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Abstract 

Wind power is inherently more variable in time than traditional energy sources. When wind 

power delivers at its most it is desirable that as much energy as possible can be converted into 

electric power and being transferred to the consumers. The intermediate grid can put limits on 

how much energy can be transferred. 

The usual method to determine the capability of the line does not take into account the impact 

of weather parameters on the conductor. The influence of wind, ambient temperature change 

and solar radiation was being studied and the optimal capability of the line outside Ludvika was 

being researched. Results showed that under certain conditions it is possible to increase the 

power transmission by 55 % (or even more, depending on the weather). So the need of building 

new lines has to be reconsidered since the current grid can manage to transmit an extra power. 

The modeling of the line was done and the program was compared with the one which is being 

used in STRI. The results agreed very well with the deviation up to 0.3 %. It showed that the 

method used in the thesis was correct and the application was made in a right way. 

It is also possible to upload the data on the other conductors and apply the model (made in the 

thesis) in order to determine the constraints of power transmission for the other lines. 

Additionally the program could be used in the projecting of future grids to minimize the cost of 

lines. 

This thesis is based on the method used for determining the thermal behavior of overhead 

conductors. 

Keywords: maximum current, conductor rating, weather parameters, heat balance of 

conductor, conductor temperature 
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Nomenclature and abbreviations 

Nomenclature 

A m2 cross sectional area 
A, B - (with numerical subscripts) constants 
D m outer diameter of conductor 
d m outer diameter of wire 
F - albedo (reflectance) of surface 
g m/s2 acceleration due to gravity 
Gr - Grashof number 
hc W/m2·K convective heat transfer coefficient 

Hs deg solar altitude 
  A effective current 
Iac A ac current 

Idc A dc current 
Ik A/mm2 current density 
ID W/m2 intensity if direct solar radiation on surface normal to solar beam 
Id W/m2 intensity of diffuse solar radiation on horizontal surface 

kj - factor which takes into account the increase in resistance due to skin effects 
m, n - constants 
Nu - Nusselt number 
P W/m power exchange per unit length 
Pr - Prandtl number 
R Ohm/m resistance per unit length 
R k·m/W thermal resistance 
Re - Reynolds number 

Rf - conductor roughness 
r m radius 
S W/m2 global solar radiation 
T °C temperature 
V m/s wind velocity 
y M height above sea level 
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Greek symbols 

    1/°C temperature coefficient of resistance 
    - absorptivity of conductor’s surface 
   - solar emissivity of surface 
   deg angle of attack 
   deg inclination to horizontal 
   deg angle of incidence of solar beam relative to axis of conductor 
   W/m·K thermal conductivity 
   kg/m·s viscosity 
   m2/s kinematic viscosity 
   kg/m3 air density 
    kg/m3 relative air density 
    kg/m3 air density at sea level 
    W/m2·K4 Stefan-Boltzmann constant, 5.67·10-8 

 

Subscripts 

a ambient 
ac alternating current 
av mean value 
c conductor, convection 
cor corrected 
dc direct current 
f film at surface, forced 
h heating 
i ionization 
ins insulation 
J Joule 
M magnetic 
n natural 
r radiation, resistance 
s surface 
S solar 
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1. Introduction 

In most countries the demand for electric power is constantly increasing and 

there is a corresponding requirement to increase the power transferred by 

transmission and distribution lines. A solution would be to build new lines, but 

this may not be feasible on account of economic or environmental consideration. 

Hence, there may be pressure to increase the load transfer capacity of both new 

and old lines [1]. 

1.1 Problem 

Outside Ludvika there are 17 wind turbines 2 MW each (Vestas). 7 wind mills are 

located in Fjälberget and 10 exist in Saxberget. When first 5 turbines (10 MW) 

were exploited there were a lot of doubts if they can produce 30 GWh/year and 

that was the most optimistic forecast. However after one year of exploitation the 

production was 33 GWh/year. 

After that the capacity increased and today with 34 MW installed power the 

annual energy production is 110 GWh, which is relatively high compared to other 

windmill parks [2]. Due to the high wind velocities this area is of a great interest 

for installing more capacities. But the problem is in the transmission line. The 

overall description of the grid around wind park is given below. The picture is 

presented on the fig. 1.1. 

There is a hydropower plant Loforsen (VK9, on the fig. 1.1). The transmission line 

VL1 (53 kV) goes down through VK9, passes substation in Saxdalen (GT91, fig. 

1.1), substation GT9 and is connected to the substation in Grängesberg (GT1). 

Wind mills in Fjälberget and Saxberget are marked on the fig. 1.1 as GT95 and 

GT96 respectively. They are connected to the transmission line VL1 (53 kV) 

through the 10.5 kV line with insulated conductor BLX 157. The connection point 

is marked as ‘*’ on the fig. 1.1. 
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Figure 1.1.1: Map of the 10.5 kV and 53 kV outside Ludvika, [3] 

* 
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There are consumers in Nyhammar (VT7) and in Tuna Hästberg (VT5) northern 

from VK9, in Sunnansjö on the west from hydropower plant and consumers in 

Saxdalen. Also there is a connection to another line (L5) very close to the node ‘*’, 

but the disconnector on the line L5 is normally open, so most of the time line VL1 

is disconnected from L5. 

