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Abstract— Hydro-Québec TransÉnergie conducted laboratory 
tests at Hydro-Québec Research Institute (IREQ) Mechanical 
Laboratory to determine the current magnitude required to de-
ice different transmission line conductors. Two campaigns were 
realised to quantify de-icing current required to melt different 
amount of ice accretion on conductors, ground wires and optical 
fibre ground wires for different climatic conditions. From those 
campaigns a mathematical model was developed by IREQ to 
calculate the required de-icing current for different conductors. 
This model was included in a numerical tool developed by 
TransÉnergie. The paper shows results obtained with this 
program for typical case studies. Finally, an outdoor test was 
performed, at the laboratory substation, on an 80 meters 735-kV 
4 conductors bundle span to ensure the efficiency of the method. 
The interesting results obtain with this last test will also be 
reported in this paper. 

I.  NOMENCLATURE 
De-icing current, transmission line conductors, laboratory 

testing. 

II.  INTRODUCTION 
N 1998, a major ice storm occurred over a five-day period 
along the St. Lawrence River near Montréal. During this 

event, the ice accumulation reached a thickness of up to 
75 mm at ground level. Transmission system, towers and 
lines, collapsed due to excess weight of ice, causing a 
prolonged interruption to customers.[1] Following this 
exceptional event, Hydro-Québec TransÉnergie examined 
methods that could whether be “mechanical” or “Joule effect” 
type to secure its network in case of excessive ice loading. It 
quickly appeared that de-icing conductors with the resistive 
losses due to a high current (Joule effect) flowing in 
conductors was the most cost efficient method to be deployed 
as a network type solution. Laboratory tests have been 
required to quantify the current needed to melt various amount 
of ice accretion on conductors or ground wires submitted to 
different meteorological conditions. The results were critical 
to validate the effectiveness of “Joule effect” solutions such as 
load transfer, reduced voltage short circuit or dc-current 
injection before those methods could be used in system 
operation. This paper resume laboratory testing results 
conducted at Hydro-Québec Research Institute (IREQ) to 
validate the current magnitude required to de-ice different 
conductors in various climatic conditions. With these tests, 
Hydro-Québec TransÉnergie is now equipped with tools and 
knowledge to properly plan Joule effect de-icing project and 
operation strategies. 

III.  JOULE EFFECT DE-ICING PRINCIPLE 
 Resistive losses generated by a high current flowing in a 
conductor (Joule effect) are dissipated as a thermal power that 
melts ice accretion on conductors. A perfect cylindrical layer 
of ice as shown on Fig. 1a, is used to simplify the 
mathematical modeling of Joule effect de-icing principle. The 
ice temperature throughout the de-icing process depends of 
the temperature differential between conductor surface and 
ambient air. At first, this calorific energy will make the 
conductor and inner ice surface temperature rise to 0 °C. Once 
this temperature is reached, the thermal power will be transfer 
almost entirely to the ice still in contact with the conductor for 
melting. The conductor then seems to make its way to the 
surface of the ice as it melts. In fact, the conductor keeps is 
spatial emplacement as the ice goes down due to earth 
attraction (Fig. 1b). After some time, the conductor reaches 
the upper surface of the ice. Some energy will then be lost to 
ambient air. At that time, losses to ambient air are greater 
what slows down the melting process. Finally, the 
accumulated ice falls from the conductor when gravity 
becomes greater then retention forces as shown at Fig 1c. 
 
 
 
 
 

Fig. 1.  Joule effect de-icing principle 

IV.  LABORATORY TESTS TO DETERMINE THE CURRENT 
REQUIRED TO DE-ICE DIFFERENT CONDUCTORS [3,4] 

A.  Tests objectives 
Two laboratory testing campaigns where realized at IREQ 

Mechanical Laboratory to validate and confirm the 
effectiveness of Joule effect de-icing concept. The current 
required to melt different amount of ice buildup for different 
conductors submitted to various climatic conditions was the 
key result of these campaigns. The first campaign was held 
from September 1998 to January 1999 and the second was 
realized between December 2001 and January 2002. Both of 
these campaigns had distinct goals and the second tended to 
answer interrogations raised after the first campaign. These 
laboratory tests objectives were: 
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1998-1999 tests objectives  
1- Determine de-icing current and duration to melt different 

ice accumulation on different conductors considering 
various climatic conditions (temperature and wind 
velocity); 

2- Determine current required to prevent ice buildup on 
conductors; 

3- Observe the impact of the ice geometry on the de-icing 
duration; 

4- Quantify the heat transfer coefficient of ice; 
5- Develop a mathematical model to predict de-icing current 

and duration as well as ice buildup prevention current 
applicable to any conductor size. 

