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Thermal phenomena in lines

Electric lines carrying an electric current give rise to Joule 
effect losses Wj=RI2.

These losses, which will transform into heat, are:
1. In part stored in the conductors themselves
2. In part released to the environment.

The primary effect of these losses is the increase in the 
temperature of the conductors.

Problem: define maximum current or short-
circuit/overload behavior for transmission lines (note that 
similar considerations apply to other devices like 
transformers, synchronous machines, induction machines 
etc.).
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Hypothesis: conductor of electrical resistance R with a 
homogeneous conductivity, through which an RMS 
electric current I  flows.

Heat balance equation:  

RI 2dt = γ vc dθ + KtSd (θ −θa )dt

where:
• θ is the temperature of the conductor (°C);
• γ is the density (kg/m3);
• v is the volume (m3);
• c is the specific heat (J/kg°C);
• Kt is the global thermal heat transfer coefficient (W/m2°C);
• Sd is the heat exchange surface area (m2).
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Heat release from a bare
conductor in air heated by 
thermal power p and its
equivalent thermal circuit.

Schematic representation of heat
transfer for a single-core cable
with insulation laid in 
homogeneous soil (a) and its
equivalent thermal circuit (b). 
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Hypothesis: all of the enumerated coefficients of the 
energy balance are constant.

We also consider that at t=0, the temperature θ = θa is the 
ambient temperature (held constant), such that the 
above differential equation can be integrated as follows
from the associated homogeneous equation:

γ vc dθ + KtSd (θ −θa )dt = 0→
dθ
Δθ

= − KtSd
γ vc

dt

Δθ (t) = Ae
− t
τ

where:
Δθ =θ-θa; A is the integration constant and               is the time constant. τ=

γvc
KtSd
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The particular integral can be obtained by solving the 
equation at steady-state, namely for 𝑡 → ∞, i.e., when the 
system reaches the thermal regime:

Δθ (t) = RI 2

KtSd
The general solution is:

Δθ (t) = RI 2

KtSd
+ Ae

− t
τ

The integration constant A can be determined using the 
initial conditions t=0, Δθ=0, for which we obtain

A = − RI 2

KtSd
→Δθ (t) = RI 2

KtSd
1− e

− t
τ

⎛
⎝⎜

⎞
⎠⎟
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For 𝑡 → ∞, we have Δθr=θr-θa (where θr is the steady-
state temperature and θa is the ambient temperature). 
The preceding equation becomes:

Δθ (t) = Δθr 1− e
− t
τ
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⎞
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If the heat source is removed (i.e., the electric current is
interrupted), the device under examination will cool 
down from the initial temperature θi. The initial 
temperature difference at t=0, relative to ambient 
temperature, will be Δθi=θi -θa and the differential
equation driving the phenomenon is as follows: 

γ vc dθ
dt

+ KtSd (θ −θa ) = 0

this is the homogeneous differential equation of the initial 
heat balance equation. 
The solution, with the hypothesis of Δθ=θ -θa and
Δθi=θi -θa, is as follows: 

Δθ (t) = Δθie
− t
τ
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The previous equation is the homogeneous differential
equation of the initial heat balance. 
The solution, with the hypothesis of Δθ=θ -θa and
Δθi=θi -θa, is as follows: 

Thermal phenomena in lines



If, in the initial heat balance equation, we consider
phenomena so rapid that they cannot give rise to heat
exchanges between the line’s conductor and the 
environment (i.e., adiabatic heat transfer), the energy
balance equation is as follows:

RI 2dt = γ vc dθ

This equation is only valid when the duration of the 
phenomenon under examination is well below the time 
constant, namely Δt<<τ. This condition applies, in 
practice, to short circuits interrupted within a very short 
time (i.e., t < 100 ÷ 500 ms) thanks to protection systems.
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If we integrate the preceding equation and consider the 
constant current value during the period in which the 
thermal phenomenon is studied, we obtain: 

I 2Δt = γ vc
R

 θc −θa( )
Where θc is the temperature attained at the end of the 
period Δt and θa is the initial temperature.
In the case that the current is not constant during the 
period Δt, the value of the current can be replaced by its
effective value during the period:

I = 1
Δt

i2 dt
0

Δt

∫
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The term is called the Joule integral or thermal 
impulse.

