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Executive Summary 

Global warming is one of the biggest issues that the world is facing (Quaschning and 

Eppel, 2020). Implementation and integration of renewable energies, such as wind and 

solar power, are called to change the high dependency on fossil fuels to supply energy 

necessities. This change represents significant adjustments in the generation and 

distribution paradigm because of the decentralization of generation and the inherent 

stochastic characteristics of wind and solar resources. Hence, the International Energy 

Agency (IEA) included dynamic line rating (DLR) as one of the tasks to cope partially with 

the integration challenge (International Energy Agency, 2021). 

Nowadays, calculations on transmission lines capacities are based on the static line rating 

methodology (SLR). SLR uses the most unfavorable conditions to calculate power 

transmission constraints (Castel, 2015). It leads to underestimated values and low use 

factors in some cases. DLR is a more accurate estimation of a transmission line capacity 

that proposes to perform the calculations based on real-time ambient and conductor 

conditions (Zhan et al., 2017). Some potential benefits of using DLR are enabling 

additional network transmission capacity, facilitating the connection of generators based 

on renewables to the grid, and delaying network reinforcements.  

The effects of applying DLR in a network with the complexity of the German power system 

to optimize the network expansion is of enormous interest. Therefore, this master thesis 

is focused on answering the following research questions: 

¶ How should be developed the dynamic line rating analysis in a macro system like 

the German electric network? 

¶ How much is increased the capacity of the overhead transmission lines due to 

DLR? 

¶ What impacts did DLR have on the optimized network expansion in total system 

costs, network expansion requirements, and generation mix? 

To solve these questions, first, an overview of the current development of DLR was 

performed in chapter 2. It was found out that the available studies about DLR are focused 
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on its implementation on particular lines or small regions (Michiorri et al., 2015). There are 

not widely accepted researches about methodologies to evaluate the larch scale impact 

of DLR on planning country-level grids. In chapter 3, the selected method to calculate DLR 

and to analyze its effects is presented. 

All the results are given in the form of a comparison with a no DLR simulation. The 

calculated DLR values are presented and interpreted in chapter 4, while chapters 5 and 6 

introduce the scenario to perform the simulations and expose all the impacts of the 

additional transmission capacities on the future characteristics of the grid. Finally, the 

results are construed, and the author's conclusions are provided in chapters 7 and 8. 

The major findings of this master thesis are: 

¶ Even under conservative assumptions, the transmission capacity of the overhead 

transmission lines in Germany can be increased in an average range between 20 

and 32%. 

¶ The curtailment could be reduced for wind onshore, wind offshore, and solar PV 

from a total of 14.2 TWh to 1.2 TWh. 

¶ The total amount of energy supplied by biomass generators, the most expensive 

technology in a scenario 100% based on renewable energy, can be reduced by 

12% if DLR is used. 

¶ A significant number of lines would not require any intervention, while the network 

reinforcement in other is considerably low compared with the simulation without 

DLR. The network expansion requirements can drop around 41.1%. 

¶ Total annual marginal costs and total annual investment costs will decrease, 

leading to a decrement in the total yearly cost of the system of around 37.9%.
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1 Introduction 

Nowadays, energy has a central role in ensuring the quality of life of our society and 

guaranteeing the continued global economic development. Historically, a majority of the 

communities around the world rely heavily on oil, natural gas, and coal for their energy 

needs (Mohtasham, 2015). Global warming is a term that refers to the effect on the climate 

of human activities, such as burning the mentioned types of fossil fuels and large-scale 

deforestation, which cause emissions to the atmosphere of large amounts of greenhouse 

gases. Such gases take infrared radiation emitted by the Earth's surface, making it warmer 

than otherwise. Associated with this warming are climate changes such as more frequent 

heat waves, increases in rainfall, and increased frequency and intensity of extreme 

climate events (Houghton, 2005). 

Because of its adverse impacts on human communities and ecosystems, global warming 

is the most critical environmental problem the world faces (Pielke et al., 2005). Adaptation 

to the unavoidable impacts and mitigation to reduce their scale are both necessary. 

International action is being taken by the scientific and political communities. Due to the 

need for urgent action, the greatest challenge is to hurry to increase energy efficiency and 

decrease fossil-fuel energy sources (Peters et al., 2013). 

Due to mentioned environmental issues, a substitute source of energy had to be found. 

The solution to this is simple: renewable energies can completely cover all our energy 

supply needs within few decades (Quaschning and Eppel, 2020).  Renewable energy 

technologies offer clean and abundant energy gathered from self-renewing resources 

such as the sun, wind, earth, and plants (Bull, 2001).  

Narrowing down the problem to the German case, by 2020, 40.5% of the total energy 

consumed was produced through fossil fuels, while 43.8% comes from renewable 

sources. The last 15.7% was generated from other sources like nuclear and municipal 

waste (Statista, 2021). The German government aims to reduce greenhouse gas 

emissions by 40% under 1990 levels by 2020 and by 80-85% by 2050 from 1990 amounts. 

It implies that by 2050 this country will have a 100% renewable electricity supply (German 
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Advisory Council on the Environment, 2011). As can be expected, these changes 

represent multiple technical and social challenges that must be overcome. 

