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ABSTRACT 

This document presents a synthesis of thermal and air flow 

measurements done on a DSO substation from March 

2017 to March 2018. It details the thermal balance of this 

substation and suggest some technical solutions to 

improve thermal exchanges. 

INTRODUCTION 

The internal thermal environment (temperature, air flow) 

in an indoor substation influences the transformer thermal 

behaviour and ageing. It also influences the other materials 

installed in the substation.  
 

French DSO Enedis asked EDF R&D to carry out an in-

situ measurement campaign on a 400 kVA transformer.   

The choice of this transformer substation was made 

because of its declared 80% load factor (ratio between 

peak power and nominal power)  

CAMPAIGN PURPOSE 

This thermal measurement campaign purpose was: 
 

 To quantify the surface thermal gradients on the 

transformer 

 To identify the transformer surface heating points 

 To analyse the ambient air stratification (thermal 

lamination) 

 To analyse the cooling mode and the influence on the 

transformer behaviour. 

 To suggest improvements and bring recommendations 

on transformer / substation monitoring and finally to 

bring a global assessment on thermal conditions in DSO 

substations.  

SUBSTATION DESCRIPTION 

This transformer is installed in an urban substation (ground 

floor of a building) located in a city centre.  
 

The substation is facing south. The three walls of the 

substation are inside the building. The top air ventilation 

grid (hot air) is facing south. The bottom air ventilation 

(fresh air) is located on the wall side and facing south. 
 

Before coming into the substation, the outdoor air goes 

through the wall into a concrete ventilation duct.  

 
Figure 1 – Substation overall design 

TRANSFORMER RECORDINGS 

The transformer installed in this substation is a 400 kVA 

power transformer with rated voltages 20 kV / 410 V, oil-

filled technology with grain oriented sheet metal.  

* The iron losses are 950 W.  

* The joule losses are 4552 W (at 75°C).  

Temperature sensors were installed on each top and 

bottom face of the transformer to record the temperature. 

Temperature sensors were also installed on the cap. 
 

 

 
Photos 1 to 3 –  

Position of the transformer temperature sensors 



 25th International Conference on Electricity Distribution Madrid, 3-6 June 2019 
 

Paper n° 1735 

 
 

CIRED 2019  2/5 

A network analyser has been installed on the primary and 

secondary windings of the transformer to record the 

electrical data (voltage, current, power, etc.) 

SUBSTATION RECORDINGS 

A measurement cane with 5 temperature sensors has been 

vertically installed in the centre of the substation. Those 5 

temperature sensors were distributed on each 50 cm on the 

overall height of the cane. Those sensors record 

temperature on ground floor, at transformer height and on 

the ceiling. With those recording data, thermal gradients 

are calculated and air stratification inside the substation 

can be evaluated.    
 

 
Figure 2 – Substation ambient air cane 

 

Two wind gauges (hot thread) are also installed to measure 

the temperature and air flow on the ventilation grids. 
 

The indoor and outdoor temperature is measured using two 

others sensors installed on both sides of the same wall.  
 

Those data will connect the thermal evolution inside the 

substation with the outdoor temperature. 
  

Those overall data (substation and transformer) were 

stored using a recorder.  
 

A periodic report is done for each season.  

ON SITE MEASUREMENT AND ANALYSIS 

For this study, the measurement data were focused on days 

complying with thermal conditions defined by the most 

important ambient temperature and transformer cap 

temperature for each season. Here below are introduced 

the data for the 2017 summer season.  

Power and thermal transformer’s temperature 

The power curve shows consumption peak at lunch time 

and during the evening.  Thermal gradients are quite stable 

on each face of the transformer and follow the evolution of 

the power (increase of joule losses depending to power). 

 
Figure 3 – Temperature on transformer’s side 

Substation ambience 

Air stratification remains relatively stable on the entire 

day. There is little thermal variation in the substation. 

 
Figure 4 – Ambient temperature in the substation 

Air flow in the substation 

The air flow is very low in the substation.  

The direction respects the conventional streams. 

 
Figure 5 – Air flow measurement on ventilation grids 

Infrared thermography 

Infrared thermography gives information to identify the 

surface heating points (transformer’s cap). It also provides 

thermal information for monitoring on transformers. 
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Photo 4 – Infrared thermography 

ONE YEAR MEASUREMENT REVIEW 

IEC 60076-2 definitions 

In normal conditions, the transformer must comply with 

IEC 60076-2 [2] heating standards in normal conditions. 

