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ABSTRACT 

As part of the ongoing grid extension planning to be 

performed in the distribution grid of E.DIS Netz GmbH, 

three (n-0) feed-in cable cluster grids shall be built 

galvanically separated from existing overhead lines on 

110-kV-level. Per definition these grid topologies shall 

exclusively serve for grid integration of large scale 

renewable distributed energy resources (DER). With these 

rather unique conditions in mind, several studies by 

E.DIS Netz GmbH and Technical University Berlin were 

performed, focusing on transient thermal modelling of 

cable and soil, with the aim of enhanced current rating 

properties and CAPEX-optimized cable configuration.  

 

The main purpose of this paper is to give a summary of the 

conducted studies through a comparison of the applied 

time-sensitive thermal models and their results for cable 

dimensioning. It was discovered that simplified and 

adjusted methods based on IEC standards lead to 

applicable results with remarkable potential for improved 

current ratings when referred to classical methods 

concerning steady-state conditions. Additionally, a more 

sophisticated model approach including hydrology and 

heat transfer in soil will enhance simulation accuracy and 

furthermore enable optimized configuration for the herein 

specified conditions of separate feed-in cable cluster grids. 

INTRODUCTION 

As the growth of decentral and renewable energy 

harvesting plants as part of the German ‘Energiewende’ is 

maintaining momentum, the need for grid enhancements 

with increased current rating properties is undeniable. This 

tendency applies especially to rural distribution grid 

system operators (DSO) such as E.DIS Netz GmbH. In 

their grid area in north-eastern Germany installed capacity 

of DER surpassed the verge of 10 GVA in the beginning 

of 2018. A continuing tendency, as additional 500 to 

600 MVA per year are expected, considering German 

federal targets and state defined areas suitable for onshore 

wind power. This is opposed by a stagnating peak demand 

in recent years of roughly 2.3 GVA which is unlikely to 

increase by a significant margin for the years to come. 

Requirements and specific grid conditions  

In anticipation of this development and in accordance with 

recently adjusted legal requirements in Germany, 

E.DIS Netz GmbH is planning and building new 110 kV 

lines as underground XLPE-insulated cables with a total 

length of 110 km and the longest cable system reaching up 

to 36 km. This legally mandatory focus on underground 

cables contrasts the existing rural high voltage (HV) 

distribution grid which generally consists of overhead 

lines. Since in many cases, present 110 kV overhead line 

networks are designed to utilize resonant neutral earthing, 

implementation of larger proportions of HV cables in 

existing grid structures is a non-trivial challenge for many 

DSOs in Germany. 

 

For that reason and to ensure an economically feasible grid 

integration of existing and newly built DER, those new 

power lines are planned as galvanically separate (n-0) 

feed-in cluster grids, each with a single point of connection 

to the overlay transmission grid of 380 kV. Hence, these 

distinct feed-in cluster grids will have no costumers with 

significant power demand connected. In total, three HV 

cable cluster grids in different regions of the German 

federal state Brandenburg were planned and as of now are 

partly realized.  

 

In the process of grid and DER development prognoses, it 

was concluded that 400 MVA of renewable DER capacity 

shall be integrated per cluster grid, with individually 

connected onshore wind parks and open-field photovoltaic 

power plants in the range of 20 to 60 MVA. As for any 

major investment in grid expansion, CAPEX-optimized 

configuration is the goal of grid engineering and planning 

processes in utility companies. With material costs of the 

cable and its technical equipment (e.g. joints) being a 

significant part of CAPEX [1], classification of applicable 

cable cross-section for abovementioned power rating 

requirements is subsequently a key design factor.  

 

These were the starting points for the followingly 

summarized feasibility and engineering studies regarding 

optimized 110 kV cable system design for the power 

transport of up to 400 MVA renewable DER capacity. 
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DETERMINATION OF KEY DEPENDENCIES 

CONCERNING TIME-VARYING LOADING  

Comparable to export cables that connect offshore wind 

parks to the power grid, the topology of abovementioned 

cluster grids with the sole purpose to integrate large scale 

renewable DER results in significant active power flow 

only occurring unidirectional towards the transmission 

grid connection point in dependence of DER feed-in alone. 

Continuing this comparison and in correlation with other 

publications [2] it was discovered, that the longest period 

of full load wind power feed-in will not surpass a time-

frame of 72 hours. In figure 1 a measured power curve of 

a single exemplary onshore wind park within the related 

grid area and power range displays this phenomenon. 

