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Abstract 

ɶPower-Grid-Friendly Placement of Large-Scale Hydrogen Production Facilities in 

the Northwest German High Voltage Gridɷ 

This thesis presents a novel method for determining a strategic distribution of new 

large-scale Green Hydrogen (GH2) production plants across nodes of interest within 

the northwest German high voltage power grid. The research conducted in this 

thesis establishes a framework for gainfully connecting GH2 production plants to 

power grid nodes, with an emphasis on maintaining grid voltage stability and 

leveraging the advantages of large-scale GH2 facilities. The applied methodology 

uses a novel developed algorithm to determine the maximum GH2 plant size that 

can be connected to each node while keeping the secure steady state power system 

operation. 

Through the utilization of Voltage -Power (V-P) characteristic analysis, this thesis 

successfully identifies connection points that can provide large amounts of power 

without causing voltage collapse, permitting the incorporation of GH2 loads of up 

to 7700 MW at an individual node, while maintaining reliable power system 

operation. This process involves constrained and optimal power flow calculations, 

facilitating the allocation of power to generators of different energy sources 

according to electricity generation costs.  

Open-source data was utilized to develop a simulation model of the northwest 

German power grid, achieving the implementation of two different grid states: the 

current situation (scenario ɶStatus Quoɷ) and a future grid state (scenario 

ɶNEP2035ɷ). Moreover, diverse operative conditions were applied to these grid 

scenarios, achieving a total of sixteen cases for steady state simulation and analysis. 

The obtained results indicate that the northwest German high voltage grid can 

accommodate new large-scale GH2 plants under various operating conditions.  

The thesis concludes by acknowledging the importance of additional factors, such 

as gas infrastructure, storage capacity, and environmental regulations in 

determining the definitive distribution of GH2 plants , which could be incorporated 

in future extension to this work. However, even though further research is 

necessary, this thesis serves as a significant component in the identification of power 

capacity and optimal placement of new large-scale hydrogen production facilities in 

Germany, marking it  an essential step toward a more sustainable future.  

Keywords: power grid modelling, green hydrogen, load flow calculation, voltage-

power (V-P) characteristic analysis, voltage stability limit, open-source data.





Power-Grid-Friendly Placement of Large-Scale Hydrogen Production Facilities in the Northwest German High Voltage Grid 

iii  

Contents  

 

List of Figures ......................................................................................................... v 

List of Tables .......................................................................................................... x 

Symbols and abbreviations .................................................................................... xi 

 Int roduction ..................................................................................................... 1 

 Theory ............................................................................................................. 6 

2.1. Power Systems ........................................................................................... 6 

2.1.1. Structure of the Power System ........................................................... 8 

2.1.2. Electric power in AC Systems ............................................................ 9 

2.1.3. Power System Analysis and Simulation ........................................... 10 

2.1.4. Power Flow Analysis ........................................................................ 10 

2.1.5. Voltage Stability  ............................................................................... 11 

 Green Hydrogen as a Clean Energy Carrier .................................................. 15 

3.1. Renewable Energy and the Need for Storage Flexibility ......................... 15 

3.2. Water Electrolysis for Green Hydrogen Production ................................ 16 

3.2.1. Electrolyser Technologies .................................................................. 16 

3.2.2. Representation of Electrolysers in Dynamic and Static Power System 

Analysis.......................................................................................................... 17 

 Methodology .................................................................................................. 18 

4.1. Algorithm Development .......................................................................... 18 

4.1.1. Bus Ranking ..................................................................................... 21 

4.1.2. Verification of satisfactory steady-state operation ........................... 24 

4.2. Simulation Model of the Northwest German High Voltage Grid ............ 25 

4.2.1. Simulation model development ......................................................... 26 

4.2.2. Model characteristics ........................................................................ 28 

4.2.3. Model data validation ....................................................................... 33 

4.3. Algorithm Testing on Grid Model  ........................................................... 35 

4.3.1. Operative conditions ......................................................................... 35 



Power-Grid-Friendly Placement of Large-Scale Hydrogen Production Facilities in the Northwest German High Voltage Grid 

iv 

4.3.2. Simulation cases ................................................................................ 40 

4.3.3. Buses of Interest ............................................................................... 40 

4.3.4. GH2 power demand target and minimum plant size ........................ 42 

 Results and Discussion .................................................................................. 43 

5.1. Simulation Results ................................................................................... 43 

5.1.1. High power demand and high wind energy availability:  Simulation 

cases 1 to 4 .................................................................................................... 43 

5.1.2. Low power demand and high wind energy availability:  Simulation 

cases 5 to 8 .................................................................................................... 51 

5.1.3. High power demand and limited wind energy availability:  Simulation 

cases 9 to 12 ................................................................................................... 58 

5.1.4. Low power demand and limited wind energy availability:  Simulation 

cases 13 to 16 ................................................................................................. 64 

5.2. Case comparison ...................................................................................... 71 

5.2.1. First steps in the incorporation of new GH2 Plants ......................... 74 

 Conclusions .................................................................................................... 77 

 Future Work and Opportunities for Improvement  ........................................ 79 

Appendix A ........................................................................................................... 80 

References .............................................................................................................. 87 

Declaration of Authorship ..................................................................................... 92 

 

 

 



Power-Grid-Friendly Placement of Large-Scale Hydrogen Production Facilities in the Northwest German High Voltage Grid 

v 

List of Figures  

 

Figure 2.1.  Diagram of an electric power system, with its basic components. ..... 7 

Figure 2.2.  Single-line diagram of a sample three-phase AC power system. 

Depicted from [15]. .................................................................................................. 9 

Figure 2.3.  V-P Characteristic (a) for a bus in a radial network ( b),  for different 

values of load power factor. Depicted from [15]. ................................................... 14 

Figure 3.1.  Representation of basic power components associated to an electrolyser 

in power system analysis. (a): Representation of an electrolyser as a DC load, 

considering basic power equipment. (b): Lumped AC equivalent load. ................ 17 

Figure 4.1.  Flow diagram of the Algorithm to determine the distribution of new 

electrolysers among buses of interest in an area of the power grid. ...................... 20 

Figure 4.2.  Example of a V-P characteristic of a system bus and its key indicators.

 .............................................................................................................................. 21 

Figure 4.3. V-P Characteristics of two buses, depicting indicators PVSL and Pm 

(dash-dotted lines). Bus voltage of 0.95 p.u. is considered as the minimum 

acceptable operational voltage (red dashed line). ................................................. 24 

Figure 4.4.  Grid simulation model development process. ................................... 26 

Figure 4.5.  Location of the Northwest region within Germany. ......................... 28 

Figure 4.6.  Geographic representation of the Northwest German HV grid  for the 

scenarios a) ɶStatus Quoɷ and b) ɶNEP2035ɷ. ..................................................... 29 

Figure 4.7.  Number of buses in the Northwest German power grid model,  for 

both grid development scenarios. .......................................................................... 30 

Figure 4.8.  Number of transmission lines in the Northwest German power grid 

model,  for both grid development scenarios. ....................................................... 30 

Figure 4.9.  Share of generation installed power by source for the scenarios: ɶStatus 

Quoɷ (a) and ɶNEP2035ɷ (b). ............................................................................... 32 



Power-Grid-Friendly Placement of Large-Scale Hydrogen Production Facilities in the Northwest German High Voltage Grid 

vi 

Figure 4.10.  Generation installed power by energy source, at different voltage 

levels  for the scenario ɶStatus Quoɷ. ................................................................... 32 

Figure 4.11. Generation installed power by energy source, at different voltage 

levels  for the scenario ɶNEP2035ɷ. ...................................................................... 33 

Figure 4.12.  Generation Installed Power by Source, in [GW].  Comparison 

between the Open Energy database (ɶStatus Quoɷ) and MaStR data. ................ 34 

Figure 4.13.  Share of Generation Installed Power by Source, in [%].  Comparison 

between Open Energy database (ɶStatus Quoɷ) and MaStR data. ...................... 34 

Figure 4.14.  Line loading in base cases of scenario ɶStatus Quoɷ:  (a) ɶBC HLHW 

SQɷ, (b) ɶBC LLHW SQɷ, (c) ɶBC HLLW SQɷ, (d) ɶBC LLLW SQɷ. ............... 38 

Figure 4.15.  Line loading in base cases of scenario ɶNEP2035ɷ:  (a) ɶBC HLHW 

NEɷ, (b) ɶBC LLHW NEɷ, (c) ɶBC HLLW NEɷ, (d) ɶBC LLLW NEɷ. ............. 38 

Figure 4.16.  Generated active power in base cases of scenario ɶStatus Quoɷ:  

(a) ɶBC HLHW SQɷ, (b) ɶBC LLHW SQɷ, (c) ɶBC HLLW SQɷ, (d) ɶBC LLLW 

SQɷ. ....................................................................................................................... 39 

Figure  4.17.  Generated active power in base cases of scenario ɶNEP2035ɷ:  

(a) ɶBC HLHW  NEɷ, (b) ɶBC LLHW NEɷ, (c) ɶBC HLLW NEɷ, (d) ɶBC LLLW 

NEɷ. ...................................................................................................................... 39 

Figure 4.18.  Installed power of wind energy generators for scenarios: (a) ɶStatus 

Quoɷ and (b) ɶNEP2035ɷ. ..................................................................................... 41 

Figure 4.19.  Districts (germ. Landkreis) of interest. .......................................... 41 

Figure 4.20.  Buses of Interest: geographic representation for  (a) Scenario ɶStatus 

Quoɷ and (b) Scenario ɶNEP2035ɷ. ...................................................................... 42 

Figure 5.1.  Resultant GH2 power, achieved from simulation cases 1 to 4: ........ 45 

Figure 5.2.  Resultant power generation, by energy source, for simulation cases 1 

and 2: .................................................................................................................... 46 

Figure 5.3.  Resultant power generation, by energy source, for simulation cases 3 

and 4: .................................................................................................................... 46 



Power-Grid-Friendly Placement of Large-Scale Hydrogen Production Facilities in the Northwest German High Voltage Grid 

vii  

Figure 5.4.  Geographic representation of GH2 plants connection points to the 

power grid simulation cases 1 and 2 (Status Quo): (a) HLHW SQ 110, (b) HLHW 

SQ All. .................................................................................................................. 48 

Figure 5.5.  Geographic representation of GH2 plants connection points to the 

power grid simulation cases 3 and 4 (NEP2035): (a) HLHW NE 110, (b) HLHW 

NE All.  .................................................................................................................. 49 

Figure 5.6.  Resultant GH2 power, by district (germ. Landkreis), achieved from  

simulation cases 1 and 2 (Status Quo): (a) HLHW  SQ 110, (b) HLHW SQ All.  . 50 

Figure 5.7.  Resultant GH2 power, by district (germ. Landkreis), achieved from  

simulation cases 3 and 4 (NEP2035): (a) HLHW NE 110, ( b) HLHW  NE All.  ... 50 

Figure 5.8.  Resultant GH2 power, achieved from simulation cases 5 to 8: ........ 52 

Figure 5.9.  Resultant power generation, by energy source, for simulation cases 5 

and 6: .................................................................................................................... 53 

Figure 5.10.  Resultant power generation, by energy source, for simulation cases 7 

and 8: .................................................................................................................... 53 

Figure 5.11.  Geographic representation of GH2 plants connection points to the 

power grid simulation cases 5 and 6 (Status Quo): (a) LLHW SQ 110, (b) LLHW 

SQ All. .................................................................................................................. 55 

Figure 5.12.  Geographic representation of GH2 plants connection points to the 

power grid simulation cases 7 and 8 (NEP2035): (a) LLHW NE 110, (b) LLHW 

NE All.  .................................................................................................................. 56 

Figure 5.13.  Resultant GH2 power, by district (germ. Landkreis), achieved from 

simulation cases 5 and 6 (Status Quo): (a) LLHW  SQ 110, (b) LLHW  SQ All. .. 57 

Figure 5.14.  Resultant GH2 power, by district (germ. Landkreis), achieved from 

simulation cases 7 and 8 (NEP2035): (a) LLHW NE 110, ( b) LLHW NE  All.  .... 57 

Figure 5.15.  Resultant GH2 power, achieved from simulation cases 9 to 12: .... 59 

Figure 5.16.  Resultant power generation, by energy source. Simulation cases 9 

and 10: ................................................................................................................... 60 

Figure 5.17.  Resultant power generation, by energy source. Simulation cases 11 

and 12: ................................................................................................................... 60 