2001-2002 tests objectives  
1- Demonstrate the repetitiveness of de-icing duration for 

three identical tests (same current, temperature, wind 
velocity and ice accumulation); 

2- Validate the numerical de-icing model for high wind 
velocity; 

3- Test effectiveness of de-icing on optical fibre ground wire 
(OPGW) and impact on optical transmission; 

4- Evaluate the heating of OPGW without ice; 
5- Evaluate the local overheating of steel ground wire and 

OPGW having strands sectioned. 

B.  Testing environment and specifications  
These tests were conducted in a climatic room inside the 

Mechanical Laboratory at IREQ. The test environment was a 
climatic chamber in which the ambient temperature could be 
controlled. Also, blowers where mounted to simulate the wind 
effect on de-icing duration for different wind velocity. The 
tested conductors where coated with a uniform cylindrical 
layer of ice with radial thickness varying between 10 to 50 
millimeters and about 1 to 1.5 meter long. Finally, an 
alternative current source was adjusted to generate the desired 
efficient de-icing current. The Fig. 2 presents one de-icing 
sample with ice near falling point. 
 

 
Fig. 2.  De-icing sample with ice near falling point 

 To have a representative sample of test to judge the 
effectiveness of de-icing, many conductors, steel ground wires 
(GW) and optical ground wires (OPGW) were submitted to 
various test conditions. The Table 1 presents a summary of the 
test conditions combination investigated. 

TABLE 1 
SUMMARY OF DE-ICING CONDITIONS TESTED ON DIFFERENT CONDUCTORS, 

GROUND WIRE AND OPTICAL FIBRE GROUND WIRE 

Conductor Diameter 
(mm) 

Ice 
Thickness 

(mm) 

Wind 
velocity 
(km/h) 

Ambient 
temperature 

(°C) 

Current  
(A rms) 

Bersimis 
1 360 MCM 

ACSR 
35 10, 20, 50 10, 30 -1, -5 1 320, 1 850 

Condor 
795 MCM 

ACSR 
28 10, 20 10, 30 -1, -5, -10 970, 1 350 

GW ½ in. 13 10, 20, 50 10, 30 -1, -5 120, 170 

Bersfort  
1 354 MCM 

ACSR 
36 20 60 -2, -5 1 900 

OPGW 23 20 30, 60 -2, -5 920 

GW 7/16 in. 11 20 60 -2, -5 170 

OPGW 17 20 30, 60 -2, -5 600 

 
In the Table 1, when two de-icing current were tested, the 
currents corresponded respectively to 70% or 100 % of the 
thermal capacity of the conductor. When only one de-icing 
current was tested, the current corresponded to 100% of the 
thermal capacity of the conductor. The thermal capacity of a 
conductor is defined as the maximal current acceptable to 
avoid an excessive overheating of the conductor. It is 
determined with assumption of a ambient temperature of 0 °C 
and cross wind velocity of 2.2 km/h. The maximal 
temperature considered acceptable for ACSR conductor and 
steel ground wire is respectively 95 °C and 125 °C. These 
temperature guarantees that those conductor won’t have 
deterioration of their electrical or mechanical properties. For 
the particular case of optical ground wire, a maximal 
temperature of 85 °C is considered. This temperature was 
given by the manufacturer who guarantees that no damaged to 
fibre or miss operating of optical transmission would be 
encountered. As a planning criterion for de-icing solutions, it 
is considered that the maximal de-icing current in a line won’t 
exceed the thermal capacity of the conductor having the 
smallest diameter (smallest thermal capacity) for lines 
constituted of sections with different conductors caliber.  
 
 Another part of these tests was to determine the current 
required to prevent ice accumulation on conductors. This was 
achieved by installing sprinklers above the tested conductors 
and simulating a definite precipitation rate. Two conductors 
were installed in the climatic room. One was used as witness 
to determine the precipitation rate (no current flow in the 
conductor) and the second one was used to determine the ice 
accumulation prevention current. The test conditions are 
summarized in the following Table 2: 
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TABLE 2 
SUMMARY OF ICING PREVENTION CONDITIONS TESTED 

Conductor  Wind velocity 
(km/h) 

Precipitation 
rate (mm/hour) 

Ambient 
temperature 

(°C) 

Icing prevention 
current (A rms) 

Bersimis 
1 360 MCM 

ACSR 
0, 10, 30 5 -5 [560, 1 470] 

Condor 
795 MCM 

ACSR 
0, 10, 30 5, 10 -5 [390, 1 080] 

GW ½ in. 0, 10, 30 5, 10 -5 [60, 130] 

 
The icing prevention currents range given at Table 2 were 
determined experimentally and they permit to prevent ice 
buildup for all climatic conditions given in this same table. 
 

