery 
charging loads, i.e., the randomness of individual charge 
starting time, initial battery-state-of charge (SOC) and charging 
modes.  

This paper is organized as follows: in Section II, the 
employed methodology is developed. Then, in Section III, the 
distribution network of São Miguel, Azores, as well as the 
simulation results and critical analysis are presented and 
discussed. Finally, the conclusions are drawn in Section IV. 

II. METHODOLOGY    

A. EV battery charging profiles 
The charging load of an EV is an addition to the existing 

load. EVs are remarkably different from other electrical loads 
due to their highly mobile and unpredictable nature. There are 
three key factors which could affect the effect of EVs on 
distribution networks, specifically the charging characteristics 
of the EVs, the driving profile and electrical energy tariff 
incentives. 

While the EV market grows, more and more car 
manufacturers enter the competition. As a consequence, a 
growing supply of EVs with different characteristics is 
available today [9]. Consequently, in order to be more realistic, 
five different types of EVs are used in this study. The latest EV 
types including BMW i3, Renault ZOE, Nissan Leaf and Kia 
Soul are considered. Data for the charging types and duration 
of the five EVs are presented in Table I [10-13]. 

The percentage of BMW i3 is chosen in this study as high 
as 40% since it is the fastest selling EV in Portugal according 
to the ACAP – the Portuguese Automobile Association. 
Renault ZOE, Nissan Leaf and Kia Soul are assumed to have a 
20% market penetration since these brands already appear to 
have a significant share in the EV market [14].   

In the last few years, EVs are becoming technologically 
appealing with the advancement of lithium-ion battery 
technology which offers the advantage of higher power and 
energy density. Due to the potential of obtaining higher 
specific energy and energy density, the adoption of Li-ion 
batteries is expected to grow fast in EVs. Nearly all EVs 
available in the market today use Li-ion batteries because of its 
mature technology. The capacity of the battery for light 
vehicles in EVs is in the range of 6 kWh to 35 kWh. The 
charging time varies from 14 hours for slow charging batteries 
to less than an hour for fast charging batteries [9]. As a result 
of the fact that lithium-ion batteries dominate the most recent 
group of EVs in development [6], in this paper it is assumed 
that the considered EVs employ lithium-ion batteries. 

All the EVs utilized in this case study have Lithium-Ion 
batteries and in this study a simplified charging profile of such 
batteries is utilized. When the battery SOC is low, the charger 
operates at rated current, which enables a great percentage of 

the battery charge being re-established during the initial 
charging hours. The process undergoes until is reached the 
maximum battery voltage during charging, at which the current 
drops as the charger preserves a constant voltage [7]. Also, for 
simplicity, the effect of ambient temperature on the EV battery 
charging characteristics is not taken into account in this study. 

Furthermore, the EV battery charging process is assumed to 
be continuous as soon as it starts up until the battery reaches its 
full capacity. The power demand throughout the whole 
charging process is frequently presented by the charging 
profile, which may be different from vehicle to vehicle 
depending on battery type and charging mode.  

B. Model of EV Charging Load 
In this study the typical charging profile of lithium-ion EV 

batteries is taken into account, and the stochastic behavior of 
the initial EV battery SOC is assessed using a probability 
density function (PDF) associated to travel distances. The 
charging demand of an EV is given by the initial battery SOC, 
the charging start time, and the charging characteristics. The 
initial SOC of an EV battery is determined by the travel habit 
of the EV before recharging and can be perceived as a random 
variable associated to the travel distance. Based on a 
Portuguese study of the general travel information regarding 
Portuguese drivers of conventional vehicles in 2011 in Lisbon 
area [15], a probability distribution of daily travel distance can 
be reconstructed as shown in Fig. 2. 

Commonly it is considered that the distribution of travel 
distance is of lognormal nature, with zero probability of 
occurrence of the negative distances, and a “tail” prolonging to 
infinitum for positive distances. The PDF of the EV travel 
distance can be expressed as: 

where ݀ is the daily distance covered by a vehicle, ߤ is the ln 
mean and ߪ is the standard deviation of the corresponding 
normal distribution. For the case of vehicle travel distance in 
Portugal in 2011 as shown in Fig. 1, 2,995=ߤ and 0,768=ߪ. 

