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Abstract 

In geological underground utilization, operating and abandoned wells have been identified as main potential leakage pathways 
for reservoir fluids. In the scope of the well abandonment procedure currently carried out at the Ketzin pilot site for CO2 storage 
in Germany, we implemented a hydro-mechanical wellbore model to assess the integrity of the entire wellbore system. Thereto, 
we investigated the impacts of stress changes associated with site operation and abandonment, including the final casing removal 
and cement backfill to be undertaken for well abandonment. Simulation results show a high unlikeliness of potential formation of 
fluid leakage pathways in the wellbore system. 
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1. Introduction 

1.1. CO2 storage at the Ketzin pilot site, Germany 

The Ketzin pilot site for CO2 storage is located near Berlin in the Federal State of Brandenburg, Germany. 
During the injection period from June 2008 to August 2013, 67 kt CO2 were stored in the Stuttgart Formation 
formed by sandstone channels of fluviatile origin at 630 m - 650 m depth, embedded in a floodplain facies with a 
total thickness of about 74 m [1, 2]. A multi-barrier system of several caprock units as well the Ketzin anticline 
ensure structural trapping of gaseous CO2. Beside the combined injection and observation well Ktzi 201, four 
additional wells (Ktzi 200, Ktzi 202, Ktzi 203, P300) were drilled to monitor CO2 migration as well as reservoir and 
caprock integrity. Site-specific research activities at the Ketzin pilot site have been accomplished by 18 German and 
European projects so far and comprise of operational data acquisition, monitoring and modelling [3-6]. Long-term 
stabilization assessments for the post-operational phase were carried out by coupled numerical modeling [7-11], but 
numerical simulations on well integrity during site operation and well abandonment were not established so far. 

1.2. Wellbore systems as potential leakage pathways 

Wellbore systems are addressed as the main potential leakage pathways for CO2 involving different leakage 
mechanisms [12-18]. In this regard, the cement-casing and cement-rock interfaces, which are suspect to stress 
changes and corrosion, are mainly emphasized for consideration in well integrity studies [19-21]. Stress changes are 
generally occurring during site operation, but also as a result of post-operational CO2 migration, inducing spatial 
pore pressure changes within the reservoir. In this work, we focus on the impacts of stress changes at the Ktzi 201 
injection well occurring during CO2 injection in the operational phase and cement backfilling in the abandonment 
phase [22-24].  

2. Model setup and parameterization 

2.1. 3D model of the entire wellbore system 

The implemented 3D model considers eleven geological formations from the Triassic to Quaternary including the 
major fluviatile sandstone channels within the Stuttgart Formation at 630 m - 650 m depth [2, 25]. Based on site 
operation reports [26], we integrated all wellbore system components such as cement sheaths, steel casings, tubing 
and packer elements as well as wellbore annuli for a detailed representation of the entire wellbore system (Fig. 1a). 

 

   

Fig. 1. (a) 3D hydro-mechanical model of the entire wellbore system, including casings, cement sheaths and tubing and all considered formations 
(not to scale); (b) Vertical cement-casing and cement-rock interfaces (not to scale). 

(b) (a) 
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The numerical model grid has a horizontal discretization of 5 m x 5 m to focus on near wellbore region, whereby 

element size increases with increasing distance from the wellbore. A tartan grid is used for vertical discretization 
over the entire model thickness of 1,500 m to ensure a sufficient resolution of all wellbore system elements as well 
as of the reservoir unit in the numerical model. At the vertical cement-casing and cement-rock interfaces, we added 
21 numerical interfaces to observe normal and shear displacements during the simulation runs (Fig. 1b). The total 
number of elements used in the coupled hydro-mechanical model amounts to about 250,000. 

2.2. Mechanical parameters 

Geomechanical parameters assigned to the geological formations were derived from log-data [3, 27] and 
operational reports [25, 26], while well system parameterization was undertaken based on different sources [17, 28, 
29]. The formations and cement sheaths were parameterized using a plastoelastic constitutive law, whereas the 
casing, tubing and packer elements were assumed to behave linear elastic. Tables 1 and 2 show the parameters that 
were assigned to the model, including density, Young’s modulus, Poisson’s coefficient, friction angle and uniaxial 
compressive strength. 

