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With an increasing demand for offshore renewable energy it is important to determine the 
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for such an optimisation is to quantify the impact of occasions when wind output must be 
curtailed in order to avoid overheating a cable that connects an amount of wind generation in 
excess of its continuous rating.  
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Executive Summary 
 
This report has investigated the transient thermal response of a series of offshore wind farm 
export cables in two installation environments using bespoke Finite Element models. The 
load profile used to generate the thermal response within the model has been obtained from 
simulated wind speed data and a generic wind turbine generation profile. The load profile 
has then been scaled with reference to the continuous thermal rating for each considered 
installation from 100% to 150%. 
 
For each percentage of continuous rating (Ir) the thermal profile of the cable is post 
processed to determine periods where the conductor temperature exceeded the cables 
thermal limit of 90 °C. For durations where the conductor temperature exceeded the 90 °C 
thermal limit, the heat input into the cable has been capped at the continuous thermal rating 
load. By capping the cable load at the continuous rating, the conductor temperature is 
prevented from rising any further. For the hours where generation curtailment was required, 
the generation lost due to the associated reduction in cable current has been calculated, 
culminating in the total value of energy curtailed over the duration of the simulation.  
 
When the peak load is scaled by small percentage increases above the cable continuous 
rating (Ir) there is no need for curtailment. However as the percentage of continuous rating 
increases there is a critical point where power begins to be curtailed. From the above 
results, it is shown that this critical value is mainly dependent on the cable installation 
environment, with the critical values for this specific case being:  

• Ir between 107.5% and 115% for the deeply buried section  
• Ir between 115% and 125% for the landfall installation.  

 
The increase in critical Ir can be explained by the increased thermal time constant of the 
landfall due to its greater burial depth. The larger time constant results in a slower thermal 
response, which means either longer periods of high duration load or greater levels of load 
for the same duration, are required for the cable to reach its thermal limit. 
 
It should be noted that not all sections of the cable route will have long time constants, for 
example J-tubes.  Therefore if such an approach is to be considered in the design of future 
wind farm connections, care must be taken to consider the sections of the circuit which have 
a shorter thermal time constants, to avoid exceeding the thermal limit within these sections.  
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Acronyms 
 
AC Alternating Current 
Cos(ø) Power Factor 
FEA Finite Element Analysis 
HDD  Horizontal directional drill 
hf Harmonic Frequency Allowance 
I Current [A] 

IEC 
international Electrotechnical 
commission 

Ir Continuous Rating  
Ld burial depth 
P Power (W) 
SL type  Separate Lead sheath type cable 
SOW  Scope of Work 
tanδ Dissipation Factor 
TDHVL  Tony Davies High Voltage Laboratory 
Uo Voltage to Earth [V] 
V Voltage [V] 
XLPE Cross-linked Polyethylene 
XSA Cross sectional Area 
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1.0 Introduction 
With an increasing demand for offshore renewable energy it is important to determine the 
optimum amount of wind power that can be connected to an export cable. A key requirement 
for such an optimisation is to quantify the impact of occasions when wind output must be 
curtailed in order to avoid overheating a cable that connects an amount of wind generation in 
excess of its continuous rating.  
 
This is achieved through the creation of a bespoke numerical model of an export cable to 
predict its transient thermal response to a range of load profiles. The load profile used to 
generate the thermal response within the model has been obtained from simulated wind 
speed data and a generic wind turbine power curve. The load profile has then been scaled 
by 100-150% with reference to the continuous thermal rating for each installation. The 
predicted thermal profile can then be investigated to determine durations where it has 
exceeded its thermal limit. For periods where the conductor temperature has exceeded its 
thermal limit, the heat input into the cable has been capped by limiting the circuit load to its 
continuous thermal rating. By capping the cable load at the continuous rating, the conductor 
temperature is prevented from rising any further. For the hours where the load curtailment 
was required, the generation lost due to the associated reduction in cable current can be 
calculated, culminating in the total value of energy curtailed over the duration of the 
simulation. A comparison of percentage of continuous load used to scale the load profile with 
the quantity of resulting curtailment can then be presented.  
 
The report begins by presenting a review of the simulated weather data provided by the 
client, which includes the critical wind speed data. Then the method used to convert the wind 
speed into the wind farm generation is presented.     
 
After reviewing the weather data the second part of this report outlines the numerical 
modeling approach to investigate the transient thermal profile due to an application of the 
derived load. This section includes a description of the considered cable designs and 
installation environments.  
 
The final section of this report presents a detailed investigation into the transient thermal 
profile and curtailed power for a single cable design. With the qualitative conclusion from a 
single cable design, the report concludes by reviewing the difference in curtailed power for 
the two installations.  
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2.0 Weather Data 
The client has provided simulated weather data including wind speed for an 8 year period 
from 1/1/2008 to 31/12/2015. The weather station data is simulated for Dogger Bank which 
is the location of a proposed Round 3 UK wind farm. This section begins with a review of the 
important weather data before calculating the corresponding load profile using a generic 
wind farm generation profile.  
 
2.1 Review of Weather Data 
The provided weather data includes the following parameters: 

• Surface temperature [ °C] 
• Wind speed at 50 m above mean sea level [ms-1] 
• Wind direction [°] 
• Surface Pressure [kPa] 
• Horizontal solar radiation [Wm-2] 

 
The simulated weather data has an hourly resolution, with data given on the hour, every 
hour i.e. 00:00, 01:00 and 02:00 etc. A detailed review of the surface ambient temperature 
and the wind speed is given below.  

2.1.1 Surface Temperature 
The complete surface temperature time series is presented in Figure 1. From an initial 
review it is evident the data continuous, with a clear seasonal trends. The seasonal trends 
are as expected, with the annual peak temperature typically in August. 

 
Figure 1 – Surface temperature time series 

To further investigate this seasonal trend, the entire temperature time series is divided into 
separate calendar years. The cumulative temperature distribution of each year is presented 
in Figure 2. 
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Figure 2 – Cumulative distribution of yearly surface temperature 

By comparing the temperature distribution between each year, it is apparent due to the 
reasonably narrow grouping, that there is no significant variation in temperature between 
years.   