The part of line VL1 between node ‘*’ and substation GT9 (3560 m long) is 

considered to be the critical of the line concerning its capability. The line VL1 in 

that part transmits the electricity from hydropower plant VK9 because its 

production (6 MW) is higher than the consumption in VT5 (the highest power 

need is 2.8 MW, but just for one hour, [3]) and VT7 (the highest power need is 4 

MW, but just for one hour, [3]). That sector of the line has also to transmit the 

energy from wind mills GT95 and GT96. And there is no consumption on that site 

so that is why it is the most critical part of the line to be considered. 

Due to the good conditions for wind power production, as it was mentioned 

before, it is reasonable to install more capacities in the area of Fjällberget (GT95) 

and Saxberget (GT96). But more energy would be needed to transmit through the 

line VL1. In that case, the critical part of the line VL1 (mentioned before) has to 

‘handle’ that high level of current. Even though the windpower production is not 

constant however the line has to be under safety operational conditions. 

Voltage level of the line is 53 kV. The conductor type at the critical part is FeAl 234 

(“Ibis”). The maximum current available to transmit is 290 A [4]. But there is no 

data on the maximum current for continuously operation of the conductor at 

different ranges of ambient temperature and wind speed. 

Therefore it was decided to make a research of the ratings for two conductors 

and find an exact impact of weather parameters on them. The conductors to be 

researched are: 

 FeAl 234 (53 kV), VL1 line 

 BLX 157 (10.5 kV), which connects the wind mills to the VL1 at the node ‘*’ 

The reason for the investigation of behavior of the last one is that as well as for 

FeAl 234 there was no information in [4] about constraints of the current for 

conductor BLX 157 taking into account weather parameters. Since the wind mills 

are connected through the conductor BLX 157 to the VL1 line (FeAl 234) it is 

important to know how much more electricity could be transferred through BLX 
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157 and VL1 line (FeAl 234) so to answer the question to which extend it is 

reasonable to increase the capacity of the windpower plant in Fjällberget and 

Saxberget. 

If the energy from the wind would exceed the limit on the both lines (BLX 157 and 

FeAl 234, VL1 line) than the production from wind power plant would be reduced 

to fit exact the current available for the continuously transmission. However even 

if the BLX 157 line capacity would not be exceeded but the VL1 line would be 

overloaded the production at the windpower park site has also to be decreased. 

The reason for that is that the latest installed capacities have to fit the grid unless 

the owners make an agreement with the grid and production companies. 

Taking into account that the line was installed in the mountainous terrain the cost 

for installation of new line would be around 1.1 MSEK per each km [5]. Therefore 

it would be more efficient to do a research on how to maximize the current level 

in the existing power line. 

1.2 Purpose 

The main goal of the work is to model the current for both conductors BLX 157 

and FeAl 234 as a function of weather parameters (wind speed, angle of attack, 

ambient temperature and solar radiation). So the expected result of the work 

must be the programmed algorithm of calculation the maximum continuously 

current of the conductors. The program would be used in the real time 

monitoring of the grid. 
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2. Theory 

This chapter presents the theory used to estimate the maximum current available 

for the normal (not overloaded) operation of conductor. 

The maximum load capacity of a long line is usually dictated by consideration of 

system stability, permissible voltage regulation or the cost of energy losses. The 

capacity of a shorter line may be determined by the maximum permissible 

operating temperature of the conductors, assuming that the joints and clamps are 

in good condition and are not a constraint in operation. The maximum 

permissible temperature is that which results in the greatest permissible sag 

(allowing for creep), or that which results in the maximum allowable loss of 

tensile strength by annealing throughout the life of the conductor. 

The conductor temperature will depend on the load current, the electrical 

characteristics of the conductor, and the atmospheric parameters such as wind 

velocity and solar irradiance. The relationship between these parameters is 

known as the heat equation for normal operation (the steady state or quasi-

steady state). Heat balance equation: 

Heat Gain = Heat Loss 

It is assumed that the conductor is the thermal equilibrium. There is no heat 

stored in the conductor. 

Normal operation regime is used to determine the thermal rating of conductors in 

the design and planning of the stages line. It can also be used to determine 

whether there is any available capacity in existing lines. 
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2.1 Heat balance of the conductor 

The meteorological parameters influencing the thermal state of the conductor 

include the mean wind velocity, direction and turbulence, ambient temperature 

and solar radiation. Assuming these, and the electric load to be fairly constant, 

then the conductor temperature does not change significantly.  

In this situation heat supplied to the conductor is balanced by the heat dissipated 

(no heat energy is stored in the conductor), the thermal condition of the 

conductor is then defined as steady state. A heat balance equation can thus be 

written: 

Heat gain = Heat loss 

                            (1) 

where 

   – Joule heating; 

   – magnetic heating; 

   – solar heating; 

   – corona heating; 

   – convective cooling; 

   – radiative cooling; 

   – evaporative cooling. 

2.2 Heat gain 

This section deals with the analysis of the terms presented on the left hand side 

of eq. (1). 
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2.2.1 Current heating 

Current heating is the heating of the conductor due to the effects of load current 

and includes the Joule, magnetic and skin effects. 

Joule heating refers to the heating of the conductor due to cyclic magnetic flux 

which causes heating by eddy currents, hysteresis and magnetic viscosity [6]. This 

phenomenon occurs only with alternating current and is usually negligible with 

non-ferrous conductors at power frequency but could be significant with steel-

cored conductors. This is because, in the steel-cored conductors, a longitudinal 

magnetic flux is produced in the steel wires by current in the non-ferrous wires 

spiraling around the steel core. 