Knowing the average daily travel distance, the SOC at the 
beginning of a recharge cycle that is the residual battery 
capacity can be estimated using (1) by assuming that the SOC 
of an EV decreases linearly with the distance of the journey: 

where ܧ୧ represents the initial SOC of an EV battery, ݀ is the 
daily distance covered by a vehicle, which is a random variable 
conditioned to a lognormal distribution and ݀ோ is the maximum 
range of the EV and by assuming that each itinerary starts with 
100% of SOC. A general average value for the travelled 
distance is 100 km [16]. 

By substituting (2) into (1) and changing the variable from 
d to E, the PDF of the battery SOC after the travel of one day is 
obtained as follows (3): 

 TABLE I.  CHARGING TYPES AND DURATION OF THE 5 EVS

EVs 
Ref. % of 

EV 
Slow Charge Fast Charge

Power 
kW Time h Power 

kW Time h 

BMW i3 [10] 40% 7.4  3 50 30m-1h
Renault ZOE [12] 20% 7.4 3 43 30m-1h
Nissan Leaf [13] 20% 6.6 5 44 30m-1h

Kia Soul [11] 20% 6.6 4-5 50 30m-1h

ሺ݀; ,ߤ ሻߪ ൌ ଶߪߨ2√1݀ ൈ ݁ିሺౢ షഋሻమమమ , ݀  0 (1)

ܧ ൌ ൬1 െ ݀݀ோ൰ ൈ 100 % (2)

݄ሺܧ; ,ߤ ሻߪ ൌ 1݀ோሺ1 െ  ଶߪߨሻ√2ܧ

ൈ ݁ିൣౢሺభషಶሻషሺഋషౢ ೃሻ൧మమమ , 0 ൏ ܧ ൏ 1. (3)



and is plotted in Fig. 2 truncated at 25% and 95% of battery 
SOC with parameters as in [17]. 

Depending on the information withdrawn from both PDF, it 
is achievable to assess the residual battery capacity at the 
beginning of each recharge cycle. In this paper the initial time 
of battery charging is influenced by the beginning of each 
working shift and the purpose of the use of the EVs by the 
users which is uncertain factor as seen in Fig.1. 

C. Distribution Transformer Loss of Life 
An adequate preservation of mineral-oil-tilled distribution 

transformers is of a very important in power systems, 
consequently a necessity is created to adopt a caring approach 
concerning transformer loading, in order to benefit as much as 
possible from their availability and long term service. 

The insulation system of a distribution transformer is 
essentially made of paper and oil which suffers from ageing. 
Unexpected rise of the load results in a rise of the hot-spot 
temperature and subsequently affects the thermal 
decomposition of the paper [18-19]. 

As a result of the temperature distribution not being 
uniform, the hottest section of the transformer will 
consequently be the most damaged. Hence, the hot-spot 
temperature directly affects the life duration of transformers 
[6].  

The proportion at which the ageing of paper insulation for a 
hot-spot temperature is increased or decreased compared with 
the ageing rate at a reference hotspot temperature (110ºC) [18] 
is the relative ageing rate ܸ [19].  

The relative ageing rate for the thermally upgraded paper is 
above one for hot-spot temperatures superior to 110 ºC which 
makes the insulation to age faster compared to the ageing rate 
at a reference hotspot temperature, and it is lower than one for 
hot-spot temperatures inferior to 110 ºC [2]. 

For thermally upgraded paper, that is chemically modified 
to fortify the stability of the cellulose structure, the relative 
ageing rate ܸ is [19]: 

After a period of time, the loss of life L is as follows: 

By definition, the hotspot temperature is the hottest 
temperature of any spot in the transformer winding. As it 
experiences higher electrical loads then it originates high core-
winding temperatures which in turn cause chemical breakdown 

Fig. 1.   Probability distribution of daily vehicle travel distance. 

of insulating oil and insulating paper. 

The simple notion of the top-oil temperature rise model is 
that an increase in the losses is resultant from an additional 
growth in the loading of the transformer and then an increase of 
the global temperature in the transformer. The temperature 
oscillations are dependent on the overall thermal time constant 
of the transformer which in turn is determined by the rate of 
heat transfer to the environment and the thermal capacity of the 
transformer. 