Power-Grid-Friendly Placement of Large-Scale Hydrogen Production Facilities in the Northwest German High Voltage Grid 

viii  

Figure 5.18.  Geographic representation of GH2 plants connection points to the 

power grid simulation cases 5 and 6 (Status Quo): (a) LLHW SQ 110, (b) LLHW 

SQ All. .................................................................................................................. 61 

Figure 5.19.  Geographic representation of GH2 plants connection points to the 

power grid simulation cases 7 and 8 (NEP2035): (a) LLHW NE 110, (b) LLHW 

NE All.  .................................................................................................................. 62 

Figure 5.20.  Resultant GH2 power, by district (germ. Landkreis), achieved from  

simulation cases 9 and 10 (Status Quo): (a) HLLW  SQ 110, (b) HLLW  SQ All. 63 

Figure 5.21.  Resultant GH2 power, by district (germ. Landkreis), achieved from  

simulation cases 11 and 12 (NEP2035): (a) HLLW  NE 110, (b) HLLW  NE All.  . 63 

Figure 5.22.  Resultant GH2 power, achieved from simulation cases 13 to 16: .. 65 

Figure 5.23.  Resultant power generation, by energy source. Simulation cases 13 

and 14: ................................................................................................................... 66 

Figure 5.24.  Resultant power generation, by energy source. Simulation cases 15 

and 16: ................................................................................................................... 66 

Figure 5.25.  Geographic representation of GH2 plants connection points to the 

power grid simulation cases 13 and 14 (Status Quo): (a) LLLW SQ 110, (b) LLLW 

SQ All. .................................................................................................................. 68 

Figure 5.26.  Geographic representation of GH2 plants connection points to the 

power grid. Simulation cases 7 and 8 (NEP2035): (a) LLHW NE 110, (b) LLHW 

NE All.  .................................................................................................................. 69 

Figure 5.27.  Resultant GH2 power, by district (germ. Landkreis), achieved from  

simulation cases 13 and 14 (Status Quo): (a) LLLW  SQ 110, (b) LLLW  SQ All. 70 

Figure 5.28.  Resultant GH2 power, by district (germ. Landkreis), achieved from  

simulation cases 15 and 16 (NEP2035): (a) LLLW  NE 110, (b) LLLW  NE All.  . 70 

Figure 5.29.  Summary of incorporated GH2 loads for each simulation case. ..... 72 

Figure 5.30.  Correlation between achieved GH2 power demand and number of 

incorporated GH2 loads, for all scenarios, grouped by operative condition:  (a) 

HLHW, ( b) LLHW, ( c) HLLW, ( d) LLLW.  ......................................................... 73 



Power-Grid-Friendly Placement of Large-Scale Hydrogen Production Facilities in the Northwest German High Voltage Grid 

ix 

Figure 5.31.  Connection points of new GH2 plants in simulation cases that only 

allow connection to 110 kV. .................................................................................. 75 

Figure 5.32.  Connection points of new GH2 plants in simulation cases that allow 

connection to all voltage levels. ............................................................................ 76 



Power-Grid-Friendly Placement of Large-Scale Hydrogen Production Facilities in the Northwest German High Voltage Grid 

x 

List of Tables  

 

Table  3.1. Electrolyser Technologies [11]. ........................................................... 16 

Table  4.1. Summary of component characteristics provided by the Open Energy 

database. ............................................................................................................... 27 

Table  4.2. Summary of Grid Components of scenarios ɶStatus Quoɷ and 

ɶNEP2035ɷ. ........................................................................................................... 29 

Table  4.3. Generation installed power by energy source. ................................... 31 

Table  4.4. Operative conditions for steady-state simulations. ............................ 36 

Table  4.5. Generation marginal costs by energy source. ..................................... 37 

Table  4.6. Summary of simulation base cases. .................................................... 37 

Table  4.7. Summary of simulation cases. ............................................................ 40 

Table  5.1. Summary of Achieved GH2 power demand in all simulation cases. .. 72 



Power-Grid-Friendly Placement of Large-Scale Hydrogen Production Facilities in the Northwest German High Voltage Grid 

xi 

Symbols and abbreviati ons 

 

AC  Alternating Current  

API  Application Programming Interface 

DC  Direct Current  

GHG  Green House Gases 

GH2  Green Hydrogen 

HV  High Voltage 

HVDC  High Voltage Direct Current 

NEP  Grid Development Plan (germ. Netzentwicklungsplan) 

OPF  Optimal Power Flow 

PEM  Polymer electrolyte membrane 

PF  Power Factor 

Pm Maximum power that can be drawn from the bus while keeping its 

voltage in an acceptable value 

PVSL  Power at VSL 

RES  Renewable Energy Sources 

RP  Required GH2 power for the interest area 

VSL  Volt age Stability Limit  

WEG  Wind Energy Generator 

  





Power-Grid-Friendly Placement of Large-Scale Hydrogen Production Facilities in the Northwest German High Voltage Grid 

1 

 Introduction  

 

The world is currently  facing the threat of an imminent climate change crisis due 

to human-induced global warming as a consequence of the emission of greenhouse 

gasses (GHG) to the atmosphere [1]. This requires immediate corrective actions to 

reduce worldwide GHG emissions in every area of human activity. To address this 

issue, many countries, including Germany, have established ambitious climate 

change mitigation strategies, such as the Paris Agreement, which aims to limit 

global warming to well below 2°C compared to pre-industrial levels [2]. 

As part of its climate action plan, Germany is committed to increasing the share 

of renewable energy (GHG-emission free) in its electricity mix, with the goal of 

achieving at least 80 % of produced electricity from renewables by 2050 [3]. This 

commitment was demonstrated in th e annual electricity mix  of the year 2022, in 

which renewable energy sources reached 49.6 % of the total  German electricity 

production [4]. Furthermore, through the adoption of the Federal Climate Change 

Act (2021), Germany has set the ambitious goal of achieving climate neutrality by 

2045, which will require not only the reduction of GHG emissions in the electricity 

sector, but also from other sectors, such as transport and industry  [5]. 

It is worth mentioning that the current installed power of solar and wind power 

plants in Germany totals roundabout 137 GW, which is almost twice the installed 

capacity of fossil-fuel fired power plants [6]. However, despite the amazing figures 

of installed power and electricity production, the intermittency of renewable energy 

sources poses a significant challenge to the power system's stability and its efficient 

operation. Since the output of renewable energy power plants (especially wind and 

solar) depends on environmental conditions and not on the power demand of loads, 

the natural fluctuation of wind speed and solar irradiance can result in periods of 

excess power supply when available power is greater than demand, as well as power 

shortages in the opposite case.  

In order to solve this inherent problem, present in variable renewable energy sources 

(RES), flexibility solutions such as energy storage must be implemented to provide 

energy systems with the ability  to store, transport and later utilize  energy that can 

be produced in times of excess power supply from renewable sources [7]. 

In this context, ɶGreen Hydrogenɷ (GH2), which is hydrogen produced utilizing 

renewable energy sources, has emerged as a promising energy storage solution, 

allowing the later utilization  of energy produced from RES in the electric power 
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system, as well as in other sectors (transport, industry ) [8]. In this line of 

application, GH2 can be used as energy source in fuel-cell-powered transport, or 

directly as a fuel in industrial applications, replacing fossil fuels and thus reducing 

GHG emissions related to their combustion. Moreover, given that hydrogen is 

already a component in the production of fuels, as well as a base substance for 

producing useful chemicals, GH2 can replace conventional hydrogen produced from 

fossil fuels (which generate GHG emissions [9]) with no adjustment being necessary 

[10]. 

ɶGreen Hydrogenɷ can be produced through various methods, although water 

splitting via e lectrolysis is the most mature technology and the only one available 

at a market scale [11]. The most used technologies to carry out electrolysis for 

hydrogen production are alkaline electrolysers, polymer electrolyte membrane 

(PEM)  electrolysers and high-temperature water electrolysers [11]. 

The current level of domestic hydrogen consumption in Germany is approximately 

55 TWh  per year (2021), and it is estimated to increase to approximately 90ɰ

110 TWh by 2030 under the National Hydrogen Strategy [10]. In order to partially 

cover this demand, Germany plans to incorporate 5 GW of GH2 production 

capacity by 2030, and increase this capacity to 10 GW by 2035 (or by 2040 at the 

latest) [10].  

The expansion in the GH2 production capacity is also considered in the German 

Grid Development Plan 2035 (NEP 2035), which estimates that two thirds  of the 

hydrogen electrolysis capacity will be allocated in the northern part of Germany, 

where exists a high penetration of wind energy power plants, while the remaining 

one third will be located in the south of Germany [12]. Applying this assumption 

to the target installed capacities proposed in the National Hydrogen Strategy results 

in approximately 3.3 GW and 6.6 GW to be achieved in the northern part of 

Germany by 2030 and 2035, respectively. 

Although this distribution  of GH2 production capacity is a rough estimation, special 

attention should be paid to the actual placement of these new large-scale 

electrolysers in the power grid, given that failing to do so could have a negative 

impact on the power system. In this regard, a study made in 2021 by the companies 

Gasunie, Tennet and Thyssengas identified five potential areas in the federal states 

of Lower Saxony and Schleswig-Holstein (Northwest Germany) for large-scale 

electrolysers, that would benefit the energy system for the current power grid status 

as well as for the NEP 2035 scenario [13]. In that study, a multi -criteria decision-

making method based on Utility Analysis was applied, considering the impact of 
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new electrolysers in the categories of ɶElectricityɷ, ɶGasɷ and ɶEnvironmentɷ, 

suggesting not to install on-site electrolysers near industrial facilities in order to 

avoid contributing to the formation of grid bottlenecks. They also state that 

favourable locations for power-to-gas (GH2 production) plants can be found close 

to places where renewable energy is available, i.e. close to the coast in north-western 

Lower Saxony and Schleswig-Holstein.  

After considering the recommendations made in the previously mentioned study, 

alongside the assumptions presented in the National Hydrogen Strategy and the 

NEP 2035, a subsequent logical step towards achieving the projected integration of 

new large-scale electrolysers into the power grid would be to identify the optimal 

power system nodes (buses) in the areas of interest for a power-system-friendly 

placement of the new electrolysers, i.e. where it allows satisfactory (safe and stable) 

operation of the power system. In other words, given the required installed power 

and ɶfavourableɷ geographical areas for placing new large-scale electrolysers, it is 

yet necessary to determine the best connection points to the power grid within 

these ɶfavourableɷ areas, which leads to the following question: are the suggested 

areas capable of receiving the required installed capacity of GH2 production plants 

while keeping satisfactory operating conditions, and how should the new load be 

distributed among the power system buses of these areas? 

In order to address this question, this thesis proposes a method that can be utilized 

to determine a power-system-friendly distribution of large-scale electrolysers among 

nodes of interest in an existing power grid, while allowing satisfactory steady-state 

operating conditions. This method takes the desired total installed capacity of GH2 

production plants and performs the automatic selection of the most convenient 

nodes to connect new loads in a predefined steady-state operative scenario, based 

on static (steady-state) voltage stability criteria.  Subsequently, the automatic 

allocation of power to the selected nodes is carried out, based on keeping the power 

system under normal steady-state operating conditions. 

The proposed method automatically allocates the highest possible amount of power 

to every selected node, assuming benefits in the implementation of ever larger GH2 

production plants, due to economies of scale [14], considering at the same time 

steady-state operative constraints, such as branch element loading and bus voltage 

levels. The steady-state voltage stability criteria ensure earlier selection of the most 

voltage-stable nodes, which will firstly receive the new loads (GH2 production 

plants). 
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Voltage stability is defined as the ability to keep acceptable voltages in the power 

system buses when operating under normal conditions as well as after being 

subjected to a disturbance, such as load increase [15]. A power system is considered 

unstable when there is a continuous and progressive droop in voltage after a change 

in operating conditions. Due to voltage instability, the power transferred to the 

load becomes limited and voltage collapse can take place, at which point  the power 

system is unable to supply power to the loads [15].  

Indicators of voltage stability can be used to determine operative limits, such as 

maximum active power transfer values, which indicate the maximum power that 

can be delivered to a load connected to a power system bus. Techniques such as 

the V-P Characteristic Analysis help to identify  stable and unstable operating 

points by establishing the relationship between the amount of power that can be 

delivered to a load and its terminal voltage, indicating the maximum active power 

value that can be supplied while keeping voltage at an acceptable level and without 

producing a voltage collapse. 

Several studies have previously made use of the V-P Characteristic Analysis for 

voltage stability assessment. Linh in [16] has presented a method to find the 

maximum load power that allows operation within the steady-state voltage stability 

region for each bus of a test distribution power system with presence of wind energy 

generators. Besides, Thasnas and Siritaratiwat  in [17] have applied V-P 

Characteristic curves to evaluate static voltage stability margin enhancement in an 

IEEE 14-bus test power system by placing reactive power compensation elements 

in the weakest bus of the power system. Moreover, in [18] the authors have 

presented a method that uses the active power margin (from the V-P characteristic) 

to determine weak buses (in terms of voltage stability) in a power system. 

