
Table of contents 

 

IV 

Table of Contents 

1.Introduction………………..……………………………………………………………..…1 

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

1.2 Hydrogen development and application ........................................................................... 4 

1.2.1 Industry ...................................................................................................................... 6 

1.2.2 Transportation ............................................................................................................ 7 

1.2.3 Power generation ....................................................................................................... 8 

1.2.4 Construction ............................................................................................................... 9 

1.3 Geological sites for UHS ................................................................................................ 10 

1.3.1 Salt cavern ................................................................................................................ 11 

1.3.2 Depleted hydrocarbon reservoirs ............................................................................. 14 

1.3.3 Aquifer ..................................................................................................................... 17 

1.3.4 Lined rock ................................................................................................................ 18 

1.3.5 Implemented and planned projects summary........................................................... 20 

1.4 Multi-functional salt cavern hydrogen storage ............................................................... 22 

1.5 Research objectives and challenges ................................................................................ 25 

1.6 Thesis outline .................................................................................................................. 27 

2. Fundamentals of salt constitutive laws and salt cavern behaviors ................................ 30 

2.1 Dislocation mechanism and constitutive models ............................................................ 30 

2.1.1 Dislocation mechanism ............................................................................................ 30 

2.1.2 Hou/Lux constitutive model..................................................................................... 32 

2.1.3 BGRa constitutive model ......................................................................................... 36 

2.2 Theoretical background of hydraulic and thermodynamic behavior of salt cavern ....... 36 

2.2.1 Multiphase and component flow in porous medium ................................................ 37 

2.2.2 Heat conservation ..................................................................................................... 39 

2.2.3 Relative permeability functions ............................................................................... 41 

2.2.4 Capillary pressure functions .................................................................................... 43 

2.3 TOUGH2MP simulator .................................................................................................. 43 

2.3.1 EOS3 and EOS5 model ............................................................................................ 44 



Table of contents 

 

V 

2.2.2 Space and time discretization ................................................................................... 45 

2.3.3 Solution method ....................................................................................................... 48 

2.3.4 EOS module verification .......................................................................................... 49 

2.4 FLAC 3D simulator ........................................................................................................ 53 

3. Site selection of UHS in bedded rock salt ......................................................................... 56 

3.1 Site selection concepts .................................................................................................... 56 

3.2 Simulation setup and schemes ........................................................................................ 57 

3.2.1 Generic model for site selection............................................................................... 57 

3.2.2 Initial conditions and boundary settings .................................................................. 58 

3.2.3 Simulation properties ............................................................................................... 59 

3.3 Site selection evaluation without interlayer .................................................................... 60 

3.3.1 Impacts of rock salt permeability ............................................................................. 60 

3.3.2 Impacts or rock salt porosity .................................................................................... 64 

3.3.3 Impacts of cap rock properties ................................................................................. 65 

3.3.4 Impacts of thickness of roof salt .............................................................................. 68 

3.3.5 Impacts of operating pressure .................................................................................. 69 

3.4 Site selection assessment with interlayer ........................................................................ 70 

3.4.1 Thickness of 4 m ...................................................................................................... 71 

3.4.2 Thickness of 2 m ...................................................................................................... 76 

3.5 Comparison with CAES site selection ............................................................................ 78 

3.5.1 Impacts of rock salt permeability ............................................................................. 78 

3.5.2 Impacts of interlayer ................................................................................................ 80 

3.6 Summary ......................................................................................................................... 84 

4. Feasibility of short-term storage for UHS in Anning salt mine ..................................... 86 

4.1 Short-term storage concepts ........................................................................................... 86 

4.2 Anning salt mine ............................................................................................................. 86 

4.2.1 Geological conditions of Anning salt mine ............................................................. 86 

4.2.2 Hydrogeological conditions ..................................................................................... 88 

4.2.3 Sealability of caprock............................................................................................... 89 

4.3 Simulation setup and schemes ........................................................................................ 91 



Table of contents 

 

VI 

4.3.1 Simulation model based on Anning salt mine ......................................................... 91 

4.3.2 Initial conditions and boundary settings .................................................................. 92 

4.3.3 Simulation properties ............................................................................................... 93 

4.3.4 Model verification .................................................................................................... 94 

4.4 Thermal dynamic and hydraulic response ...................................................................... 95 

4.4.1 Storage for 7 Cycles ................................................................................................. 95 

4.4.2 Storage for 30 cycles ................................................................................................ 99 

4.4.3 Storage for 100 cycles ............................................................................................ 100 

4.5 Permeation prediction ................................................................................................... 102 

4.6 Mechanical response of rock salt .................................................................................. 105 

4.6.1 Evaluation criteria .................................................................................................. 105 

4.6.2 Evaluation results ................................................................................................... 108 

4.7 Impact of salt permeability ........................................................................................... 110 

4.7.1 Pressure change ...................................................................................................... 110 

4.7.2 Temperature change ............................................................................................... 113 

4.7.3 Hydrogen penetration ............................................................................................. 113 

4.8 Impact of injection plan ................................................................................................ 116 

4.8.1 Injection plan I ....................................................................................................... 116 

4.8.2 Injection plan II ...................................................................................................... 118 

4.8.3 Injection plan III .................................................................................................... 120 

4.9 Summary ....................................................................................................................... 121 

5. Feasibility of long-term storage for UHS in Anning salt mine ..................................... 123 

5.1 Long-term storage concepts .......................................................................................... 123 

5.2 Simulation setup and schemes ...................................................................................... 123 

5.2.1 Simulation model based on Anning salt mine ....................................................... 123 

5.2.2 Initial conditions and boundary settings ................................................................ 124 

5.2.3 Simulation properties ............................................................................................. 125 

5.3 Stability and usability ................................................................................................... 125 

5.3.1 Stability analysis .................................................................................................... 125 

5.3.2 Usability analysis ................................................................................................... 126 



Table of contents 

 

VII 

5.4 Hydraulic evaluation ..................................................................................................... 127 

5.5 Summary ....................................................................................................................... 128 

6. Conclusions and outlook .................................................................................................. 129 

References ............................................................................................................................. 132 

 




