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CO2 emission and CCS 

Earth observatory, 

NASA  

Carbon Capture and Storage 

• Fossil fueled power plants 

• Negative CO2 emissions: 

CCS for biomass fueled  

power plants 

Keeling & 

Whorf,  

2005 www.tagesschau.de, 23.02.11 

http://www.tagesschau.de/
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Preliminary Conclusion 

The Intergovernmental Panel on Climate Change (IPCC) concludes that  

 

    "most of the observed increase in globally averaged temperatures 

since the mid-20th century is very likely due to the observed 

increase in anthropogenic greenhouse gas concentrations". 
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The Carbon Problem 

Some numbers … 
 global mass of carbon: 75 Mio Gt C 

 99.8% in the lithosphere, e.g., 60 Mio Gt in sediments and 

carbonate rocks, 15 Mio Gt in kerogens, 4100 Gt in coal, natural 

gas and oil, 10000 Gt in gas hydrates 

 38000 Gt in the hydrosphere, mainly as dissolved CO2 

 800 Gt C in the atmosphere (or 3000 Gt CO2) 

 global CO2 emissions: ~30 Gt CO2 / year (prognosis for 2050: 60 Gt) 

 total industrially released CO2 since 1850: ~5200 Gt CO2 

 consuming all known resources of coal would release 5 times as 

much CO2 as has been released since 1850  

 example: coal-fired power plant Altbach: 2.6 Mio t CO2 / year 

part of the 

global 

carbon 

cycle 

recently set free 

and disturbing the 

equilibrium 
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Carbon Emissions 

Current Global Emissions: 

 

~30 Gt CO2/yr ≈  8 Gt 

C/yr 

 

Projected Emissions 

(2058):  

 

~60 Gt CO2/yr ≈16 Gt 

C/yr 
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Electricity Generation in Germany 

 

• nuclear power has 

to be replaced. 

 

•  By renewables … 

and additional coal 

with CCS? 

 

nuclear pow er

27%

lignite

23%
coal

21%

gas

12%

renew ables

12%

oil

5%
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Stabilisation Wedges 

  6 

Giga-Tons  

Carbon Dioxide 

Emitted per Year 

Flat path 

0 

30 

60 

1950 2000 2050 2100 

16 GtC/y 

Eight “wedges” 

Historical 

 emissions 

Interim Goal 

3oC 
2oC 

1 Wedge 

= 25 Gt C 

Updated (by Socolow) from: Pacala and Socolow, Science, 2004. 
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CO2 storage in saline aquifers 

Saline aquifer, depth > 800 m 

Capture of CO2 

emissions from 

power plants Transportation to a 

suitable storage site 

Storage in a 

geological 

formation 
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Geological Storage Options 

© Intergovernmental Panel on Climate Change (2005) 
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Structural Trapping 
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Solubility Trapping 
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Residual Trapping: Consider the Pore Scale 

(Melanie Darcis) 
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Residual Trapping: Consider the Pore Scale 

(Melanie Darcis) 
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Solubility Trapping (on the Pore Scale) 

(Melanie Darcis) 
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Mineral Trapping (on the Pore Scale) 

(Melanie Darcis) 
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Trapping Mechanisms & Time-Scales 

modified 
after IPCC, 2005 



Universität Stuttgart  Dept. of Hydromechanics and Modeling of Hydrosystems 

CO2 storage activities 

Hokkaido 

Nagaoka 
Qinshui Basin 

Snohvit 

Sleipner 

In Salah 

Key: 

ECBM projects 

EOR projects 

Gas production Fields  

Saline aquifer 

Sibilla 

RECOPOL CO2 SINK 

K-12B 

Cerro Fortunoso 

Frio 

West Pearl Queen 

Mountaineer 

Weyburn 

Penn West 
Alberta ECBM 

Teapot Dome 
Rangely 

Burlington 

Gorgon 

Depleted Oil Field 

Otway Basin 

Zama 

Carson 

Kwinana 

Source: IEA Greenhouse  

Gas R&D Programme 

Ketzin 
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Can we predict Leakage ? 
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What are the Questions to be Answered? 

• Where is the CO2? 
- In phase 
- Dissolved 
- Mineralised 

 
• Leakage? 

 
• How high is the pressure built-up? 

- In the formation (cap-rock security) 
- In neighbouring formations (conflict with neighbours) 
- Subsidence, uplift (security of buildings) 

 
• What happens with the displaced brine? 

 
• Etc. 
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Challenges for risk assessment simulations 

• Large  model domains 

• Long time scales: 

  effective storage requires more 

than 1000 years of storage 

• Which processes have to be included? 

• Uncertainties of reservoir parameters: 

lack of information 

High computational costs 

 

• How can we quantify the risk? 