2.1.2 Wind Speed 
The wind speed has been provided for 50 m above sea level rather than the typical hub 
height of approximately 100 m [1]. It is known that the wind speed increases with height 
above sea level due to shear effects. The typical wind speed increase from 50 m to 100 m is 
typically around 1 to 2 ms-1 [2] however is dependent on the region. The following discussion 
will focus on the provided wind speed 50 m, with a review of this assumption at the end of 
this section. 
 
The 8 year wind speed time series is presented in Figure 3. The wind speed presented 
below portrays a greater temporal variation than the surface temperature shown above. Due 
to this large temporal variation, a seasonal trend is not as strongly evident.  

 
Figure 3 – Wind speed time series 
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To obtain a more complete understanding of the wind speed, the cumulative distribution of 
annual wind speed is presented in Figure 4. From this figure it is further evident that the wind 
speed distribution between years has an even closer grouping than the ambient 
temperature. This indicates the probability distribution is broadly repeatable between each 
year.  

 
Figure 4 – Cumulative distribution of wind speed for each year 

2.2 Wind Farm Generation 
To calculate the power generation from a wind turbine, it is critical to know the wind turbine 
power generation curve as a function of wind speed. The normalised power generation curve 
from [3] and for an 8 MW Vestas V164 wind turbine [4] is presented in Figure 5. 

 
Figure 5 – Normalised wind turbine generation curve as a function of wind speed [3] 

[1] [4] 

The two normalised power generation curves are in close agreement, with the generation 
from [3] being slightly higher. Due to the slight increase in conservatism this study will 
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consider the power curve given in [3]. Both power curves presented above, can be dissected 
into three sections: 

• Below approx. 3 ms-1, there is zero generation. 
• Between approx. 3 ms-1 and 12.5 ms-1 there is a steep increase in generation with 

increasing wind speed. 
• Above approx. 12.5 ms-1, the power generation saturates and remains constant with 

additional increases in wind speed. 
 

Using the entire wind speed profile (shown in Figure 3) and the normalised power curve 
(shown in Figure 5), a normalised power generation from a single wind turbine can be 
calculated, as shown in Figure 6. 

 
Figure 6 – Normalised power generation  

To further consider the wind speed distribution against the load generation, the first aspect to 
consider is the wind speed persistence i.e. the mean duration which the wind speed is 
above/below a critical wind speed, shown in Figure 7. The persistence is a key parameter as 
the mean duration of high or low wind speeds will affect the ability for the cable to heat up 
and cool down, which will in turn affect the maximum generation which can be supported 
along a cable. From this figure it is apparent that the mean duration below 2.5 ms-1, where 
no load is generated, lasts for on average approx. 12 hours. Furthermore the mean duration 
when the wind speed is above the 12.5 ms-1, where the generation is saturated, is less than 
approx. 20 hours. The critical wind speed, where the mean duration above and below a 
critical value is of equivalent duration, occurs at a critical wind speed of approximately 
8.7ms-1. This critical wind speed value is comparable the median wind speed shown in 
Figure 4 and is comparable with [3]. 
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Figure 7 – Mean duration of wind speed as a function critical wind speed 

From the cumulative distribution of wind speed (Figure 4) there is approximately 20% of wind 
speed above 12.5 ms-1. Since there is no further increase in load above 12.5 ms-1, there will 
be periods of time where the load generation is clipped at its maximum. This is observed in 
Figure 8, where there are durations of normalised generation which have been clipped at 1 
(maximum generation).  

 
Figure 8 - Zoomed in section of the normalised power generation 

The circuit load [A] due to this power generation is calculated through the following 
relationship 
 
 

𝑃 = √3𝐼𝐼𝐼𝐼𝐼𝐼
(1 + ℎ𝑓)

 
(1) 

 
Where P [W] is the power generation, I [A] is the circuit load and V [V] is the operating line 
voltage. The remainder of terms in the above equation are the power factor (cos𝐼) and the 
harmonic current allowance (hf). The typical assumed values for these parameters are 0.98 
and 2.5%, respectively [3]. 
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Using equation 1 and the normalised power generation in Figure 6, a normalised circuit load 
can be calculated. A normalised load profile is obtained to allow it to be scaled for the 
different continuous thermal rating for each considered case (cable and installation) which is 
presented in the following section.  
 
2.3 Discussion 
This section has presented a review of the simulated wind speed. This review has shown 
that the distribution of wind speed is statistical repeatable year on year. The simulated wind 
speed provided by the client for this study is for a height of 50 m rather than the typical hub 
height of a turbine of approx. 100 m. Since the wind speed increases with height, it is likely 
that this assumption will add a slight degree of conservatism to the power generation.  
 
It is further worth stressing that this study considers the power generation from a single 
continuously operating isolated wind turbine. It hence does not consider wake factors or 
turbine reliability which will reduce generation. By the omission of these factors the 
generation assumed by the models will be optimistic compared to a real wind farm. However 
both of these factors are specific to an individual wind farm design and are hence outside the 
scope of this report. The omission of these factors will not significantly impact on the findings 
within this report. 
 
Finally a review of available wind turbine power curves has shown reasonable agreement 
between the available data sets. In order to mitigate the impact of not scaling the wind speed 
with height, it has been decided to use the power curve from [3] in the remainder of this 
report, since this power curve results in a slightly greater generation.  
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3.0 Review of Considered Installation  
This study considers the following potential cable designs for larger scale offshore wind 
farms: 

• 800 mm2 Copper conductor at 132 kV 
• 2000 mm2 Aluminium conductor at 220 kV 
• 2000 mm2 Copper conductor at 220 kV 
• 2000 mm2 Aluminium conductor at 275 kV 

 
The generic form of each of these considered cable designs are as follows:  

• 3 phase SL type  
• Insulation: cross-linked polyethylene (XLPE)  
• Sheath: Lead  
• Armour: single layer of  wires (alternate standard galvanized and polymeric wire for 

conductor XSA > 800 mm2)  
• Interstices: mixture of polypropylene yarn and air  

 
A detailed discussion of these cable designs is presented in a previous report [5] and a 
complete set of cable dimensions is included with Section 7.0 - Appendix. For completeness 
a brief review of these cable designs and installation environments is presented in the 
following sections.  
 
3.1 Numerical Principals 
A Finite Element Analysis (FEA) model of the cable and its environment has been developed 
to predict the transient response of the cable due to a dynamic load profile. An FEA 
approach is chosen instead of an analytical IEC 60853 [6] method, as FEA allows for a more 
detailed representation of the cable geometry. The cable installation geometry in the model 
is a direct representation of the cable dimension and installation environment presented in 
the following sections.  
 