Due to the stochastic nature of wind, clouds, and weather in general, the integration of 

wind power and photovoltaic generation into the power system poses complex challenges 

to the long-term planning of the transmission systems (Estanqueiro et al., 2018). Since 

wind and photovoltaics generation represents 23.7% and 9% of the total energy 

generation in Germany, respectively (Statista, 2021), and they are supposed to increase 

their participation and being the dominant energy sources over other renewables, finding 

options to integrate them in a technical and economically feasible way is one of the most 

important challenges in the coming years. 

Transmission lines are a very scarce ñproduct,ò whereas the construction of supporting 

transmission and distribution networks is highly time and resource-consuming 

(Estanqueiro et al., 2018). Therefore, enabling more efficient utilization of transmission 

lines is an important issue that must be handled to integrate the new power generation 

plants. As a solution for that problem, the concept of Dynamic Line Rating can be used. It 

was proposed in 1960, but it was not technologically feasible to implement until in the late 

ô70s when the development and employment of SCADA and measurement sensor 

technology brought DLR closer to real-life applications (Sanna Uski-Joutsenvuo, 2012). 

DLR has the potential to enable additional network transmission capacity, facilitate the 

connection of generators based on renewables to the grid, and delay network 

reinforcements. Furthermore, integrating DLR into power system operations may result in 

less greenhouse gas emissions, higher penetration of renewable energy, and increased 

social welfare in coupled electricity markets by lowering overall generation costs (Michiorri 

et al., 2015). 

Historically, transmission and distribution networks are conservatively dimensioned, 

resulting in a typical usage rate lower than their maximum transmission capacity for 

security reasons. This is because the system is planned and operated to guarantee the 

highest possible security and supply quality, which involves using conservative worst-case 

assumptions at the planning stage, also known as static thermal rating (Castel, 2015). 
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DLR is a more accurate estimation of a transmission line capacity that proposes to perform 

the calculations based on real-time ambient and conductor conditions (Zhan et al., 2017). 

The research question of this master thesis is to evaluate the impact of using DLR in the 

German transmission network in a future scenario. This analysis includes economic and 

technical aspects that can support the decision process about the convenience of 

implementing this concept or not. Additionally, since DLR was found feasible, a 

quantification of its impact on transmission capacity, system cost, generation mix, and 

network and storage expansion changes are presented. 
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2 Review of literature 

One of the biggest challenges of variable renewable energies is their integration into the 

electric network due to the limited transmission lines capacity to transport energy, which 

leads to a curtailment in the generation and efficiency diminishment of the system. Based 

on this problem, the International Energy Agency created Task 25: Design and operation 

of energy systems with a large amount of energy generation (International Energy 

Agency, 2021). The most obvious way to overcome this obstacle is to build new lines to 

reinforce the network, but this solution is constrained by the high costs and legal difficulties 

of building them (Vinklers et al., 2016 - 2016). For this reason, the problem was 

approached from a different perspective, where the objective is to use more effectively 

the existing transmission and distribution network. That was how Dynamic Line Rating 

appeared as one of the most suitable options for this new approach. 

DLR uses real-time, historical, and/or forecast weather data to calculate the instant 

capacity of transmission lines, enabling power system operations with higher thermal 

ratings than the ones specified by nominal conditions without compromising the physical 

operating limits of overhead lines (Estanqueiro et al., 2018). The physical operational 

limits that determine the capacity of a transmission line are the maximum conductor 

temperature and the clearance. Dynamic calculation of these parameters can be 

performed following the methodologies suggested by the Institut of Electrical and 

Electronics Engineers (IEEE) or the International Council on Large Electric Systems 

(CIGRE) (Castel, 2015). 

Dynamic thermal balances of overhead power lines are proposed in the CIGRE Technical 

Brochure 601 and the IEEE Standard 738. The calculated temperatures are very similar 

between them, and according to multiple studies, the temperature error (|Tmesuared ï 

Tcalculated|) is less than 5°C 85% of the time (Arroyo et al., 2015). Therefore, CIGRE and 

IEEE standards are pretty reliable, provided that the weather data is accurate. But since 

it is not financially possible to install meteorological stations every 100m along the lines, 

it is crucial to decide where to get the weather data and how to use it in order to maximize 

the capacity, always guaranteeing safe operation. 
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Given the fundamental equations governing DLR, several studies propose methodologies 

to implement it, including enabling technology development, investment, DLR estimation, 

and decision-making approach (Erdinç et al., 2020). It makes sense to start by mentioning 

that DLR systems consist of communications and control technologies in an operations 

environment. These technologies include three components, which are sensors, 

communications devices, and software which are widely introduced by Akpolat et al., and 

Ntuli et al. 

Fernandez et al. reviewed some technologies developed for real-time monitoring, as well 

as some case studies around the world, and presented the benefits and technical 

limitations of using DLR on overhead transmission lines. Its main focus was the 

advantages of DLR systems for wind integration. 

Since numerous methods have been proposed for estimating the dynamic thermal 

capacity of overhead transmission lines, Black and Chisholm described and organized the 

key features of some of the main ones. Data from real DLR implementation provided a 

basis for assessing the variation in different parameters and characteristics of distributed 

measurement systems to be compared against point measurements systems. 

Karimi et al. present a review with content similar to Fernandez et al. paper, which includes 

DLR objectives, field trial implementation, and monitoring technologies based on different 

strategies to determine the power line thermal capacity. But in addition, concerns and 

issues with implementing DLR as well as its practical difficulties are discussed. Also, future 

directions of DLR application are presented. 

Probably the most technically exhaustive review on DLR is presented by Michiorri et al. 