To understand the physical meaning of the Joule 
integral, we should consider the energy dissipated during
the period Δtwith a resistance R and a current i  

i2 dt
0

Δt

∫

W = Ri2 dt
0

Δt

∫ →W
R

= i2 dt
0

Δt

∫

Therefore, the Joule integral is the energy per unit of 
resistance dissipated by the current i during the period Δt. 
It is also called specific energy.
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Criteria for steady-state conductor
sizing
In thermal equilibrium, the following equation is valid:

RI 2 = KtSd θc −θa( )
where
• Kt is the heat transfer coefficient between the conductor and the 

environment
• Sd is the heat exchange surface area
• θc is the temperature of the conductor
• θa is the ambient temperature.

If we neglect the skin effect (i.e., consider the DC value of the electrical
resistance) we obtain:

ρl
A
I 2 = KtlP θc −θa( )

where
• A is the cross-section of the conductor
• P is the perimeter of the conductor
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Criteria for steady-state conductor
sizing

The maximum current Iz for a conductor is given by

Iz =
PAKt

ρ
θc −θa( )

This value depends on:
• geometric parameters of the conductor (cross-section 
A and perimeter P) ;

• characteristics of the conductor material (resistivity ρ);
• condition of heat release to the exterior (global heat

transfer coefficient Kt); 
• (θc-θa), maximum permissible temperature difference. 
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Maximum current for bare conductors

In the case of bare conductors (without insulation), i.e., 
busbars, we can assume that the temperatures involved
are θa=40°C and θc=70°C (Δθ=30°C). If we determine the 
global heat transfer coefficient Kt , it is possible to 
evaluate the maximum current intensity of the conductor
itself as a function of the conductor cross-section.

18



The penetration coefficient is

with ρ=1.78 10-8 Ω/m, ω=314 s-1

μ0=4π10-7 H/m  à a=9.5mm 

a = 2ρ
ωµ

Maximum current values for 
conductors with circular cross-
section, in direct or alternating
current. We can see that for 
conductors with diameters of 
less than 16 mm, the DC and 
AC maximum current values 
are the same, whereas for 
larger diameter values, the 
skin effect starts to become
more important and the DC 
maximum current value is
greater than the AC value.
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Diameter
[mm]

Cross-section
[mm2]

Weight
[kg/m] DC

Maximum current [A]

AC

Maximum current for bare conductors



Maximum current values for 
conductors with rectangular
cross-section, alternating
current.
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Dimensions [mm] Cross-section 
[mm2]

Weight [kg/m] 1 rod 2 rods 3 rods

Maximum current [A]

Maximum current for bare conductors
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Maximum current for cables in steady-
state conditions
For cables covered with insulating material, the maximum temperature
reached by the conductor will be equal to the temperatures of the first layers
of insulation à the proper functioning of the insulation depends heavily on 
the operating temperature.
Cable isolation materials are subject to chemical reactions that modify their
electrical characteristics and lead to progressive degradation. The speed at 
which these reactions occur, which is zero at room temperature, increases
exponentially with temperature according to Arrhenius’ law  

R = R0e
− B
KT

where:
• R is the speed of reaction;
• B is the specific activation energy of the chemical reaction; 
• K is Boltzmann’s constant;
• T is the absolute temperature in Kelvin (K).
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Maximum current for cables in steady-
state conditions
By analyzing the equation, we can see that if the operating 
temperature increases, then the reaction rate increases and so do the 
chemical reactions.  This results in higher degrdation rates for higher
operating temperatures. 
It is important to remember that cable life is inversely proportional to 
reaction speed, as this reduces the life of the insulation. 
It is possible to evaluate the thermal life of the insulation using the 
following expression: 

where:
• L is the lifetime of the insulation à the length of time for which the 

insulator can continuously maintain a specific temperature value without 
unacceptable degradation of its electrical and mechanical 
characteristics;

• A and B are specific constants calculated based on Arrhenius’ law.

lnL = A + B
T
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Maximum current for cables in steady-
state conditions
If we establish an economically attractive service life for the insulation using
the Arrhenius chart, the corresponding temperature (θs) is the maximum 
service temperature.
The figure shows thermal life curves for PVC and ethylene-propylene rubber –
EPR.
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Maximum service temperatures θs of 
conductors for cables with different 
insulation materials
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Maximum current for cables in steady-
state conditions
A cable carrying an electric current Iz reaches the temperature θson 
the conductor. Each time the cable is traversed by a current with a 
greater value than Iz (therefore θ > θs), it leads to a reduction in the 
cable’s service life.