The skin effect refers to the increase in conductor resistance as a function of the 

frequency of the alternating current. 

The evaluation of the current heating phenomenon for non-ferrous conductors is 

best performed by evaluating the Joule effect, including the skin effect (Method 

1). 

The accurate evaluation of the current heating phenomenon of steel-cored 

conductors needs to take into account the power loss in the steel and non-

uniform distribution of current density, particularly, with an odd number of layers 

of non-ferrous wires [7, 8, 9]. 

2.2.1.1 Joule heating for non-ferrous conductors (Method 1) 

The Joule heat gain is calculated by: 

      
                         (2) 

where   is the effective current,     is the dc resistance at 20   per unit length, 

   is the temperature coefficient of resistance per degree Kelvin and     is the 

mean temperature of the conductor. The factor    takes into account the increase 

in resistance due to skin effects. 

For the average value of    it is suggested to use the value of 1.0123 (section 

2.2.1.2). 

The ac resistance can be calculated as follows: 

                   (3) 
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2.2.1.2 Calculation of current heating effects for steel cored 

conductors (Method 2) [10] 

The simplified theory is based on the equality of power inputs for both ac and dc 

currents for the same average temperature of the conductor. The dc current that 

will result in a certain temperature being reached is calculated and the empirical 

formulae are then used to convert the dc to the ac current. Similarly, should the 

temperature need to be calculated for a given ac current, the empirical formulae 

are used to evaluate the equivalent dc current and hence the rise in temperature 

due to it. Eq. (2) is then reduced to: 

      
                         (4) 

The power input must be the same for both ac and dc for the same average 

temperature of the conductor. Thus: 

   
        

               (5) 

The following equations are based on the results of measurements on stranded 

conductors in [6]. 

For aluminium-steel conductors with 3 layers of aluminium wires: 

    
   

                     
         (6) 

                                   (7) 

From eq. (5) it can be seen that                   . Hence for the 3-layer 

conductor,                            , from eq. (7). 

It should be noticed that the value of          with I = 0 is 1.0123. This is the skin 

effect factor. The current-dependent term will vary with each 3 layer aluminium-

steel construction since lay length differ from conductor to conductor. 

For aluminium-steel conductors with 1 or 2 layers of aluminium wires and a 

nominal cross section area A = 175 mm2 or more: 

    
   

                    
         (8) 

For other aluminium-steel conductors, single and double layer aluminium wire 

with a nominal cross sectional area A < 175 mm2 current density needs to be 

calculated (        , in A/mm2): 
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If          then:         

If                then: 

    
   

                             
         

         
         

         
         

  

  

If                then: 

    
   

                             
         

         
          

           
  

  

If          then:              
 

  

2.2.2 Solar heating 

The solar heat gain    depends on the diameter of the conductor and (to a lesser 

extent) its inclination   to the horizontal, the absorptivity    of the surface of 

conductor, the intensities   , the direct solar radiation on a surface normal to the 

beam and   , the diffuse sky radiation to a horizontal surface; the solar altitude 

  , the angle   of the solar beam with respect to the axis of the conductor, and 

the albedo (reflectance)   of the surface of the ground beneath the conductor. 

Calculation of solar heating 

The solar heat gain may be calculated if all the above variables including both the 

direct and diffuse solar radiation are known. However, in practice, the direct solar 

radiation meters prove to be expensive. On the other hand diffuse solar radiation 

meters need regular attention and thus it is not feasible to use them on remote 

sites. Global solar radiation meters are relatively inexpensive and reliable. For the 

above reasons the method using global solar radiation is given below. 

The solar heating using global solar radiation can be written as: 

                   (9) 

where 

   – absorptivity of conductor surface; 

  – global solar radiation; 

  – external diameter of conductor. 
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The value of    varies from 0.23 for bright stranded aluminium conductor to 0.95 

for weathered conductor in industrial environment. For most purposes a value of 

0.5 may be used for    [1]. 

2.2.3 Corona heating 

Corona heating is only significant with surface voltage gradients which are 

present during precipitation and high wind where convective and evaporative 

cooling is high. Due to this fact and the fact that it is considered necessary to 

evaluate the maximum rating of lines based on average or high ambient steady 

conditions it is not considered necessary to include formulae for calculation of 

corona heating. 

2.3 Heat loss 

This section deals with the analysis of the terms on the right hand side of eq. (1). 

2.3.1 Convective cooling 

The hot surface of the conductor heats the air adjacent to it, and the density of 

heated air decreases, thus causing it to rise in the case of natural convection 

(   ), or to be carried away in the case  of forced convection (   ). Colder 

air flows in to replace the heated air, thus cooling the conductor. Certain non-

dimensional groupings of parameters are useful in calculating convective heat 

transfer. These are: 

1. The Nusselt number,          , where    is the coefficient of 

convective heat transfer (W/m2K) and    is the thermal conductivity of air 

(W/m·K). 

2. The Reynolds number,           , where   is the wind velocity (m/s), 

   is the kinematic viscosity (m2/s) and    is the relative air density 

(       , where   is the air density at the altitude in the task and    is 

the air density at sea level). 

3. The Grashof number,                         
 , where    is the 

conductor surface temperature and    is the ambient temperature. 
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4. The Prandtl number         , where   is the specific heat capacity of air 

at constant pressure (J/kgK) and   is the dynamic viscosity of air (kg/ms). 