In this thesis, the V-P Characteristic Analysis will be utilized to determine the most 

stable buses in terms of voltage stability, i.e. the buses that allow the highest 

amount of power to be delivered to loads connected at their terminals, and the 

highest increase in power demand with  the smallest change in voltage as a result. 

The points of connection (buses) for the new large-scale electrolysers in the 

northwest German high voltage grid will be then selected according to their voltage 

stability, prioritizing the most stable buses. 

The method developed in this thesis will be tested on a simulation model of the 

Northwest German High Voltage Grid, which includes buses, transmission lines, 

transformers, generators, and loads at 110 kV, 220 kV, and 380 kV, located in the 

federal states of Hamburg, Bremen, Lower Saxony, and Schleswig-Holstein. Two 
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power grid development scenarios: the current status (ɶStatus Quoɷ) and the 

ɶNEP2035ɷ grid scenario, will be examined in this thesis. Moreover, various 

operative scenarios will be considered, portraying different wind energy availability 

conditions as well as multiple power demand scenarios. 

The aim of the aforementioned method is to serve as a fundamental component in 

the process of identifying the power capacity and optimal placement of new large-

scale hydrogen production facilities in Germany, allowing steady-state analysis of 

different critical operation scenarios, which requires less modelling detail, 

computational power and is therefore less time consuming than dynamic time-

domain analysis [15]. Thus, further testing and studies using dynamic simulations 

are reserved for the most relevant cases, for which initial conditions and a 

distribution of  electrolysers among the power system nodes would be available by 

applying the method to be presented in this thesis, enabling future investigation of 

transient stability  or dynamic voltage stability analysis under different 

contingencies. 

Finally , t he purpose of this thesis can be condensed as the formulation of a strategic 

distribution of GH2 production plants across the power grid buses (nodes) of the 

designated area, which will allow maximum power delivery at the selected nodes 

without producing element overloads or voltage collapse, i.e. keeping acceptable 

steady-state operating conditions. Additionally, it is o f interest to investigate 

whether the required installed power of GH2 production plants can be effectively 

assigned to the Northwest German region. 

The outcomes of this thesis will offer insights into the Northwest German Power 

Grid's potential to accommodate new large-scale GH2 production facilities, 

revealing possible restrictions on the maximum allowable size and overall installed 

capacity of these plants within the analysed areas. 
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 Theory  

 

This chapter explores the theoretical background of this thesis, covering the basic 

concepts related to power systems, as well as different methods of analysis and 

simulation, which include dynamic and static analysis, power flow calculation, 

voltage stability and V-P characteristic analysis. 

2.1.  Power Systems  

Power systems are complex networks that involve various components such as 

generators, transmission lines, substations (buses), transformers, and loads, which 

work together to ensure the reliable and efficient delivery of electricity to consumers 

in the industrial, c ommercial and residential sectors [19]. Understanding the 

behaviour of these components and the overall power system is crucial for 

maintaining the stability and reliability of the power grid [19]. Figure 2.1 presents 

a diagram of an electric power system, depicting various interconnected 

components. 

Generators are responsible for converting different types of energy (traditionally 

mechanical energy) into electrical energy. They are typically driven by turbines, or 

internal combustion engines and are usually found grouped in power plants. Large 

power plants are primarily connected to the transmission grid in high voltage, 

forming the backbone of electricity production. On the other hand, smaller plants 

can be found in the subtransmission or distribution grids, close to load centres [15].  

Nowadays, the ever-increasing number of independent and decentralized renewable 

power plants (such as solar PV and wind generators), which are geographically 

distributed, has enlarged the number of power plants with a direct connection to 

the subtransmission or distribution system [20]. 

Transformers are used to step up or down AC voltage for efficient transmission and 

distribution of electricity. They can increase voltage for long-distance transmission 

or decrease voltage for local distribution, minimizing energy losses [19]. 

Transmission lines are the links to transport electricity over long distances between 

substations and from power plants to the distribution system. They operate at high 

voltages and their design allows to minimize power losses during power transfer 

[15]. 
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Substations (also known as buses) are junction points in the power system where 

transmission lines, transformers, generators and other equipment are 

interconnected. They serve as distribution centres for routing electricity to different 

regions or areas [15]. 

Loads represent electrical devices and systems that consume power, which can be 

classified in residential, commercial, and industrial users. Loads determine the 

power demand (both active and reactive) of the system [15]. Industrial loads 

generally employ three-phase systems, whereas single-phase systems serve 

residential and commercial loads [15]. In this thesis, loads will be clustered in 

mathematical equivalents, connected to high voltage substations. 

Special loads known as reactive power compensation devices are also commonly 

found in electric power systems, being used to maintain power factor and voltage 

in the system at desired levels by consuming or injecting reactive power. For 

example, reactive power consumed by inductive elements in the grid can cause the 

voltage to drop under acceptable values. Devices like capacitors and static 

compensators are used to regulate reactive power, improve voltage stability, and 

reduce line losses [20].  

 
Figure 2.1. Diagram of an electric power system, with its basic components. 
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2.1.1.  Structure of the Power System  

The power system is typically categorized into three main subsystems: t ransmission, 

subtransmission, and distribution systems [15]. Figure 2.2 illustrates the different 

category levels of a power system. 

2.1.1.1.  Transmission system  

The transmission system links all major power generation facilities and primary 

load centres in a power grid, functioning as the backbone of the integrated power 

system and operating at the highest voltage levels with the aim of minimizing power 

losses [15]. The usual nominal voltages in Germany for AC power transmission are 

220 kV and 380 kV [21]. High voltage direct current (HVDC) transmission is also 

used nowadays for transporting large blocks of power over a long distance, having 

comparative advantages to AC power in specific cases [15]. 

Generator voltages typically fall within tens of thousands of volts, which are 

increased (using transformers) to the transmission voltage level for transportation 

to transmission substations. Here, the voltages are reduced to the subtransmission 

level [15]. Renewable energy sources such as PV and wind tend to be more 

geographically distributed, leading to a spread-out generation landscape, which has 

led to their incorporation into distribution and subtransmission systems, a shift 

from their conventional placement at the t ransmission level [20]. 

2.1.1.2.  Subtransmission system  

On the other hand, the subtransmission system transfers AC power in smaller 

amounts from the transmission substations to the distribution substations [15], as 

well as to large industrial loads. In Germany, direct supply from the transmission 

system is often provided to large industrial customers at a voltage level between 

60 kV and 220 kV [21]. In certain cases, there is no distinct boundary between 

subtransmission and transmission circuits [15].  

2.1.1.3.  Distribution system  

The distribution system represents the final stage in the transfer of power to the 

individual  customers [15]. The primary distribution voltage in Germany is typically 

between 6 kV and 60 kV [21], with  small industrial customers being supplied by 

primary feeders at this voltage level [15]. The secondary distribution feeders supply 

residential and commercial customers at a low voltage level, being 230 V and 400 V 

the standard values in Germany [21]. 
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Figure 2.2. Single-line diagram of a sample three-phase AC power system. Depicted from [15]. 

2.1.2.  Electric p ower in AC Systems  

In an AC system, voltage and current vary sinusoidally over time with an almost 

constant frequency [19]. The standard frequency values for AC power in Germany 

is 50 Hz. Electric power in AC systems can be divided into two components: real 

power (P) and reactive power (Q). Real power is the actual power that performs 

useful work, such as lighting a bulb or operating machinery and its measurement 

unit is the watt [W] [19]. On the other hand, reactive power is the power exchanged 

with  inductive and capacitive elements in a circuit, maintaining magnetic and 

electric fields; therefore, the reactive power can be inductive or capacitive, and it is  

measured in volt-amperes reactive [var] [19]. Complex power (S) represents the 

combination of real power and reactive power and is measured in volt-amperes [VA ] 

[19].  
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According to reference [19], t he following equations can be used to describe the 

relationships between S, P and Q: 

Ὓ ὖ Ὦὗ     (2.1) 

ȿὛȿ ὖ ὗ      (2.2) 

ὖ ȿὛȿϽὧέί—     (2.3) 

ὗ ȿὛȿϽίὭὲ—     (2.4) 

whereȡ Ὓ is complex power, ὖ is active power, ὗ is reactive powerȟȿὛȿ is magnitude 

of the complex power, also called apparent power, — is phase angle (angular 

difference between AC current and voltage sinewaves) and ÃÏÓ— is power factor 

(PF). 

2.1.3.  Power System Analysis and Simulation  

Power system analysis and simulation techniques are used to understand the 

behaviour of the power system under different operating conditions. Two types of 

analysis are commonly used: dynamic analysis and static analysis. 

Dynamic analysis involves modelling the time-varying behaviour of the power 

system components and studying the system response to disturbances such as faults 

or sudden changes in load [15]. Large-disturbance voltage stability and t ransient 

stability analysis are examples of dynamic analysis used to study the stability of 

the power system during transient events [15]. 

Static analysis, on the other hand, involves analysing the steady-state behaviour of 

the power system [15]. Two common techniques used in static analysis are power 

flow calculation and V-P Characteristic for static voltage stability analysis. 

2.1.4.  Power Flow Analysis  

Power flow analysis, also known as load flow analysis, is used to determine power 

flows (P and Q) in branch elements, as well as voltages (V) and their angles (—) in 

buses of a power system under specified steady-state conditions [15]. For the 

solution of a power flow problem, each one of the system buses must be classified 

into one of the following representations: Voltage-controlled (PV) bus, Load (PQ) 

bus or Slack (swing) bus [15]. 

The PV bus is characterized by the specification of active power and voltage 

magnitude. It also includes limits on reactive power, which depend on the specific 
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characteristics of the devices connected to the bus. Examples of such devices include 

generators, synchronous condensers, and static var compensators.  

On the other hand, the PQ bus is defined by the specification of both active and 

reactive power. Typically, loads are assumed to have constant power, and they are 

considered to be supplied by transformers that can adjust the output voltage 

accordingly [15].  

Finally,  the slack bus is distinguished by the specification of both voltage magnitude 

and phase angle. Since the power losses within the system are not initially known, 

at least one bus must have unspecified values for active power and reactive power 

(P and Q). Consequently, the slack bus becomes the only bus in the system with a 

known voltage [15]. 

A nonlinear problem is formed when trying to determine the two missing variables 

at each bus. As a result, power-flow equations are solved through iterative 

techniques like the Gauss-Seidel or Newton-Raphson methods. The detailed 

principles and application of these iterative methods can be found in reference [22]. 

2.1.4.1.  Optimal Power Flow (OPF)  

An OPF analysis represents a power flow problem where specific control variables 

need to be optimized to minimize an objective function, such as the cost of active 

power generation. This optimization is conducted while ensuring that physical and 

operational constraints on various dependent variables are met [23].  

2.1.5.  Voltage Stability  

Voltage stability in power systems refers to the system's capability to maintain 

voltage levels within the acceptable range at all nodes under specific operating 

conditions or in the aftermath of a disturbance [24]. Voltage instability in a system 

becomes evident when there is a continuous decline or gradual decrease in bus 

voltages, which can occur due to various factors such as disturbances, load increase 

or changes in operating conditions [24].  

The primary objective of a power system is to ensure the reliable delivery of 

electrical energy to the consumer (load). However, voltage instability can restrict 

the power transferred to the load, and during a voltage collapse, the system becomes 

incapable of supplying power to the load [24]. Consequently, voltage instability can 

lead to undesirable outcomes such as the activation of protective systems causing 

cascading outages, including the tripping of transmission lines and other elements 
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[25]. Additionally, loss of synchronism among generators may occur as a result of 

these outages or due to operating conditions that violate field current limits [25]. 

A significant contributing factor to voltage instability is the voltage drop that 

occurs when active and reactive power flow through inductive reactances in the 

transmission grid. This limits  the power transfer capability and voltage support 

within the network  [25].  

2.1.5.1.  Voltage Stability Classification  

Voltage stability of a system can be categorized into long-term voltage stabilit y 

and short-term voltage stability. The classification of long-term and short-term is 

based on the duration it takes for the system to transition into voltage instability 

following a disturbance or a change in the operating point [24].  