 

 
Fig. 1: excerpt of an exemplary wind power feed-in curve 

with consecutive 72 hours of virtually full load 

 

Furthermore, loading of the herein investigated cable 

system will be a combination of individual feed-in curves 

of wind and photovoltaic power. Through evaluation of 

four years of relevant DER feed-in curves, applicable 

combinations of wind and photovoltaic power curves as 

scalable loadings have been synthesized. With a 

combination of 75% wind and 25% photovoltaics being an 

appropriate representation of the ratios of DER installation 

to be expected, figure 2 demonstrates the assumed total 

loading of the cable systems within feed-in cluster grids.  

 

 
Fig. 2: artificial, scalable feed-in curve of suitable 

reference DER (75% wind and 25% photovoltaic) 

MODELLING METHODS FOR TRANSIENT 

THERMAL BEHAVIOR OF HV CABLES  

Classical methods of cable configuration only consider 

steady-state approximations of loading and subsequently 

current rating. With consideration of volatile power curves 

of DER as the cable systems loading, transient modelling 

approaches with time-sensitive simulation of conductor 

temperature is excepted to reveal further optimization 

potential. For that matter, electrical modelling of the 

cluster grids, especially reactive power flow and its minor 

influence in heat generation is neglected as a model input. 

Rather, feed-in curves like the ones in figure 1 and 2 scaled 

to distinct installed power values are used as time-varying 

input for both independent models, that have been 

developed during the feasibility and engineering process.  

One-dimensional analytical model based on 

thermo-electric equivalent principle (TEE) 

As this method has been designed and realized with the 

aim of an easy-to-apply usability, certain simplifications 

and adjustments to the proposed techniques of 

implementation described in recent brochures [3] were 

considered. The thermal model of the cable and its 

surroundings consists of a ladder network for a single-core 

cable as shown in figure 3. In general, the model was 

designed to ensure that the total values of cable losses and 

thermal resistances are equal to standardized calculation 

methods of IEC [4], [5] and that the thermal capacitance is 

only corresponding to certain layers, to limit thermal 

energy storage capability to a reasonable value [6]. 

 

P’C+P’D/2 P’S+P’D/2

CI

TI

CM

TM

CE,n

TE,n

ϑC

TE,N+1

ϑE

 
Fig. 3: simplified thermal ladder network for a single-core 

cable and its surrounding soil with several layers 

 

Further model approximations and modifications include: 

- Conductor resistance is considered constant for 90 °C. 

- Partial soil dry-out is neglected; thermal conductivity 

λ=1 W/Km and heat capacity c=1.3 MJ/Km³ is used. 

- Superposition of the three single-core cables is 

achieved through accumulation factors given by [7].  

- For ambient soil temperature, historic data can be 

utilized as input; otherwise constant 15 °C is used. 

 

Since only one single-core cable is modelled as part of the 

simplification, the corresponding 2D symmetry of the 

cable surroundings is utilized in a modelling of the soil as 

n layers of concentric circles. Thus, approximating them 

as isotherms to create several ladder elements of thermal 

resistance and capacitance (figure 4). Depending on 

simulated burial depth h, an amount of up to N=25 

homogenous soil layers is supported in the calculations.  
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Fig. 4: approximation of isotherms around a single cable 

by concentric circles to be used as ladder network layers 

Two-dimensional numerical model based on soil 

hydrology (“Cable-Earth”) 

The models used in power engineering for calculating 

conductor temperature of buried cables depict the 

processes of heat transport in soil in a simplified manner. 

Although influence of hydrologic processes, vegetation, 

land use, geological variability and climatic conditions has 

been investigated in studies [8], these relations are not used 

in established calculation methods [3]. Therefore, the 

computation method Cable Earth was developed in the 

year 2010 [9] at one of the soil science institutes of the 

Technical University Berlin with the aim to combine 

understandings of electrical engineering, soil science and 

civil physics in an interdisciplinary approach. The Cable 

Earth practice includes representation of weather 

conditions, on site characteristics as well as installation 

and operation conditions of the cable route. 