Applied forecasting techniques for DLR were provided, and the impacts of each 

meteorological variable were analyzed separately. Also, evaluation of the available 

theoretical background and effectiveness of different forecasting techniques are 

complemented with economic aspects and limitations of DLR implementation. 

Most of the academic papers are focused on methodologies, implementation, and 

economic evaluation of DLR or a mix of them, like the aforementioned studies. A. 

Douglass et al. went one step forward and analyzed the utility of forecasted DLR within 
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the context of system operations. It includes aspects such as human and automation, 

operating philosophies, operating models, and software capabilities and processes. 

Studies about DLR focus on its implementation on particular lines or small regions due to 

the complexity of the analysis and mainly because of the measurement equipment 

required (Michiorri et al., 2015). There are not widely accepted researches about 

methodologies to evaluate the larch scale impact of DLR on planning country-level grids. 

Applying the DLR to systems like the German electric network, looking for network 

expansion optimization, demand a different methodology that should be carefully selected 

and implemented. The Principles for the Expansion Planning of the German Transmission 

Network (Tennet et al., 2020) propose a solution for the German study case.  
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3 Methodology 

To answer the research questions, the activities were divided into two main stages. In the 

first stage, the dynamic capacities of the transmission lines in Germany are calculated for 

an entire year in hourly resolution. The procedure suggested in the Principles for the 

Expansion Planning of the German Transmission Network (Tennet et al., 2020) is used.  

The document mentioned above is used for all the  German transmission system 

operators (TSOs) to determine needs-based perspective network concepts for an efficient 

and safe network operation in the national and European legal framework and the 

obligations in the interconnected European operation. The first version of this document 

was released in 2012 when the TSOs presented technical and economic fundamentals of 

grid expansion planning in favor of the unity of grid optimization, grid reinforcement, and 

grid expansion to increase the necessary network expansion in the course of the energy 

transition (Amprion, 2021). Therefore, the methodology to calculate DLR proposed in the 

Principles for the Expansion Planning of the German Transmission Network was selected. 

It will be widely explained in the next section. 

In the second stage, the economic and technical effects of considering the calculated DLR 

results are presented, based on comparing two different scenarios with and without DLR 

considerations. 

3.1 Dynamic line rating calculation 

The primary input to calculate the dynamic line rating for every overhead transmission line 

in Germany is accurate weather data. ERA-5 provides hourly estimations of a large 

number of atmospheric, land, and oceanic climate variables. The data cover the earth on 

a 30km grid and resolve the atmosphere using 137 levels from the surface up to a height 

of 80km (European Centre for Medium-Range Weather Forecasts, 2017). The available 

variables include temperature, wind speed, wind angle, and solar irradiation, which are 

the main variables required for DLR calculation according to the Cigré Technical Brochure 

207 (Kanalik et al., 2019). 

Due to the focus on planning the entire German system for future scenarios, 

methodologies suggested by the Institute of Electrical and Electronics Engineers or the 



 

8 
 

International Council on Large Electric Systems are unnecessarily complex because they 

were designed for detailed calculations of a particular transmission line. For this reason, 

using an appropriate simplification must be considered. 

The Principles for the Expansion Planning of the German Transmission Network (Tennet 

et al., 2020) presents a simplified methodology to consider the impact of DLR in the 

planning of the energy system for future scenarios. There are two main assumptions that 

are the basis of the calculations: 

3.1.1 Division of the German transmission network 

Fraunhofer IEE carried out a study to further develop the methodology for determining the 

weather-dependent current carrying capacity of overhead lines in network expansion 

planning. Based on a mathematical clustering, it was proposed to divide the federal 

territory into nine regions (Th. Kanefendt, 2019). These regions can be observed in Figure 

3-1.  

 

Figure 3-1: Representative regions in Germany for DLR analysis. Source: Author. Data from Th. Kanefendt, 2019 
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To establish these regions, a machine learning technic called K-Means was used. This 

method clusters samples based on similarities of its different characteristics. The used 

characteristics for this analysis were (Th. Kanefendt, 2019): 

¶ The spatial distance 

¶ The temporal relationship 

¶ The difference between the mean continuous current load capacities between the 

individual grid fields. 

The ultimate purpose of this division is to group all the overhead transmission lines of 

each region and assign the same DLR to all of them (in a percentage of its nominal 

capacity). 

3.1.2 Hourly DLR calculation 

Once the regions were defined, hourly DLR per each one of them must be calculated. The 

weather data from 2011 was used because, in terms of weather, the year 2011 can be 

regarded as a moderate wind feed-in and solar feed-in year in Germany (Tennet et al., 

2020). 

The DLR was calculated based on the ñInvestigation of the further development of the 

methodology for taking into account the weather-dependent overhead line load capacity 

in the expansion planning of the German transmission networkò (Th. Kanefendt, 2019). 

The procedure to calculate the DLR follows the next steps: 

¶ Find the lowest wind speed in each region in Figure 3-1. To perform this, for each 

region, the wind speed of every cell in the raster layer should be extracted and 

compared. This procedure will be repeated for each hour in the year 2011. The 

result will be 8760 lowest wind speeds per region. 