The empirical equations for calculating the above variables are: 

                         

                         

                     

        (m/s2) 

             , film temperature. 

                    , where   is the height above sea level (m) [11]. 

The convective heat loss is given by: 

                         (10) 

where the Nusselt number can be found from the equations in (11) and (14) for 

forced and natural convection respectively. 

2.3.1.1 Forced convective cooling 

In the normal operating range of film temperature               the Nusselt 

number can be presented by: 

         
            (11) 

where    and   are constants depending on the Reynolds number and conductor 

surface roughness              , found in the table 2.1. 

 

 

 

Table 2.1: Constants for calculation of forced convective heat transfer from conductors with 
steady crossflow of air 

Surface 
   

     
from to 

Stranded 102 2.65·103 0.641 0.471 
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all surfaces 

Stranded 
         

>2.65·103 5·104 0.178 0.633 

Stranded 
         

>2.65·103 5·104 0.048 0.800 

 

The wire diameter   should be the outer layer wire diameter (usually non-

ferrous). 

The conductor diameter   should be the overall diameter despite the fact that a 

stranded conductor may have a surface area of 40 – 45 % greater than a smooth 

conductor of the same diameter. This is because the boundary layer detaches 

from each wire and re-attaches at the next, thus forming stagnant zones at the 

interstices. The increase, with regard to the forced convective cooling, between 

stranded and smooth conductors is a function of the roughness and the Reynolds 

number. 

When dealing with a transmission line it may be of interest to note that the wind 

velocity is dependent on the height above ground, terrain and other factors. 

Details could be found in [12]. 

The wind direction plays an important role in the effectiveness of the forced 

convective cooling. The Nusselt number varies as the sine of the angle of attack   

(with respect to the axis of the conductor) as follows [6]: 

                    
           (12) 

where 

       ,         and         for          

       ,         and         for           

When the wind blows parallel to the conductor axis the Nusselt number with a 

wind angle of 0° drops to around         . This is due to swirling of the flow due 

to the stranding of the conductor. 

With low wind velocity (      m/s), however, it has been found that there is no 

preferred wind direction and the Nusselt number is unlikely to go below (refer 

section 2.3.1.3 for calculation of cooling at low wind speeds): 
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                        (13) 

      is the corrected Nusselt number. 

2.3.1.2 Natural convective cooling 

The Nusselt number for natural convective cooling depends on the product of 

Grashof and Prandtl numbers – Rayleigh number: 

            
            (14) 

Values for constants    and    for various ranges of the Rayleigh number       

are given in table 2.2: 

Table 2.2: Constants for calculation of natural convective heat transfer from conductors in air 

      
      

from to 

102 104 0.850 0.188 

104 106 0.480 0.250 

 

2.3.1.3 Cooling at low wind speeds 

At low wind speeds (      m/s) calculations can be based on mixed forced and 

natural convection [6]. However, a simplified method [13, 14] can be used. This 

method calculates three convective cooling values and the largest one is then 

selected: 

a) Since there is no preferred wind direction, an angle of attack of 45° is 

assumed and the forced convection heat loss     is calculated using eq. 

(12) and (10). 

b) The second value     is calculated using eq. (13) and (10). 

c) The natural convective heat loss    is calculated using eq. (14). 

The largest value of cooling from methods (a) – (c) above is then used. 

2.3.2 Radiative cooling 

Due to the fact that the radiation loss is usually a small fraction of the total heat 

loss, especially with forced convection, it is often sufficiently accurate to write: 
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                                         (15) 

Where the emissivity   is dependent on the conductor surface and varies from 

0.23 for new conductors to 0.95 for industrial weathered conductors (a suggested 

value is 0.5 [1]),    is the Stefan-Boltzmann constant,    is the ambient 

temperature and    is the conductor surface temperature. 

2.3.3 Evaporative cooling 

The cooling due to evaporation does not alter significantly with water vapour 

being present in the air or with water droplets being entrained in the flow around 

the conductor. It does alter significantly as soon as the conductor is wetted. The 

evaporative cooling effects are generally ignored, and are therefore not dealt 

with in this document. 
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3. Method 

In this chapter the estimation of the maximum current for the safety continuously 

operation of conductor is presented. Two conductors (see sec. 1.2) were being 

researched: FeAl 234 and BLX 157. The theory presented in chapter 2 was used 

for both of the conductors with an extension of radial temperature gradient for 

covered conductor BLX 157 in sec. 3.2. 

3.1 FeAl 234 

The conductor FeAl has 2 layers of Aluminium wires. 

 

Figure 3.1.1: Cross section of ACSR conductor 

Fig. 3.1 presents the cross sectional area of the ACSR (Aluminium Conductor Steel 

Reinforced) with two 2 layers of Aluminium wires. The steel wires are dashed (the 

core) and the outer wires are made of Aluminium. The picture is taken from [15]. 
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The weather parameters were chosen to be the same as in [5] in order to 

compare the value of the current. The absorptivity and emissivity values of the 

conductor surface due to recommendations in [1] were chosen as       , 

     . 