The assessment of long-term voltage stability refers to durations ranging from a 

few minutes to a few tens of minutes, and in unusual cases, it can be prolonged to 

a few hours if voltage instability goes undetected. A classic example of long-term 

voltage instability is voltage collapse, which is a critical condition in a power 

system, where the voltage levels experience a rapid and significant decline, leading 

to a severe drop or even a complete collapse in voltage, being its primary cause a 

loss of generation or an increase in load [24]. Static analysis can often be employed 

in long-term stability analysis to estimate stability margins, identify factors 

influencing stability, and evaluate numerous system conditions and scenarios [24]. 

Voltage stability indicators used in this thesis belong to the long-term classification.  

Voltage stability within a time frame of up to 30 seconds is known as short-term 

voltage stability. This aspect of voltage stability differs significantly from long-term 

voltage stability in terms of dynamics and involved components. Short-term voltage 

stability is associated with the rapid behaviour of load components such as 

induction motors, electronic loads, HVDC links, and generator resources based on 

inverters. The study duration of interest typically spans several seconds, 

necessitating the use of detailed models that accurately represent transient 

dynamics within the power system [24]. The analysis of short-term voltage stability 

requires solving relevant system differential equations. Therefore, accurate 

modelling of load dynamics becomes crucial in this context [25]. 

2.1.5.2.  Static and Dynamic Voltage Stability  Analysis  

There are two main types of tools used for voltage stability analysis: dynamic and 

static. Dynamic analysis involves solving nonlinear system differential algebraic 
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equations through time-domain simulations. On the other hand, static analysis 

relies on solving conventional or modified power flow equations [26]. 

Static analysis, which only requires solving algebraic equations, is computationally 

more efficient compared to dynamic analysis. It is particularly suitable for studying 

a large number of cases and determining voltage stability limits for pre-contingency 

and post-contingency scenarios [26]. Static methods effectively analyse various 

aspects of the voltage stability problem by examining the viability of the 

equilibrium point represented by a specific operating condition of the power system. 

By exploring a wide range of system conditions, static analysis techniques provide 

valuable insights into the nature of the problem and identify key contributing 

factors [15]. This analysis is typically performed using power flow solutions and can 

determine vulnerable regions of the power system in terms of voltage stability 

margins for different power transfers [24]. 

Dynamic analysis offers the most accurate representation of the time responses of 

the power system. It accurately captures the sequence of events leading to voltage 

instability, enabling post-mortem analysis and coordination of protection and 

control measures. However, dynamic analysis is computationally intensive, both in 

terms of CPU (central processing unit)  time and engineering effort required to 

analyse the results. Furthermore, it does not readily provide information on 

sensitivity or the degree of instability, making it impractical for studying a wide 

range of system conditions or determining stability limits [26].  

Dynamic analysis is beneficial for detailed studies of specific voltage collapse 

scenarios, coordination of protections and controls, and testing of remedial 

measures. It investigates whether and how the steady-state equilibrium point will 

be reached [15].  

In this thesis, static voltage stability analysis will be applied to determine indicators 

of long-term voltage stability, with a focus on load increase as the cause of 

instability risk. The use of the words ɶvoltage stabilityɷ will therefore refer to the 

long-term type, evaluated by applying static analysis. 

2.1.5.3.  V -P Characteristic Analysis  

The V-P characteristic curve (presented in Figure 2.3) is produced by performing 

a series of power flow calculations for different load power demand values. This 

curve is used to represent the relationship between voltage and active power in a 

power system [15].  
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Figure 2.3 shows an example for a radial network formed by a source, a transmission 

line, a bus and a load, depicting the V-P characteristic curve at the bus. It can be 

noted that different values of load power demand (PR) produce in turn  different 

values of bus voltage (VR). 

  
Figure  2.3. V-P Characteristic (a) for a bus in a radial network (b),  

for different values of load power factor. Depicted from [15]. 

In the example presented in Figure 2.3, maximum power transmitted is reached 

when voltage drop in ZLN and ZLD are the same, i.e. ὤ ὤ  (maximum power 

transfer theorem) [15], where ZLN represents the transmission line impedance and 

ZLD represents the load impedance. 

The conditions corresponding to maximum power represent the limits of 

satisfactory operation [15]. Power flow solutions fail to converge beyond the 

maximum power operation point (i.e. ɶkneeɷ of the V-P characteristic curve), which 

is indicative of voltage instability [15]. The Voltage Stability Limit  (VSL) is then 

at the maximum power operation point. Practical power systems consisting of many 

voltage sources and load buses also exhibit similar relationships between active 

power transfer and load bus voltages [15].  

Finally, another concept to consider is the power margin or the loading limit of the 

system for the given operating conditions, which is the power from a given operation 

point to the p oint of maximum power transfer [24]. Satisfactory operating condition 

is ensured by allowing sufficient power margin [15]. 
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 Green Hydrogen  as a Clean Energy Carrier  

 

Green hydrogen, produced from renewable energy sources, is gaining importance as 

a clean energy carrier, especially for sectors challenging to electrify like industry, 

buildings, and transport. This energy medium enables renewable energy to be 

channelled from power systems to end-use sectors.  

Extracted from water via electrolysis, green hydrogen can be combined with the 

natural gas network, reducing natural gas usage and CO2 emissions. It also offers 

storage capabilities, extending its use to marine, aviation, and other transport 

systems [8]. 

The 2020s are pivotal for maturing green hydrogen technology, with electrolyser 

technologies like alkaline and proton exchange membrane (PEM) expected to scale 

up. However, large-scale green hydrogen integration introduces challenges in power 

system planning and operation, including increased flexible demand and network 

security considerations. Despite the challenges, the introduction of green hydrogen 

offers benefits such as reducing renewable energy curtailment and promoting 

decarbonization strategies while maximizing electricity market revenue [8]. 

This thesis explores the integration of large-scale electrolysers for green hydrogen 

production into the power grid, examining how the grid responds to demand surges 

under various operational scenarios.  

3.1.  Renewable Energy and the Need for Storage Flexibility  

The inherent variability, unpredictability, and location -specific characteristics of 

renewable energy sources, especially solar and wind energy, require flexibility within 

power systems for their effective integration. Flexibility, in this context, refers to 

the capability to balance the remaining load after accounting for variable renewable 

energy production. Multiple sources can provide this flexibility, including 

curtailment, demand-side management and notably, electrical energy storage [7]. 

Examples of flexible storage solutions are batteries, pumped-hydro plants, 

compressed air energy storage, and green hydrogen with a potential for reconversion 

to electricity or sector coupling. A common consensus is that no single storage 

solution excels in every aspect, leading to the natural conclusion that a combination 

of storage options should be considered in planning strategies.  
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Batteries for example, have the ability of shifting load to times when renewable 

energy is abundant. Electrolysers, on the other hand, can convert excess electricity 

into hydrogen which can be stored for long periods and used in various sectors like 

transportation and industry, or even reconverted back into electricity when needed 

by using fuel cells [7]. 

Finally, the implementation of energy storage systems has the potential to enhance 

the reliability, efficiency and resilience of the power system as it accommodates 

higher penetrations of renewable energy sources. 

3.2.  Water Electrolysis for Green Hydrogen Production  

Water electrolysis is a process used to produce green hydrogen by splitting water 

molecules into hydrogen and oxygen using electrical energy. Electrolysers 

technologies come in various types, including alkaline electrolysers and polymer 

electrolyte membrane (PEM) electrolysers, which are nowadays the technologies 

with the highest penetration in GH2 production projects for commercial purposes 

[11].  

3.2.1.  Electroly ser Technologies  

Alkaline electrolysers are the most common type of electrolyser and are widely used 

in industry due to their low cost and high efficiency [27]. Large-scale systems often 

utilize this particular type of electrolyser due to its cost-effectiveness, 

straightforward implementation, and extended operational lifespan compared to 

other technologies [11]. However, one important drawback of alkaline electrolysers 

is the need of constant power supply to ensure stable operation [27]. 

Conversely, despite being more expensive, PEM electrolysers are able to operate 

under a variable supply of power [28]. This technology is mainly used for low-scale 

plants due to their shorter lifetime [11]. Table 3.1 presents a summary of these two 

electrolyser technologies, their efficiency and costs. 

Table  3.1. Electrolyser Technologies [11]. 

Electrolyser 

Type  
Common Application  

Electrolyser 

Effici ency  

Investment Cost  

[ʏ/kW] 

Alkaline 
Large-scale applications with low 

dynamic reaction needed 
70 % 1000 

PEM 
Small-scale application coupled 

with fluctuating power source 
60 % 2000 
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3.2.2.  Representation of Electrolyser s in Dynamic and Static 

Power System Analysis  

The representation of electrolysers in dynamic and static power system analysis 

depends on the type of electrolyser technology and the level of detail required for 

the analysis. In dynamic analysis, the electrolyser is typically modelled as a 

nonlinear dynamic element [29]. Meanwhile in static analysis, the electrolyser is 

modelled as a constant power or constant current load [30]. 

Figure 3.1 depicts the fundamental electrical power configuration of an electrolyser 

suitable for power system analysis, along with its equivalent representation as an 

equivalent load for static analysis. In this thesis, electrolysers will be treated as 

equivalent constant power loads. Their impact on the power system will be 

examined through steady-state analysis, with power consumption as the primary 

variable of interest. As a result, all the components involved in adapting the electric 

power supply will be consolidated into a single equivalent load. 

 

 
Figure 3.1. Representation of basic power components associated to an electrolyser in power 

system analysis. (a): Representation of an electrolyser as a DC load, considering basic power 

equipment. (b): Lumped AC equivalent load. 
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 Methodology  

 

This chapter details the methodology employed to achieve the research goals of this 

thesis, which can be summarized in the formulation and implementation of a 

strategy to determine a power-system-friendly distribution of new GH2 production 

facilities across target areas in the northwest German high voltage grid. The process 

encompasses three key steps. First, the development of an algorithm that  takes a 

power grid model in a certain steady-state operative scenario and performs the 

automatic connection of the necessary new electrolysers to selected buses of an 

interest area within the power grid, all while adhering to steady-state operational 

constraints. Second, the development of the northwest German high voltage grid 

model. Finally , the algorithm is tested on the developed model under a variety of 

operational scenarios. 

4.1.  Algorithm D evelopment  

The algorithm will be designed to work on a power grid model, operating in steady-

state conditions. It will  receive as input data the buses of interest (substations 

within an interest  area, to be considered as possible locations for the incorporation 

of new loads), as well as the required GH2 power to be allocated in the area under 

evaluation (RP) and the minimum desired GH2 plant size (MinGH2) in MW .  

In terms of outputs, this algorithm will determine  whether the required GH2 power 

(RP) can be incorporated to the buses of interest while keeping satisfactory steady-

state operating conditions. Should the former not be possible, the maximum 

allowable GH2 power demand will be indicated. Additionally, the algorithm will 

show the substations that have been selected to receive the new loads (GH2 plants) 

along with their power demand. Finally, the geographic distributio n of the newly 

allocated GH2 plants in the power grid will be presented. 

The flow diagram in Figure 4.1 depicts the algorithmɴs general functioning process, 

which leads to generating the previously mentioned outputs. The initial step 

involves specifying the desired minimum size of GH2 plants, as well as indicating 

the buses of interest within the power grid being analysed. These buses are then 

sorted considering voltage stability indicators, from the most to the least stable 

bus, forming a ɶBus Rankingɷ. A static voltage-stability analysis is conducted to 

achieve this goal, which involves determining and evaluating the voltage-to-active-

power (V-P) characteristic for each specified bus. This will ensure the new loads 
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(GH2 plants) to be incorporated to the power grid will be added to the most stable 

buses first. 

The V-P characteristic will indicate the maximum power that can be connected to 

a specific bus while keeping voltage stability in the system (avoiding voltage 

collapse), as well as the maximum power at steady-state normal operating voltage. 

In addition, examining the V-P curves at each bus allows for observations regarding 

the sensitivity of voltage changes in response to power increases. 

Subsequently, the algorithm will create a new GH2 load (which symbolizes a GH2 

production plant) and will connect it  to the first bus listed in the ɶBus Rankingɷ. 

The initial power demand assigned to this new load will correspond to the 

maximum power that can be delivered at this bus while keeping its voltage within 

the acceptable range for normal operation.  

Verification of satisfactory steady-state operating conditions (line loading and bus 

voltages within acceptable range) in the entire grid will follow, revealing whether 

the assigned power demand allows for normal steady-state operation of the system. 

In case of not achieving satisfactory operating conditions, an adaptation (reduction) 

of the GH2 load power demand is carried out. This iterative process of verification 

of system conditions and adaptation of the GH2 load power demand will continue 

until  satisfactory steady-state operation of the system is achieved. At this stage, if 

the achieved GH2 load power demand is greater than zero, the grid model will be 

changed, with a new load (GH2 production plant) connected to the bus under 

evaluation. 