Table 1. Mechanical parameters assigned to the geological formations implemented in the hydro-mechanical model. 

Formation Young’s modulus  
E (GPa) 

Poisson’s coefficient  
ν (-) 

Friction angle  
φ (°) 

UCS  
C0 (MPa) 

Density  
ρ (kg/m³) 

Quaternary 3.11 0.48 35.16 4.97 2,100 

Rupelian 3.24 0.46 29.79 5.95 2,200 

Pliensbachian 3.83 0.43 25.59 10.01 2,275 

Sinemurian 3.78 0.41 25.77 11.54 2,314 

Hettangian 4.45 0.42 29.48 12.68 2,198 

Exter 5.07 0.37 26.16 17.80 2,250 

Arnstadt 6.86 0.31 25.65 27.82 2,428 

Weser 8.00 0.31 28.03 34.35 2,579 

Stuttgart 
(floodplain facies) 

7.83 0.35 29.57 36.73 2,464 

Stuttgart  
(sandstone channels) 

11.61 0.36 34.75 47.53 2,280 

Grabfeld 6.12 0.34 26.96 29.88 2,508 

 

Table 2. Mechanical parameters assigned to the wellbore system. 

Elements Young’s modulus  
E (GPa) 

Poisson’s coefficient  
ν (-) 

Friction angle  
φ (°) 

Cohesion  
c (MPa) 

Density  
ρ (g/m³) 

Class G cement 8.3 0.10 17.10 2.60 1,850 

EverCRETE cement 11 0.17 17.10 2.60 1,917 

Casing / Tubing 210  0.30   7,800 

Packer 0.006 0.48   1,100 
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Parameters not available in the references, such as the cohesion c and the tensile strength T0 were calculated by 

the Equations 1 and 2 referred to Jaeger et al. [30], where μ is equal to tan(φ), known as the coefficient of internal 
friction, and C0 the uniaxial compressive strength (UCS). 
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The numerical interfaces were implemented and parametrized as described in [31] with a friction angle of 26.6° 
for cement-rock interfaces and 16.6° for cement-casing interfaces according to Topini et al. [32]. The required 
normal and shear stiffnesses (kn and ks) were assumed to be equal and expressed as the tenfold of the maximum 
stiffness of the adjacent materials. Bulk- (G) and shear moduli (K) were referred to the softer material with minz
representing the width of the smallest adjacent zone in Equation 3. 
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2.3. Boundary and initial conditions 

We assigned constant velocities of zero perpendicular to the lateral and bottom model boundaries, while the 
upper boundary was allowed to displace in any direction (Fig. 2). The normal faulting stress regime identified for 
the Ketzin pilot site was implemented by applying an initial stress regime with a horizontal to vertical total stress 
ratio of 0.85 and equal horizontal principal stresses [27]. A hydrostatic pressure gradient of 1 x 10-4 Pa/m was 
applied based on well log data [26]. 

 

 

Fig. 2. 2D view of the hydro-mechanical model and its boundary conditions applied at the lateral and bottom model boundaries. The model setup 
considers eleven formations including the reservoir sandstone channels and floodplain facies within the Stuttgart Formation. 
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2.4. Simulation steps 

The hydro-mechanical calculations were carried out in three simulation steps:  

 Calculation of hydro-mechanical equilibrium prior to any CO2 injection 
 Simulation of operational phase based on available injection and post-injection bottomhole pressure data 
 Simulation of abandonment phase using two backfilling steps 

The first hydro-mechanical equilibrium computation considered the geological system before drilling any wells. 
After the implementation of the Ktzi 201 wellbore system with the numerical interfaces, a second hydro-mechanical 
equilibrium run was carried out. To simulate the operational phase, we selected 30 representative time steps from 
the observed Ktzi 201 bottomhole pressure for integration of the injection and post-injection phases at the Ketzin 
pilot site into the hydro-mechanical model (Fig. 3). Observed pressure and temperature data for each time step were 
derived from Moeller et al. [4]. A dynamic calculation of the CO2 density was employed as a function of pressure 
and temperature to determine all required fluid pressures over the entire well length and reservoir depth using the 
Span and Wagner equation of state [33]. The bottomhole pressure determined in January 2015 was considered as 
reference pressure for the abandonment phase. 