The thermal losses (heat sources) in the export cable are defined in accordance with IEC 
60287-1 [7]. With the defined heat sources, the FEA model will then solve the transient 
thermal profile with the entire modelling domain (cable and environment) due to the thermal 
conduction. The predicted thermal profile is saved at hourly resolution, in keeping with the 
resolution of the circuit load.  
 
When solving a transient thermal profile, it is important to accurately define the initial thermal 
conditions of the surrounding soil at time zero. The simplest initial condition which can be 
defined is a uniform temperature. However such an initial condition does represent a typical 
thermal profile due to a loaded cable circuit. Since no accurate thermal profile of the 
surrounding soil is available, one must be generated using the numerical model. To obtain a 
representative thermal profile, the provided load profile is repeated, to obtain a 16 year load 
profile. Therefore the first loop using the load profile is used to generate a realistic thermal 
profile within the soil, and the repeated load profile is used to obtain a representative 
transient thermal response. It is however important to check the duration of the initial load 
profile is long enough such that the poorly defined initial condition has minimal impact on 
transient response. In order to check this, initial studies will investigate the conductor 
temperature difference between the load profile repetitions.  
 
3.2 Cable Design 
An illustration of a generic 3 phase SL type cable geometry used in this study is presented in 
Figure 9. 
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Figure 9- Illustration of typical 3 core SL type cable 

Before developing the numerical models for the different installation environments, this study 
first considers if there are any simplifying assumptions which can be made to the cable 
design. These simplifying assumptions are especially important for long duration transient 
models, because poorly designed numerical models (including mesh) can be very 
computationally demanding and hence slow to solve. 
 
Interstices 
The interstices of the cable i.e. the area between the power cores and the armour bedding, 
are assumed to contain a mixture of polypropylene yarn and air. From experience this yarn 
is fairly uniformly distributed throughout this region with small air gaps between the individual 
yarn strands. The empty space between the yarn is assumed to be air rather than water 
despite considering a subsea cable, because the thermally limiting section is likely to be 
within the HDD, where the presence of water in the interstices is less guaranteed. In the 
remaining installation sections the dry filler assumption is carried over, and so will add a 
degree of conservatism to these ratings.  However the rating reduction is not believed to be 
significant because the majority of the permissible heat flux will be passed through the 
region where the sheath and armour are closest and hence where there is a minimal amount 
of filler present. 
 
It is computationally very expensive to directly model each small yarn bundle. However our 
experience has shown that the most realistic approach to represent this region is to consider 
it as a single phase solid whose thermal conductivity is estimated through the mixture rule 
according to the volumetric proportion of air and yarn. This method assumes that there is no 
thermal convection or radiation between the power cores and the armour bedding. This 
assumption is sensible for the following reasons:  

• The thermal convection within the interstices will be negligible due to the small air 
gaps between the individual polymer yarns.  

• Due to the uniform yarn distributions the radiation heat flux is greatly reduced, and 
assumed to be minimal.  
 

An exact value for the area of yarns to air within the interstices is not present on the cable 
datasheet (Section 8.0 - Appendix) and so instead it is assumed the interstices is 
approximately two parts polypropylene to one part air. With this volume fraction and the 
material thermal conductivities stated in Table 2, the effective thermal conductivity of the 
interstices are assumed to be 0.123 Wm-1K-1.  
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Dimensions 
The regions defined in Figure 9 are explained along with their construction material and 
dimensions for the 800 mm2 copper conductor are shown in Table 1. A complete list of 
dimensions for the complete range of considered cable designs is presented in Section 8.0 -   
Appendix. 

Table 1 - Cable components and dimensions for 132kV 800 mm2 copper cable 

Label Component 
Name Material Outer Diameter 

[mm] 
Thickness 

[mm] 
A Conductor Copper 34.5  

B Conductor 
screen 

Semiconducting 
polymer 37.5 1.5 

C Insulation XLPE 71.5 17 

D Insulation 
screen 

Semiconducting 
polymer 74.5 1.5 

E Swelling Tape Semiconducting 
water blocking tape 77.5 1.5 

F Sheath Lead alloy 82.5 2.5 

G Power core 
oversheath Polyethylene 87.0 2.2 

H Fillers Polypropylene yarn 
and air  various 

I Binder tape Polymeric tape 191.0 2 

J Armour wires Steel wires with 
Bitumen 203.0 5.6 

K Outer Serving Polypropylene yarn 
with bitumen 212.0 4.5 

 
The thermal conductivity and volumetric heat capacity for each material used in the above 
cable designs are presented in Table 2. The conductivity values are typical book values from 
IEC 60287-2 [8] and the volumetric heat capacity are from IEC 60853-2 [6]. The additional 
materials of air and water are not included within [8] or [6] and are hence typical book values 
[9].  The thermal conductivity of the semiconducting polymers used in the conductor and 
insulation screen is assumed to be the same as the XLPE, as there are no agreed book 
values.  This is slightly conservative as the addition of the electrically conductive filler is likely 
to increase the bulk thermal conductivity, however the effect on the overall ratings is small.  
This approach aligns with standard practice for the use of IEC 60287, as the conductor and 
insulation screens are considered to be thermally identical to the main insulation wall. 

Table 2 - Thermal material properties 

Material Thermal Conductivity 
[WmK-1] 

Volumetric Heat 
Capacity (MJm-3K-1) 

Copper 400 3.45 
Aluminium 236 2.5 

XLPE 0.286 2.4 
Lead alloy 35.3 1.45 
Water tape 0.286 2.4 
Steel wires 18 3.8 

Polyethylene 0.2 1.7 
Filler 0.123 1.7 

Sea bed 0.7 2 
Duct 0.286 1.7 

Duct filler 1 2 



 
 

Page 16 of 36 
 

TDHVL41 v1 Deliverable Template 

The material properties of the water swellable tape are difficult to characterise. However 
because it is relatively thin, this layer will not have a significant impact on the thermal profile 
within the cable, therefore it will be assumed to have the same thermal properties as XLPE.  
 
The electrical material properties for the considered cable designs are presented in Table 3. 
These values are typical book values taken from [7]. 
 