¶ Find the highest temperature in each region in Figure 3-1. To perform this, for each 

region, the temperature of every cell in the raster layer should be extracted and 

compared. This procedure will be repeated for each hour in the year 2011. The 

result will be 8760 maximum temperatures per region. 
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¶ Use the previous values to find the maximum hourly capacity for each region based 

on Table 3-1. The values shown in this table were the result of a conservative study 

to determine safe operative conditions for DLR (Th. Kanefendt, 2019). These 

calculations use Equation 3-1, which is a steady-state thermal balance equation for 

conductors proposed in the CIGRE Technical Brochure 601, and the IEEE 

standard 738 (appendix DLR code, lines: 234 ï 279). 

ή  ή  ή  ή  ή   

Equation 3-1: Thermal balance equation for steady-state 

Where: 

qc is the cooling due to convection, 

qr is the cooling due to the radiation to the surroundings, 

qs is the heating due to the solar radiation, 

qj is the heating due to the Joule effect, 

qm is the heating due to the magnetic effect. 
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Table 3-1: Criterium for DLR calculations. Source: Th. Kanefendt, 2019 

Wind 
speed 
[m/s]  

Assumed wind 
speed angle 

[deg] 

Temperature 
[°C] 

DLR 
[% of the nominal 

capacity] 

< 3 90 < 35 100 

< 3 90 < 25 110 

< 3 90 < 15 120 

< 3 90 < 5 130 

> 3 30 < 35 105 

> 3 30 < 25 115 

> 3 30 < 15 125 

> 3 30 < 5 135 

> 4 30 < 35 110 

> 4 30 < 25 120 

> 4 30 < 15 135 

> 4 30 < 5 145 

> 5 30 < 35 115 

> 5 30 < 25 130 

> 5 30 < 15 145 

> 5 30 < 5 150 

> 6 30 < 35 125 

> 6 30 < 25 140 

> 6 30 < 15 150 

> 6 30 < 5 150 

 

3.2 Evaluate the impact of DLR on the future network requirements 

The economic, technical, and social effects of implementing the previously calculated 

capacities will be studied in the second stage of the analysis. Network expansion 

requirements, annual costs, and other factors will be calculated and evaluated against the 

same scenario without using DLR. The software eTraGo and the scenario eGo 100, 

presented in detail in chapter 4, will be used. 

eTrago is a Python package that stands for electric Transmission Grid optimization. It is 

part of the Open_eGo Project, which provides optimization strategies of flexibility options 

for transmission grids based on PyPSA (Python for Power System Analysis). Its main 

characteristic is that the German transmission grid is described by the 380, 220, and 110 
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kV voltage levels. It means that the distribution and transmission grid are part of eTraGo 

(Centre for Sustainable Energy Systems, 2021). 

The main task performed by this program is to optimize the dispatch and capacities of 

generation and storage, as well as the transmission infrastructure. This operation is 

performed for a given number of hours (snapshots) in a year. The assumptions to run the 

optimization are as follows (PyPSA developers, 2021): 

¶ It is assumed that the load is inelastic and must be met in every snapshot. 

¶ The optimization uses continuous variables for most functionality; unit commitment 

with binary variables is also implemented for generators. 

¶ The objective function is the total system cost for the snapshots optimized. 

¶ Each snapshot can be given a weighting wt to represent, e.g., multiple hours. 

¶ Each transmission asset has a capital cost. 

¶ Each generation and storage asset has a capital cost and a marginal cost. 

As it was mentioned, the objective function is the total system cost for the snapshot 

optimized. The complete formula is presented below to clarify how the objective function 

is conformed and which variables are being optimized. 

ὃὲὲόὥὰ ίώίὸὩά ὧέίὸ ὧȟὬȟ
ȟ

 ὧὊ  ύ  z έȟȟὫȟȟ
ȟ

 έȟȟὬȟȟ
ȟ

 

Where: 

ὲȡ label the buses 

ὸ: label the snapshots 

ὰ: label the branches 

ί: label the different generators/storage types at each bus 

ύ: weighting of time t in the objective function 
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Ὣȟȟ: dispatch of generator s at bus n at time t 

Ὤȟȟ: dispatch of storage s at bus n at time t 

Ὤȟ: nominal power of storage s at bus n 

ὅȟ: capital cost of extending generator/storage nominal power by one MW 

ὅ: capital cost of extending the nominal transmission capacity by one MW 

έȟȟ: marginal cost of dispatch generator/storage for one MWh at time t  

Ὂ: capacity of branch l 

The annual system cost can be interpreted as the sum of three well-known components. 

The first term is the total capital cost of the new storage units necessary in the system. 

The second component is the total cost of the required network expansion. The last one 

is the sum of marginal costs of all the generators and storage units. Costs related to new 

generators are not considered since all the required to supply the demand are already 

created for the eGo 100. 
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4 Dynamic Line Rating calculations 

In this chapter, the process of calculating DLR will be described. The procedure was 

divided into four main steps that will be explained in detail, including intermedium 

computations, which are important to fully understand the final findings. Additionally, the 

results of each step will be presented and analyzed. In the last part, the first mail results 

regarding DLR calculations are presented. 

4.1 Ambient Temperature 

The data provided by the European Centre for Medium-Range Weather Forecast (ERA-

5) regarding temperature is given in Kelvin. To standardize units, all the values were 

converted into degrees Celsius using Equation 4-1. 

ὝЈ Ὕ  ςχσȟρυ 

Equation 4-1: conversion from Kelvin to Centigrade 

Where: 

T(°C): Temperature given in centigrade 

T(K): Temperature given in Kelvin. 