 

 

Fig. 3. Observed Ktzi 201 well bottomhole pressure at 550 m depth (blue line) from June 2008 to January 2015 [m]. Data selected as input for the 
hydro-mechanical simulations are marked by red squares.. 

The abandonment phase of the Ketzin pilot site wells is scheduled to be carried out in two steps (Fig. 4). After 
removing the tubing and casings located in front of any open well annulus, the lower 214 m of the borehole will be 
filled with Schlumberger EverCRETE cement. The second step considers backfilling of the remaining open 
borehole with a Class G cement up to the ground surface. 
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Fig. 4. 3D view of the two simulation steps representing the well abandonment phase: backfill with Schlumberger EverCRETE (blue) and Class 
G cements (green). 

3. Results 

Our simulation results demonstrate that the formation of potential fluid leakage pathways in the wellbore system 
is highly unlikely. Mechanical failure of casing or cement sheaths does not occur at any time of the simulation. 
Maximum shear displacements at the cement-casing and cement-rock interfaces are below 0.5 mm, and thus 
negligible in terms of shear fracture formation (Fig. 5a). Maximum interface normal displacements are compressive 
and below 0.005 mm, so that tensile fracturing cannot occur (Fig. 5b). 

 

 

Fig. 5. Numerical simulation results demonstrate that relevant interface (a) shear displacements are only observed at the depth of the filter screen, 
while (b) relevant normal displacements are generally compressive and occur only between the inner casing and backfill cement (not to scale). 

(b) (a) 
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4. Conclusions 

Our simulation results indicate that failure of the Ktzi 201 wellbore system is highly unlikely to occur at the 
Ketzin pilot site, taking into account the available site-specific data and observations at any time of site operation 
and well abandonment. Interface normal and shear displacements exhibit such low magnitudes that formation of 
potential fluid leakage pathways due to hydro-mechanical processes is also highly unlikely. The implemented 
hydro-mechanical model of the Ktzi 201 wellbore system can be further employed for investigation of different 
hypothetical failure scenarios and their impact on reactive transport by extending the hydro-mechanical coupling by 
hydro-chemical processes. 

Acknowledgements 

The authors gratefully acknowledge the funding for the Ketzin project received from the European Commission 
(6th and 7th Framework Program), two German ministries - the Federal Ministry of Economics and Technology and 
the Federal Ministry of Education and Research - and industry since 2004. The ongoing R&D activities are funded 
within the project COMPLETE by the Federal Ministry of Education and Research. Further funding is received by 
VGS, RWE, Vattenfall, Statoil, OMV and the Norwegian CLIMIT programme. 

References 

[1] Würdemann H, Möller F, Kühn M, Heidug W, Christensen NP, Borm G et al. CO2SINK - From site characterisation and risk assessment to 
monitoring and verification: One year of operational experience with the field laboratory for CO2 storage at Ketzin, Germany. Int J Greenh 
Gas Con 2010; 4(6); 938-951. doi:10.1016/j.ijggc.2010.08.010. 

[2] Norden B, Frykman P. Geological modelling of the Triassic Stuttgart Formation at the Ketzin CO2 storage site, Germany. Int J Greenh Gas 
Con 2013; 19, 756-774, doi: 10.1016/j.ijggc.2013.04.019. 

[3] Ouellet A, Bérard T, Frykman P, Welsh P, Minton J, Pamucku Y, Hurter S, Schmidt-Hattenberger C. Reservoir geomechanics case study of 
seal integrity under CO2 storage conditions at Ketzin, Germany. Ninth Annual Conference on Carbon Capture and Sequestration May 10-13, 
2010.  

[4] Möller F, Liebscher A, Martens S, Schmidt-Hattenberger C, Kühn M. Yearly operational datasets of the CO2 storage pilot site Ketzin, 
Germany. 2012. In: Scientific technical report: data 12/06; (pii0.2312/GFZ.b103-12066, online only).  

