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Umschlaggestaltung: Nayane Nathalie de Souza Hablitzel  

Für den Einband wurden Kartendaten aus OpenVectorMaps.com verwendet 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Acknowledgments 
 
The contents of this thesis are based on the research work carried out during my stay 
as a researcher at the Institute of Energy Systems (IET) of the Hamburg University of 
Technology. The work was conducted as part of the project TransiEnt.EE - Transientes 
Verhalten gekoppelter Energienetze mit hohem Anteil Erneuerbarer Energien, which 
was financed by the German Federal Ministry for Economic Affairs and Energy (BMWi). 
 
I would like to thank Prof. Dr.-Ing. Alfons Kather for his trust, for the opportunity of 
working at the IET, and for his frequent and valuable feedback during the preparation 
of this thesis. It is truly an honor to have him as Doktorvater. Thanks also to Prof. Dr.-
Ing. Günter Ackermann and Prof. Dr.-Ing. Gerhard Schmitz for their genuine and ac-
tive interest in the project and for being part of the evaluation committee of this the-
sis. 
 
My gratitude and admiration to my project colleagues Lisa Andresen and Pascal 
Dubucq. It was a pleasure working together with such capable engineers on the pro-
ject and the development of the TransiEnt model library. For the many meetings, cof-
fee breaks and hours of technical discussions, I thank you both. Many thanks also for 
their time and project-related advice to the members of the TransiEnt.EE Advisory 
Board and to Dr. Johannes Brunnemann from XRG Simulation GmbH. Also thanks to 
all students that did their thesis under my supervision for their trust and their con-
tributions to tackle specific issues related to the project. 
 
Thanks to my colleagues from the IET for their feedback and their remarkable and 
unconventional sense of humor, which made every day at the institute utterly enjoy-
able. Thanks to Dr. Eur-Ing. Stylianos Rafailidis, Ms. Annette Pelke, Ms. Ulrike Putzke, 
Mr. Günther Garbe and Mr. Ralph Gehlsen-Lorenzen for their constant kindness and 
readiness to help. Also thanks to Tobias Becke for his feedback after reading the draft 
of this thesis and to Oliver Schülting for his great work in the development of the 
TransiEnt model library, back then as a working student and more recently as a re-
searcher at the IET. 
 
Thanks to friends from near and far, for being there when I need to take a break from 
work. Thanks to my family for their support and their teachings: to my parents for 
being great friends and role models in all stages of life, to my sisters for staying close 
despite the distance and to my nieces and nephews for representing the future we are 
all working for. Finally, my most sincere gratitude to my beloved wife Paula for her 
unconditional support and love. For the laughter, the music and the science. For the 
years we’ve lived together and the years that are still to come. 
 
Hamburg, in July 2017 
Ricardo Peniche Garcia

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



 

I 

TABLE OF CONTENTS 

Abbreviations and Symbols ................................................................................................III 

List of Figures ............................................................................................................................ V 

List of Tables .......................................................................................................................... VII 

1 Introduction ...........................................................................................................................1 

1.1 Motivation ......................................................................................................................................... 1 

1.2 Aim and scope .................................................................................................................................. 2 

1.3 Outline ................................................................................................................................................. 3 

2 Current situation, research and technologies ............................................................5 

2.1 RE integration issues in regional energy systems ........................................................... 5 

2.2 Related research studies dealing with RE integration .................................................. 6 

2.3 Central-oriented technologies for RE integration ........................................................... 9 

2.3.1 Conventional power and heat plants ....................................................................... 9 

2.3.2 Conversion and storage in other energy forms ............................................... 12 

2.3.3 Recovery of stored energy ......................................................................................... 15 

3 Methodology ....................................................................................................................... 17 

3.1 System boundaries ..................................................................................................................... 17 

3.2 Demand profiles .......................................................................................................................... 18 

3.3 Renewable energy contribution ........................................................................................... 20 

3.4 Definition of system variations ............................................................................................. 22 

3.5 Evaluation and analysis ............................................................................................................ 27 

4 Model description ............................................................................................................. 29 

4.1 Modeling of urban energy systems ..................................................................................... 29 

4.2 Producer models ......................................................................................................................... 30 

4.2.1 Power plants .................................................................................................................... 30 

4.2.2 Combined Heat and Power plants .......................................................................... 31 

4.2.3 Power to Gas to Combined Heat and Power plants........................................ 32 

4.2.4 Power to Heat units ...................................................................................................... 36 