It was necessary to split the weather data into the nine regions presented in Figure 3-1 to 

start the calculations of the DLR. The weather data consists of 30 km side squares, where 

each square has only one unique value for each one of the variables (wind speed, 

temperature, etc.). It is important to mention that since the methodology includes finding 

the lowest wind speed and the highest temperature in each region (appendix DLR code, 

lines: 109 ï 230), regions with bigger areas are more likely to find lower DLR values than 

could be expected. That could be the case of Region 1, which includes Schleswig-

Holstein, where it is known that the average temperatures and wind speeds are especially 

favorable for high values of DLR. 

In Figure 4-1 can be observed the monthly average maximum temperatures by regions. 

The values have the expected values due to seasonality. In general, the maximum 

differences are not greater than  4°C, where the highest temperatures are in regions 1, 3, 

and 5. On the other hand, regions 2, 8, and 9 present the lowest values. As it was already 



 

15 
 

mentioned, the differences are not very significant. Thus, differences in DLR results will 

be mostly the result of differences in wind speed. 

 

Figure 4-1: Average maximum temperatures per region for DLR calculation. Source: author. Data from European 
Centre for Medium-Range Weather Forecasts, 2017 

4.2 Wind speed 

ERA-5 provides hourly wind speeds at 10m over the ground level and the roughness factor 

Z0 for every 30Km side square. For this analysis is required the wind speed at 50m, 

assuming that it is the average height of high voltage transmission lines in Germany. The 

transformation can be developed using the Logarithmic Law for wind (Kubik et al., 2011). 

The used equation can be seen in Equation 4-2. Calculation can be observed in appendix 

DLR code, lines: 109 ï 230. 

ὺ  ὺ  Ȣ
ÌÎ ᾀᾀ

ÌÎ 
ᾀ

ᾀ
 

Equation 4-2: logarithmic law for wind speed conversion based on altitude 

Where: 

v:  wind speed  to be calculated at height z  
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Z:  height above ground level for wind speed  v 

v ref :  known wind speed  at height z ref  

Z ref :  reference height where v ref  is known  

Z0:  roughness length in the current wind direction  

The average minimum wind speed can be observed in Figure 4-2. It is clear that there are 

significant differences between regions about this variable. Region 1 and 2 present the 

highest values throughout the entire year, reaching minimum average values of 6.8 m/s 

in December. Conversely, regions 7 and 9 have the lowest wind speeds with values 

between 1 and 2 m/s. It is important to highlight that in all the regions, the greatest values 

take place during winter, especially December, where the main peaks happen. 

 

Figure 4-2: Average minimum wind speed per region for DLR calculation. Source: author. Data from European Centre 

for Medium-Range Weather Forecasts, 2017 

4.3 DLR values per region 

Once the hourly minimum wind speed and maximum temperature are calculated, DLR 

estimations can be performed. Hourly DLR per region is calculated for an entire 

representative year using Table 3-1. Since the temperature in the different regions shows 

no substantial differences, regions with the highest wind speeds were supposed to have 
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the biggest DLR values. Final average DLR values per region and month can be observed 

in Figure 4-3. Regions 1 and 2 have the best conditions to allow extra transmission power 

capacity, reaching in December capacities in an average of 147% of the nominal capacity 

of the transmission lines inside them. 

 

Figure 4-3: Average DLR per region for 2011. Source: author 

 On the other hand, in regions 7 and 9, the DLR values are the lowest in the country. On 

average, they are in the range of 110% to 130% throughout the year. This still represents 

an important increment of power capacity even in the least convenient areas. It can be 

identified that even though wind speed determines in which regions the DLR values are 

higher, the temperature defines the seasonal behavior. More detailed information about 

DLR values per region can be found in appendix 11.1: Histograms for DLR per region. 

4.4 Associate transmission line to the regions 

Once hourly DLR values per region were calculated, they must be assigned to the 

transmission lines inside their areas. Data about medium voltage and high voltage 

transmission lines were retrieved from Open Street Map (OpenStreetMap contributors, 

2015). To assign the DLR values, it was found that there are four different cases: 
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¶ Underground transmission lines: The DLR concept is only applicable to overhead 

transmission lines since ambient temperature, wind, and other climatic factors do 

not affect their operation conditions. For this reason, the transmission capacity of 

all the underground lines is not affected. It means that the capacity of these lines 

will be 100% of the nominal capacity throughout the whole year (appendix DLR 

code, lines: 69 ï 73). 

¶ Transmission lines out of the borders: For this study, lines interconnecting the 

German electrical network with other countries were considered to have a constant 

capacity factor of 100% of the nominal capacity throughout the whole year 

(appendix DLR code, lines: 64 ï 67). 

¶ Transmission lines completely into one region: When a line belongs only to one of 

the nine regions, the hourly DLR of the region is assigned to the line (appendix 

DLR code, lines: 76 ï 80). 

¶ Transmission lines in two or more regions: When a line intersects more than one 

region, the lowest DLR value between those regions is found for each hour of the 

year of analysis. Then the collection of lowest values is assigned to the line 

(appendix DLR code, lines: 83 ï 88). 

All the calculations described in the methodology and this chapter were implemented 

using the programming language Python and the libraries Pandas, Geopandas and 

Numpy, among others. The mentioned code can be found in appendix 11.2: DLR 

calculation code.  