[5] Martens S, Kempka T, Liebscher A, Lüth S, Möller F, Myrttinen A, Norden B, Schmidt-Hattenberger C, Zimmer M, Kühn M, The Ketzin 
Group. Europe’s longest-operating on-shore CO2 storage site at Ketzin, Germany: A progress report after three years of injection. Environ 
Earth Sci 2012; 67: 323-334. doi: 10.1007/s12665-012-1672-5.  

[6] Martens S, Liebscher A, Möller F, Hennings J, Kempka T, Lüth S, Norden B, Prevedel B, Szizybalski A, Zimmer M, Kühn M, The Ketzin 
Group. CO2 Storage at the Ketzin Pilot Site, Germany: Fourth Year of Injection, Monitoring, Modelling and Verification. Energy Procedia 
2013; 37: 6434-6443. doi:10.1016/j.egypro.2013.06.573. 

[7] Kempka T, Klein E, De Lucia M, Tillner E, Kühn M. Assessment of Long-term CO2 Trapping Mechanisms at the Kezin Pilot Site (Germany) 
by Coupled Numerical Modelling. Energy Procedia 2013; 37: 5419-5426. doi: 10.1016/j.egypro.2013.06.460. 

[8] Klein E, De Lucia M, Kempka T, Kühn M. Evaluation of long-term mineral trapping at the Ketzin pilot site for CO2 storage: An integrative 
approach using geochemical modelling and reservoir simulation. Int J Greenh Gas Con 2013; 19: 720-730. doi:10.1016/j.ijggc.2013.05.014. 

[9] Kempka T, Klapperer S, Norden B. Coupled hydro-mechanical simulations demonstrate system integrity at the Ketzin pilot site for CO2 
storage. Rock Engineering and Rock Mechanics: Structures in and on Rock-Masses – Proceeding of EUROCK 2014, ISRM European 
Regional Symposium, p. 1317-1322. 

[10] Kempka T, De Lucia M, Kühn M. Geomechanical integrity verification and mineral trapping quantification for the Ketzin CO2 storage pilot 
site by coupled numerical simulations. Energy Procedia 2014; 63: 3330-3338. doi: 10.1016/j.egypro.2014.11.361. 

[11] De Lucia M, Kempka T, Kühn M. A coupling alternative to reactive transport simulations for long-term prediction of chemical reactions in 
heterogeneous CO2 storage systems. Geosci Model Dev 2015; 8: 279-294. doi: 10.5194/gmd-8-279-2015. 

[12] Celia MA, Bachu S, Nordbotten JM, Gasda S, Dahle HK. Quantitative estimation of CO2 leakage from geological storage: Analytical 
models, numerical models, and data needs. In E.S. Rubin, D.W. Keith and C.F. Gilboy (Eds.), Proceedings of 7th International Conference on 
Greenhouse Gas Control Technologies 2004. Volume 1: Peer-Reviewed Papers and Plenary Presentations, IEA Greenhouse Gas Programme, 
Cheltenham, UK. 

[13] Gasda SE, Nordbotten JM, Celia MA. Determining effective wellbore permeability from a field pressure test: A numerical analysis of 
detection limits. Environ Geol 2008; 54: 1207–1215 

[14] Viswanathan HS, Pawar RJ, Stauffer PH, Kaszuba JP, Carey JW, Olsen SC, Keating GN, Kavetski D, Guthrie GD. Development of a hybrid 
process and system model for the assessment of wellbore leakage at a geologic CO2 sequestration site. Enviro Sci Technol 2008; 42 (19): 
7280–7286. 



 Victoria Unger and Thomas Kempka  /  Energy Procedia   76  ( 2015 )  592 – 599 599

[15] Nygaard R. Well design and Well Integrity: Wabamun area CO2 sequestration project (WASP). 2010. Energy and Environmental Systems 
Group (EES), University of Calgary. 