This standard defines the maximum ambient temperature 

on site to not exceed. 

 +40°C every time, 

 +30°C monthly average for the hottest month, 

 +20°C yearly average 

Monthly average temperatures 

 
Table 1 – Monthly average temperature 

 
 

From May to August, the temperature doesn’t respect the 

IEC criteria.  

In addition, it’s important to note that temperatures 

measured from 20th to 23th June 2017 in the centre of the 

substation are still between 40°C and 41°C.  
 

During this measurement campaign, the yearly average 

temperature in the substation (ambient temperature):  

- On ground floor is 24.1°C 

- On transformer level is 29.5°C  

- On the ceiling is 32.3°C. 
 

Although 2017 wasn’t too hot, temperatures measured in 

the substation keep high values. This concern both 

monthly temperature average and yearly temperature 

average. 

Temperature and transformer load 

Load profile 
 

The monthly average power calculated on one year follows 

the evolution of a progressive load characterizing a city of 

North of France.  
 

The average of the power increased during the winter and 

strongly decreases in summer period.  

 

This report would be different (smoothed curve) in the 

South of France (massive use of air conditioning). 

The monthly average power values are between 99kW to 

193 kW (22% to 48 % of transformer nominal power). 

During the campaign measurement, the maximum power 

is 299 kW (February 2017).  

This represents 75% of the total load. 
 

 

 
Figure 6 – Monthly average temperature and power. 

 

Substation ambient temperature mainly increases because 

of the rate load of the transformer and the exchanges 

constraints: Convection, conduction, radiation, outside 

temperature, coefficients of exchange in the walls. 
 

Ageing 
 

IEC 60076-7 [3] takes the calculation hypothesis that 

ageing speed of kraft paper insulation (Class A with 

thermic class 105°C) double for an increase of 6K over to 

98°C. 
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With Ɵh defines transformer’s heating point temperature.  
 

Life duration consumption « L » expressed in normal days 

for a period of time is equal to:  
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Measurements done show a low rate of load of the 

transformer thus hot spot temperatures lower than 98°C. 

Life duration consumption of this transformer (40 years) is 

not affected in spite of a high temperature in the substation. 
 

Thermal dissipation theory in a substation 
 

Thermal conduction  
 

Heat dissipated power is outward discharged by thermal 

conduction through the sidewalls and through the 

ventilation grid.  This power is defined in W by:  

𝑃𝑐 =
𝜆

𝑒
 × 𝑆 × (𝑇𝑎𝑚𝑏 − 𝑇𝑒𝑥𝑡) 

λ: Thermal conductivity of the material in  W/m.K 

e: Thickness of the material in m 

S: Outdoor sidewalls surface in m² 

Tamb: Substation ambient temperature in °C 

Text: Outdoor temperature average in °C 
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Transformer losses 

The transformer losses can be evacuated through the 

substation door gaps and technical galleries where are 

located the underground cables.  

A 20% coefficient of increase is usually applied to the 

previous formula. 
 

Power evacuated by natural ventilation 
 

 
Figure 7 – Natural ventilation scheme in a substation 

  

The power evacuated by natural ventilation can be 

calculated (in kW) depending to the position, the surface 

and the grid nature with the formula:  

𝑃𝑣 = 0. 24 ×  𝜆𝑔 × 𝑆𝑔 × √𝐻  × (𝑇𝑎𝑚𝑏 − 𝑇𝑒𝑥𝑡)1.5   
 

λg: Grid profile coefficient (no dimension)  

Sg: Grid surface in m² 

H: Grid axes height in m 

The coefficient λg characterised the grid type. This 

coefficient value is usually between 0.2 and 0.4. It’s quite 

important to know this coefficient for each grid. In our 

case, this coefficient is evaluated to 0.24 for double 

chevron type (the height distance  between up and bottom 

grid equal to 1.3 m). 
 

 

Photo 5 – Top ventilation grid (double chevron) 
 

Total dissipated power is therefore the sum of the previous 

components:    𝑃𝑡 = 1.2 × 𝑃𝑐 +  𝑃𝑣   

Thermal balance 

Three approaches are used to correlate temperature rises in 

the substation. Those cases are chosen in steady-state 

(ambient temperature and power). Due to the substation 

building, the effect of radiation can be neglected. 
 

 

Case 1: The hottest day. 
 