Table 3 - Electrical properties of the cables 

Parameter Value 
Electrical resistivity of copper  1.72 x10-8 Ωm 
Copper temperature coef. of resistance 3.93 x10-3 K-1 
Copper conductor kp (plain stranded) 0.8 
Copper conductor ks (plain stranded) 1 
Copper conductor kp (Insulated Milliken) 0.2 
Copper conductor ks (Insulated Milliken) 0.35 
Electrical resistivity of Aluminium   2.8 x10-8 Ωm 
Aluminium temperature coef. of resistance 4.03 x10-3 K-1 
Aluminium conductor kp (plain stranded) 1 
Aluminium conductor ks (plain stranded) 1 
Aluminium conductor kp (Insulated Milliken) 0.15 
Aluminium conductor ks (Insulated Milliken) 0.25 
Lead sheath resistivity 2.14 x10-7 Ωm 
Lead sheath temp coef. of resistance 0.004 K-1 
Galvanized steel armour resistivity 1.38 x10-7 Ωm 
Galvanized steel Armour temp coef. of resistance 4.50 x10-3K-1 
Armour kp 1 
Armour ks 1 
Relative permittivity of Insulation (XLPE) 2.5 
Insulation Tan Delta 0.001 
Frequency 50 Hz 

 
The electrical resistance of all metallic components (conductor, sheath and armour) are 
thermally dependent. To account for this thermal variation the temperature coefficient of 
resistance of each component is specified in Table 3. Using these terms the predicted rating 
from each method is calculated with the thermally dependent resistance based on the 
corresponding calculated temperature. 
 
3.3 Circuit Installation Environments 

The Scope of Work (SoW) has identified two cable installation environments, which 
represent key locations along the export cables route.  

3.3.1 Deeply Buried Seabed Burial 
The cable environment for a typical sea bed burial is illustrated in Figure 10. This cross 
section shows the three phase SL type cable buried at a depth (LD) of 3 m (to the cable 
centre) below the sea bed surface. 
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Figure 10 - Illustration of cable buried in sea bed (not to scale) 

For this installation environment the thermal resistivity of the sea bed is stated in the SoW to 
be 0.7 Km/W. The ambient temperature of the sea water is assumed to be 15 °C.  Given the 
high heat transfer coefficient which would be present between the water and the surface of 
the sea bed, the sea bed surface shall be treated as an isotherm. 

3.3.2  Typical Landfall 
Horizontal directional drilling (HDD) is frequently used to bring the cable in beneath 
obstacles the landfall.  The depth of burial is often significantly greater than in the sea bed, 
meaning that the landfall is frequently a thermal pinch point. According to the SoW, the HDD 
consists of a duct which has an internal diameter of 2.5 times the external diameter of the 
cable and is backfilled with bentonite to improve the heat transfer. The maximum burial 
depth of the HDD is 10.0 m. The duct is made from 90 mm thick polyethylene tube. A 
generic illustration of the HDD is presented in Figure 11. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11 – Cross section perpendicular to cable length of cable within HDD, on the 
sea side of the landfall 

The soil thermal resistivity around the HDD is 1.1 KmW-1 and the bentonite has a thermal 
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resistivity 1.0 KmW-1. The ambient soil temperature is assumed constant at 15 °C.  
 
3.4 Curtailment Method 
To investigate the levels of power which can be transmitted along an offshore wind farm 
export cable, the normalised load profile (reviewed in Section 2.2) is scaled by a multiplier of 
the continuous thermal rating for the considered installation environment. This multiplier is 
referred to as the percentage of continuous rating, ‘Ir’, and is varied from 100% of the cable’s 
continuous rating to 150% in the following steps: 107.5%, 115%, 125% and 135%. The 
continuous thermal rating for each of the considered cable installation environments are 
taken from [5] for “FEA with IEC losses” and are shown below in Table 4. The previous 
report also presented the continuous ratings for an “Advanced” cable losses [10], which are 
15-20% higher than those predicted by IEC losses. The area of interest for this report is the 
percentage increase above the continuous rating, rather than the absolute rating itself, 
hence the IEC values are retained. 
   

Table 4 – Summary of continuous thermal rating from [5] 

Cable Continuous Rating in selected Environments [A] 
Deeply Buried Landfall 

800 mm2 Cu conductor at 132 kV 811 605 
2000 mm2 Al conductor at 220 kV 917 637 
2000 mm2 Cu conductor at 220 kV 1002 689 
2000 mm2 Al conductor at 275 kV 910 634 
 
For each percentage of continuous rating (Ir) the thermal profile of the conductor is post 
processed to determine periods where the conductor temperature has exceeded the cables 
thermal limit of 90 °C. For durations where the conductor temperature exceeds 90 °C, the 
heat input into the cable is capped to the heat produced by the continuous thermal rating. By 
capping the cable load at the continuous rating, it prevents the conductor temperature from 
rising further.  
 
With the above control loop, there is the possibility that the event could occur where the 
temperature is above 90 °C but the load has fallen below the continuous rating. If the load at 
this point would be capped at the continuous rating, there would be an increase of load from 
the base case and hence an increased power transmission. To avoid this, if the load at any 
time is below the continuous rating, regardless of the temperature being above the thermal 
limit the load at this point in time will not be modified.   
 
For the periods where curtailment occurs, the generation lost due to the associated 
reduction in cable current will be calculated, culminating in a total value of energy curtailed 
over the duration of the simulation, stated in MWhr. Selected examples will then be resolved 
with the curtailment load to verify that the temperature profile in this simulation does not 
exceed the thermal limit.  
 
3.4 Discussion 
This section has reviewed the selected cable designs and installation environment 
considered within this report. To summarise the transient thermal model will be solved for 
four different cable designs in two installation environments, resulting in a total of 8 models. 
Each model will then be solved 6 times at different percentage of continuous rating.  
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4.0 Load Curtailment 
Firstly a detailed review of the numerical predictions for both 800 mm2 installations is 
considered. Following on from this a comparison of the lost generation between all the 
considered installations is then considered.  
 
4.1 Curtailment for 800 mm2 
Before investigating the curtailment for the 800 mm2 cable, it is first important to consider the 
initial condition used within the numerical model, as discussed in Section 3.1. To validate the 
initial condition the difference between respective repetitions of load profile is calculated as 
presented in Figure 12. This figure includes the temperature difference for both installation 
environments (Deeply buried and HDD landfall) for the 800 mm2 case.  
 