 

Table 1: Overview of inputs for the numerical model 
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The model takes into account the variable 

boundary conditions: 

- Air temperature 

- Precipitation 

- Evapotranspiration 

- Groundwater level 
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 Physical properties of soils and construction 

materials: 

- Thermal properties 

- Water retention  

- Water and vapor conductivity 
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The model grid allows the two-dimensional 

mapping of the cable system profile with all 

relevant components and soil layers 
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With the help of energy sources, the model depicts 

the heat loss of the cable as a time-variable energy 

source. This loss is calculated externally from 

current flow, cable properties and arrangement. 

 

These input variables are part of the numerical simulation 

model DELPHIN of the IBK TU Dresden [10]. This model 

uses finite volume methods to calculate the coupled water 

and heat transport in porous media [11]. During simulation 

the heating of cables and soil is calculate two-

dimensionally in unsteady conditions. Table 1 gives an 

overview of the variables included in the simulation 

model. The model can calculate the temperatures and heat 

fluxes in any temporal and spatial resolution. For distinct 

modeling, cables are positioned in the intended 2D-

arrangement in soil, respectively varying by simulation use 

case. Each individual cable is represented by a heat source, 

with the value of heat generated being identical to the one-

dimensional TEE model. 

RESULTS AND APPROACHES FOR MODEL 

VERIFICATION 

Experimental model validation 

To validate and compare the two models, a lysimeter 

experiment under laboratory conditions was conducted. 

For the experiment, a heating element (1 m) was installed 

centrally in a sand-filled container (Volume 1 m³). The 

construction of the heating element is based on the 

structural and material properties of a XLPE cable. Inside 

it consisted of an aluminum rod (21 mm diameter) with a 

built-in heating wire. The rod was surrounded by a 21mm 

thick plastic jacket of polyamide. Heat generation of the 

inner rod was controlled by a power source. The heating 

time was 96 hours with a constant power of Q=36 W/m. 

The temperature of the rod was continuously measured. 

 

To compare measurement and simulation results, the setup 

of the experimental design was implemented and in the 

models. The thermal conductivity λ and capacity c of the 

sand were measured to be λ=1.45 W/Km and 

c=1.43 MJ/Km³. The thermal properties of plastic and 

aluminum were taken from product data sheets. 

 

 
 

Fig. 5: comparison of measured and modeled temperature 

of the aluminum rod with Q=36 W/ m 
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Both models represent a similar course. While measured 

maximum temperature was 55.6 °C, the TEE model 

calculated 57.2 °C whereas the Cable Earth model 

predicted 57.7 °C. More significant differences between 

the model results and measurements were registered in the 

transitional periods of temperature increase and decrease. 

The Cable Earth model can reproduce them precisely, 

whereas in the TEE model, temperature responses are 

delayed. A likely explanation to this difference might be 

the fact that the experimental setup cannot be mapped 

identically in the TEE model due to its limitations. 

Model results for specified cluster grid conditions 

For a reasonable comparison of model results a suitable 

scenario in reference to the starting conditions of HV cable 

cluster grid planning was defined. The artifical curve 

depicted in figure 2 has been utilized as model input with 

400 MVA DER capacity representing 100% feed-in. This 

evaluation simulation refers to a three-phase system with 

1600 mm² aluminum conductor single-core cables in a 

horizontal level (flat system formation) of burial depth 

125 cm. Further model variables like material parameters 

and boundary conditions have been equalized in both 

models to increase comparability. Hence, the TEE model 

uses the same historic weather data for ambient soil 

temperature and the Cable Earth model utilizes 

homogenous soil characteristics with thermal conductivity 

λ=1 W/Km and heat capacity c=1.3 MJ/Km³. 

 

 
Fig. 6.: Comparison of model results in form of boxplots 

with model input as time-varying loading of figure 1 

 

With a distinct difference in model approaches, the 

simulations of the Cable Earth method lead to substantially 

lower conductor temperatures, despite similar model 

inputs. Since the hot spot is the key decider in cable 

dimensioning, a difference of 26.5 K will most likely result 

in diverse approvals of applicable cable cross-sections.  

Final results for appropriate cable configuration  

After the promising results of the preliminary studies, it 

was decided to define the dimensions of the new 110 kV 

cables with the discussed approaches. Since the Cable 

Earth method has a higher flexibility for imaging a wide 

variety of installation and site conditions and results in 

more accurate and favorable predictions, the cable 

configuration was planned with its 2D-model. In this 

planning process, numerous electrical and structural 

requirements had to be considered.  