Total losses by thermal conduction 848 W 

Increased total losses (20 %) 1017 W 

Power evacuated by natural ventilation 87 W 

Total dissipated power 1104 W 

Average losses generated by the transformer  1650 W 

Table 2 – Power data for the hottest day period 
 

With a load rate of 28% during this day, the losses 

dissipated outside of the substation are less important than 

the losses dissipated by the transformer.  

The thermal balance is negative.  

 Conduction through the walls represents 76%, 

 Natural convection through the substation door’s gap 

and technical galleries represents 15%, 

 Natural convection through the grid represents 9 %. 

The ventilation grid’s effectiveness keeps insufficient.  
 

Case 2: Day with the most important load rate and 

moderated ambient temperature  
 

Total losses by thermal conduction 922 W 

Increased total losses (20 %) 1107 W 

Power evacuated by natural ventilation 858 W 

Total dissipated power 1965 W 

Average losses generated by the transformer  2589 W 

Table 3 – Power data for moderated ambient period 
 

During this day, the losses dissipated outside of the 

substation keep less important than the transformer losses. 

Load rate in this day is 58%. 

The thermal balance is negative.  
 

 Conduction through the walls represents 47%, 

 Natural convection through the substation door’s gap 

and technical galleries represents 10 %, 

 Natural convection through the grid represents 43 %.  
 

In spite of a significant increase of the losses dissipated 

through the ventilation grid the balance keeps negative.  
 

Case 3: Day with the most important load rate and the 

cooler ambient temperature.  
 

Total losses by thermal conduction 1299 W 

Increased total losses (20 %) 1559 W 

Power evacuated by natural ventilation 2153 W 

Total dissipated power 3712 W 

Average losses generated by the transformer  3180 W 

Table 4 – Power data for cooler day 
 

Significant thermal exchanges are achieved between the 

substation and the outdoor.  

The losses are evaluated in totality.  

The thermal balance is positive.  

 Conduction through the walls represents 35%, 

 Natural convection through the substation door’s gap 

and technical galleries represents 7 %, 

 Natural convection through the grid represents 58 %.  
 

In this case the ventilation grids are efficient.  
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Improvement of the substation thermal conditions  

To increase the power while staying within the monthly 

average temperature and not reducing the life expectancy 

of the transformer it should be necessary: 

-  To increase the surface or the number of grids, 

-  To change the design of the grids to improve the transfer 

coefficient  

-  To increase the height distance  between up and bottom 

grids.  
 

 
Figure 8 – Grid surface vs average air heating on 

transformer level 

 

Design of the ventilation grid mainly depends on the most 

critical thermal conditions and transformer load.  

Therefore, to evacuate in the same thermal conditions for 

the hottest month the transformer total losses on nominal 

power (load rate 100%), it should be necessary that the grid 

surface type double chevron (with λg = 0.24) will be 3.7 

m². 
 

In the case of simple chevron grid type (λg = 0.35), the 

needed surface will be 2.6 m² 
 

Assuming a change in grid type (replacement of double 

chevron type by simple chevron type) with the same 

existing dimensions, thermal balance will be 78% instead 

of 48% currently. This choice can be made without 

accelerating transformer’s ageing. 

Opportunities  

The transformers installed in the substations are mostly 

very little charged. With a power less than 75% of rated 

power, transformer’s ageing is insignificant.   

Transformer’s life consumption is mainly done during 

peak hours. Moreover, the over-heating phenomena due to 

poor ventilation doesn’t influence this normal life 

consumption.  

However, while the study has shown this, caution must be 

taken in this historical observation. It is still important to 

make the adjustments to existing uses (heating, air 

conditioning …) and future uses that will require strong 

power during specific time slots (wall box for electric 

cars).  

The load curves are going to be level up in the next future. 

This observation will have a significant impact on life 

duration for existing transformers and also on future 

transformers installed in low-sized substation by lack of 

anticipation in the new uses.  

In consequence, the retro-fit of thermal downgraded 

substation will be involved with:  

- Modifications on existing ventilation grids (number and 

surface types), 

- Changing for some specific substations configurations 

(geographic area, containment), the type of convection 

from natural to forced and controlled convection  
 

In the event that the above solutions are not technically 

feasible, the « A » (105°C) existing thermal class 

transformer may be replaced by « B » (130°C) thermal 

class for example.  

However, care should be taken with respect to the impact 

of thermal conditions in the substation on other equipment 

such as batteries, electronics, etc. 
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