 
Figure 12 – Temperature difference between repeated load profiles for the 800 mm2 

cable  

The above figure shows that during the first 100 days, there is a sudden decrease in 
temperature difference followed by a more gradual decrease, as the temperature difference 
tends to zero. The initial large temperature difference is a result of the ill-defined initial 
thermal profile (initial condition) within the soil. As the temperature difference tends to zero, it 
indicates that the conductor temperature at respective times are very similar which as the 
load is repeated, indicates that the initial condition is well defined after the first 8 years. The 
temperature difference at the end of 8 years is greater for the landfall HDD than the deeply 
buried due to the large volumetric heat capacity because of the increased burial depth.  
 
The temperature difference at the end 8 years is deemed small enough such that the initial 
condition does not have a significant impact on the numerical prediction after the first 8 
years, and hence only the thermal profile in the second 8 years will be considered further. It 
is not believed that there will be a significant difference in this conclusion between the 
different cable designs. Therefore all future results presented in this report will only consider 
the repeated load profile. 
 
The transient thermal response of 800 mm2 cable due to an un-curtailed continuous rating 
percentage of 107.5% and 125% for the deeply buried installation are shown in Figure 13 
and Figure 14, respectively.  
 
 



 
 

Page 20 of 36 
 

TDHVL41 v1 Deliverable Template 

 
Figure 13 – Un-curtailed temperature profile for 800 mm2 copper conductor at 107.5% 

of continuous rating in the deeply buried installation environment 

 

 
Figure 14 – Un-curtailed temperature profile for 800 mm2 copper conductor at 125% of 

continuous ratings in the deeply buried installation environment 

Included within the above plots is an indication of the cable thermal limit of 90 °C. By 
comparing the above thermal profiles it is apparent that as the percentage of continuous 
thermal rating (Ir) is increased, the number of occurrences where the conductor temperature 
exceeds the thermal limit increases. This is expected since the applied load and hence 
power transmitted is increased as the percentage of continuous rating (Ir) increases. 
 
Using the transient thermal profile of the conductor, the durations where the load needs to 
be curtailed can be obtained, following the approach outlined in Section 3.4. A comparison of 
the curtailed and un-curtailed load for the 125% Ir deeply buried case is shown in Figure 15. 
From this figure it is evident that for short durations, where the load is greater than the 
continuous rating of 811 A, the load is un-curtailed. As this duration increases, there comes 
a point where the temperature of the conductor has reach the critical limit and hence the 
load must be curtailed.  
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Figure 15 – Comparison of curtailed and un-curtailed circuit load (deeply buried) 

The thermal response of curtailed load profile is compared against the un-curtailed thermal 
response in Figure 16. The curtailed thermal response is obtained by resolving the FEA 
model with the curtailed load presented in Figure 15. This figure demonstrates that due to 
both the curtailed and un-curtailed load, for short durations where the applied load is above 
the continuous rating the temperature increases towards the thermal limit. Then when the 
temperature from the un-curtailed load exceeds the thermal limit, there is an exponential 
decrease in temperature shown in the curtailed temperature response. It should be noted 
that the curtailed temperature profile does not reach the thermal limit of 90 °C due to the 
decreased curtailed load profile which has changed the thermal history of the soil i.e. by 
removing the higher durations of load which caused temperature exceedance, less heat has 
been put into the soil, which results in cooler conductor temperatures. Hence the previous 
instances where the conductor exceeded its thermal limit (un-curtailed temperature) are now 
not at 90 °C due to the curtailed load (curtailed temperature). 

 
Figure 16 – Comparison of curtailed and un-curtailed temperature for 800mm2 deeply 

buried at 125% of continuous rating (Ir)  
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The above temperature comparison is repeated for the 800 mm2 landfall installation. To 
begin the transient thermal response due to an un-curtailed continuous rating percentage of 
107.5% and 125% are shown in Figure 17 and Figure 18, respectively.  

 
Figure 17 - Un-curtailed temperature profile for 800 mm2 copper conductor at 107.5% 

of continuous rating in a landfall installation environment 

 

 
Figure 18 - Un-curtailed temperature profile for 800 mm2 copper conductor at 125% of 

continuous rating in a landfall installation environment 

By comparing the conductor temperature results above (for the landfall), with the previously 
presented results for the deeply buried installation (Figure 13 and Figure 14), it is apparent 
that there is a reduction in the number of temperature exceedances at the landfall. This is 
most markedly shown by no temperature exceedances at 107.5% of Ir for the landfall whilst 
there several for the corresponding results in the deeply buried installation.  
 
To further investigate the thermal response of the landfall, a comparison of the curtailed and 
un-curtailed conductor temperature for 125% of Ir is shown in Figure 19. This is the same 
period of time as considered in Figure 16 for the deeply buried installation. By comparing the 
curtailed and un-curtailed conductor temperature it is apparent that the temperature 
difference is considerably less here, than for the deeply buried section, above. This is 
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explained with reference to the increased thermal capacity of the landfall due to it being a 
deeper buried installation. 

 
Figure 19 – Comparison of curtailed and un-curtailed temperature for 800 mm2 landfall 

(HDD) installation at 125% of continuous rating (Ir) 

To further investigate the numerical predictions for the deeply buried installation, the 
cumulative distribution of the curtailed and un-curtailed load is shown in Figure 20. From this 
figure it is evident that when the percentage of continuous rating (Ir) is above 125% there is a 
significant variation in load distribution. The sudden step in the distribution is visible in the 
curtailed load at 811 A and is related to the continuous rating for this installation.  
 

 
Figure 20 - Cumulative distribution of curtailed and un-curtailed load (deeply buried) 

The significant variation in curtailed load distribution when Ir is greater than 125% causes a 
significant variation in the temperature distribution as shown in Figure 21. 
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Figure 21 – Cumulative distribution of conductor temperature with and without 
curtailment 

To quantify the degree of curtailment a breakdown of total MWhr generated  over the 8 year 
duration for the deeply buried section, as a function of Ir, is presented in Figure 22. This 
figure includes the total un-curtailed power, curtailed generation and the lost curtailed power, 
which is the difference between the un-curtailed and curtailed generation. Figure 22 also 
presents the maximum total generation due constant operation at 100% continuous rating for 
the 8 year duration.  