Wind velocity:        m/s 

Angle of attack:      ° 

Ambient temperature:       °C 

Conductor surface temperature:       °C 

Irradiance:       W/m2 

Height above the sea level:        m 

The data on FeAl 234: 

Cross sectional area of conductor:       mm2 

Outer diameter:        mm 

Temperature coefficient of resistance:            1/°C 

dc resistance at 20 °C:                 Ohm/m 

3.1.1 Heat gain 

3.1.1.1 Joule heating 

From eq. (4) the value of Joule heating is: 

      
                                   

      
              W/m 

3.1.1.2 Solar heat gain 

From eq. (9) solar heat gain is: 

        W/m 

Corona heating was ignored, as suggested in [1]. 
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3.1.2 Heat loss 

3.1.2.1 Convective cooling 

The average temperature of conductor surface and ambient air is:       °C 

Kinematic viscosity:            m2/s 

Air density at the altitude:            kg/m3 

Reynolds number:           

Thermal conductivity of air:           W/m·K 

Prandtl number:          

Grashof number:          

Forced convective cooling 

From table 2.1 the constants    and   are known, since the             

    

         ,        . 

And Nusselt number was calculated using eq. (11): 

           

Natural convective cooling 

Rayleigh number is:          

From table 2.2 values for constants    and    for the certain    were taken: 

         ,         . 

Nusselt number for natural convection was estimated by eq. (14): 

           

Since the wind velocity is higher than 0.5 m/s the Nusselt value for forced 

convection was taken into account while estimating convective heat loss. 
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From eq. (10) the convective heat loss is: 

          W/m 

3.1.2.2 Radiative cooling 

The value of the radiation loss was calculated by eq. (15): 

          W/m 

It is relatively small compared to the convective heat loss, therefore it was 

accurate enough to use formulae in eq. (15). 

Evaporative cooling was ignored as it was mentioned in sec. 2.3.3. 

      

3.1.3 Evaluation of current 

Due to the heat balance in eq. (1): 

             

   
                                  

           A. 

Since the conductor FeAl 234 has 2 layers of Aluminium wires in order to take into 

account the magnetic effect (see sect. 2.2.1.2) an eq. (8) was used to estimate the 

alternating current: 

           A. 

Estimations were done for the same conductor but with another maximum 

surface temperature        °C. 

The value of maximum current was:            A. 

Those results were compared to the ones presented in [4]: 
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Table 3.1: Ratings of FeAl 234 according to the calculations and to the [4] 

  , °C 
   , A 

Calculated 
From 

(4) 

50 344.88 345 

100 692.97 690 

 

From the table 3.1 could be noticed that the calculated results agree very well 

with the results in [4]. That means the method of calculation is right and minor 

difference could occur due to the fact that the small differences in conductor 

parameters, which were used for estimations. 

3.2 BLX 157 

BLX 157 is an insulated with a cross-linked polyethylene ACSR conductor 

“Partridge”. 

 

Figure 3.2.1: ACSR with BLX insulation 
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Fig. 3.2 shows the cross section of insulated ASCR conductor. The insulation 

material is the same as used in conductor BLX 157. The picture was taken from 

[16]. 

The same method as described before was used for estimation the maximum 

available current in BLX 157. 

The data on BLX 157: 

Cross sectional area of conductor:       mm2 

Outer diameter (with insulation):        mm, with insulation. 

Inner diameter:        mm 

Temperature coefficient of resistance:            1/°C 

dc resistance at 20 °C:                Ohm/m 

3.2.1 Radial temperature distribution 

However the main difference between FeAl and BLX conductors is that the last 

one is insulated conductor and thus the radial temperature gradient was taken 

into account. 

It is important to take into account the radial temperature distribution for 

another two reasons [4]: 

a) The resistance depends on the average conductor temperature     

b) The sag depends on the core temperature    

Fourier’s Law for the cylinders was used to estimate the temperature of the 

conductor: 

  
     

 
           (16) 

Where   is the heat stream from the core of conductor through insulation, W/m 

   is the conductor temperature, °C 

  is the thermal resistance of insulation, k·m/W 

  
   

 

 
 

      
            (17) 
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     is the thermal conductivity of cross-linked polyethylene (PLX),           

W/m·K 

Heat stream   from the conductor due to heat balance is equal to sum of the 

heat loss: 

                  (18) 

Using eq. (16-18) the temperature of the conductor is: 

     
   

 

 
 

      
            (19) 

After the temperature of conductor was estimated its value was used in eq. (4) as 

an average temperature of conductor (   ) for the calculation of the current. 

3.2.2 Evaluation of current 

Results are presented in the table 3.2 and compared to the ones from [4]: 

Table 3.2: Ratings of BLX 157 according to the calculations and to the [4] 

  , °C 
   , A 

Calculated 
From 

(4) 
50 294.98 290 

100 565.97 570 

 

Table 3.2 shows a minor difference between simulated results and the ones from 

[4]. The reason for that could be that another values for absorptivity (  ) and 

emissivity ( ) were used for the conductor. Since the surface of BLX conductor is 

covered by insulation so it might has a bit different properties. However in overall 

the estimated results show that the applied method was correct. 
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4. Results and discussions 

The modeling of two conductors was done and the program was made in order to 

simulate the conductors’ behavior under various weather conditions. To verify if 

the model is correct the comparison of the results was done with the results from 

STRI software [17], sec. 4.1. After the test simulation was done. Results are 

presented as the figures in sec. 4.2-4.3 of this chapter. Discussions are given 

under each figure in sec. 4.2-4.3. The software used for modeling is MATLAB, by 

The MathWorks. 