• How can the results be communicated 

to the “public”? 

 

 

 

 

 

Domain size: 40 km x 40 km 

CO2 saturation: 

Pressure: 
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Working strategy 

• Identification of different risk scenarios by involving 

stakeholders‟ interests 

- Brine displacement 

- CO2 leakage 

- Geomechanical failure due large pressure increase 

 

• Determination of risk for the different scenarios 

- Methods to quantify risk (damage, probability) 

- Simulation tool: DuMux CO2 model 

 

• Interpretation of the risk 

 

• Communication of the results to the stakeholders 
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How can we quantify risk? 

Risk = Probability x Damage 
 

 

 

• Probability  Uncertainties of reservoir parameters  

  have to be taken into account  

 

 

 

• Damage  Output of the simulation model 
  

 

Kaplan,1995 
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Risks associated with CO2 injection 
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Quantification of risk  

Walker et al. 2003 

e.g. permeability, 

porosity 

e.g. geological  

model setup 
e.g. geochemistry,  

geomechanics 

??? 

Aim of the example study presented later on:  

Addressing scenario uncertainties. Determination of damage for  

different scenarios to find out which geological situation has a high 

risk of brine infiltration.  

Statistical  

uncertainty 

Scenario 

uncertainty 

Recognized 

ignorance 

Total  

ignorance 

Determinism 

Risk = Probability x Damage 
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CO2 model – 2p/2pni 

• Mass balance for CO2 and brine: 

 

 

 

• Energy balance for the 2pni model: 

 

 

 

 

 

• Rock compressibility  

 

 

 The damage has to be a model output. 

(Bielinski, 2007) 

(Aziz and Settari, 1979) 
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CO2  Phase Diagram 

•region of 

interest under 

reservoir 

conditions 
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Density and viscosity of CO2 

•(Span & Wagner, 1996) 

•(Fenghour et al, 1998) 

•Phase change 
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p-T-Conditions and derived Fluid Properties 

•„Typical reservoir„, 

example: 

•Ketzin storage site, 

target reservoir located 

at a depth between 

570 and 900 m. 

•Conditions at this depth: 

Critical pressure of CO2: 

73.8 bar, i.e. in a depth of 

~700 m. 

Critical temperature of 

CO2: 31 °C, corresponding 

depth depending on the 

geothermal gradient (here: 

4 K/100 m) 
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 Determination of probabilities 

 

 Integrative Probabilistic Collocation Method (IPCM) 

 (Oladyshkin et al., 2011) 

 

 The idea behind this method is to replace the full model by a 

response surface that is able to represent the model output 

dependent on the chosen uncertain and design parameters. 

  

Main steps: 

(1) Formulation of expressions for the uncertain and design parameters 

(2) Formulation of polynomial chaos expansion for the output variables 

- Hermite polynomials as basis 

(3) Determination of unknown coefficients with collocation method 

(4) Post-processing computations 
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IPCM: Main steps I 

 

 

(2) Formulation of a polynomial chaos expansion for the output variables 

Transformation to 

normal space 

(1) Formulation of expressions for the uncertain and design parameters 

Adequate distributions for 

uncertain parameters 

Feasibility function for design 

parameters 

Representation of the model output Ω 

depending on the model input ω by 

polynomial chaos expansion (Hermite 

polynomials as a basis) 
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IPCM: Main steps II 

(3) Determination of the unknown coefficients with the probabilistic 

collocation method 

The required sets (P) of collocation points  are chosen from the most probable 

regions. 

Optimal choice of collocation points: the roots of one 

degree higher than the polynomials in the chaos expansion 

E.g. for a polynomial of 2nd degree:  Roots of 3rd order 

Hermite polynomial 

  

Simulation runs in DuMux (P times) with the different collocation point sets for 

determination of the coefficients cj 
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IPCM: Main steps III 

(4) Post-processing computations: evaluation of statistical quantities 

The output depending on the variable input is expressed by P polynomials 

(for each cell of time and space grid) 

Mean values and the variance can be directly computed by the polynomials. 

For obtaining further statistical parameters, Monte Carlo simulations on the 

polynomials can be performed. 

 Probabilities can be calculated with lower computational costs. 