The final distribution of the transmission lines in the different regions can be observed in 

Figure 4-4. In this figure, it is possible to visualize that most of the transmission lines are 

located in the south of the country, where the calculated DLR values are low in comparison 

with the rest of the country. 
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Figure 4-4: Transmission lines division by regions. Source: Author. Data from Open Energy Community, 2021 

The result of dividing and grouping the transmission lines can be seen in Table 4-1. A total 

of 19.167 transmission lines with a total length of 107.082 Km were considered for this 

study. There are 71 lines grouped in Region 0. They are interconnections to other 

countries, and their capacities are not affected. Moreover, the 864 underground lines are 

affected neither. 

In the end, only 18.303 transmission lines will be affected by the dynamic line rating 

calculations. Region 3, with 5252, has the highest number of transmission lines and total 

kilometers. Contrarily, region 9 has the smallest amount with only 400 lines. Regarding 

the region with the best DLR values, Region 2, there are only 830 lines inside it. To 

evaluate the impact of the implementation of DLR, the next section will present a 

comparison between two different scenarios to quantify the effect of DLR in terms of 

economic and technical aspects. For a better understanding of the described results, in 

chapter 11.1 can be found the histograms for each region. 
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Table 4-1: Distribution of transmission lines per region. Source: author 

Region 

Underground 
transmission lines 

Overhead 
transmission lines 

Number 
Length 
[Km] 

Number 
Length 
[Km] 

0 0 0.0 71 16279.6 

1 135 473.6 2534 12480.9 

2 27 81.2 830 5993.4 

3 141 287.6 5252 17030.4 

4 270 469.2 1988 11129.4 

5 64 109.7 2607 12703.3 

6 38 66.7 1655 8814.8 

7 68 136.6 1711 9004.1 

8 47 149.7 1255 7228.7 

9 74 525.7 400 4117.9 

Total 864 2300.0 18303 104782.3 
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5 Scenario definition and simulation parameters 

5.1 The eGo 100 scenario 

The scenario that will be used to quantify the potential effects that dynamic line rating 

could have on the expansion of the German power grid was developed by eGo^n. It is a 

project financed by the Federal Ministry for Economic Affairs and Energy, which aims to 

investigate the effects of sector coupling on the electrical grid and the benefits of new 

flexibility options (eGosupn/sup, 2020). Along with the development of the project, multiple 

tools and scenarios were created to deal with the effects of the expansion of renewable 

generation capacity and the progressing electrification of other energy sectors.  

The base scenario used for this work is called eGo 100. Its main characteristic is the 

absence of fossil fuels for energy purposes. Therefore this electrical energy system must 

be powered 100% from RE (Mueller et al., 2018). It is mainly based on the 100% RES 

scenario of the e-Highway2050 - Modular Development Plan of the Pan-European 

Transmission System 2050 (e-Highway2050, 2021). The Scenario specifications can be 

seen in Table 5-1 and Table 5-2. 

Table 5-1: specifications scenario eGo 100. Source: Müller et al., 2019 

Characteristic 
Scenario 
eGo 100 

Share of RES in installed capacity 100% 

Net electricity consumption (TWh) 506.0 

Annual peak load (GW) 87.01 

Share of renewable energy in el. Consumption 100% 

 

Two columns can be observed in Table 5-2 for generation capacities: Germany and Entire 

model. The first one includes the expected installed capacity in Germany for this scenario. 

The second column has the entire installed capacity per technology for the whole analyzed 

system. It must be done in this way since the interaction between the German power grid, 

and the neighbor networks is of high relevance to calculate Linear Optimum Power Flows 

(LOPF). 
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Table 5-2: Generation capacities scenario eGo 100. Source: Müller et al., 2019 

Generation capacities in GW 
eGo 100 

Germany Entire model 

Nuclear energy 0.0 0.0 

Lignite 0.0 0.0 

Hard coal 0.0 0.0 

Natural gas 0.0 28.5 

Oil 0.0 0.0 

Waste materials 0.0 0.0 

Other conv. Generation 0.0 0.0 

Sum conv. Production 0.0 28.5 

Onshore wind 98.4 382.1 

Offshore wind 27.0 65.9 

Photovoltaics 97.8 300.1 

Biomass 27.8 93.3 

Hydropower 3.2 84.5 

Sum renewable generation 254.2 925.9 

Total 254.2 954.4 

 

The eGo 100 scenario has a high spatial resolution regarding all the electrical components 

such as substations and transmission lines, which is a fundamental condition to perform 

the calculations about the impact of DLR. Although developing a data set built on publicly 

available sources including all voltage levels is challenging, an open-source approach 

was possible thanks to data from governmental authorities and the public database 

OpenStreetMap (OSM) (Hülk et al., 2017). 

Next, it will be briefly described the methods and data sources that were applied to create 

the used grid model. The first group formed by allocation of substations, demand, and 

generation, will be a summary of the document Allocation of Annual Electricity 

Consumption and Power Generation Capacities Across Multiple Voltage Levels in a High 

Spatial Resolution (Hülk et al., 2017). The second group contains the generation of time 

series data for load, wind power output, and solar power output. 