4.1 Test of the model 

To check if the model is correct the results of the simulations for FeAl 234 were 

compared to the ones got from software in STRI [17]. The input parameters were 

chosen the way to cover all the range of possible wind speeds, wind angles, 

ambient temperature, conductor temperature, solar radiation and height above 

the sea level. The compared results are presented in table 4.1. 

For the basic parameters next values were chosen: 

Wind velocity:        m/s 

Angle of attack:      ° 

Ambient temperature:       °C 

Conductor surface temperature:       °C 

Irradiance:       W/m2 

Height above the sea level:        m 

Absorptivity of conductor:        

Emissivity of conductor:       

While changing one of the above inputs the others were taken as the basics. 
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Table 4.1: Comparison of ratings estimated with method from chapter 3 versus STRI software 
results 

Output Own STRI 

T_amb, deg C I_ac, A I_ac, A 

10 531,39 532 

20 448,55 449 

30 344,88 345 

T_max cond, deg C I_ac, A I_ac, A 

50 344,88 345 

100 692,97 694 

V, m/s I_ac, A I_ac, A 

0,3 251,19 251 

0,61 344,88 345 

2 474,13 475 

4 613,06 614 

6 726,91 728 

angle, deg I_ac, A I_ac, A 

30 284,47 285 

60 330,15 331 

90 344,88 345 

S, W/m^2 I_ac, A I_ac, A 

400 378,94 379 

600 362,31 363 

800 344,88 345 

Height above sea lev, m I_ac, A I_ac, A 

0 356,2 357 

500 350,51 351 

1000 344,88 345 

 

The results match with the deviation up to 1 A. This difference could be negligible. 

It shows that the modeling was done in a correct way. Errors in the programming 

would give the differences in results much more than the one presented in table 

4.1. 

The model is considered to be correct for covered conductor BLX 157 as well 

(table 3.2). 

4.2 FeAl 234 results and discussions 

In that section series of the figures is presented for FeAl 234 maximum ratings 

versus wind speed, angle of attack, ambient temperature, maximum conductor 
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temperature, solar irradiance and height above the sea level. Similar to the 

section 4.1, while making function of the current variables others than the 

argument for the function are constant and equal to the basic parameters, listed 

in section 4.1. 

4.2.1 Wind speed 

 

Figure 4.2.1: Rating versus wind speed, FeAl 234 

On the fig. 4.2.1 it is clear to see that the wind speed has a very big impact on the 

conductor’s capacity. It is the most important variable in the determining the 

conductor rating. 

The behavior of line is not smooth. That is because in the range of wind speeds 

      m/s the Nusselt number for convective cooling is chosen among the 

natural convection case and corrected Nusselt number (see section 2.3.1.3 for 

more details). 

The base case when wind speed        m/s responds to the current value of 

345 A. When wind speed     m/s the rating goes up to approximately 540 A, 

this is about 55 % higher. 
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So the higher the wind speed is the higher transmission capacity of the line is. 

Moreover the wind speed has the largest (among the other weather parameters) 

impact on it. That is why it is so important to take it into account while estimating 

the maximum power transmission capability of the conductor. 

Also it is worth to say that the wind speed is not easy to be measured due to its 

turbulence. Because of that anemometers used for the measurements should 

have a high accuracy (up to 0.1 m/s) in order to estimate the ‘real’ wind speed. 

The starting point has to be no higher than 0.5 m/s (see 5.2.2 of [18]). 

4.2.2 Wind angle 

 

Figure 4.2.2: Rating versus the wind angle of attack, FeAl 234 

The wind direction also has an impact on the effective wind speed and thus on 

the convective cooling. As the result it influences the rating of the line. 

Fig. 4.2.2 shows that when the wind blows parallel to the transmission line the 

maximum current is almost twice lower than if it is perpendicular. However in the 

real conditions the wind is neither parallel nor perpendicular. The angles of attack 

from 70° up to 90° respond to approximately the maximum rating for the 

conductor. 
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In the case of parallel wind the rating is 192 A, in the case of perpendicular wind 

the rating is 345 A. 

The expected capability of the line to transmit an extra power increases if the 

wind blows with the highest possible angles of attack. So it is also very important 

to take into account not just a wind speed but also a direction in order to make 

the right estimations. 

4.2.3 Ambient temperature 

 

Figure 4.2.3: Rating versus ambient temperature, FeAl 234 

Ambient temperature influences the convective cooling, which becomes higher 

with lower ambient temperatures. 

On the fig. 4.2.3 ratings are presented for three different cases of maximum 

conductor temperature:        °C,        °C,         °C. 

Ambient temperature has a relatively little effect (compared to effect from wind 

speed) if conductors are rated for high operating temperatures but has a 

significant effect for lines thermally rated at lower temperatures [18]. 
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For the conductor rated at the maximum temperature       °C maximum 

continuous current at ambient temperature       °C is 345 A and for ambient 

temperature       °C it increases up to 449 A (30 % increase). When the 

maximum temperature is        °C rating at       °C is 693 A and at the 

ambient temperature of       °C it is 741 A (7 % increase). 

So the fig. 4.1.3 proves that the ambient temperature has a great impact on the 

transmission capacity of the lines (thermally rated at lower temperatures). Power 

transmission capability increases when the ambient temperature decreases. The 

increase of 30 % power transmission is possible with just a 10 °C ambient 

temperature decrease. And taking into account that the temperature of the air is 

more likely to be under 20 °C at the researched line outside Ludvika the expected 

transmission capability could be extended up to 60 % or even higher with the 

lower ambient temperatures. 