Universität Stuttgart  Dept. of Hydromechanics and Modeling of Hydrosystems 

 

• CCS – a brief motivation and overview 

 

• The approach to quantify risks 

 

• The model 

 

• Examples:  

- Large-scale pressure evolution 

- Different brine displacement scenarios 

 

• Summary and Conclusions 

 

 

 

 

 

 

 

Outline 



Universität Stuttgart  Dept. of Hydromechanics and Modeling of Hydrosystems 

Domain 

• 4 times raised 

• 1300 to 3100 m 

deep 

• Injection in 1500 

m depth 

 

Structure A 

Injection 

Structure B 
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Domain 

Injection layer  

(sandstone) 

 

Cap rock 

 

Bundsandstone 

 



Universität Stuttgart  Dept. of Hydromechanics and Modeling of Hydrosystems 

Data of the reference scenario 

• Salinity: 

•  BC:  western boundary: closed (Neumann BC) 

    eastern boundary: open (Dirichlet BC)  

• Rock compressibility:  

• Thermal gradient: 40°C/km 

• Anisotropy 0.1 

Layers Porosity Permeabilty 

sm (sm Wechselfolge) 0.07 0.1 mD 

smVsst (Volpriehausen Sandstein) 

Reservoir 

0.22 110 mD 

su (Unterer Buntsandstein) 0.05 0.01 mD 



Universität Stuttgart  Dept. of Hydromechanics and Modeling of Hydrosystems 

Different scenarios 

• Scenario 1 (reference scenario):  

 rock compressibilty  

 Injection temperature =35°C 

 BC:  on the western boundaries Neumann 

   on the eastern boundaries Dirichlet 

• Scenario 2:  

 BC: all boundaries Neumann BC 

 

• Scenario 3:  

 BC: all boundaries Dirichlet BC 

 

• Scenario 4: 

 no rock compressibility 

 

• Scenario 5: 

 Injection temperature equal to reservoir temperature 

 

 

 

 

 

 



Universität Stuttgart  Dept. of Hydromechanics and Modeling of Hydrosystems 

Saturation after 10 and 40 years (under the caprock) – 

Scenario 1  
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Saturation after 10 and 40 years (side view) – 

Scenario 1 
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Saturation and pressure distribution after 10 

years (Scenario 4) 
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Comparison Scenario 1 – Scenario 4 (after 10 

years) 

With rock compressibility Without rock compressibility 



Universität Stuttgart  Dept. of Hydromechanics and Modeling of Hydrosystems 

Pressure at different nodes: Scenario 1 
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Pressure at different nodes: Scenario 2 
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Pressure at different nodes: Scenario 3 
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Pressure at different nodes: Scenario 4 
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Pressure at different nodes: Scenario 5 
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Pressure along a pressure cut through injection site 

and the northern site – Scenario 1 
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Comparison of the different scenarios 
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Comparison of the different scenarios 
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Pressure 1 km from injection 
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Pressure 5 km from injection 
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Pressure 10 km from injeciton 
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Pressure in structure B 



Universität Stuttgart  Dept. of Hydromechanics and Modeling of Hydrosystems 

Scenario 2 –simulation of 100 years  
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Model setup 

• 2pni model: CO2 and brine 

• Damage = Mass of brine per time 

• Injection: 0.08 Mt/year CO2 (1 

Mt/year for the complete domain) for 

25 years, 50 years simulation 

30 m 

20 m 
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Scenarios 

Scenario 1 

Scenario 2 

Caprock damaged  

in ca. 5 km distance 

Scenario 3 

Fracture zone 

in ca. 5 km distance 
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Flux into the water aquifer I 
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Flux into the water aquifer II 

Scenario 4 

Lower permeability (10-17m²) 

for the intermediate layers 

(Scenario 2) 
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Pressure above caprock along the domain 
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Brine displacement: lessons learned/ next steps 

• Most important scenarios are identified 

- High influence: caprock permeability, fractures, layering, barriers 

- Low influence: rock compressibility, distance of fracture, 

permeability of the fracture 

Brine infiltration occurs under unfavorable conditions 

• Damage could be calculated 

 

• Larger domains: test for required distance of the boundary condition 

• Account for real salt infiltration:  

 1p2c model (water, salt) – transport equation for the components: 

 

 

 

• Damage = Mass salt / time 

• Only 1p2c model with given flux in the reservoir 
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• Coupling: 1p2c – 2p/2p2c 

 1p2c  

 Phase: water 

 Components: water, salt 

 2p/2p2c 

 Phases: brine, CO2 

(Components: water, CO2) 

 Damage = mass salt /  time 

 

• Adaption of IPCM to brine displacement scenarios 

 Uncertain parameters, e.g. caprock permeability 

  Probabilities 

 

 Risk = Probability x Damage 

 

Next steps: Model coupling and IPCM  
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 Conclusion and Outlook 

 

 

 

 

 

• Scenario uncertainty  

- Taking expert opinion into accout 

- stakeholders 

 

• Statistical uncertainty  Integrative probabilistic collocation method 

 (Oladyshkin et al. 2011)  

  Risk = Probability x Damage 

• Recognized ignorance 

- Use models with better physics if required 

 

 

 

Statistical  

uncertainty 

Scenario 

uncertainty 

Recognized 

ignorance 

Total  

ignorance 

Determinism 