¶ Substations: Data from OSM was used as the main input to identify relevant 

substations. Due to the no homogeneous data quality in OSM, it was necessary to 

filter the obtained available information. The used filters can be found below: 
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a. Voltage Ó 60,000 V or line starts/ends at a substation  

b. Situated within the administrative boundary  

c. Frequency Í 16.7 or 16.67 

d. Operator Í DB_Energie or DB Energie GmbH or DB Netz or DB Netz AG 

e. Substation Í transition or traction (aggregate substations that are situated 

within a distance of 75 m from their boundary) 

¶ Demand: The methodology for a spatial allocation of demand varies according to 

each sector. The annual households electricity consumption is distributed based 

on the allocation of population, assuming a direct correlation between the electricity 

consumption in the reference area and the number of inhabitants. The distributions 

of the annual electricity consumption generated for the scenario eGo 100 can be 

observed in Figure 5-1. 

 

Figure 5-1: Annual electricity consumption for the scenario eGo 100. Source: Hülk et al., 2017 
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For the industrial and retail sectors, a relationship between electricity consumption 

and gross value added (GVA) is supposed. The annual industrial and retail sectorsô 

consumption is broken down to the level of administrative districts using the GVA. 

¶ Generation: Active power generators are extracted from official and publicly 

available data bases such as the power plant registry published by the German 

Federal Network Agency (Bundesnetzagentur) (Bundesnetzagentur - 

kraftwerksliste-node, 2021) and a renewable energy system (RES) registry 

published by a solar industry trade group. 

Generators with a voltage levels of 110 kV or lower are designated to transition 

points with voltage tags of 110 kV by doing a spatial comparison between the 

generator site and the medium voltage grid districts. The generators with voltage 

levels over 110 kV are assigned to the transmission substations employing the high 

voltage grid districts. 

 

Figure 5-2: installed capacity for the scenario eGo 100. Source: Hülk et al., 2017 
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¶ Load time series: to obtain a consistent set of demand data valid across low-voltage 

grid levels in Germany, standard load profiles (SLP) (Hayn et al., 2014) were used. 

SLP has the electricity demand characteristics of the residential, retail, and 

agricultural sectors at a temporal resolution of 15-minutes. A pattern for electricity 

demand of the industrial sector was constructed based on a stairs function (Mueller 

et al., 2018). The industrial demand pattern considers peak and off-peak times. 

During a workweek at day-time (6 a.m. to 10 p.m.), the normalized load curve adds 

up to 0.8. At other times this parameter was set to 0.6. Spatially highly resolved 

and sectorally disaggregated annual consumption calculations can be studied 

deeper in the document The eGo grid model: An open-source approach towards a 

model of German high and extra-high voltage power grids (Mueller et al., 2018).  

¶ Solar power output time series: There are multiple high-quality time series data 

profitable providers used by project developers interested in confirming possible 

solar sites. It includes 3TIER1 and Geomodel Solar2, which can cost thousands of 

euros for one single location. Therefore, since eGo^n is done for academic 

purposes, it was necessary to find a free source solution that achieves the accuracy 

required levels. 

The proposed solution was to use Meteorological reanalyzes. They have appeared 

as a valuable data source for renewable energy modeling. Some of its advantages 

are that reanalysis data are usually available globally and they provide several 

decades of coverage. Additionally, they are usually freely available (Pfenninger and 

Staffell, 2016). 

In particular, to calculate the solar power output time series for the scenario ego 

100, the reanalysis was performed by the Modern-Era Retrospective analysis for 

Research and Applications (MERRA), designed by NASA (MERRA, 2021).  

Since the optimization formula is focused on minimizing the annual system costs, it is 

important to present the values that were used to run all the calculations presented in this 

document. In Table 5-3, Table 5-4, and Table 5-5 can be found all the relevant investment 

and marginal costs used to calculate the final results. 
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Table 5-3: Marginal costs according to the energy source for scenario eGo 100. Source: Müller et al., 2019 

Energy carrier 
Marginal cost 
[EUR/MWh] 

Natural gas 56.05 

CHP <10 MW 31.63 

Biomass 31.63 

 

Table 5-4: Exogenous assumptions on grid expansion costs in the extra high voltage and high voltage level for the 

scenario eGo 100. Source: Müller et al., 2019 

Component 
Investment costs Marginal costs 

Million EUR per EUR per 

AC line, 380 kV  0.2 km  85 MVA * km 

AC line, 220 kV 0.15 km  290 MVA * km 

AC line, 110 kV  0.06 km  230 MVA * km 

Transformer, 380-220 kV  8.5  Unit 14167 MVA 

Transformer, 380-110 kV  5.2 Unit 17333 MVA 

Transformer, 220-110 kV   Unit 7500 MVA 

DC line  1.5 km  375 MW * km 

DC converter  0.2 Unit 200,000 MW 

 

Table 5-5: Exogenous assumptions about storage expansion and operating costs for the scenario eGo 100. Source: 
Müller et al., 2019 

 

Batteries Li-Ion 
Hydrogen 
storage 

Investment costs 

45 575 Power 

(EUR / MW) 

Investment costs 

106 0.5 Energy 

(EUR / MWh) 

Investment costs 

678 651 in total 

(EUR / MW) 

Operating cost 
0.44 1.62 

(KEUR / MW / a) 
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5.2 Simulations parameters 

The main objective of this work is to find the technical and economic impact of applying 

the DLR concept in the network expansion of the German power grid. As was mentioned 

above, the software eTraGo (Centre for Sustainable Energy Systems, 2021) is used for 

this purpose. Next, it will be introduced the main parameters that were used to calculate 

the results presented in the coming subsections of this chapter. 