4.2.4 Conductor temperature 

 

Figure 4.2.4: Rating versus conductor temperature, FeAl 234 

Choosing the conductor operational temperature has a great impact on the 

current. However it is worth to say that different conductors are projected for 
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certain maximum temperatures. For example, maximum temperature during 

which the conductor would not change its size and would have the rated 

resistance for FeAl 234 is 50 °C. But it could have temperature of 100 °C for a 

short span of time (10 minutes, [4]). 

The rating of FeAl 234 at       °C is 345 A and at        °C it is possible to 

transmit 693 A current (fig. 4.2.4). 

So the higher maximum conductor temperature is the higher expected power 

transmission capability of the line is. Fig. 4.2.4 shows that the effect of conductor 

temperature on the power transmission is very high. Thus it is so important to 

know the temperature at which the line could be operated without the risk of 

tensile 

4.2.5 Solar radiation 

 

Figure 4.2.5: Rating versus solar radiation, FeAl 234 

Solar irradiance affects the heat gain, solar heat gain    and relationship is linear 

(eq. 9). However the value of absorptivity makes a great influence on the solar 
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conditions (section 4.1) the rating is 345 A. If the abosrptivity increases up till 0.8, 

the rating will be 299 A (13.3 % decrease). 

Both emissivity (influences the radiative cooling, eq. (15)) and absorptivity are 

highly correlated, increasing rapidly from initial values of about 0.2 – 0.3 after 

conductor installation to values higher than 0.8 within two years of high voltage 

operation in industrial or heavy agricultural environments [18]. This increase has a 

beneficial effect when the lines are operated at temperatures over 70 – 80 °C, 

because outgoing radiation then exceeds the solar heating. Some utilities use 

lower ratings for the line during the first year after installation, because of 

reduced radiation losses caused by low emissivity. 

Conductor emissivity and absorptivity may stay moderately low in certain desert-

type or high rain rate areas. CIGRE Working Group B2.12 did a research on that in 

few U.S. western states and it showed that absorptivity may stay as low as 0.6 

even after 10 years of operation [18]. 

Generally it is recommended to use values of 0.5 for both emissivity and 

absorptivity [1]. 

In the fig. 4.2.5 the correlation between solar radiation and conductor rating is 

shown. For the level of irradiance of 300 W/m2 the maximum current for FeAl 234 

would be 387 A versus 345 A at 800 W/m2 irradiance. 

Also it is worth to mention that the rating of overhead conductor would drop 

more if the ground surface was covered by snow. Since the solar beams would be 

reflected from the ground part of them would reach the conductor surface. At 

certain times, reflected solar radiation can increase the total radiation received by 

the conductor by more than 50 % [18]. 

Another effect to be recognized, though minor, is that during clear nights the 

conductor temperature (at the absence of current) can be lower, because of 

radiation to deep space [18]. 

To sum up the solar radiation impact on the line transmission capacity it is worth 

to state that the clear the sky is, the higher irradiance is the capability of power 

transmission is. But solar radiation does not effect that much power transmission 

as wind speed and ambient temperature do. 
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4.2.6 Elevation above the sea level 

 

Figure 4.2.6: Rating versus height above the sea level, FeAl 234 

The elevation of the transmission line influences the air temperature, wind speed 

and the air density. In the method described in sec. 2.3.1 height of the line is 

included into calculation of the air density. The method assumes that wind speed 

and ambient temperatures are known on the certain elevation. The convective 

cooling is influenced. 

For FeAl 234 the rating at the sea level is 356.2 A, the rating at 1000 m height is 

345 A (fig. 4.2.6). 

So the transmission capability of the conductor increases if the line is located at 

the lower (above the sea level) altitude. However this parameter does not have a 

significant effect on the power transmission. 
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4.3 BLX 157 results 

In this section series of figures for BLX 157 is presented similar to the ones in 

section 4.2. 

The main difference in the calculations of those two conductors, as it was 

mentioned before, is that BLX 157 is covered conductor so the radial temperature 

distribution was taken into account 

Since the used method is the same as for conductor FeAl 234 calculations the 

behavior of the conductor BLX 157 is the same (except the impact of the 

insulation which is described in sec. 3.2.1). Thus most of discussions on the 

influence of input parameters on the conductor ratings could be found in sec. 

4.2.1-4.2.6. 

4.3.1 Wind speed 

 

Figure 4.3.1: Rating versus wind speed, BLX 157 

As well as for FeAl 234 (fig. 4.2.1), for BLX 157 there are the same transitions on 

the line (fig. 4.3.1) due to changes in speed (      m/s) and in Reynolds 

number (           ). 

The rating of BLX 157 at zero wind is 152.3 A and at 3 m/s it is 442 A, which is 50 

% more than for the basic case of 0.61 m/s (295 A). 
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4.3.2 Wind angle 

 

 

Figure 4.3.2: Rating versus the wind angle of attack, BLX 157 

Fig. 4.3.2 shows the correlation between wind angle and rating for BLX 157. In the 

case of parallel wind the maximum continuous current is 166 A, while it would be 

295 A in the case of perpendicular wind. 

4.3.3 Ambient temperature 

 

Figure 4.3.3: Rating versus ambient temperature, BLX 157 
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In the fig. 4.3.3 three cases of ratings are presented for maximum conductor 

temperature:        °C,        °C,         °C. 