In steady state, the total transformer losses are proportional 
to the top-oil temperature rise. In transient conditions, the hot-
spot temperature is characterized as a function of time, for 
varying load current and ambient temperature [18]. The oil 
insulation system of a transformer under working conditions is 
exposed to several categories of stress, such as thermal, 
electrical, environmental and mechanical. The effect of each 
stress factors or the interaction effects of them affect the ageing 
of the insulating system. 

For increasing step of loads, the top-oil and winding hot-
spot temperatures rise to a level corresponding to a load factor 
of K. The top-oil temperature is as follows: 

The hot-spot temperature rise is as follows: 

 For decreasing step of loads, the top-oil and winding hot-
spot temperatures are reduced to a level corresponding to a 
load factor of K [18]. The top-oil temperature can be calculated 
as follows: 

 The hot-spot temperature rise is as follows: 

 
Fig. 2. Probability density of battery SOC after one day of driving. 

ܸ ൌ ݁൬ భఱబబబభభబశమళయି భఱబబబഇశమళయ൰  (4)

ܮ ൌ න ܮ or ݐܸ݀ ൎ  ܸ ൈ ேݐ
ୀଵ  ௧మ

௧భ  (5)

ሻݐሺߠ ൌ ,ߠ∆  ቊ∆ߠ, ൈ ቈ1  ܴ ൈ ଶ1ܭ  ܴ ௫ െ ,ቋൈߠ∆ ቀ1 െ ݁ି௧ ሺభభൈఛሻൗ ቁ 
(6)

ሻݐሺߠ∆ ൌ ,ߠ∆  ൛ܪ ൈ ݃ ൈ ௬ܭ െ ,ൟൈߠ∆ ݇ଶଵ ൈ ቀ1 െ ݁ି௧ ሺమమൈఛೢሻൗ ቁ െ ሺ݇ଶଵ െ 1ሻൈ ൬1 െ ݁ିሺ௧ൈమమሻ ఛሻ൘ ൰൨ 

(7)

ሻݐሺߠ ൌ ,ߠ∆ ൈ ቈ1  ܴ ൈ ଶ1ܭ  ܴ ௫
 ቊ∆ߠ, െ ,ߠ∆ ൈ ቈ1  ܴ ൈ ଶ1ܭ  ܴ ௫ቋൈ ቀ݁ି௧ ሺభభൈఛሻൗ ቁ 

(8)



At the end, having ߠሺݐሻ and ∆ߠሺݐሻ fro
for increasing load steps, and Eq. (8) and 
load steps, the overall hot-spot tempera
expressed as follows: 

To originate and study the transient so
and hot-spot temperatures – a thermal mode
proposed for the distribution transformer.  

The properties of the distribution transfo
paper are extracted from Ravetta et al. [20] 
data of a real 250 kVA oil transformer wit
Natural (ONAN) cooling where a natural co
hot oil is utilized for cooling. The propert
Table II. 
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Fig. 4. The daily baseline load profile
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extra load on the distribution transformer. Assuming that a 
distribution transformer supplies several EVs, different 
charging time and random load profiles are obtained for the 
transformer. The algorithm integrates data obtained from the 
PDF and calculates the hot-spot temperature and the 
transformer’s loss of life due to EVs charging loads. 

1)  Scenario 1  
For the first scenario different penetration ratios of EVs for 

each working shift were considered for this industrial client, 
begging with 35% penetration and then with 40%, 45%, 50%, 
and 55 %. Finally it is assumed that the EVs start to be charged 
at the beginning of each working shift.  

The impact on the daily baseline load profile of the 
transformer substation PT1094 made by the energy 
consumption of the EVs at several penetration ratios from the 
first scenario is shown in Fig. 5. The daily baseline load profile 
is also shown as 0 penetration ratio.                         .  

By analyzing Fig. 5 we can extract that for a penetration of 
EVs of more than 40% the distribution transformer is 
overloaded. Also, from the information obtained from the model 
and presented in Fig. 5, it is possible to assess the transformer 
insulation ageing affected by the hot-spot temperature which is 
presented in Fig. 6 and subsequently to calculate loss of life L at 
the designated penetration ratios of the transformer.  

Using the ageing equations (4) and (5), transformer loss of 
life can now be determined. The results corresponding to the 
transformer loss of life over a 24-hour period can be seen in the 
Table III. 

2) Scenario 2  

 
Fig. 5. The daily baseline load profile with the first scenario studied. 