Finally, some tests were made to characterize the 
overheating of GW and OPGW when they have strands 
broken. The test methodology was to measure the ground wire 
temperature for a current flow susceptible to raise the 
temperature near its thermal limit before and after some 
strands were sectioned. The temperature measurement was 
made by thermograph. These tests were realized on steel GW 
7/16 in. and OPGW 22.9 mm. 

C.  Testing results 
For the test conditions detailed in Table 1, the de-icing 

duration was measured for a given applied current. As an 
example, on Fig. 3, we see that it took almost 1 hour for the 
20 mm diameter thick ice layer to fall off the ACSR conductor 
“Bersfort” 1 354 MCM submitted to a 1 900 A de-icing 
current considering air temperature of -2 °C and a 60 km/h 
wind velocity. Based on this type of result, it rapidly became 
clear that Joule effect de-icing was a very efficient method to 
limit the ice loading on transmission lines. This being said, the 
network system planning department began to identify the de-
icing methods (load transfer, reduced voltage short-circuit, 
direct current injection, etc.), locations and operation 
strategies where Joule effect de-icing could be implemented. 

This process is presented in companion papers [6,7,8] 
presented at this conference.  

Fig. 3.  De-icing test on conductor Bersfort 1354 MCM ACSR 

Using existing literature [2,9,10,11,12,13] and tests results, 
IREQ researchers developed a mathematical model to estimate 
the de-icing duration depending on the current magnitude in 
the conductor and for given temperatures and wind velocities. 
The general energetic balance equation (1) of this model is the 
following: 

)1(t)PPPRI(EEE  crs2fgcgc ⋅−−+=++  

where Ec Required energy to heat the conductor (J/m) 
 Ecg Required energy to heat the ice (J/m) 
 Efg Required energy to melt ice (J/m) 
 R Conductor resistance (Ω/m) 
 I Current in the conductor (A) 
 Pr Radiation losses (W/m) 
 Pc Convection losses (W/m) 
 Ps Power delivered by the sun (W/m) 
 t Current application duration (seconds) 

In this equation (1), the term RI2 represents the “Joule effect” 
losses which are generated by the current flow in the 
conductor.  
 

As for de-icing, a model was also developed to determine 
the ice accumulation prevention current based on tests results 
as described at Table 2. The energetic balance equation to 
prevent ice formation (2) on conductors is: 

)2(LSP)QQ(P fCeC0atTRCe C
⋅⋅ρ⋅++= °=  

where: Pe Joule effect power available (W/m) = RI2, R being 
calculated at 0 °C  

Qc Convection heat losses for a conductor 
temperature maintained at 0 °C (W/m) 

Qr Radiation heat losses for a conductor temperature 
maintained at 0 °C (W/m) 

P Freezing rain precipitation rate (mm/hour). 
Sc Efficient capture surface (m2/m) = Incident 

surface * capture efficiency 
Lf Ice fusion energy (335 kJ/kg) 
ρe Water density (1 000 kg/m3) 

 
 

In the 2001-2002 tests, a de-icing repetitiveness test was 
performed. This test consisted of de-icing 3 times a 
1 354 MCM ACSR conductor submitted each time to identical 
tests conditions. Test conditions where 20 mm thick ice layer 
with ambient temperature of -2 °C, wind velocity equal to 
60 km/h and de-icing current equal to 1 900 A. De-icing 
duration obtained for this repetitiveness test where 54, 57, and 
62 minutes. 

 
It is planned to de-ice some ground wire or optical fibre 

ground wire. For this, some tests were made to characterize 
the overheating of GW and OPGW when they have strands 
sectioned. GW and OPGW are exposed to lightning which 
may cause damaged to strands on the extern layers. With this 
test, we demonstrated that careful maintenance should be 
made before de-icing ground wire because the local 
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overheating of a ground wire having some strands broke could 
damage seriously the wire itself or the optical fibre it contains. 
Fig. 4 shows a test result for a OPGW 22.9 mm carrying a 
current of 920 A when ambient temperature is 0 °C and wind 
velocity is 2.2 km/h. On left hand side, we see that the intact 
conductor has a temperature of 91 °C while from right hand 
side, we see that the temperature of the hottest point is 140 °C 
when the OPGW has 7 out of 23 strands sectioned. 