 

In total, more than 50 simulations of several variants for a 

three-phase system of single-core XLPE cables with 

different cable cross-sections have been conducted. In this 

paper an exemplary selection of analysis with a 2500 mm² 

aluminum conductor (NA2XS(FL)2Y 1x2500RMS) is 

included. Project specifics demanded the cables to be 

installed in air-filled protective tubes (HDPE, DN 

225 mm), which were considered in modelling. Conductor 

temperature was calculated with the wind power curve of 

figure 1 for one full year scaled to 400 MVA including a 

wide range of alternating conditions in system 

configuration. The calculated results for the following four 

selected simulation use cases are shown in figure 7 with: 

 

A Flat formation, 30 cm distance, 125 cm burial depth 

B Triangle formation (touching), 125 cm burial depth 

C Horizontal directional drilling (HDD): 100 cm axis 

distance, 400 cm burial depth 

D Maximum feed-in over 72h (non-stop 100%), same 

system configuration like use case A 

 

Regarding climatic conditions, historic weather data of 

Potsdam (precipitation, ambient soil and air temperature) 

were taken as boundary conditions. Concerning thermal 

and hydrological surroundings, the heat and water balance 

of a loamy soil was assumed. The thermal conductivity of 

the soil in burial depth has been measured to be 

λ=1.7 W/Km and the heat capacity c=1.7 MJ/Km³. 

 

 
Fig. 7: Boxplots of the calculated conductor temperatures 

of the four exemplary Cable Earth simulation use cases  

 

The calculated conductor temperatures in use case A (flat 

formation) and B (triangular formation) were 62.5 °C and 

65.6 °C, respectively, well below the maximum conductor 

temperature of 90 °C. The difference between maximum 

temperature in flat and triangular formation is minor, but 

the 95% percentile value (41 °C vs. 49 °C) indicates, that 

the triangular formation is thermally less favorable.  
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Temperatures in use case C were hardly different from 

those in variant A. Thus, a greater burial depth does not 

affect the cable dimensioning for these grid conditions. 

Consequently, crossings (e.g. roads, railway embarkments 

or rows of trees), where greater burial depths are required, 

do not represent a thermal bottleneck in the route of the 

cable system.  

 

Use case D amplifies the cable system loading furthermore 

by suggesting a 72-hour continuous full-load of 400 MVA, 

in contrast to the marginal fluctuations near 100% in 

figure 1. Even in this magnified scenario, no thermal 

overload of the cables is expected as the results of the 

calculation display, that the conductor temperature rises by 

9 K compared to variant A, yet there is a reserve of almost 

20 K up to the temperature limit of XLPE insulated cables. 

 

Regarding possible future effects like peak shaving or peak 

shedding and technical improvements concerning wind 

power harvesting by DER, even longer time-periods of 

full-load feed-in might occur. Thus, in additional 

investigations, a scenario with up to 110 hours non-stop 

maximum feed-in was simulated with the same method. 

As visualized in figure 8, the additional temperature rise is 

only 5 K, when compared to the peak of 72 hours. 

 

 
Fig. 8: simulation results referring to use cases A and D, 

including an extended feed-in time-period of 110 hours  

SUMMARY AND CONCLUSION  

In conclusion, a major reduction of needed investments for 

110 kV cable cluster grids of E.DIS Netz GmbH is 

achievable. In addition to the discussed use cases for the 

power transport of 400 MVA renewable DER capacity, 

similar scenarios with sub-branches of the cluster grid for 

80 and 200 MVA power rating have been examined. The 

results imply that the maximum current rating of chosen 

cable cross-sections, can be enhanced by 150 to 200 % in 

comparison to steady-state dimensioning of cable 

manufacturers, while leaving a buffer for possible margins 

of error, as at least 15 K difference between simulated hot 

spot temperature and maximum allowed conductor 

temperature is observed. 

The conducted studies and their simulation results have 

been properly utilized and analyzed during planning and 

installation processes of ongoing grid extension projects 

with the first practical implementations taking place. Since 

autumn 2017, first parts of one of the planned 110 kV feed-

in cable cluster grids are in operation, consisting of one 

three-phase system with 2500 mm² aluminum single-core 

cables in flat formation. To ensure operation within 

allowed temperature range and to confirm simulated 

results, a distributed temperature sensing (DTS) system 

has been installed. As temperature monitoring during cable 

operation is ongoing and DTS measurements are being 

archived, further investigation and finalized verification as 

well as possible alterations of model parameters will be 

subject of future studies. 
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