4.3 Unit commitment and dispatch ............................................................................................ 37 

4.3.1 District heating grid dispatcher .............................................................................. 37 

4.3.2 Power production dispatcher .................................................................................. 39 

4.4 CO2 emissions, economic and energetic analysis ......................................................... 42 

4.4.1 CO2 emissions analysis ................................................................................................ 42 

4.4.2 Economic analysis ......................................................................................................... 43 

4.4.3 Energetic analysis .......................................................................................................... 45 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Table of contents 

II 

5 Results: profile analysis .................................................................................................. 49 

5.1 Reference system ........................................................................................................................ 49 

5.2 Variation 1: increase in RE production capacity ........................................................... 52 

5.3 Variation 2: gas-fired heating plant at the west site ................................................... 54 

5.4 Variation 3: CCGT-CHP plant at the west site ................................................................. 56 

5.5 Variation 4: PtH unit at the east site ................................................................................... 58 

5.6 Variation 5: PtGtCHP plant at the west site ..................................................................... 60 

5.7 Variation 6: PtH unit at the east site, PtGtCHP plant at the west site .................. 63 

5.8 Variation 7: CHP plant at the south site replaces plant at the west site............. 65 

5.9 Variation 8: CHP plant at the south site, CCGT-CHP plant at the east site......... 67 

5.10 Variation 9: CHP and PtH units at the south site,  
  PtGtCHP plant at the east site .............................................................................................. 69 

5.11 Variation 10: GT power plant at the south site,  
  CCGT-CHP plants at the east and west sites ................................................................. 71 

5.12 Variation 11: GT power plant at the south site,  
  PtGtCHP plants at the east and west sites ..................................................................... 73 

6 Results: annual analysis ................................................................................................. 75 

6.1 Sankey diagrams of representative variations .............................................................. 75 

6.2 Annual efficiencies of PtGtCHP plants ............................................................................... 82 

6.3 Summary of annual results ..................................................................................................... 84 

6.4 Comments on each variation ................................................................................................. 86 

6.5 Identification of the most promising variations ........................................................... 92 

6.6 Comments on security of supply .......................................................................................... 96 

7 Final remarks ..................................................................................................................... 99 

References ............................................................................................................................. 103 

 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



 

III 

ABBREVIATIONS AND SYMBOLS 

Abbreviations 
CHP Combined Heat and Power 
DHG District Heating Grid 
DSO Distribution System Operator 
EEG Renewable Energy Sources Act 
EG Electric Grid 
EnWG Energy Industry Act 
CCGT Combined Cycle Power Plants 
GG Gas Grid 
GHI Global Horizontal Irradiance 
GT Gas Turbine 
HRSG Heat Recovery Steam Generator 
IO Input / Output 
O&M Operation and Maintenance 
PEM Polymer Electrolyte Membrane 
PtG Power to Gas 
PtGtCHP Power to Gas to Combined Heat and Power 
PtH Power to Heat 
PV Photovoltaic 
RE Renewable Energy 
RE share DH Share of RE in District Heating Consumption 
RH Renewable Hydrogen 
ST Steam Turbine 
STOR Storage 
TSO Transmission System Operator 

 

Chemical Symbols 
CO2 Carbon dioxide 
H2 Hydrogen 
KOH Potassium hydroxide 

 

  

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Abbreviations and Symbols 

IV 

Latin Symbols  
c Specific costs €/MW, €/MWh, €/m, €/m3 
e Specific CO2 emissions kg/MWh 
E Electric energy MWh 
HHVH2 Higher heating value of hydro- MJ/kg 
LHVH2 Lower heating value of hydro- MJ/kg 

 Mass flow kg/s 
M Mass kg 
P Electric power MWel 

 Heat flow MWth 
Q Heat MJ 
T Temperature °C 
t Time s, h 
   
Greek   
η Efficiency  
σ CHP coefficient  
ζ Fuel utilization efficiency  

 

Indices 
cons Consumption 
el Electrical 
ELY Electrolyzer 
fuel fuel 
H2 Hydrogen 
HP Heating Plant 
in Input 
out Output 
PtP Power to Power 
PtH Power to Heat 
PtCHP Power to Combined Heat and Power 
th Thermal 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



 

V 

LIST OF FIGURES 

Figure 1 – System boundaries ............................................................................................................. 18 