 
Figure 22 – Comparison of generated power and curtailed power as a function of 

continuous rating scale factor 

It is initially noticeable that the curtailed generation (and un-curtailed power) is considerably 
less than maximum power which the circuit could have transmitted if it was operated 
continuously at 100% of its continuous rating for the entire 8 year period (which would 
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assume a, clearly unachievable, capacity factor of 1 for the wind farm). This figure further 
shows that for small percentage increases in continuous rating there is no curtailment (zero 
curtailed lost power). This is because the durations where the load exceeds the continuous 
rating are small enough in duration and magnitude such that they do not cause the 
conductor to exceed its thermal limit. As the percentage of continuous rating increases, the 
applied load needs to be curtailed at certain times of peak generation. For the case 
presented above, this occurs at approximately 107.5% of Ir. Above this critical value of Ir, it is 
apparent that the curtailed generation shows a minimal increase with Ir, whilst there is a 
pronounced linear increase in curtailed lost power with Ir.  Hence it should be stressed that 
additional increases in Ir above this critical value results in more energy lost than extra power 
being generated.  This is more evident by considering the percentage of curtailed lost power 
against curtailed generation, presented in Figure 23. 

 
Figure 23 – Percentage of generated power which is curtailed 

Figure 23 shows the percentage of curtailed power for both the landfall HDD and the deeply 
buried installation. It is apparent that the percentage of continuous rating for which curtailed 
energy begins to be to be lost, increases from approx. 107.5% for the deeply buried section 
to 115% for the landfall installation. This result is explained by the increased thermal time 
constant of the landfall due to its more deeply buried installation. This larger time constant 
results in a slower thermal response, which means either longer periods of high duration 
load or greater levels of load for the same duration, are required for the cable to reach its 
thermal limit.  
 
Once the Ir has increased sufficiently such that curtailed power is being lost, both installation 
environments show an approximately linear parallel increase in the percentage of curtailed 
power which is lost.  This results in a greater level of curtailment for the deeply buried 
section, than for the corresponding landfall installation, at comparable values of Ir. 
 
4.2 Curtailment for Larger XSA 
A comparison of power lost through curtailment as a function of Ir for each considered case 
is presented in Figure 24. The trends presented in the figure below reflect those described in 
detail for the 800 mm2 case above i.e. minimum Ir before curtailment is required and that 
deeply buried installations require greater curtailment for same Ir as compared to landfall 
installations. 
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Figure 24 – Comparison of curtailed power as function of continuous rating for all 

considered cases 

By considering the deeply buried and landfall installations separately, it is apparent that 
variations in operating voltage, and to a lesser extent the conductor material, affect the 
amount of curtailed power. Furthermore, by comparing the levels of curtailed power for the 
larger cables designs with the 800 mm2 base case it is apparent that there is a considerable 
variation in the amount of curtailed power. It is however not clear which term dominates this 
variation, since both the conductor size and operational voltage have changed significantly.  
 
Despite the presented increase in lost curtailed power, it is important to consider this in the 
context of the total power generated. The fraction of curtailed lost power to curtailed 
generation is presented in Figure 25.  
 

 
Figure 25 – Fraction of curtailed power lost to generated power, as function of 

continuous rating for all considered cases 

The above figure shows that the fraction of curtailed power shows minimal variation between 
the different conductor materials and operation voltage. There is however a more significant 
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variation with an increase of conductor size from 800 mm2 to 2000 mm2. 
 
Finally, it is apparent that there is a more significant variation in the percentage of 
curtailment due to the different installations rather than the cable design. This highlights the 
importance of accurately understanding the volumetric heat capacity of the surrounding 
soil/seabed.  
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5.0 Sensitivity to Load Curtailment Level 
It has been shown in Figure 16 that there is an inherent limitation within the considered 
approach, in that during periods when the generation is curtailed to the continuous rating, 
the curtailed thermal profile does not reach the cable thermal limit. This leaves un-used 
generation transmission capacity within the export cable. Hence there is a degree of 
conservatism in regards to the possible maximum power generation presented within this 
report. In order to quantify the conservatism the continuous rating used to curtail the 
generation is increased from 100% Ir to 105% and 110% Ir. The conductor temperature 
profile for the 800 mm2 cable in a deeply buried section operating at 125% of Ir is presented 
in Figure 26 for the considered curtailed load levels.  

 
Figure 26 – Conductor temperature due to different curtailed load levels 

Figure 26 demonstrates that as the curtailed load level increases (from 100% Ir to 110% Ir) 
the conductor temperature increases back towards 90 °C during curtailed durations. In the 
considered time window, there are no significant periods where the conductor temperature 
exceeds the thermal limit if either a 105% to 110% curtailed load level is used. However 
when the entire simulation duration is considered through a cumulative distribution (shown in 
Figure 27), it is apparent that when the curtailment load is 110% of Ir there are significant 
durations over the asset life where the conductor temperature exceeds the thermal limit. 
However for this considered load profile, there are no temperature exceedances if the 
curtailments load is increased to 105% of Ir.  
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Figure 27 – Cumulative temperature distribution for selected curtailment load levels 

 
A summary of the curtailed power generation due to increasing the curtailed load level is 
presented in Table 5. This table shows that as the curtailed load level increases there is a 
decrease in the total curtailed generation, as expected. This is summarised by a 2% 
decrease in the percentage of curtailed power (shown as fraction of curtailed power in table 
below). 
 
Table 5 – Comparison of curtailment for selected curtailed generation levels (800 mm2 

copper in deeply buried installation operating at 125% of Ir)  

Curtailed load level Total Curtailed 
generation in 8 years 

[TWhr] 

Fraction of 
curtailed power 

lost vs generated 
100% 0.65 0.085 
105% 0.51 0.065 
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6.0 Conclusions 
This report has investigated the transient thermal response of a series of offshore wind farm 
export cables in two installation environments through a series of bespoke finite element 
models. The load profile used to generate the thermal response within the model has been 
scaled with reference to the continuous thermal rating for each considered installation from 
100% of continuous rating to 150%. 
 
For each percentage of continuous rating (Ir) the thermal profile of the cable is post 
processed to determine periods where the conductor temperature exceeded the cables 
thermal limit of 90 °C. For durations where the conductor temperature exceeded the 90 °C 
thermal limit, the heat input into the cable has been capped to the continuous thermal rating 
load. By capping the cable load at the continuous rating, it prevents the conductor 
temperature from rising any further. For the hours where this occurs the wind energy lost 
due to the associated reduction in cable current has been calculated, culminating in the total 
value of energy curtailed over the duration of the model, stated in MWhr.  
 