With the target set at achieving the required GH2 power (RP), the algorithm will 

execute the same steps of connecting a new GH2 load and finding the right power 

demand value (allowing normal steady-state operation), with the buses that follow 

in the ranking, until the specified RP has been reached or all buses of interest have 

been tried.  

The implementation of this algorithm will  be realized using python. Load flow 

calculations to determine the V-P characteristic of each bus and ensure satisfactory 

steady-state operating conditions will be conducted using PowerFactory, a software 

tool developed by DIgSILENT GmbH. Within the python environment, various 

tasks such as data analysis, filtering, and plotting will be performed, as well as, 

instructions for executing calculations requiring the use of PowerFactory. The data 

exchange between the python environment and PowerFactory will be facilitated 

through an API  (Application Programming Interface), enabling seamless 

interaction and allowing for automation of repetitive tasks. 
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Figure 4.1. Flow diagram of the Algorithm to determine the distribution of new electrolysers 

among buses of interest in an area of the power grid. 
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4.1.1.  Bus Ranking  

The purpose of the Bus Ranking is to organize the buses of interest into a list-like 

structure, sorted form the most to the least stable in terms of voltage stability. 

This provides a hierarchy of preference when it comes to selecting the connection 

points for the new GH2 plants in the power grid, ensuring the most voltage stable 

buses are evaluated first.  

The Bus Ranking is formulated based on key indicators derived from an analysis of 

the V-P characteristic curves of the buses of interest, which provide insights into 

their  voltage stability. Upon determining the key indicators for each bus, they are 

arranged in descending order of voltage stability. Figure 4.2 shows the V-P 

characteristic of a bus, along with the key indicators for consideration.  

 
Figure 4.2. Example of a V-P characteristic of a system bus and its key indicators. 

These key indicators influencing the formation of the Bus Ranking, in order of 

significance in terms of voltage stability, are as follows: 

¶ PVSL: this is the value of power at the Voltage Stability Limit ( VSL). This 

indicatorsɴ value represents the maximum power demand that can be 

connected to the respective bus, without provoking a voltage collapse. A 
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higher value of this indicator corresponds to greater voltage stability at the 

respective bus. 

¶ Pm: this represents the maximum power that can be delivered at the bus 

while maintaining a voltage value equal or greater to the lower limit of the 

predefined range of acceptable voltages at normal operating conditions. As 

an example, Figure 4.2 shows Pm as the maximum power that can be 

delivered without causing the bus voltage to fall below 0.95 p.u. 

¶ ȿ : this is the slope of the tangent line to the V-P characteristic curve 

evaluated at Pm, which indicates the rate of change in the voltage to the 

change in power. A pronounced slope indicates rapid variation in voltage for 

a change in power demand, which may lead bus voltage to quickly fall out 

of the acceptable range due to small changes in the load.   

4.1.1.1.  V -P Characteristic  at each bus of interest  

In order to determine the V-P characteristic for a bus, repeated power flow 

calculations are carried out using different values of power demand for a test load 

connected to the bus, storing the resultant bus voltage for each calculation. 

In this thesis, power demand values used to determine the V-P characteristic at 

each bus of interest will start at the minimum allowable GH2 plant size ( MinGH2), 

which must be specified as an input. Incremental steps of the same size (MinGH2) 

in power demand are carried out for each consecutive power flow calculation until 

the value at which the power flow solution fails to converge has been achieved, 

which indicates the voltage stability limit has been reached or surpassed. In any 

case, the VSL will be within the range between the last recorded value of power 

demand that allows convergence of the power flow solution and the value that 

causes convergence failure. It is also worth mentioning that the power factor of the 

test loads will be assumed to be 0.95 p.u. inductive, based on what is indicated in 

[31] as general requirements of power-to-hydrogen power converters. 

Figure 4.3 presents two V-P characteristic curves corresponding to two buses from 

the power grid model used in this research, for a high load operative scenario. It 

can be noted in this picture that in bus B exists a higher capacity than in bus A to 

deliver active power without producing a voltage collapse (PVSL), as well as for 

keeping voltage above 0.95 p.u., therefore indicating higher stability in bus B.  

4.1.1.2.  Determining PVSL  

As previously mentioned, the active power at the VSL will be situated within the 

range that extends from the last recorded power demand value, which allows 
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convergence of the power flow solution, to the value that triggers convergence 

failure. For the purposes of this thesis, it is enough to know the maximum active 

power for which the power flow converges at each bus, which will be considered as 

the indicator PVSL, as shown if Figure 4.3. 

Given that the increments in load demand to determine the V-P characteristic are 

of the same size for all buses (equivalent to MinGH2), the indicator PVSL will be in 

all cases a multiple of MinGH2, allowing comparison between system buses. The 

main criterion for ranking the buses of interest will be based on this indicator. In 

cases where two buses share the same value, the other two indicators will determine 

their respective positions in the ranking. 

4.1.1.3.  Determining Pm 

As previously described, the indicator Pm is defined as the power that can be 

supplied while maintaining the voltage at or above the lower limit of the acceptable 

voltage range. This indicator is obtained from the V-P characteristic, where active 

power (the independent variable) is provided as discrete inputs to the algorithm. 

Conversely, voltage represents the system's response, and since the calculated 

values may not precisely align with the selected lower limit of the acceptable voltage 

range, cubic spline interpolation as defined in [32] is utiliz ed to estimate the active 

power value corresponding to the lower limit of the acceptable voltage range. The 

interpolation is executed in python, applying the function ɶinterpolateɷ of the 

python SciPy library [33].  

4.1.1.4.  Determining 
▀╥

▀╟
ȿ╟ ╟□ 

The slope of the V-P characteristic curve at the point where active power equals 

Pm (where P =  Pm) can be determined by calculating the derivative of the function 

V(P) and evaluating it at P =  Pm. This is achieved using a numerical differentiation 

method known as the finite difference method, detailed in reference [34]. This 

method provides an approximate value of the function derivative at the specified 

point. The derivative approximation is computed using python, specifically 

employing the ɶgradientɷ function from the python NumPy library [35]. 

4.1.1.5.  Advantages  of implementing  the Bus Ranking  

Employing the Bus Ranking enables prioritizing the connection of new GH2 loads 

to the grid's most stable buses. This concept can be observed in Figure 4.3: if a 

new GH2 load of 200 MW was connected to bus A, the voltage would dip slightly 

below the acceptable operational limit of 0.95 p.u. However, connecting the same 
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load to bus B would maintain the voltage near its original 1.0 p.u. value. 

Furthermore, the power margin would vary for each bus post-connection of the new 

200 MW load: bus A would have a power margin of 300 MW, compared to a robust 

3400 MW margin at bus B. Thus, if the power margin were to be further reduced 

by an increase in GH2 power demand, bus B could accommodate a higher power 

demand than bus A, without producing a voltage collapse situation, allowing for 

higher GH2 production. 

This strategic prioritization allows for the incorporation of new GH2 loads to buses 

that are able to deliver higher amounts of active power while keeping voltage levels 

within operational standards. This enables the deployment of larger plants at 

selected substations among the buses of interest, having a positive impact in the 

economies of scale to achieve cost reductions [14], [36].  

 
Figure 4.3. V-P Characteristics of two buses, depicting indicators PVSL and Pm (dash-dotted 

lines). Bus voltage of 0.95 p.u. is considered as the minimum acceptable operational voltage (red 

dashed line).  

4.1.2.  Verification of satisfactory steady -state operation  

Immediately after adding a GH2 load to a bus, an optimal power flow (OPF) 

calculation is performed in order to verify satisfactory operation in steady state for 

the modified grid (with a  new load). The goal is to avoid overloads in transmission 

lines and optimize generation for cost minimization in the new operating conditions. 
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The OPF calculation is executed in PowerFactory utilizing the ɶDC Optimizationɷ 

function. This feature performs a constrained load flow calculation using 

PowerFactory's linear DC load flow methodology. It first determines the feasibility 

of a solution to the power flow problem and then optimizes all generator power 

injections to minimize cost [37]. The constraints dictating this  load flow calculation 

include the maximum permissible line loading and the upper limit of active power 

that generators can produce, while the optimization of generation costs requires the 

electricity production costs of each generator as input. 

The DC load flow method, contrary to its name, is not primarily for DC systems, 

but is essentially used for AC systems. It provides a swift analysis tool for intricate 

transmission networks where an adequate approximation of the system's active 

power flow is required. This method simplifies the non-linear system emerging from 

nodal equations, capitalizing on the predominant relationship between voltage angle 

and active power flow in high voltage networks. Thus, a set of linear equations is 

formed, linking the voltage angles of the buses directly to the active power flow 

through the reactance of individual components [37]. As the DC load flow method 

circumvents the need for an iterative solution process due to the use of linear 

equations, it significantly boosts calculation speed [37]. However, one important 

disadvantage is the loss of information regarding reactive power. The results 

provided with this method only comprise active power flow and voltage angles.  

The decision of using the DC load flow method is based on the fact that the 

simulation model of the Northwest German high voltage grid (Section 4.2) does not 

comprises reactive power (Q) compensation elements (such as shunt and series 

capacitors, reactors, and static var compensators), nor generator reactive power 

controllers, and therefore it is not possible to determine meaningful Q values for 

generators or the reactive power flow through the system branch elements. 

4.2.  Simulation Model of the Northwest German High  Voltage Grid  

A model of the Northwest German High Voltage Grid was built in the software 

tool PowerFactory, using open-access data from the open_eGo Project [38]. This 

model is formed by the high voltage (HV) grids located within of the federal states 

of Lower Saxony, Schleswig-Holstein, Hamburg and Bremen at three different 

voltage levels (110 kV, 220 kV and 380 kV).  

This model reproduces two different power grid development scenarios: the current 

grid state, referred in this document as ɶStatus Quoɷ, and the grid development 

plan for the year 2035 or ɶNEP2035ɷ. 
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4.2.1.  Simulation model development  

The data for building this model in PowerFactory was directly downloaded in .csv 

(comma-separated values) format from the Open Energy database (open_eGo 

project) [38]. All datasets of buses, lines, transformers, generators and loads undergo 

an adequation process, carried out using python, in order to match format 

requirements that are necessary for their subsequent incorporation to 

PowerFactory.  

Once the data format has been filtered and adapted, it is exported to PowerFactory 

using a python API to create the power grid simulation model. Figure 4.4 presents 

a diagram that illustrates the process of generating the power grid model. 

 
Figure 4.4. Grid simulation model development process. 

The Open Energy platform is a set of open-source tools aimed to ensure quality, 

transparency and reproducibility in energy system research [38]. It provides a 

publicly accessible database and is maintained by a team of developers from 

different research institutes [38]. This database comprises three development 

scenarios of the German power grid [39], two of them being used for the purpose of 

this thesis, namely: ɶStatus Quoɷ and ɶNEP2035ɷ. The ɶStatus Quoɷ scenario is 

based on high-resolution data of the German grid for the year 2015. On the other 

hand, the scenario ɶNEP2035ɷ is based on the first draft of the German Grid 

Development Plan ɶNEP Strom 2015ɷ, specifically scenario B2 2035, released by 

the four transmission system operators (TSO) that operate in the country [39]. 

The developed grid model is comprised by various components, which are 

interconnected to form a power grid. These components include buses, transmission 

lines, transformers, generators and loads. Each of these elements requires the 

parametrization of its essential characteristics in order to perform its intended role 

in the power system model. The data associated to the characteristics of th ese 
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elements is provided in the Open Energy database and can be downloaded as readily 

available .csv files.  

For every element, basic electrical characteristic data such as nominal voltage, rated 

power or current, and impedance are supplied. In the case of buses and lines, 

geographic location and route coordinates are also provided. Table 4.1 summarizes 

the available data in the Open Energy database for each component type. 

Table  4.1. Summary of component characteristics provided by the Open Energy database. 