Observations
• an overload is a temporary event; 
• the duration of the overload t* may be shorter or longer than the 

time required to reach the operating temperature corresponding to 
the overload current: to increase the safety margin we consider
that the overload brings the cable to the temperature θr of thermal 
regime for the entire duration of the overload;

• Conventionally, we accept a 10% loss in cable life for all overloads 
that may occur during the cable's lifetime (20 years);

• Conventionally, it is acceptable to assume that a single overload 
event can lead to a reduction in service life equal to 0.1% of the 
expected service life.
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Maximum current for cables in steady-
state conditions
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hours days years
seconds

A=PVC 100% life lost
B=EPR100% life lost
C=PVC 0.1% life lost
D=EPR 0.1% life lost

Temp.°C

250

200

150

100

50 

Time

2  3 4 5 7 10    20     50   100 200    500 1000   3600 2  3 4 5 7 10    24 2  3 4 5 7 10    20      50  100       365 2  3 4 5 7 10       30

Service life curves for insulating materials PVC (curve A) and EPR (curve B), 
1/1000 service life reduction curves for PVC (curve C) and EPR (curve D) 
cables. 



Maximum current for cables in steady-
state conditions

Time-current curves for EPR / 
copper cables, three-core, laid in 
air. 
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Adiabatic thermal phenomena in the 
event of a short-circuit
If the duration of the thermal phenomenon is much shorter than the time 
constant (adiabatic heat transfer), i.e., Δt <<τ, the heat balance equation is 
as follows:

  rI
2dt = γ cvdθ

If Δt is the protection tripping time and θb and θe are the temperatures at t =0
and t =Δt, we have

  
I 2Δt = γ cv

r
(θe −θb )

If the conductor has the volume v=lA (l length and A cross-section) and the 
resistance

Then:

 
r = ρ l

A

  
I 2Δt = γ cv

r
(θe −θb ) = K 2 A2

where
  
K = γ c

ρ
(θe −θb )
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Adiabatic thermal phenomena in the 
event of a short-circuit

The factor K depends on the following parameters:
• physical constants of cable materials, for example density (γ), 

specific heat (c) and resistivity (ρ);
• temperature at the beginning of the event (θb);
• temperature at the end of the event (θe); 

Observation: during the cable sizing phase, the maximum permissible 
temperature will depend on the characteristics of the insulating 
material.

K = γ c
ρ
(θe −θb )
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hours days years
seconds

A=PVC 100% life lost
B=EPR100% life lost
C=PVC 0.1% life lost
D=EPR 0.1% life lost

Temp.°C

250

200

150

100

50 

Time

2  3 4 5 7 10    20     50   100 200    500 1000   3600 2  3 4 5 7 10    24 2  3 4 5 7 10    20      50  100       365 2  3 4 5 7 10       30

Permissible cable temperature in the 
event of a short-circuit
The temperature limit for cable conductors in the event of a short-circuit is 
160 °C for PVC and 250°C for EPR (each short-circuit is assumed to have a 
maximum duration of 5s)
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Permissible cable temperature in the 
event of a short-circuit
Joule integral (or specific energy) (I2t) as 
a function of the current of the cable
during a short-circuit.

Observation: the vertical asymptote 
arrives at the maximum permissible 
current intensity, and for this current 
value the specific energy entering the 
cable can have an infinite value, since in 
any case heat generation is 
compensated by heat release at 
operating temperature.
The horizontal asymptote shows the 
maximum permissible specific energy for 
different insulators and different cable 
cross-sections.

Joule integral (or specific 
energy) curves as a function of 
cable current (EPR, copper, 
three-core, laid in air) 
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Permissible cable temperature in the 
event of a short-circuit

In practice, the value of the horizontal 
asymptote corresponds to the product 
K2A2 where A is the cross-section of the 
cable and K a constant which depends
on the insulation type (i.e., for PVC-
insulated copper conductors K=115, 
while for EPR or XLPE K=143).

The value of K is always relative to an 
initial temperature θb equal to operating 
temperature θs (70°C for PVC, 90°C for 
EPR).

Joule integral (or specific 
energy) curves as a function of 
cable current (EPR, copper, 
three-core, laid in air)
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Permissible cable temperature in the 
event of a short-circuit
Protections must therefore intervene 
within a timeframe in which the 
associated energy that passes before the 
protection is triggered, equal to I2t, is less 
than the maximum energy admissible by 
the cable in the form of a heat pulse 
equal to K2A2.

Joule integral (or specific 
energy) curves as a function of 
cable current (EPR, copper, 
three-core, laid in air)
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