[16] Crow W, Carey JW, Gasda SE, Williams DB, Celia MA. Wellbore integrity analysis of a natural CO2 producer. Int J Greenh Gas Con 2010; 
4: 186–197 

[17]  Boulharts H, Cangémi L. D2.3.3 – Report on full scale well modelling and numerical results per site. CO2CARE – CO2 Site Closure 
Assessment Research, Grant Agreement number: 256625, 2011. Online: http://www.co2care.org. 

[18]  Loizzo M, Akemu OA, Jammes L, Desroches J, Lombardi S, Annunziatellis A. Quantifying the Risk of CO2 Leakage Through Wellbores. 
SPE Drill Complet 2011; 26(3): 324-31. 

[19]  Bachu S, Bennion DB, Experimental assessment of brine and/or CO2 leakage through well cements at reservoir conditions. Int J Greenh Gas 
Con 2009; 3: 494-501. 

[20]  Carey JW, Svec R, Grigg R, Zhang J, Crow W. Experimental investigation of wellbore integrity and CO2–brine flow along the casing–
cement microannulus. Int J Greenh Gas Con 2010; 4(2): 272-282. 

[21]  Newell DL, Carey JW. Experimental evaluation of wellbore integrity along the cement-rock boundary. Environ Sci Technol 2013; 47(1): 
276–282. 

[22]  Kühn M, Wipki M, Durucan S, Korre A, Deflandre JP, Boulharts H, Lüth S, Frykman P, Wollenweber J, Kronimus A, Chadwick A, Böhm G, 
The CO2CARE Group. Key site abandonment steps in CO2 storage. Energy Procedia 2013; 37: 4731-4740. doi: 
10.1016/j.egypro.2013.06.382. 

[23]  Martens S, Möller F, Streibel M, Liebscher A, The Ketzin Group. Completion of five years of safe CO2 injection and transition to the post-
closure phase at the Ketzin pilot site. Energy Procedia 2014; 59: 190-197. doi: 10.1016/j.egypro.2014.10.366. 

[24]  Prevedel B, Martens S, Norden B, Henninges J, Freifeld BM. Drilling and abandonment preparation of CO2 storage wells – Experience from 
the Ketzin pilot site. Energy Procedia 2014; 63: 6067 – 6078. doi: 10.1016/j.egypro.2014.11.639. 

[25]  CO2SINK. Geologischer Abschlussbericht der Bohrung CO2 Ktzi 201/2007, 2007. Unpublished report. 
[26]  CO2SINK. Bohrtechnischer Abschlussbericht zur Erstellung der Bohrung Ketzin 201 (Ktzi 201), 2007. Unpublished report. 
[27]  Sinha BK, Ouellet A, Bérard T. Estimation of principal horizontal stresses using radial profiles of shear slownesses utilizing sonic data from 

a CO2 storage site in saline aquifer in Germany. SPWLA 51st Annual Logging Symposium June 19-23, 2010. 
[28]  Schlumberger. EverCRETE, Product Sheet, 2007; Online: http://www.slb.com/~/media/Files/cementing/product_sheets/evercrete_ps.pdf. 
[29]  Barlet-Gouédart V, Rimmelé G, Porcherie O, Quisel N, Desroches J. A solution against well cement degradation under CO2 geological 

storage environment. Int J Greenh Gas Con 2009; 3(2):206-216. 
[30]  Jaeger JC, Cook NGW, Zimmerman RW. Fundamentals of Rock Mechanics. Malden, MA: Blackwell Pub, 2007. Print. 
[31]  Itasca. FLAC3D Software Version 5.01. User’s Manual. Advanced Three-Dimensional Continuum Modelling for Geotechnical Analysis of 

Rock, Soil and Structural Support. 2013. 
[32]  Topini C, Bertolo F, Capasso G, Mantica S. Buckling analysis for long term integrity evaluation of hydrocarbon well. Simulia customer 

conference, Barcelona, May 17-19, 2011. 
[33]  Span R, Wagner W. A new equation of state for carbon dioxide covering the fluid region from the triple-point temperature to 1100 K at 

pressures up to 800 MPa. J Phys Chem Ref Data 1996; 25(6):206-216. 