Component  Provided d ata  

Bus  

Bus ID (unique name) 

Geographic location coordinates 

Nominal voltage [kV] 

Transmission line  

Line ID (unique name) and terminal buses ID 

Route coordinates 

Length [km] 

Resistance per unit length [ʗ/km] 

Inductive reactance per unit length [ʗ/km] 

Capacitive susceptance per unit length [S/km]  

Nominal apparent power [MVA ] 

Transformer  

Transformer ID (unique name) and terminal buses ID 

Inductive reactance [ʗ] 

Nominal apparent power [MVA] 

Generator  

Generator ID (unique name) and terminal bus ID 

Nominal power [MW] 

Energy source 

Load  
Load ID (unique name) and terminal bus ID 

Active power demand [MW] 

 

Within the data utilized in the development of the model used for this thesis, loads 

are represented as aggregated equivalent loads, representing ɶload areasɷ 

(geographic units which are assigned annual electricity consumption 

characteristics), and are assigned to different nodes in the system in the 110-kV 

grid. Time series of power demand with 1-hour resolution are provided, which are 

based on the annual electricity consumption and standard load profiles from the 

German Association of Energy and Water Industries (BDEW). They represent the 

consumption characteristics of geographic areas for the year 2011 (in MW), 

considering a power factor of 0.95 p.u. inductive. 
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In both grid development scenarios (ɶStatus Quoɷ and ɶNEP2035ɷ), the same 

power demand is considered. This assumes load-stabilizing measures like demand-

side management, compensation systems, increased efficiency, etc. [39] 

4.2.2.  Model characteristics  

The power grid model developed for the purpose of this research is a comprehensive 

representation of the HV grid of the Northwest German region, which includes the 

federal states of Lower Saxony, Schleswig-Holstein, Bremen and Hamburg. This 

regionɴs location within Germany is illustrated in Figure 4.5. 

 
Figure 4.5. Location of the Northwest region within Germany. 

The model comprises generators, loads, buses, transmission lines and transformers, 

that are located within this region and are interconnected to form a complex 

network in three different voltage levels (110 kV, 220 kV and 380 kV) , allowing for 

steady-state simulation and analysis of this power system under different operative 

configurations. As previously stated, two grid development scenarios will be 

considered: ɶStatus Quoɷ representing the current grid configuration, and 

ɶNEP2035ɷ representing a future grid configuration. The resultant grids are 

presented in Figure 4.6, showing a geographic representation of both scenarios. 
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Figure 4.6. Geographic representation of the Northwest German HV grid  

for the scenarios a) ɶStatus Quoɷ and b) ɶNEP2035ɷ.          

A summary of the installed generation capacity, load power demand and number 

of components involved in this power grid model, considering both grid 

development scenarios, is presented in Table 4.2. Moreover, Figure 4.7 presents a 

graphic comparison of the number of buses in both scenarios, while Figure 4.8 

compares the number of transmission lines. 

By comparing the data of both scenarios presented in Table 4.2, it can be noted a 

small increase in the total  number of buses as the grid changes from ɶStatus Quoɷ 

to ɶNEP2035ɷ (see also Figure 4.7). On the other hand, the number of transmission 

lines at 110 kV and 220 kV slightly decreases from ɶStatus Quoɷ to ɶNEP2035ɷ, 

while there is an increment in the number of lines at 380 kV (see also Figure 4.8). 

Table  4.2. Summary of Grid Components of scenarios ɶStatus Quoɷ and ɶNEP2035ɷ. 

Voltage 

level 

[kV]  

N umber  of Buses  N umber  of Lines  
Peak  Power 

Demand  [MW]  

Generation 

Installed Power 

[MW]  

Status 

Quo  
NEP2035  

Status 

Quo  
NEP2035  

Status 

Quo  
NEP2035  

Status 

Quo  
NEP2035  

110 1554 1552 2838 2814 12421 12421 22713.3 38480.6 

220 172 172 310 257 0.0 0.0 4075.6 2145.2 

380 160 197 312 325 0.0 0.0 8824.3 20295.3 

Total  1886 1921 3460 3396 12421 12421 35613.2 60921.1 

a) b) 
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Figure 4.7. Number of buses in the Northwest German power grid model,  

for both grid development scenarios. 

 
Figure 4.8. Number of transmission lines in the Northwest German power grid model,  

for both grid development scenarios. 

Furthermore, generation installed power increases by 1.7 times as the grid evolves 

from ɶStatus Quoɷ to ɶNEP2035ɷ. In both grid scenarios the highest generation 

installed power can be found connected to the 110 kV grid, followed by the 380 kV 

grid. Moreover, as it can be noted from Table 4.3, scenario ɶNEP2035ɷ presents an 
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important increase of about 2.5 times in installed wind power with respect to 

ɶStatus Quoɷ. On-shore wind generation capacity almost doubles, while off-shore 

power becomes five times greater. In turn, s olar power installed capacity also 

increases by 80 % in ɶNEP2035ɷ as compared to ɶStatus Quoɷ.  

Figure 4.9 illustrates the distribution of installed power generation for both 

scenarios. It is evident that the ɶNEP2035ɷ scenario not only exhibits higher 

installed power capacity from renewable sources, as indicated in Table 4.3, but also 

showcases a greater share of renewable energy in the overall generation installed 

capacity. It is important to highlight that the proportion of wind -based power in 

the total installed capacity undergoes a substantial change, rising from 47 % 

(38.4 % onshore and 8.6 % offshore) in the ɶStatus Quoɷ to almost 70 % (42.6 % 

onshore and 27.2 % offshore) of the total installed capacity in ɶNEP2035ɷ.   

Conversely, gas-based installed power (non-renewable) slightly increases in the 

ɶNEP2035ɷ scenario, although its contribution to the total installed generation is 

lower. Notably, other non-renewable sources such as oil and coal witness a 

substantial reduction in their presence within the ɶNEP2035ɷ scenario, compared 

to the ɶStatus Quoɷ situation. 

Table  4.3. Generation installed power by energy source. 

 Scenario ɶStatus Quoɷ Scenario ɶNEP2035ɷ 

Energy 

source  

Installed 

power  

[MW]  

Share of total 

installed power 

[%]  

Installed 

power  

[MW]  

Share of total 

installed power 

[%]  

Biogas 1953.3 5.5 2261.8 3.7 

Coal 4940.3 13.9 2322.5 3.8 

Gas 4450.4 12.5 4630.1 7.6 

Hydro 87.2 0.2 123.0 0.2 

Nuclear 1329.0 3.7 0.0 0.0 

Oil  759.3 2.1 40.8 0.1 

Other 

Static 
502.1 1.4 384.0 0.6 

Solar 4838.0 13.6 8647.2 14.2 

Wind 

onshore 
13681.5 38.4 25929.7 42.6 

Wind 

offshore 
3072.2 8.6 16582.0 27.2 

Total  35613.3 100.0 60921.1 100.0 
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Figure 4.9. Share of generation installed power by source for the scenarios: 

ɶStatus Quoɷ (a) and ɶNEP2035ɷ (b). 

In addition, Figure 4.10 and Figure 4.11 depict the installed generation power 

connected to each voltage level, categorized by energy source in both grid scenarios. 

Since the GH2 production in the northwest German region will mostly rely on wind 

energy, due to its preponderance respect to other RES (higher installed power and 

capacity factor), it is important to highlight that in both grid scenarios onshore 

wind energy generators are almost exclusively found in the 110 kV grid, while 

offshore wind is entirely connected to the 380 kV grid.  

 
Figure 4.10. Generation installed power by energy source, at different voltage levels 

 for the scenario ɶStatus Quoɷ. 
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Figure 4.11. Generation installed power by energy source, at different voltage levels  

for the scenario ɶNEP2035ɷ. 

4.2.3.  Model d ata validation  

In order to assess the accuracy of the data used for developing the power grid 

model, the generation installed power of the ɶStatus Quoɷ scenario was compared 

to equivalent data from the MaStR platform (germ. Marktstammdatenregister) 

from the German Federal Network Agency (germ. Bundesnetzagentur), 

corresponding to December 2022. The results of this comparison were quite 

satisfactory, with very similar installed capacities for each type of energy source. A 

difference of just 3.9 % in the total installed generation power was found (relative 

to the Open Energy database). This is illustr ated in Figure 4.12, which shows a 

comparison of installed generation power from both data bases. Additionally, Figure 

4.13 showcases a comparison of the proportion that each type of energy source has 

in the overall generation capacity. 

Several notable observations can be made from this comparison. Firstly, the total 

installed power in the MaStR database is slightly higher, with an approximate 

difference of 1.3 GW compared to the Open Energy database. Moreover, the 

installed wind power in the MaStR database is lower, with a difference of around 

1 GW compared to the Open Energy database, also resulting in a lower share of 

the total installed power for wind generation. Conversely, the installed solar power 

in the MaStR database is higher by approximately 1.8 GW, leading to a higher 
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share of the total installed power of solar generation. Additionally, in all other 

source categories, the installed power is marginally higher in the MaStR database. 

 
Figure 4.12. Generation Installed Power by Source, in [GW].  

Comparison between the Open Energy database (ɶStatus Quoɷ) and MaStR data. 

 

 
Figure 4.13. Share of Generation Installed Power by Source, in [%].  

Comparison between Open Energy database (ɶStatus Quoɷ) and MaStR data. 
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4.3.  Algorithm T esting on Grid M odel  

In order to achieve the objectives of this thesis, it is fundamental to test the 

developed algorithm on the HV grid model of Northwest Germany. This serves the 

purpose of generating a power-system-friendly distribution of new GH2 plants  

within the buses of interest, as well as assessing the adequacy of the subject grid to 

accommodate these new loads. The results obtained from this testing phase will 

provide valuable insights into the behaviour of the grid under different scenarios 

and will enable the formulation of meaningful conclusions about the feasibility of 

integrating green hydrogen production into the power system. 

4.3.1.  Op erative conditions  

In order to execute the developed algorithm using the northwest German power 

grid model, multiple steady-state operative conditions were implemented for both 

the ɶStatus Quoɷ and ɶNEP2035ɷ grid development scenarios. These operative 

conditions include different wind energy availability and load power demand 

situations, resulting in four cases for evaluation in each grid scenario, as depicted 

in Table 4.4. The operative conditions include high wind availability (HW) and 

limited wind availability (LW) in terms of wind energy generation capacity. 

Furthermore, two initial load power demand conditions are considered, high load 

(HL) and low load (LL).  These demand conditions represent system load situations 

before incorporating any GH2 load. 

Moreover, for all cases the availability of solar power plants will be intentionally 

limited to 10 % of their rated capacity to simulate poor solar irradiance conditions. 

Additionally , nuclear power plants are put out of service, following the face out of 

nuclear power in Germany since 15.04.2023. 

In order to recreate a condition of high wind energy availability (HW)  for the 

simulations, wind energy generators will be allowed to operate at 100 % of rated 

capacity when required. On the other hand, for simulating the condition of limited 

wind energy availability (LW) , onshore and offshore wind generators are only 

allowed to operate at a maximum of 35 % and 45 % of their rated capacity, 

following average capacity factors for these types of generators [40]. Besides, the 

high and low power demand conditions correspond to the highest and lowest hourly 

average power demands of the modelled power grid loads, obtained from the time 

series data provided by the Open Energy database, which account for 12421 MW 

and 5279 MW. 
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Distinct conditions of wind energy availability and initial load power demand are 

intended to affect differently the power gridɴs ability of to accommodate new GH2 

loads. Loading of transmission lines is increased when power demand is higher, 

therefore reducing the capacity to convey power to new GH2 loads. Additionally , 

increases in power demand by the incorporation of these GH2 loads must only be 

covered by increases in renewable energy generation, with a crucial role being 

played by wind energy, after the limitations imposed over solar-based generation. 

Table  4.4. Operative conditions for steady-state simulations. 

Operative 

condition  
Abbreviation  Description  

High load power 

demand, high wind 

energy availability. 

HLHW  

Load power corresponding to highest demand 

condition. Wind-based generators are allowed to 

operate at 100 % rated capacity. 

Low load power 

demand, high wind 

energy availability. 

LLHW  

Load power corresponding to lowest demand 

condition. Wind-based generators are allowed to 

operate at 100 % rated capacity. 

High load power 

demand, limited wind 

energy availability. 

HLLW  

Load power corresponding to highest demand 

condition. Onshore and offshore wind-based 

generators are allowed to operate at a maximum of 

35 % and 45 % of their rated capacity, respectively. 

Low load power 

demand, limited wind 

energy availability. 

LLLW  

Load power corresponding to lowest demand 

condition. Onshore and offshore wind-based 

generators are allowed to operate at a maximum of 

35 % and 45 % of their rated capacity, respectively. 

 

4.3.1.1.  Simulation constraints  

The execution process of the developed algorithm involves constrained power flow 

calculations in order to verify satisfactory steady state operation of the grid. The 

main constraint being the maximum loading of transmission lines, which will be 

considered at 100 % of the rated value.  

Additionally, the power supplied by each generator in the simulations will be 

determined using OPF, with minimization of generation costs as the objective 

function. To accomplish this, the generation costs for different energy sources 

indicated in Table 4.5 will be used. 

4.3.1.2.  Base cases for simulation  

Initial conditions , referred here as base cases, for the execution of the developed 

algorithm will be generated using the four operative situations shown in Table 4.4, 
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for both grid development scenarios, ɶStatus Quoɷ and ɶNEP2035ɷ, for a total  of 

eight base cases, which are summarised in Table 4.6. 