 
Fig. 4.  Thermograph of OPGW without and with strands sectioned 

D.  Observations and conclusion 
From the laboratory test realized between 1998 and 1999, 

basic and crucial knowledge was acquired by Hydro-Québec 
TransÉnergie. Based on test results, de-icing duration and ice 
buildup prevention models were developed as a tool to plan 
de-icing intervention. It has also been validated 
experimentally that heat transfer coefficient proposed by 
literature could be used in these models. Finally, it was 
demonstrated that freezing rain precipitation rate had minor 
influence on icing prevention current magnitude. 

 
From the repetitiveness tests realized in 2001 and 2002, we 

can conclude that even in controlled and constant 
environment, de-icing duration can vary by more then 15%. 
This observation will bring us to be more careful when using a 
de-icing method on the network. Also, this test program 
confirms a suspected limitation of the de-icing model that has 
precision lacks for high wind velocity (over 50 km/h). Finally, 
it has been proven that de-icing GW and OPGW could be 
successful as long as they don’t have broken strands. 

V.  SYSTEM PLANNING USE OF LABORATORY TEST RESULTS 

A.  Planning Joule effect de-icing method 
Different de-icing method can be used on Hydro-Québec 

TransÉnergie network. Among them, there is load transfer, 
low voltage short-circuits, nominal voltage short-circuits, load 
flow forced with local production and direct current. The 
explanations of functioning principles are exposed in a 
companion paper.[6] The choice to use one method among 
these is guided by the network characteristics near planned 
intervention and the line to be de-iced characteristics. More 
important, the choice of a method will be influenced by the 
required de-icing current and main considerations for this 
choice are: 

1- Conductor resistance; 
2- Presence of bundle conductor or not; 

3- Line length; 
4- De-icing climatic conditions to face. 

With laboratory test conducted at IREQ, particularly models 
issued from these tests, TransÉnergie developed an in-house 
program to quickly evaluate de-icing current for all 
conductors used on its network and susceptible to be de-iced. 

B.  In-house program 
Some minor adjustments where made to de-icing and 

freezing rain prevention models delivered by IREQ to be 
integrated in an “In-house” program. This program built with 
a convivial user interface permit quick evaluation of de-icing 
duration depending on current and climatic conditions. 
Conductor, ground wire and optical ground wire data base are 
linked to the program to optimize the use of the program. 
Main user screen of this program and options are shown in 
Fig. 5. 

 
Fig. 5.  De-icing program main screen 

1- Simulation parameters: De-icing current (A a.c. or 
d.c.), Ice thickness (mm); Ambient temperature (°C); 
Wind velocity (km/h); Incident wind angle (°); 
Conductor height (m); Solar power gain (%). 

2- Conductor selection and characteristics; 
3- De-icing duration table output; 
4- Graphical output options; 
5- Advanced options: Batch simulation option and 

conductor temperature definition; 
Fig. 6 shows an example of graphical output generated by 

this program. 

 
Fig. 6.  De-icing duration example for Bersfort 1354 MCM ACSR conductor 

This tool proved to be very helpful to this day to plan load 
transfer de-icing operation strategies that have been issued for 
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Hydro-Québec TransÉnergie network. 
 

C.  De-icing duration evaluation uncertainties and limitations 
 Conservative assumption concerning the evolution of ice 
loading on transmission lines were taken in order to have 
safety factors on de-icing duration obtained with the 
mathematical model. Those assumptions are: 
1- Ice accumulation geometry on conductors is assumed 

concentric and symmetric 
When asymmetrical ice is formed on conductors, a thin 

layer of water is formed during de-icing. This permits the ice 
to rotate around its gravity center resulting in a diminution of 
de-icing duration. A conductor having high torsion rigidity, 
accumulate ice in an asymmetrical pattern. Due to this fact, 
phase conductors ice accumulation is generally asymmetrical. 
The assumption of concentric and symmetric ice accumulation 
is conservative as planning criteria. 
2- Ice accumulation on conductors is assumed the same as 

on ground 
 This assumption is another conservative one because in 
fact, a ratio between 0.5 and 0.8 is generally applicable 
between ground ice accumulation and radial ice thickness on 
conductors. 
3- Impact of incident angle of freezing rain on the 

transmission line 
 No diminution factor is applied on ice accumulation to 
consider the angle between precipitation and line orientation. 
Lines perpendicular to precipitations accumulate more ice 
accretion than others. For lines having an angle with 
precipitations, our assumption is conservative because 
observations show that ice accretion on lines parallel to wind 
is 70% of ice accretion for perpendicular lines. 
4- Effect of conductor bending and vibrations 
 Those two phenomenons should accelerate the ice falling 
process. Still, the lack of documentation on these 
phenomenons prevents us from quantifying their positive 
contribution.  
 