 
Fig. 6.   Hot-spot temperature of the distribution transformer in Scenario 1. 

The second scenario is in the following: all EVs are 
charged with fast charging mode begging with 15% penetration 
and then with 20%, 25%, 30%, and 35%. Just as in the 
previous scenario, it is assumed that the workers put their EVs 
to charge at the beginning of each working shift.  

The impact on the daily baseline load profile of the 
transformer substation PT1094 made by the energy 
consumption of the EVs at several penetration ratios from the 
second scenario is shown in Fig. 7. 

By analyzing Fig. 7 we can extract that for a penetration of 
EVs of more than 15% the distribution transformer is heavily 
overloaded and even at inferior penetration ratios it is 
overloaded. Also, from the information obtained from the 
model and presented in Fig. 7, it is possible to assess the 
transformer insulation ageing affected by the hot-spot 
temperature which is presented in Fig. 8.  Using the ageing 
equations (4) and (5), transformer loss of life L of the 
transformer can now be determined. The results corresponding 
to the transformer loss of life over a 24-hour period can also be 
seen in the Table III. 

C. Critical Analysis 
By analyzing the results obtained from Table III it can be 

concluded that the transformer life loss is very sensitive to hot-
spot temperature variation because the ageing factor follows an 
exponential function. Therefore, EV charging indeed 
significantly affects transformer lifetime.  

From the Figures 5 to 8 and from Table III we can conclude 
that each beginning of a shift will encourage users to prefer the 
first hour of charging, that will cause a concentration of EVs 
charging at the same time which in turn could provoke an 
overloading of the distribution transformer, a sudden increase 
of the hot-spot temperature and consequently will affect the 
transformer lifetime. 

  

 
Fig. 7. The daily baseline load profile with the second scenario studied. 

TABLE III.  LOSS OF LIFE IN MINUTES AND HOURS OF THE TRANSFORMER
Scenario 1 Loss of Life in 

Minutes 
Scenario 2 Loss of Life in 

Hours 
35% EV Penetration 23 min 15% EV Penetration 0h 31m 
40% EV Penetration 25 min 20% EV Penetration 1h 5m 
45% EV Penetration 30 min 25% EV Penetration 2h 48m 
50% EV Penetration 39 min 30% EV Penetration 11h 30m 
55% EV Penetration 43 min 35% EV Penetration 58h 35m 



By applying the scenario 1 it can be concluded that for 
more than 40% of EV penetration the transformer will be 
overloaded resulting in an increase of the hot-spot temperature 
of the distribution transformer. The loss of life slightly 
increases with the increase of EV penetration in this scenario. 
Even if unlikely, by applying the second scenario – lying in 
15% of the EV penetration, the loss of life of the distribution 
transformer is significantly higher. Thus, it is advised to avoid 
the fast charging mode since the slow mode takes at maximum 
5 hours which is always less than a working shift of 8 hours. 

IV. CONCLUSIONS 
In this paper a model to evaluate the effect of EVs charging 

loads on the thermal ageing of power distribution transformer 
at a private industrial client was applied and described. 
Different charging scenarios with several penetration ratios 
were studied at three different working shifts. Since 
transformer insulation ageing is mainly affected by the hot-spot 
temperature, a transformer thermal model was used to estimate 
the hot-spot temperature given the load ratio. The main inputs 
to the model, including residential load, transformer 
parameters, and four different vehicle parameters were taken 
from real data. Thermal ageing was then calculated and 
analyzed. Given fact that the 250 kVA transformer has a 
significant capacity to be used for a side activity, it still can be 
overloaded after a certain increase of EV penetration. Also, 
while charging at the workplace, the slow charging mode is 
recommended over the fast mode since the vehicles will always 
be 100% charged at the end of each working shift without 
drastically affecting the transformer lifetime. In future works 
the scheduling of the charging of the EVs can be explored.  
As they are parked on the plant for 8-hours, an opportunity 
arises to apply several algorithms to determine the charging 
requirements for each vehicle and scheduling the charging 
accordingly. Other opportunity is to supply a portion of power 
consumption of the factory from the available energy in EV 
batteries via vehicle-to-home mode that can also be explored in 
a future study. 
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Fig. 8. Hot-spot temperature of the distribution transformer in Scenario 2. 
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