For small percentage increases above the continuous rating (Ir) there is no curtailment. 
However as the percentage of continuous rating increases there is a critical point where 
power begins to be curtailed. From the above results, it is shown that this critical value is 
mainly dependent on the cable installation environment, with the critical values being:  

• Ir between 107.5% and 115% for the deeply buried section  
• Ir between 115% and 125% for the landfall installation.  

 
The increase in critical Ir has been explained by the increased thermal time constant of the 
landfall due to its more deeply buried installation. As the larger time constant results in a 
slower thermal response, which means either longer periods of high duration load or greater 
levels of load for same duration, are required for the cable to reach its thermal limit. 
 
It should be stressed that the results presented above are valid only for the provided 
simulated wind speed data. This is because the TDHVL believes the wind speed persistence 
(duration of high/low wind speeds) will significantly affect the thermal profile and hence the 
critical percentage of continuous rating, where generation curtailment is required. Therefore 
before the above critical percentage of continuous ratings are used in the sizing of future 
wind farm export cables, further studies with additional wind data should be conducted to 
conclusively validate the findings of this study. 
 
6.1 Recommendations for future work 
The above conclusions have shown that whilst it is possible to operate a wind farm above 
the continuous rating of the export connection, there is a critical percentage of the 
continuous rating where the levels of curtailment begins to unfavourably increase. Whilst an 
approximate percentage has been calculated, an exact percentage of continuous rating is 
not known and additional studies are required to determine a more exact value. Furthermore 
additional studies are suggested to compare the impact of using the “advanced” thermal loss 
for SL cables [10] rather than the IEC losses considered above. 
 
Therefore additional studies should determine the critical percentage of continuous rating 
where the power generation needs to be curtailed to avoid temperature exceedance. This 
should be conducted for the following cases 

• 2000 mm2 copper cable at 220 kV in a deeply buried environment with IEC loss 
between 107.5% to 115% of Ir  

• 2000 mm2 copper cable at 220 kV in a HDD-landfall environment with IEC loss 
between 115%-125% of Ir  
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• 2000 mm2 copper cable at 220 kV in a HDD-landfall environment with “advanced” 
loss between 115%-125% of Ir  

• 2000 mm2 Aluminium cable at 220 kV at a 3 m burial depth using the “advanced” loss 
between 107% and 115% of Ir. 

• 2000 mm2 Aluminium cable at 220 kV at 1 m burial depth using “advanced” loss. 
 

Finally the above study has considered a post processed approach to determine the level of 
required curtailment as a function of the continuous rating. It has been shown that there is an 
inherent limitation within the considered approach, in that during the curtailed duration, whilst 
the continuous rating is applied, the curtailed thermal profile does not reach the cable 
thermal limit. This leaves un-used generation transmission capacity within the export cable. 
Hence there is a degree of conservatism in regards to the possible maximum power 
generation presented within this report. Therefore an additional study using a less 
conservative approach should be conducted.  Such a study could use an algorithm based on 
controlling temperature directly (through deploying variable curtailment levels over time), 
rather than a simple control on current.  However the complexity of deploying such a scheme 
operationally is considerable.  
 

  



 
 

Page 32 of 36 
 

TDHVL41 v1 Deliverable Template 

7.0 References 
 
[1]  E. d. Vries, "Close up - the Vestas V164 7MW offshore turbine," Wind Power Monthly, 

2011 April 14. [Online]. Available: 
http://www.windpowermonthly.com/article/1065676/close---vestas-v164-7mw-offshore-
turbine . [Accessed 2016 April 18]. 

[2]  H. E. Jørgensen, N. G. Mortensen and C. Hasager, "Introduction to offshore wind 
resources - DTU," [Online]. Available: 
http://www.ewea.org/offshore2011/fileadmin/eow2011_documents/WETF/EWEA%20OF
FSHORE%202011%20pre-event%20semainar%20-
%201.3%20Hans%20E%20Jorgensen.pdf. [Accessed 2016 April 19]. 

[3]  S. Catmull, R. Chippendale, J. Pilgrim, G. Hutton and P. Cangy, "Cyclic Load Profiles for 
Offshore Wind Farm Cable Rating," IEEE Transactions on Power Delivery, vol. 99, 2015.  

[4]  "The Practicality and Challenges of Using XL Monopiles for Offshore Wind Turbine 
Substructures," University Of Strathclyde, 2015. [Online]. Available: 
http://www.esru.strath.ac.uk/EandE/Web_sites/14-15/XL_Monopiles/structural.html. 
[Accessed 2016 April 18]. 

[5]  R. Chippendale and J. Pilgrim, "15242-RE2-v5: Offshore Wind Cable Catalogue," The 
Tony Davies High Voltage Laboratory, 2015. 

[6]  IEC 60853-2, "Calculation of the Cyclic and Emergency Current Rating of Cables," 2002. 
[7]  IEC 60287-1-1, "Electric cables - Calculation of the current rating: Part 1-1 Current rating 

equations (100% load factor) and calculation of losses - General," 2006.  
[8]  IEC 60287-2-1 ed 2.0, "Electric cables - Calculation of the current rating - Part 2-1: 

Calculation of Thermal Resistance," 2006.  
[9]  C. Long, Essential Heat Transfer, Longman; 1 edition , 1999.  
[1
0]  

K. F. Goddard, J. A. Pilgrim, R. D. Chippenale and P. L. Lewin, "Induced losses in Three 
Core SL type High Voltage Cables," IEEE transactions on power delivery, vol. 30, no. 3, 
p. 1505, 2015.  

[1
1]  

CIGRE, "TB303: Revision of Qualification Procedures for HH and EHV Ac Extruded 
Underground Cable Systems," CIGRE, 2006. 