¶ Database: The topology and all the data regarding the current status of the German 

power grid are available for free use on the Open Energy Platform website (Open 

Energy Community, 2021). It is one of the tools developed by the Open Energy 

community that aims to ensure quality, transparency, and reproducibility in energy 

system research. Since it is a collaborative community effort, everything is openly 

developed and therefore constantly evolving. 

¶ Scenario: as was mentioned in the previous chapter, the scenario eGo 100 will be 

used. 

¶ n_clusters: since it is computationally extremely high demanding to perform an 

analysis with all the lines and busses that form the German power grid, the 

complexity of the network is reduced by using the k-mean technic. The parameter 

n_cluster sets the number of nodes that the new network will have. For this 

simulation, 300 nodes were selected based on the good performance/complexity 

balance experimented with in previous studies (Mueller et al., 2018). The resulting 

network can be observed in Figure 5-3 and is used for the case study with and 

without DLR to make the results comparable. The transmission lines connecting to 

the neighboring countries (Denmark, Poland, Netherland, France, Switzerland, 

Austria, Czechia, and Sweden) are considered as part of the network, but no DLR 

values are calculated for them according to the description in chapter 2. For this 

reason, the next plots will be center on the transmission lines inside Germany.  
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Figure 5-3: German power grid represented by a 300 nodes network. Source: author 

¶ Start and end snapshot: the analysis is performed hourly for one entire year. 

Therefore, the analysis will be limited to the first hour until the last hour of 2011. 

Due to the extremely high computational resources that 8760 LOPF would require, 

some hours are skipped according to the parameter ñskip snapshots.ò 

¶ Skip snapshots: This parameter received an integer as input. For this calculation, 

this parameter was selected as five based on previous studies carried out using 

eTrago. It means that a LOPF will be performed for 1 of each 5 hours of the 

analysis. The values of the next 4 hours are the same as in the last calculated 

snapshot. 
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6 Results: impact of dynamic line rating 

Throughout this paragraph, all the technical and economic findings calculated with 

eTraGo will be presented. In general, the results will be shown in the form of a comparison 

between the business as usual scenario (No DLR) and the scenario using the DLR 

concept. An extensive analysis of these results can be found in the chapter: Discussion. 

6.1 Network expansion 

The 300 nodes network (Figure 6-1) is used to evaluate the potential impact of DLR on 

the grid expansion. No additional transmission line will be considered. The network 

expansion is the result of increasing the transmission capacity of the existing transmission 

lines. A first impression about the impact of DLR can be built based on Figure 6-1. In this 

figure is possible to realize that the number of transmission lines that require to increase 

their capacity in the calculation without DLR is significantly higher than the ones with DLR. 

 

Figure 6-1: Required network expansion in absolute values for scenario eGo 100. a) without DLR. b) with DLR. 
Source: author 

Moreover, the lines that need transmission expansion in the scenario with DLR require 

significantly less than the ones in the no DLR Scenario. It can be observed in Figure 6-2 
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the potential difference in percentage that using DLR could have in the grid expansion 

process. The scale bar starts at -6.44%, which is the result of the interconnection between 

Germany ï Denmark, which was not considered to change its capacity in this analysis, as 

well as all the other interconnections. The values for network expansion difference shown 

in Figure 6-2 are calculated individually per transmission line using Equation 6-1 

ὔὩ
ὔὩ  ὔὩ

ὔὩ 
  

Equation 6-1: network expansion difference 

Where: 

ὔὩ : Network expansion difference 

ὔὩ : Network expansion No DLR scenario 

ὔὩ : Network expansion DLR scenario 

The biggest differences correspond to values even higher than 60% and are mostly 

located in the very north of the country, where it was found that DLR values are on average 

higher than in other regions in Germany. 
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Figure 6-2: Network expansion difference between the scenarios with and without DLR. Source: author 

The simplified network shown in Figure 5-3 has in total 679 transmission lines. The 

calculations without considering DLR suggest that 232 of those will require an extension 

to work under the conditions determined for the eGo 100 Scenario. On the other hand, if 

DLR is taken into account, 75 transmission lines will need intervention. In Figure 6-3 it can 

be easily quantified the comparison. It is important to mention that every line that does not 

require extension is one less legal and social process to hold, which means savings in 

terms of time and money. Economic impacts will be analyzed in the third section of this 

chapter. 
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Figure 6-3: Histogram network expansion requirements with and without DLR. Source: author 

In order to quantify the reduction in network expansion, an indicator that considers the 

expansion and length of each transmission line in both scenarios must be used. This 

calculation can be seen in chapter 7. 

6.2 Curtailment 

To analyze the impact of DLR in terms of curtailment in the eGo 100 scenario, three 

different comparisons between the amount of curtailed energy vs. dispatched energy will 

be presented. These figures are designed in the form of generation duration curves, which 

are largely utilized to illustrate the connection between generation capacity requirements 

and capacity utilization (Poulin et al., 2008). A generation duration curve (GDC) is similar 

to a generation curve, but the generation data is ordered in ascending order of magnitude 

rather than chronologically. The height of each segment is a measure of capacity, and the 

width of each segment is the utilization rate or capacity factor. The product of the two 

above mentioned is a measure of electrical energy, in this case, MWh. 

Since solar irradiation and wind are the only energy sources included as carriers in the 

scenario that can be only partially predicted but no controlled in terms of availability, the 

results will focus on wind onshore, wind offshore, and solar PV. 










































