 Despite these conservative assumptions, two factors where 
neglected in calculation which can increase de-icing duration: 
 

1- Conductor temperature rise during de-icing 
 The temperature of the de-iced conductor will be 
maintained near 0 °C during de-icing. Still, it is possible that 
conductor temperature rise above 0 °C when conductor 
becomes in touch with ambient air. When this happens, less 
Joule energy is available to melt ice which can increase de-
icing duration. 

2- Conductor cooling effect when it reaches ice external 
surface 

 When conductor reaches ice external surface during melting 
(see Fig. 1c), the conductor becomes submitted to cooling 
effect caused by the wind. Here again, this effect can increase 
de-icing duration compared to the calculated one. 
 

 After weighting the above points, Hydro-Québec 
TransÉnergie considers that its approach to evaluate de-icing 
current and duration is globally conservative and is convinced 
that Joule effect de-icing method is effective. Operation 
experience that will be gained during years to come will be an 
additional entrant to refine its approach when planning de-
icing projects on its network  

VI.  OUTDOOR DE-ICING TEST ON A 80 METERS 735-KV, 4 
CONDUCTORS BUNDLE SPAN [5] 

A.  Test objective 
 One last point needed experimental validation. Many 315-
kV lines and all 735-kV lines are equipped with bundle 
conductors. Spacers are used to maintain the conductors at a 
constant distance one from the other along the span. Spacers 
are installed every 50 to 80 meters in a span. We could 
anticipate that these spacers will increase de-icing duration but 
we could not know if they would prevent ice from falling. To 
validate this point, an outdoor test was schedule on a small 
scale 735-kV span equipped with 2 spacers distant of 50 
meters one from the other. The four de-iced conductors in this 
span where 1 354 MCM ACSR conductors, typical for 735-
kV line. 

B.  Test specifications 
Two outdoor de-icing tests where performed at IREQ High 

Power laboratory. Test number 1 was realized on March 14 
2003 and test number 2 was held on 1st April 2003. The 
average de-icing conditions that prevailed during those two 
tests are described in Table 3 that follows. 

TABLE 3 
OUTDOOR 735-KV  SPAN DE-ICING TEST CONDITIONS 

Test 
number 

Average ice 
thickness 

(mm) 

Average 
wind 

velocity 
(km/h) 

Average 
ambient 

temperature 
(°C) 

Average 
current per 
conductor  

(A rms) 

1 10 10 -8 1 800 

2 20 5,5 -3 1 800 

C.  Test results and observations 
 For both de-icing tests described in previous section, it took 
a little more than an hour for the conductors to melt ice 
coating and be free of initial accumulation. As shown in Fig. 
7, during de-icing, ice accumulation fragments itself in 
sections of about 1.5 to 2 meters long. Each of these sections 
felt off the conductor in various time during the de-icing 
period. 
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Fig. 7.  Outdoor de-icing test on a 80 meters 735-kV 4 conductors bundle span 

equipped with 2 spacers 

 Only small sections (about 1 meter) on each side of spacers 
and on all 4 conductors were still coated with ice at the end of 
the test. These sections were not de-iced because the spacer 
and its tie rods act as a heat sink and a retention element 
preventing ice from falling near the spacer. This phenomenon 
can be observed in Fig. 8.  

 
Fig. 8.  Ice retention effect of spacer and tie rods 

D.  Observations and conclusion 
Although little amount of ice stayed attached to conductor 

near spacers, the span was free of almost the entire initial ice 
accumulation for both tests. The little amount of ice still 
attached to conductors after de-icing represents a small 
remaining loading if we consider the ice load relieve gained 
with de-icing. These outdoor tests proved that Joule effect de-
icing was an appropriate solution to minimize ice loading on 
transmission line even if they are equipped with bundle 
conductors. 

VII.  CONCLUSION 
Experimental tests have been a determinant element for 

Hydro-Québec TransÉnergie to gain knowledge and to master 
Joule effect de-icing principles applied to transmission lines. 
Effectiveness of this type of de-icing principle has been 
proved experimentally. From this observation many Joule 
effect de-icing methods are susceptible to be use to limit ice 
loading on transmission lines. The determination of de-icing 
current or duration becomes an influent planning criterion to 
choose proper de-icing method for particular application and 

network characteristics. Operating experience with de-icing is 
still to gain in real life situations and appropriate adjustments 
will be made to planning criteria if needed. 
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