Figure 2 – Assumed electricity and district heating demand ............................................... 20 

Figure 3 – Assumed total heat demand .......................................................................................... 20 

Figure 4 – Renewable energy production profiles for the years 2012 and 2050 ........ 21 

Figure 5 – Definition of system variations .................................................................................... 24 

Figure 6 – Hydrogen production, storage, transport, and co-firing ................................... 26 

Figure 7 – Exemplary model topology ............................................................................................ 29 

Figure 8 – Part-load efficiencies of the power plant types considered ............................ 30 

Figure 9 – PQ diagram and heat input characteristic field of a CHP plant ...................... 31 

Figure 10 – Power to Gas to Combined Heat and Power (PtGtCHP) plant ..................... 33 

Figure 11 – PtH connection in series ............................................................................................... 37 

Figure 12 – Mass flow set values ....................................................................................................... 39 

Figure 13 – Power production dispatcher: sample logic structure .................................... 41 

Figure 14 – Reference system: weekly production profile (February 2012) ................ 51 

Figure 15 – Reference system: yearly production profile (2012) ....................................... 51 

Figure 16 - Variation 1: weekly production profile (February 2050) ............................... 53 

Figure 17 – Variation 1: yearly production profile (2050) .................................................... 53 

Figure 18 – Variation 2: weekly production profile (February 2050) .............................. 55 

Figure 19 – Variation 2: yearly production profile (2050) .................................................... 55 

Figure 20 – Variation 3: weekly production profiles (February 2050) ............................ 57 

Figure 21 – Variation 3: yearly production profiles (2050) .................................................. 57 

Figure 22 – Variation 4: weekly production profile (February 2050) .............................. 59 

Figure 23 – Variation 4: yearly production profile (2050) .................................................... 59 

Figure 24 – RE surplus and electrolyzer park installed capacity ........................................ 60 

Figure 25 - Variation 5: weekly production profiles (February 2050) ............................. 62 

Figure 26 - Variation 5: yearly production profile (2050) ..................................................... 62 

Figure 27 - Variation 6: weekly production profiles (February 2050) ............................. 64 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



List of Figures 

VI 

Figure 28 - Variation 6: yearly production profiles (2050) ................................................... 64 

Figure 29 - Variation 7: weekly production profiles (February 2050) ............................. 66 

Figure 30 - Variation 7: yearly production profiles (2050) ................................................... 66 

Figure 31 - Variation 8: weekly production profiles (February 2050) ............................. 68 

Figure 32 - Variation 8: yearly production profiles (2050) ................................................... 68 

Figure 33 - Variation 9: weekly production profiles (February 2050) ............................. 70 

Figure 34 - Variation 9: yearly production profiles (2050) ................................................... 70 

Figure 35 – Variation 10: weekly production profiles (February 2050) ......................... 72 

Figure 36 – Variation 10: yearly production profiles (2050)................................................ 72 

Figure 37 – Variation 11: weekly production profiles (February 2050) ......................... 74 

Figure 38- Variation 11: yearly production profiles (2050) ................................................. 74 

Figure 39 - Sankey diagram of the reference system................................................................ 76 

Figure 40 - Sankey diagram of variation 1 .................................................................................... 77 

Figure 41 – Sankey diagram of variation 6 ................................................................................... 79 

Figure 42 - Sankey diagram of variation 11 .................................................................................. 81 

Figure 43 – Sankey diagram of the PtGtCHP plant in variation 6 ....................................... 82 

Figure 44 - Summary of result in decision tree format ........................................................... 85 

Figure 45 – Total annual costs and CO2 emissions .................................................................... 93 

Figure 46 – Share of RE and CHP power in electricity consumption ................................ 95 

Figure 47 – Share of RE in electricity and district heating consumption ........................ 96 

 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



 

VII 

LIST OF TABLES 

Table 1 – Overview of related studies ................................................................................................ 7 

Table 2 – Relevant parameters of conventional power plants ............................................. 10 

Table 3 – Installed RE capacities and resulting electricity production potential ........ 21 

Table 4 – Selected CHP coefficients .................................................................................................. 32 

Table 5 – Fuel-specific CO2 emission factors (efuel) .................................................................... 42 

Table 6 – Parameters for costs calculations .................................................................................. 45 

Table 7 – Summary of efficiency terms ........................................................................................... 47 

Table 8 – Security of supply factors of the system variations ............................................... 97 

 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.