Rating for the conductor BLX 157 with the maximum temperature of 50 °C for the 

ambient temperature       °C is 295 A, for ambient temperature       °C 

the current is 378 A (28 % increase). For the conductor with higher maximum 

temperature impact of ambient temperature is not that high: for maximum 

temperature of 100 °C at ambient temperature       °C the rating is 566 A, at 

      °C the rating is 608, which is just 7.4 % higher. 

4.3.4 Conductor temperature 

 

Figure 4.3.4: Rating versus conductor temperature, BLX 157 

For the conductor surface temperature of 50 °C rating for BLX 157 is 295 A versus 

566 A at the maximum surface temperature of 100 °C (fig. 4.3.4). More discussion 

could be found in sec. 4.2.4. 

It is also worth to add that for the conductor BLX 157 rated at the maximum 

surface temperature of 50 °C for the basic input parameters (sec. 4.1) the 

temperature of the actual conductor is 52.24 °C because of the insulation impact. 
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be 108.22 °C. That is why it is so important to take into account the radial 

temperature distribution for insulated conductors, since it affects the time (which 

is calculated for the actual conductor, but not for the surface) conductor could 

operate under overloaded conditions. 

4.3.5 Solar radiation 

 

Figure 4.3.5: Rating versus solar radiation, BLX 157 

At the solar irradiance level of 300 W/m2 rating of BLX 157 is 330 A, while at the 

irradiance of 800 W/m2 it is 295 A (fig. 4.3.5). For more details refer to sec. 4.2.5. 
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4.3.6 Elevation above the sea level 

 

Figure 4.3.6: Rating versus height above the sea level, BLX 157 

At the sea level the rating of conductor BLX 157 is 304.3 A, while it is 295 A at the 

elevation of 1000 m (fig. 4.3.6). See sec. 4.2.6 for more information. 
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5. Conclusions 

The increase of energy consumption adds additional requirements on the grid. 

The transmission and distribution lines have to transmit more and more 

electricity. The costs to build new lines could be very high and thus it is very 

important to know the constraints of the existing lines. 

The estimations of maximum current for continuously operational (normal) 

regime based on the weather parameters were done in the thesis. The results 

were compared with the ones from [4] (look at sec. 3.1.3 and 3.2.2 of the thesis). 

The minor differences occurred, however the reason for them could be the 

differences in values of the conductors’ properties used for calculations. Those 

differences could be negligible. 

In addition the program for maximum current calculations was made in MATLAB, 

by The MathWorks. The program was tested with different inputs to cover all the 

possible ranges of weather parameters. The results were compared with STRI 

software results [17]. The program was made in this thesis showed the results 

very close to the results from [17] with deviation less than 0.3 % (sec 4.1). 

The research also proved that under certain weather conditions existing 

transmission line could safely operate with the current 55 % higher (for another 

conditions even higher, sec. 4.2-4.3) than the one for the basic conditions (sec. 

4.1). Taking that into account the conclusion could be made that it is much more 

efficient from economical point of view to adjust the maximum current under the 

weather conditions change. So the method shows the very efficient way of using 

the existing grid and the energy in overall.  

Finally, the purpose of the work was achieved and the model could be used for 

the real-time measurement systems to control the current level depending on the 

weather conditions for most of the ASCR conductors (including the insulated 

conductors) but not only for the ones presented in the thesis. 
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6. Suggestions for future work 

This project has recently started and there are a large number of additional 

matters to study as well. A few of those are suggested below and some of them 

are already being applied in the process. This chapter covers the main suggestions 

for future work with the emphasis on the load diagnostics and optimization. 

The measurements of the weather parameters will be done for the two lines (sec. 

1.1). The work will start as soon as the equipment would be delivered and 

installed. The recommendations on the places suited for the installation of the 

devices are given in chapter 5 of [18]. The sensors are able to measure ambient 

temperature, wind speed, wind angle of attack, solar irradiance; interface for 

communication is fiber optics (LAN). The manufacturer of the equipment is 

Safecast AB. Main information on the sensors could be found in [19]. The 

measurements will last for 2 months and the results would be used as the inputs 

to the conductors’ model (sec. 4.1-4.2). The desirable result would be the 

information of the maximum possible current variations during the time of the 

measurements. 

Since the possible adjustments in the grid are tightly connected with the wind 

speed the great interest would be to see the relationship between the wind speed 

as an impact on the maximum current in conductor and the wind speed as the 

energy source for the windpower production. For example, it would be 

interesting to see what the line capability was at the time when the power of 

wind mills was on the certain level. It is possible that the windpower would not be 

on the high level when there are low wind speeds on the line altitude level. At the 

same time it could be that when the high wind speed occurs at the wind turbines’ 

elevation level (so the production of wind mills increases and more energy is 

needed to be transmitted), the wind speed could be large to the extend enough 

for the increasing the maximum current of the line. All this aspects are needed to 

be studied. 

Another suggestion for the further studies could be a research on the maximum 

time the conductor could operate under overloaded conditions, especially for the 

local grid considered in the thesis (sec. 1.1). Since the probability of long time high 

windpower production is not that high (because the wind speed is not always 



44 
 

constantly high) it is worth to know how much time the line could be overloaded 

(considering the safety margins). A very good method on the calculation of the 

time conductor could be overloaded is presented in [1]. 
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