These base cases follow the previously explained simulation constraints, with a 

maximum line loading of 100%, and the power output of each generator according 

to OPF calculations for minimum generation costs.  

Table  4.5. Generation marginal costs by energy source.  

Energy Source  
Fuel cost  

[ʏ/MWh] 

CO 2 emissions cost  

[ʏ/MWh] 

Total cost  

[ʏ/MWh] 

Wind onshore 0* 0 0 

Wind offshore 0* 0 0 

Solar PV 0* 0 0 

Hydro 0* 0 0 

Biogas 60** 0 60 

Coal 20***  60***  80 

Gas 60***  40***  100 

Oil  60** 40** 100 

* Assumed to be zero, according to [41]. 

** Assumed equal to gas generation cost. 

*** Costs in 2021, according to [42]. 

 

Table  4.6. Summary of simulation base cases. 

N°  Base case designation  Grid scenario  Operative condition  

1 ɶBC HLHW SQɷ Status Quo HLHW  

2 ɶBC LLHW SQɷ Status Quo LLHW  

3 ɶBC HLLW SQɷ Status Quo HLLW  

4 ɶBC LLLW SQɷ Status Quo LLLW  

5 ɶBC HLHW NEɷ NEP2035 HLHW  

6 ɶBC LLHW NEɷ NEP2035 LLHW  

7 ɶBC HLLW NEɷ NEP2035 HLLW  

8 ɶBC LLLW NEɷ NEP2035 LLLW  

 

Resultant loading of transmission lines in the base cases corresponding to the 

ɶStatus Quoɷ are illustrated in Figure 4.14, while Figure 4.15 showcases the 

corresponding line loading for ɶNEP2035ɷ. From these figures it is evident that in 

all cases, maximum line loading does not go beyond 100 %, which is a consequence 

of applying a constrained load flow calculation. In both grid scenarios high load 

cases produce higher utilization of transmission lines than low power demand cases. 

Besides, a scenario-wise comparison indicates that scenario ɶNEP2035ɷ presents 

higher utilization in greater number of elements than scenario ɶStatus Quoɷ in all 
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operative conditions, evidenced by increases in the size of interquartile ranges and 

superior whiskers.  

 
Figure 4.14. Line loading in base cases of scenario ɶStatus Quoɷ:  

(a) ɶBC HLHW SQɷ, (b) ɶBC LLHW SQɷ, (c) ɶBC HLLW SQɷ, (d) ɶBC LLLW SQɷ. 

 
Figure 4.15. Line loading in base cases of scenario ɶNEP2035ɷ:  

(a) ɶBC HLHW NEɷ, (b) ɶBC LLHW NEɷ, (c) ɶBC HLLW NEɷ, (d) ɶBC LLLW NEɷ. 
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Furthermore, Figure 4.16 illustrates the active power generation resulting from the 

base cases of the ɶStatus Quoɷ scenario, while Figure 4.17 displays the 

corresponding values for the base cases of the scenario ɶNEP2035ɷ. From these 

figures it can be noted that in high wind availability cases of scenario ɶStatus Quoɷ 

(ɶBC HLHW SQɷ and ɶBC LLHW SQɷ) as well as in the ɶBC LLLW SQɷ case, 

the power demand is fed by employing mostly wind energy. Conversely, in the case 

of high load and limited wind energy availability (ɶBC HLLW SQɷ), overall coal-

fired power plants use reaches 75 % of these plantsɴ installed power, and Biogas 

plants are operated at full capacity, provided that onshore and offshore wind 

generators reach their pre-set limit of 35 % and 45 % of their installed power. On 

the other hand, in all the base cases of the ɶNEP2035ɷ scenario, the load demand 

can be fulfilled predominantly using renewable sources, with wind energy 

accounting for over 90 % of the power in each case. 

 
Figure 4.16. Generated active power in base cases of scenario ɶStatus Quoɷ: 

 (a) ɶBC HLHW SQɷ, (b) ɶBC LLHW SQɷ, (c) ɶBC HLLW SQɷ, (d) ɶBC LLLW SQɷ. 

 

 
Figure 4.17. Generated active power in base cases of scenario ɶNEP2035ɷ:  

(a) ɶBC HLHW NEɷ, (b) ɶBC LLHW NEɷ, (c) ɶBC HLLW NEɷ, (d) ɶBC LLLW NEɷ. 
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4.3.2.  Simulation cases  

The simulations to determine the connection points and maximum sizes of new 

GH2 plants in the power grid model by executing the de developed algorithm will 

be carried out considering both grid development scenarios (ɶStatus Quoɷ and 

ɶNEP2035ɷ) and the various operative conditions described in Table 4.4. Moreover, 

two different groups of buses will be targeted among the interest buses to be 

considered as possible connection points for new GH2 plants: buses in the 110 kV 

grid and buses in all voltage levels. Table 4.7 presents a summary of all simulation 

cases that are to be evaluated.  

Table  4.7. Summary of simulation cases. 

N°  
Case 

designation  

Associated 

base case  

Grid 

scenario  

Operative 

conditions  
Target grids  

1 ɶHLHW SQ 110ɷ 
ɶBC HLHW SQɷ ɶStatus Quoɷ 

HLHW  

110 kV grid  

2 ɶHLHW SQ Allɷ All voltage levels 

3 ɶHLHW NE 110ɷ 
ɶBC HLHW NEɷ ɶNEP2035ɷ 

110 kV grid  

4 ɶHLHW NE Allɷ All voltage levels 

5 ɶLLHW SQ 110ɷ 
ɶBC LLHW SQɷ ɶStatus Quoɷ 

LLHW  

110 kV grid  

6 ɶLLHW SQ Allɷ All voltage levels 

7 ɶLLHW NE 110ɷ 
ɶBC LLHW NEɷ ɶNEP2035ɷ 

110 kV grid  

8 ɶLLHW NE Allɷ All voltage levels 

9 ɶHLLW SQ 110ɷ 
ɶBC HLLW SQɷ ɶStatus Quoɷ 

HLLW  

110 kV grid  

10 ɶHLLW SQ Allɷ All voltage levels 

11 ɶHLLW NE 110ɷ 
ɶBC HLLW NEɷ ɶNEP2035ɷ 

110 kV grid  

12 ɶHLLW NE Allɷ All voltage levels 

13 ɶLLLW SQ 110ɷ 
ɶBC LLLW SQɷ ɶStatus Quoɷ 

LLLW  

110 kV grid  

14 ɶLLLW SQ Allɷ All voltage levels 

15 ɶLLLW NE 110ɷ 
ɶBC LLLW NEɷ ɶNEP2035ɷ 

110 kV grid  

16 ɶLLLW NE Allɷ All voltage levels 

 

4.3.3.  Buses of I nterest  

Good locations for placing new electrolysers can be found close to places where 

renewable energy is generated. In the case of the Northwest German region, 

locations on the coastal areas of north-western Lower Saxony and Schleswig-

Holstein offer favourable conditions [13]. Figure 4.18 shows the installed power of 

wind energy generation divided by districts in northwest Germany, according to 

the data obtained from the Open Energy database for scenarios ɶStatus Quoɷ and 

ɶNEP2035ɷ. 
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Figure 4.18. Installed power of wind energy generators 

for scenarios: (a) ɶStatus Quoɷ and (b) ɶNEP2035ɷ. 

Based on the previous considerations, the Buses of Interest in the simulations will 

exclusively include buses directly connected to wind energy generators within the 

specified regions. A map of the northwest German region, shown in Figure 4.19, 

highlights the districts (germ. Landkreis) corresponding to the area where these 

Buses of Interest are situated. Additionally, Figure 4.20 displays the geographic 

location of the Buses of Interest, and Appendix A presents a list of these buses. 

 
Figure 4.19. Districts (germ. Landkreis) of interest. 
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Figure 4.20. Buses of Interest: geographic representation for  

(a) Scenario ɶStatus Quoɷ and (b) Scenario ɶNEP2035ɷ. 

 

4.3.4.  GH2 power demand target and minimum plant size  

The incorporation of new GH2 plants will be made aiming to a target of 10 GW as 

Required GH2 Power (RP), being this the target installed capacity of GH2 

production in Germany for the year 2035 [12]. Moreover, the minimum plant size 

(MinGH2) will be considered at 100 MW.  
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 Results and Discussion  

 

This chapter describes the outcomes obtained from implementing the developed 

algorithm, using the simulation scenarios from Table 4.7. A variety of graphic 

representations are employed to showcase key aspects such as the achieved GH2 

power and the necessary count and power demand of the respective GH2 plants 

across each simulation case. Additionally, it elaborates on the changes in power 

generation required to accommodate the new GH2 power demand. The chapter also 

includes geographic representations of both studied grid development scenarios, 

that visually c onvey the positioning of the GH2 plant connection points. 

5.1.  Simulation Results  

This section showcases the results derived from all the simulation scenarios outlined 

in Table 4.7. It also delivers comprehensive analyses and pertinent observations 

that offer valuable perspectives into the resulting distribution of GH2 plants across 

each simulation case. 

5.1.1.  High power demand and high wind energy availability :  

Simulation cases 1 to 4    

This subsection presents the findings derived from simulation cases 1 through 4, 

corresponding to the following designations as described in Table 4.7: 

ɶHLHW  SQ 110ɷ, ɶHLHW SQ Allɷ, ɶHLHW NE 110ɷ, ɶHLHW NE All ɷ, which 

depict conditions of high initial power demand coupled with high availability of 

wind energy. These results show the maximum GH2 power demand and required 

distribution  for the abovementioned cases. 

As it can be observed from Figure 5.1, the target RP of 10000 MW could not be 

achieved for high power demand and high wind energy availability (HLHW ) 

conditions in the ɶStatus Quoɷ scenario, reaching a maximum of 6500 MW when 

only allowing connection of new GH2 loads to the 110 kV grid 

(case 1: ɶHLHW  SQ 110ɷ) and 6600 MW when connection to all voltage levels 

(case 2: ɶHLHW SQ Allɷ) is permitted. In order to achieve this GH2 power, the 

incorporation of fourteen GH2 plants is required as per case ɶHLHW SQ 110ɷ, while 

in case ɶHLHW SQ Allɷ the number of GH2 loads reaches thirteen. 

Simulation case ɶHLHW SQ 110ɷ (connections allowed at 110 kV grid only), results 

in the incorporation of two major GH2 loads of 2900 MW and 1800 MW, in 
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addition to twelve other smaller loads ranging from 100 MW to 300 MW. On the 

other hand, simulation case ɶHLHW SQ Allɷ results in connection points 

distributed across 110 kV and 380 kV, with a major GH2 load of 4600 MW 

incorporated to the level of 380 kV and other smaller loads that range from 100 MW 

to 300 MW. Therefore, the approach of considering possible connection points in 

all voltage levels results in higher centralization of GH2 power demand than only 

permitting  GH2 incorporation at 110 kV in scenario ɶStatus Quoɷ.   

The required power to supply the new GH2 demand in these two simulation cases 

of scenario ɶStatus Quoɷ is obtained from RES, as illustrated in Figure 5.2. Onshore 

wind generation increases from 10616 MW (in the corresponding base case scenario) 

to more than 13000 MW. In turn,  offshore wind generation goes from 1299 MW to 

3072 MW. Moreover, this is accompanied by the ramping up of biogas plants, which 

now deliver 1843 MW, compared to only 38 MW in the base case, and marginal 

increases in hydro and solar generation. 

As it can be inferred from Figure 5.2, as well as from the summary presented in 

Table 5.1, the available power from RES that could be used to feed new GH2 loads 

in cases 1 and 2 amounts to 6870 MW, hence the failure to meet the 10000 MW 

target of GH2 power demand in these simulation cases is due to the lack of 

renewable energy generation capacity. This goes along with the expected output 

from the method and algorithm applied in this thesis, given that new GH2 loads 

are supposed to be fed by renewable generators only. 

In contrast, the grid evolution towards the ɶNEP2035ɷ scenario allows to attain 

the pre-set target of 10000 MW, both when using only 110 kV buses as well as 

when allowing the use of buses in the three voltage levels, resulting in ten and four 

GH2 loads respectively. Consequently, this scenario allows for higher GH2 power 

demand distributed in fewer locations, meaning larger GH2 plants than the ones 

achieved for the ɶStatus Quoɷ scenario.  

In this scenario, the increase in power demand due to GH2 is met almost exclusively 

by wind generation. Simulation case ɶHLHW NE 110ɷ (case 3) presents increments 

of 5396 MW and 3020 MW in onshore and offshore wind generation outputs, plus 

the incorporation of 1370 MW from biogas plants generation as well as marginal 

increases in hydropower and solar generation, as depicted in Figure 5.3.  