 
 
 
 



 
 

Page 33 of 36 
 

TDHVL41 v1 Deliverable Template 

8.0 Appendix 
8.1 132kV 800 mm2 copper conductor 

Component Material Outer radius [mm] Inner Diameter 
[mm] 

Outer 
Diameter 

[mm] 
Thickness [mm] 

Conductor Copper 17.2  34.5  
Conductor Screen Semiconducting 

XLPE 18.7 34.5 37.5 1.5 

Insulation XLPE 35.7 37.5 71.5 17 

Insulation screen Semiconducting 
XLPE 37.2 71.5 74.5 1.5 

Swelling Tape Polymeric 38.7 74.5 77.5 1.5 
Sheath Lead alloy 41.2 77.5 82.5 2.5 

Power core oversheath Semiconducting PE 43.4 82.5 87.0 2.2 
Filler Polypropylene yarn    various 

Binder tape Fabric 95.5 187.0 191.0 2 
Armour Galvanised Steel 101.1 191.0 203.0 5.6 

Outer serving Polypropylene yarn 105.6 202.5 212.0 4.5 
 

Additional Parameters Value unit  Additional Parameters Value units 
Conductor XSA 800 mm2  Capacitance per phase 0.21 µF/km 
Voltage 132 kV  Inductance per phase  0.38 mH/km 
Conductor material Copper 

 
 Total number of armour wires 110  

Conductor fill factor 0.86 
 

 Number of steel wires 110  
Tan(delta) 0.001 

 
 Number of polymeric wires 0  

Relative permittivity 2.5 
 

 Weight per power core 18.8 kg/m 
Voltage to earth, Uo 76210 V  Total cable weight per m 73.6 kg/m 
Electric stress at conductor 6.30 kV/mm  Conductor AC resistance at 90 °C 3.12x10-5 Ω/m 
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8.2 220kV 2000 mm2 Aluminium conductor 

 
Component Material Outer radius [mm] Inner Diameter 

[mm] 
Outer Diameter 

[mm] 
Thickness 

[mm] 
Conductor Copper 27.2   54.5   

Conductor Screen Semiconducting 
XLPE 28.7 54.5 57.5 1.5 

Insulation XLPE 48.7 57.5 97.5 20 

Insulation screen Semiconducting 
XLPE 50.2 97.5 100.5 1.5 

Swelling Tape Polymeric 51.7 100.5 103.5 1.5 
Sheath Lead alloy 54.7 103.5 109.5 3 

Power core oversheath Semiconducting PE 56.9 109.5 114.0 2.2 
Filler Polypropylene yarn 0.0       

Binder tape Fabric 124.6 245.0 249.0 2 
Armour Steel/polymeric 130.2 249.0 260.5 5.6 

Outer serving Polypropylene yarn 134.7 260.5 269.5 4.5 
 

Additional Parameters Value units  Additional Parameters Value units 
Conductor XSA 2000 mm2  Capacitance per phase 0.26 µF/km 
Voltage 220 kV  Inductance per phase  0.34 mH/km 
Conductor material Aluminium 

 
 Total number of armour wires 142  

Conductor fill factor 0.86 
 

 Number of steel wires 71  
Tan(delta) 0.001 

 
 Number of polymeric wires 71  

Relative permittivity 2.5 
 

 Weight per power core 23.8 kg/m 
Voltage to earth 127017 V  Total cable weight per m 96.3 kg/m 
Electric stress at conductor 8.4 kV/mm  Conductor AC resistance at 90 °C 1.9 x10-5 Ω/m 
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8.3 220kV 2000mm2 copper conductor 

 
Component Material Outer radius [mm] Inner diameter 

[mm] 
Outer Diameter 

[mm] 
Thickness 

[mm] 
Conductor Copper 27.2   54.5   

Conductor Screen Semiconducting 
XLPE 28.7 54.5 57.5 1.5 

Insulation XLPE 48.7 57.5 97.5 20 

Insulation screen Semiconducting 
XLPE 50.2 97.5 100.5 1.5 

Swelling Tape polymeric 51.7 100.5 103.5 1.5 
Sheath Lead alloy 54.7 103.42 109.5 3 

Power core oversheath Semiconducting PE 56.9 109.5 114.0 2.2 
Filler Polypropylene yarn 

 
      

Binder tape Fabric  124.6 245.0 249.0 2 
Armour Steel/polymeric 130.2 249.0 260.5 5.6 

Outer serving Polypropylene yarn 134.7 260.5 269.5 4.5 
 

Additional Parameters Value units  Additional Parameters Value units 
Conductor XSA 2000 mm2  Capacitance per phase 0.26 µF/km 
Voltage 220 kV  Inductance per phase  0.34 mH/km 
Conductor material Copper 

 
 Total number of armour wires 142  

Conductor fill factor 0.86 
 

 Number of steel wires 71  
Tan(delta) 0.001 

 
 Number of polymeric wires 71  

Relative permittivity 2.5 
 

 Weight per power core 36.6 kg/m 
Voltage to earth 127017 V  Total cable weight per m 134.8 kg/m 
Electric stress at conductor 8.4 kV/mm  Conductor AC resistance at 90 °C 1.25 x10-5 Ω/m 
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8.4 275kV 2000 mm2 Aluminium conductor 

 
Component Material Outer radius [mm] Inner diameter 

[mm] 
Outer Diameter 

[mm] 
Thickness 

[mm] 
Conductor Copper 27.2   54.5   

Conductor Screen Semiconducting 
XLPE 28.7 54.5 57.5 1.5 

Insulation XLPE 54.7 57.5 109.5 26 

Insulation screen Semiconducting 
XLPE 56.2 109.5 112.5 1.5 

Swelling Tape polymeric 57.7 112.5 115.5 1.5 
Sheath Lead alloy 60.7 115.5 121.5 3 

Power core oversheath Semiconducting PE 62.9 121.5 126 2.2 
Filler Polypropylene yarn 0.0       

Binder tape Fabric   137.5 271.0 275.0 2 
Armour Steel/polymeric 143.1 275.0 286.5 5.6 

Outer serving Polypropylene yarn 147.6 286.5 295.5 4.5 
 

Additional Parameters Value units  Additional Parameters Value units 
Conductor XSA 2000 mm2  Capacitance per phase 0.22 µF/km 
Voltage 275 kV  Inductance per phase  0.51 mH/km 
Conductor material Aluminium 

 
 Total number of armour wires 157  

Conductor fill factor 0.86 
 

 Number of steel wires 79  
Tan(delta) 0.001 

 
 Number of polymeric wires 78  

Relative permittivity 2.5 
 

 Weight per power core 27.1 kg/m 
Voltage to earth 158771 V  Total cable weight per m 110.3 kg/m 
Electric stress at conductor 8.6 kV/mm  Conductor AC resistance at 90 °C 1.9 x10-5 Ω/m 
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