Moreover, simulation case ɶHLHW NE Allɷ (case 4) only proposes connections to 

the 380 kV grid, and therefore the majority of the increment in power demand is 

covered by offshore wind energy generation, increasing from 2201 MW in the base 

case to 9888 MW ( 7687 MW increment). Additionally, onshore wind energy 
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generation rises by 1886 MW, while other renewables such as hydro and solar show 

a slight increase in their output. 

 
Figure 5.1. Resultant GH2 power, achieved from simulation cases 1 to 4: 

 (a) HLHW SQ 110, (b) HLHW SQ All, (c) HLHW NE 110, (d) HLHW  NE All.  
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Figure 5.2. Resultant power generation, by energy source, for simulation cases 1 and 2: 

(a) HLHW  SQ 110, (b) HLHW SQ All.  

 

 
Figure 5.3. Resultant power generation, by energy source, for simulation cases 3 and 4:  

(a) HLHW NE 110, (b) HLHW  NE All.  
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5.1.1.1.  Resultant g eographic distribution of GH2 plants in 

cases 1 and 2  

As it can be observed in Figure 5.4, proposed GH2 plant locations for high load 

and high wind availability conditions in scenario ɶStatus Quoɷ are distributed 

among the coastal districts of Schleswig-Holstein and the west part of Lower 

Saxony. Fourteen new GH2 loads are incorporated when only allowing their 

connection to 110 kV (simulation case 1: ɶHLHW  SQ 110ɷ), with the highest GH2 

power demand being achieved in the district of Leer with 2900 MW, followed by 

Stade with 1800 MW, these two districts comprising 72 % of the total GH2 demand 

for this simulation case. Smaller GH2 loads are found in the following districts: 

Dithmarschen (600 MW), Nordfriesland (500 MW), Schleswig-Flensburg 

(400 MW), Emsland (100 MW) , Ostholstein (100 MW)  and Rendsburg-

Eckernförde (100 MW) . This GH2 power demand distribution is illustrated in 

Figure 5.6. 

Meanwhile, in case ɶHLHW SQ Allɷ (simulation case 2), where connection to all 

voltage levels is permitted, thirteen new GH2 loads are incorporated (two connected 

at 380 kV and eleven at 110 kV) . T he distribution of GH2 loads includes a GH2 

power demand of 4600 MW in the district of Emsland , this alone accounting for 

almost 70 % of the new GH2 demand, as is depicted in Figure 5.6. Other districts 

that receive GH2 loads are Dithmarschen (700 MW), Nordfriesland (500 MW), 

Schleswig-Flensburg (500 MW), Ostholstein (100 MW), Rendsburg-

Eckernförde (100 MW), Steinburg (100 MW).  

5.1.1.2.  Resultant geographic distribution of GH2 plant s in 

cases 3 and 4  

The proposed distribution for grid scenario ɶNEP2035ɷ contemplates fewer GH2 

loads of higher power demand to achieve the 10000 MW target  (ten GH2 loads 

when connection is restricted to 110 kV and four GH2 loads when connection is 

allowed to all voltage levels), which are connected to different buses located in 

Schleswig-Holstein and the west part of Lower Saxony, as depicted in Figure 5.5.  

As it can be noted from Figure 5.7, the highest GH2 load in case ɶHLHW NE 110ɷ 

(simulation case 3), is achieved once again in the district of Leer (6000 MW),  

followed by Schleswig-Flensburg (1800 MW), together accounting for 78 % of the 

GH2 demand for this simulation case. Smaller GH2 loads are allocated to the 

districts of Dithmarschen (700 MW), Emsland (700 MW), Nordfriesland 

(500 MW), Rendsburg-Eckernförde (100 MW), Stade (100 MW) and Steinburg 
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(100 MW).  Meanwhile, for case ɶHLHW NE Allɷ (simulation case 4), all new GH2 

loads are connected to the 380 kV level, with the district of Emsland receiving the 

largest one (4200 MW), followed by Dithmarschen (3600 MW) and Steinburg 

(2200 MW), as illustrated in Figure 5.7. 

 
Figure 5.4. Geographic representation of GH2 plants connection points to the power grid 

simulation cases 1 and 2 (Status Quo): (a) HLHW  SQ 110, (b) HLHW SQ All.  

(a) 

(b) 
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Figure 5.5. Geographic representation of GH2 plants connection points to the power grid 

simulation cases 3 and 4 (NEP2035): (a) HLHW  NE 110, (b) HLHW NE All.  

(a) 

(b) 
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Figure 5.6. Resultant GH2 power, by district (germ. Landkreis), achieved from 

 simulation cases 1 and 2 (Status Quo): (a) HLHW  SQ 110, (b) HLHW SQ All.  

 

Figure 5.7. Resultant GH2 power, by district (germ. Landkreis), achieved from 

 simulation cases 3 and 4 (NEP2035): (a) HLHW NE 110, (b) HLHW NE All . 
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5.1.2.  Low power demand and high wind energy availability :  

Simulation cases 5 to 8   

This section presents the results of simulation cases 5 to 8, as shown in Table 4.7: 

ɶLLHW SQ 110ɷ, ɶLLHW SQ Allɷ, ɶLLHW NE 110ɷ, and ɶLLHW NE Allɷ, which 

represent conditions of low initial  power demand and high wind energy availability. 

These results indicate the highest GH2 power demand and distribution achieved in 

the previously mentioned simulation cases. 

As depicted in Figure 5.8, for low power demand and high wind energy availability 

conditions (LLHW) in the ɶStatus Quoɷ scenario, the 10000 MW target RP was 

successfully met. This was accomplished when either limiting new GH2 load 

connections to the 110 kV grid (case 5: ɶLLHW SQ 110ɷ) or permitting connections 

across all voltage levels (case 6: ɶLLHW SQ Allɷ). Nine GH2 loads were integrated 

to meet the GH2 power demand in case ɶLLHW SQ 110ɷ, whereas in case 

ɶLLHW SQ Allɷ, only two GH2 loads were needed. 

In simulation case ɶLLHW SQ 110ɷ where connections were restricted to the 110 kV 

grid, three major GH2 loads of 6000 MW, 2000 MW, and 1000 MW were 

incorporated, supplemented by other six smaller GH2 loads varying between 

100 MW and 300 MW. Contrastingly, simulation case ɶLLHW SQ Allɷ, which 

considered connections across the entire power grid, proposed only two GH2 loads 

of 6600 MW and 3400 MW on the 380 kV grid. Thus, by permitting connections 

across all voltage levels under the ɶStatus Quoɷ scenario, GH2 power demand can 

centralized more significantly than if connections were restricted to 110 kV. 

The power required to fulfil  the new GH2 demand in the ɶStatus Quoɷ scenario for 

cases 5 and 6 is indicated in Figure 5.9. For ɶLLHW SQ 110ɷ, onshore wind 

generation rose by 6089 MW, and offshore wind generation by 2341 MW. 

Additionally, biogas plants are ramped up to 1280 MW, supplemented by minor 

increases in hydro and solar generation. Case ɶLLHW SQ Allɷ exhibited a similar 

trend, with wind generators providing 97 % of the GH2 demand (6611 MW from 

onshore and 3072 MW from offshore), supplemented by minor boosts in solar and 

hydropower generation.  

From Figure 5.9 and Table 5.1 it can be inferred that the available power from 

RES for feeding new GH2 loads in cases 5 and 6 amounts to nearly 14000 MW, 

exceeding the RP target by 40 %. Although t he utilization of this available power 

could be limited by the maximum permissible loading of transmission lines, the low 

power demand cases depicted in Figure 4.14 display a reduced utilization  of 



Power-Grid-Friendly Placement of Large-Scale Hydrogen Production Facilities in the Northwest German High Voltage Grid 

52 

transmission lines for feeding initial  loads compared to the high power demand 

cases, leaving room for demand expansion due to GH2. 

 
Figure 5.8. Resultant GH2 power, achieved from simulation cases 5 to 8: 

(a) LLHW  SQ 110, (b) LLHW  SQ All, (c) LLHW  NE 110, (d) LLHW NE  All.  
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Similarly, the ɶNEP2035ɷ grid scenario meets the pre-set 10000 MW target, both 

when limiting connections to 110 kV buses (resulting in five GH2 loads) or when 

allowing connections across all voltage levels (resulting in three GH2 loads 

connected to the 380 kV level). Here, the increase in power demand due to GH2 is 

predominantly offset by substantial increments in wind energy generation. As 

Figure 5.10 shows, case ɶLLHW NE 110ɷ (case 7) presents increases of 6780 MW 

and 2816 MW in onshore and offshore wind generation, supplemented by minor 

increases in hydro and solar. Similarly, case ɶLLHW NE Allɷ (case 8) reports an 

increase of 6158 MW and 2789 MW in onshore and offshore wind generation 

respectively, along with an increase of 720 MW in biogas generation and marginal 

increases in hydro and solar. 

 
Figure 5.9. Resultant power generation, by energy source, for simulation cases 5 and 6:  

(a) LLHW SQ  110, (b) LLHW SQ All.  

 
Figure 5.10. Resultant power generation, by energy source, for simulation cases 7 and 8:  

(a) LLHW NE 110, (b) LLHW NE  All.  
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5.1.2.1.  Resultant geographic distributio n of GH2 Plants in 

Cases 5 and 6  

Figure 5.11 reveals the proposed locations for GH2 plants under LLHW conditions 

in the ɶStatus Quoɷ scenario, primarily distributed across the western and northern 

districts of Schleswig-Holstein and Lower Saxony.  

In case ɶLLHW SQ 110ɷ (simulation case 5), which only allows new GH2 loads to 

connect at 110 kV, nine new GH2 plants are incorporated, with the largest GH2 

power demand emerging at the district of  Leer (6000 MW), followed by Stade 

(2000 MW). These districts account for 80 % of the total GH2 demand in this 

simulation case. Smaller demands appear in other districts like Wilhelmshaven 

(1000 MW), Schleswig-Flensburg (300 MW), Emsland (200 MW), Friesland 

(200 MW), Steinburg (200 MW), and Dithmarschen (100 MW), as it can be 

observed in Figure 5.13.  

On the other hand, case ɶLLHW SQ Allɷ (simulation case 6), which allows 

connections at all voltage levels, proposes two GH2 loads (both connected at 

380 kV)  in the districts of Steinburg and Dithmarschen located in the western side 

of Schleswig-Holstein, with achieved power demands of 6600 MW and 3400 MW 

respectively (Figure 5.13). 

5.1.2.2.  Resultant geographic d istribution of GH2 Plants in 

Cases 7 and 8  

Under the ɶNEP2035ɷ grid scenario, case ɶLLHW NE 110ɷ (simulation case 7) 

suggests five GH2 loads connecting to various buses located in Schleswig-Holstein 

and Lower Saxony at 110 kV (Figure 5.12). The district of Emsland receives the 

highest GH2 demand (5300 MW), followed by Leer (2200 MW), Stade (1300 MW), 

and Schleswig-Flensburg (1200 MW) ; this distribution  of GH2 power demand is 

presented in Figure 5.14.  

In contrast, case ɶLLHW NE Allɷ (simulation case 8) concentrates GH2 power 

demand in three closely positioned connection points at 380 kV, located in the 

neighbouring districts of Steinburg and Dithmarschen, as depicted in Figure 5.12. 

In this case the district of Steinburg receives a GH2 power demand of 7900 MW, 

while Dithmarschen receives 2100 MW. This distribution of GH2 plant is depicted 

in Figure 5.14. 
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Figure 5.11. Geographic representation of GH2 plants connection points to the power grid 

simulation cases 5 and 6 (Status Quo): (a) LLHW SQ 110, (b) LLHW SQ All. 

(a) 

(b) 
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Figure 5.12. Geographic representation of GH2 plants connection points to the power grid 

simulation cases 7 and 8 (NEP2035): (a) LLHW NE 110, (b) LLHW NE All.  

 

(a) 

(b) 



Power-Grid-Friendly Placement of Large-Scale Hydrogen Production Facilities in the Northwest German High Voltage Grid 

57 

 

Figure 5.13. Resultant GH2 power, by district (germ. Landkreis), achieved from simulation cases 

5 and 6 (Status Quo): (a) LLHW  SQ 110, (b) LLHW  SQ All. 

 

Figure 5.14. Resultant GH2 power, by district (germ. Landkreis), achieved from simulation cases 

7 and 8 (NEP2035): (a) LLHW NE 110, (b) LLHW NE  All . 








































































